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Abstract

For the vast majority of local algorithmic problems on graphs of small treewidth (where
by local we mean that a solution can be verified by checking the neighbourhood of each
vertex separately), standard dynamic programming techniques give ¢*|V/|°() time algo-
rithms, where tw is the treewidth of the input graph G = (V| F) and ¢ is a constant. On the
other hand, for problems with a global requirement (usually connectivity) the best—-known
algorithms were naive dynamic programming schemes running in at least tw*" time.

In this dissertation we breach this gap by introducing a novel technique we named
Cut&Count that allows to produce ¢*|V|°(Y) time Monte Carlo algorithms for most
connectivity-type problems, including HAMILTONIAN CYCLE, STEINER TREE, FEED-
BACK VERTEX SET and CONNECTED VERTEX COVER.

These results have numerous consequences in various fields, like parameterized com-
plexity, exact and approximate algorithms on planar and /-minor-free graphs and exact
algorithms on graphs of bounded degree. In all these fields we are able to improve the best-
known results for some problems. Also, looking from a more theoretical perspective, our
results are surprising since the equivalence relation that partitions all partial solutions with
respect to extendability to global solutions consists of at least tw*™ equivalence classes for
all these problems.

In contrast to the problems aiming to minimize the number of connected components
that we solve using Cut&Count as mentioned above, we show that, assuming the Exponen-
tial Time Hypothesis, the aforementioned gap cannot be breached for some problems that
aim to maximize the number of connected components like CYCLE PACKING.

The constant c in our algorithms is in all cases small (at most 4 for undirected problems
and at most 6 for directed ones), and in several cases we are able to show that improving
those constants would cause the Strong Exponential Time Hypothesis to fail.

Keywords: treewidth, randomization, isolation lemma, parameterized algorithms, exact
exponential algorithms.

ACM Classification: F.2.2,G.2.1, G.2.2.






Streszczenie

Dla wigkszo$ci algorytmicznych probleméw grafowych o charakterze lokalnym (w kt6-
rych §wiadectwo rozwiagzania moze zosta¢ zweryfikowane przez sprawdzenie sasiedztwa
kazdego z wierzchotkéw osobno) klasyczne techniki programowania dynamicznego pro-
wadza do algorytméw o ztozonosci ¢tV |V |°(D, gdzie tw oznacza szeroko$é drzewiasta
danego grafu G = (V, E) a c jest pewna stala. Natomiast dla probleméw z globalnym
wymogiem dotyczacym catej struktury rozwigzania (takim jak spdjnos$¢) najlepsze znane
do tej pory algorytmy maja w ztozonosci czynnik tw'%.

W rozprawie prezentujemy nowa technike, ktéra nazwaliSmy ,,tnij 1 zliczaj”, ktéra po-
zwala na uzyskanie algorytméw Monte Carlo o ztozonosci ¢t |V |9() dla wielu probleméw
z warunkiem spdjnosci, takich jak cykl Hamiltona, drzewo Steinera, zbidr rozcyklajacy czy
tez spojne pokrycie wierzchotkowe.

Przedstawione wyniki maja zastosowania w wielu poddziedzinach takich jak ztozono$¢
parametryzowana, doktadne 1 aproksymacyjne algorytmy dla graféw planarnych oraz gra-
fow z zabronionym minorem jak réwniez w doktadnych algorytmach wyktadniczych dla
graféw o ograniczonym stopniu. We wszystkich wymienionych przyktadach technika tnij
i zliczaj pozwala na poprawienie najlepszych istniejacych wynikéw dla pewnych proble-
mow. Ponadto, z bardziej teoretycznego punktu widzenia, nasze wyniki sa zaskakujace
gdyz relacja r6wnowaznosci w zbiorze czgSciowych rozwiazan przechodzacych przez se-
parator wzgledem ich rozszerzalnosci do pelnego rozwiazania sklada si¢ z co najmniej
tw'™ klas réwnowaznosci dla wszystkich wymienionych probleméw.

W przeciwienstwie do problemdw, gdzie celem jest zminimalizowanie liczby sp6jnych
sktadowych rozwiazania, a ktére rozwiazujemy w czasie c®|V|°() za pomoca techniki
tnij 1 zliczaj, pokazaliSmy ze algorytmy o takiej zlozonosci nie istnieja dla problemdw,
gdzie nalezy zmaksymalizowac liczbe spdjnych sktadowych rozwiazania (takich jak pro-
blem pakowania cykli), przy zatozeniu ze nie istnieje algorytm podwyktadniczy dla pro-
blemu spetnialnos$ci formut.

Stala ¢ we wszystkich naszych algorytmach jest niewielka, gdyz wynosi co najwyzej 4
dla grafow nieskierowanych oraz co najwyzej 6 dla graféw skierowanych. Co wigcej dla
kilku z rozwazanych probleméw udowodniliSmy ze poprawienie stalych wynikajacych z
uzycia techniki tnij 1 zliczaj nie jest mozliwe, przy bardzo silnych zatozeniach teorioztozo-
nosciowych.

Stowa kluczowe: szerokoS¢ drzewiasta, randomizatcja, lemat o izolacji, algorytmy para-
metryzowane, doktadne algorytmy wyktadnicze.

Klasyfikacja tematyczna ACM: F2.2,G.2.1, G.2.2.






Dedicated to my Wonderful Wife






Contents

Introduction

I.1 Ourresults. . . . . . . ..

1.2 Consequences of the Cut&Count technique . . . . . .. ... ... ....
1.2.1 Parameterized algorithms on general graphs . . . . . . . . ... ..
1.2.2 Parameterized algorithms on H-minor-free graphs . . . . . .. ..
1.2.3  Exact Algorithms on graphs of bounded degree . . . . .. ... ..
1.2.4  Consequences for exact algorithms on planar graphs . . . . . . ..

1.3 Previouswork . . . . . ...

1.4 Organization of the dissertation . . . . . . . . ... ... ... .......

Notation and Preliminaries

2.1 Notation . . . . . . . . .. e e

2.2 Treewidth and pathwidth . . . . . . . .. ... ... ... .. .......
2.2.1 Tree Decompositions . . . . . . . . . . .. ... .
2.2.2 Path Decompositions . . . . . . . . .. .. .. ...

2.3 Isolationlemma . . . . . . . .. .. ... ...

2.4 (Strong) Exponential Time Hypothesis . . . . . . . .. .. ... ... ...

2.5 Fastsubsetconvolution . . . .. .. ... ... ... ... ... ...,

Cut&Count: Illustration of the technique

3.1 SteinerTree . . . . . . . . . ..
3.2 DirectedCycleCover . . . . . . . . . . . . . e
3.3 Generalideaoverview . . . . . . . . ... e

Cut&Count applied to several problems

4.1 Feedback Vertex Set . . . . . .. .. ... .. ... .

4.2 Non-connectivity problems with connectivity requirement . . . . . . . .
4.2.1 Connected Vertex Cover . . . . . .. ... .. ... ... ..
4.2.2 Connected Dominating Set . . . . . ... ... ... ........
4.2.3 Connected Odd Cycle Transversal . . . . . ... ... .......
4.2.4 Connected Feedback Vertex Set . . . . ... ... ... .. ....

4.3 Longest Cycles, Paths and Cycle Covers . . . . . ... ... ........
43.1 Theundirectedcase. . . . . . . . .. ... .. ... ... ...
432 Thedirectedcase . . . . . . . . . . . . .. e

4.4  Spanning trees with a prescribed number of leaves . . . . . . ... ... ..

5

11
11
12
12
13
14
14

17
17
18
18
19
20
21
21

27
27
31
32



4.4.1 Exact k-Leaf Spanning Tree . . . . . ... ... ..
44.2 Exact k-Leaf Outbranching . . . . . ... ... ...
4.5 Maximum Full Degree Spanning Tree . . . . ... ... ..
4.6 Graph Metric Travelling Salesman Problem . . . . ... ..

5 Solution size parametrization

5.1 Feedback Vertex Set . . . . . ... ... ... .......
5.2 Connected Vertex Cover . . . . .. ... .. .. ......
5.3 Connected Feedback Vertex Set . . . . ... ... ... ..
54 CVCashardasCNF-SAT .. ................
5.4.1 From CNF-Sat to Hitting Set . . . . . .. ... ...
5.4.2 From Hitting Setto SetCover . . . . ... .. ...
5.4.3 From Set Cover to Connected Vertex Cover . . . . .

6 Maximizing disconnectivity is hard under ETH
6.1 On maximizing the number of connected components

6.2 Maximally Disconnected Dominating Set . . . . . ... ..
6.2.1 Gadgets . . . .. ... ...
6.2.2 Construction . . . . . .. ... ...
6.2.3 From hitting set to dominating set . . . . . . .. ..
6.2.4 From dominating set to hittingset . . . . . .. ...
6.3 Undirected Cycle Packing . . . . .. ... ... ......
6.3.1 Proof overview and preliminaries . . . .. .. ...
6.3.2 r-in-many gadget . . . .. ... ... ... .. ...
6.3.3 Construction . . . .. .. ... ... ...
6.3.4 From hitting set to disjointcycles . . . . . ... ..
6.3.5 From disjoint cycles to hittingset . . . . .. .. ..
6.4 From undirected to directed Cycle Packing . . . . . . . . ..
6.5 From Cycle Packing to Max Cycle Cover . . ... ... ..

7 Tightness of the Cut&Count technique under SETH

7.1 OVEIVIEW . . . v o o o e e s e e
7.2 Connected Vertex Cover . . . . .. ... ..........
7.3 Connected Dominating Set . . . . ... ... ... .....
7.4 Connected FVS and Connected OCT . . . . . . .. ... ..
7.5 Feedback Vertex Set . . . . . .. ... ... .. ......

8 Conclusions and open problems

A Problem definitions

CONTENTS



Chapter 1

Introduction

It is commonly believed that no NP-hard problem is solvable in polynomial time. However
it often happens that real-life instances have much more structure comparing to a general
instance specification from the mathematical problem definition. For this reason a concept
of parameterized complexity arose, where hardness of an instance does not depend solely
on its size. In the parameterized setting we assume that each instance is equipped with an
additional value £ — a parameter which aims to reflect the instance complexity. The goal
is to provide an algorithm with f(k)n®®) time complexity, where n is the instance size
and f is a function independent of n. Observe that such an algorithm is polynomial for
any constant value of £ and moreover the degree of the polynomial is independent of the
parameter value. The main motivation of research in the parameterized complexity is that
practical instances happen to have small parameter values. As addressed in the textbook of
Downey and Fellows [36], it appears that many graphs occurring in real-life applications
have small treewidth, thus allowing efficient algorithms.

The notion of treewidth was introduced independently by Rose in 1974 [69] (under the
name of partial k-tree) and in 1984 by Robertson and Seymour [68] as a parameter which
is to estimate hardness of an instance by reflecting its resemblance to a tree. As an example
we present three graphs of treewidth at most 4 which illustrate the structure of bounded
treewidth graphs. The exact definition of treewidth is given in Section 2.2.

In many cases treewidth proved to be a good measure of the intrinsic difficulty of vari-
ous NP-hard problems on graphs, and a useful tool for attacking those problems. Many of
them can be efficiently solved through dynamic programming if we assume the input graph
to have bounded treewidth. For example, an expository algorithm to solve VERTEX COVER

7



8 CHAPTER 1. INTRODUCTION

and INDEPENDENT SET running in time 4*%(%) || is described in the algorithms text-
book by Kleinberg and Tardos [54], while the book of Niedermeier [64] on fixed-parameter
algorithms presents an algorithm with running time 2¢V(&)|1/|0(1),

The interest in algorithms for graphs of bounded treewidth stems from their utility:
such algorithms are used as sub-routines in a variety of settings. Amongst them prominent
are approximation algorithms [4, 13, 27, 37] and parametrized algorithms [31, 39] for a
vast number of problems on planar, bounded-genus and H-minor-free graphs, including
VERTEX COVER, DOMINATING SET and INDEPENDENT SET; there are applications for
parametrized algorithms in general graphs [61, 73] for problems like CONNECTED VER-
TEX COVER! and CUTWIDTH; and exact algorithms [39, 76] such as MINIMUM MAXIMAL
MATCHING and DOMINATING SET.

In many cases, where the problem to be solved is “local” (loosely speaking this means
that the property of the object to be found can be verified by checking separately the
neighbourhood of each vertex), matching upper and lower bounds for the running time
of the optimal solution are known. Of course, these are not absolute lower bounds (as this
would imply P#NP), but they hold under the Strong Exponential Time Hypothesis (de-
fined in Section 2.4). For instance for the aforementioned 2¢%()|V|°() time algorithm
for VERTEX COVER there is a matching lower bound — unless the Strong Exponential
Time Hypothesis fails, there is no algorithm for VERTEX COVER running faster than in
O((2 — &)™ |V|°W) time for any ¢ > 0. It is worth noting that it is not a universal
opinion that SETH holds, but nevertheless reducing a problem to the classic SAT problem
studied for several decades may be used as an evidence of hardness.

On the other hand, when the problem involves some sort of a “global” constraint —
e.g., connectivity — the best known algorithms usually have a running time on the order
of 20w (G)logtw(())|1/10(1) Tn these cases the typical dynamic programming routine has to
keep track of all the ways in which the solution can traverse the corresponding separator of
the tree decomposition, that is Q(ll), where [ is the size of the separator, i.e. treewidth. This
obviously implies weaker results in the applications mentioned above. This problem was
observed, for instance, by Dorn, Fomin and Thilikos [31, 32] and by Dorn et al. in [33],
and the question whether the known 20w (G)1egtw(G))|1/|10(1) parametrized algorithms for
HAMILTONIAN PATH, CONNECTED VERTEX COVER and CONNECTED DOMINATING
SET are optimal was explicitly asked by Lokshtanov, Marx and Saurabh [59].

1.1 Our results

We introduce a technique we named “Cut&Count”. For most problems involving a global
constraint our technique gives a randomized algorithm with running time ct%(©)|1/|0(),
In particular we are able to give such algorithms for HAMILTONIAN PATH, CONNECTED
VERTEX COVER, CONNECTED DOMINATING SET (i.e. the three problems mentioned in
[59]), as well as for all the other sample problems mentioned in [32]: LONGEST PATH,
LONGEST CYCLE, FEEDBACK VERTEX SET, HAMILTONIAN CYCLE and GRAPH MET-
RIC TRAVELLING SALESMAN PROBLEM. Moreover, the constant ¢ is in all cases well

IDefinitions of all the problems mentioned in this dissertation are gathered in Appendix A
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defined and small. The randomization we mention comes from the usage of the Isolation
Lemma [63]. This gives us Monte Carlo algorithms with a one-sided error. The formal
statement of a typical result is as follows:

Theorem 1.1. There exists a randomized algorithm, which given a graph G = (V, E), a
tree decomposition of G of width t and a number k, in 3|V |°"Y) time either states that
there exists a connected vertex cover of size at most k in G, or that it could not verify this
hypothesis. If there indeed exists such a cover, the algorithm will return “unable to verify”
with probability at most 1/2.

If the algorithm from Theorem 1.1 returns the “unable to verify” answer for a YES-
instance, we say it returned a false negative. Note that in order to decrease the probability
of a false negative to any small € > 0 it suffices to repeat the algorithm logz(i) times. We
show similar results for a number of other global problems. As the exact value of ¢ in the
(&) expression is often important and highly non-trivial to obtain, we gather the results
in column A of Table 1.1.

The previously known ) dynamic programming routines for connectiv-
ity problems were thought to be optimal, because in these routines the dynamic program-
ming table reflects the whole information that needs to be memoized in order to continue
the computation. For every two distinct tables at some bag of the tree decomposition there
exists a possible future on which the algorithm should behave differently. This resembles
the notion of Myhill-Nerode equivalence classes [47], which, in a variety of settings, de-
fine the minimal automaton for a given problem. Hence, shrinking the size of the dynamic
programming table would be, in some sense, trying to reduce the size of the minimal au-
tomaton. From this point of view our results come as a significant surprise.

For a number of our results we have matching lower bounds, such as the following
theorem:

20(tw(G) log tw(G)

Theorem 1.2. Unless the Strong Exponential Time Hypothesis is false, for every constant
e > 0 there is no algorithm that given an instance (G = (V, E), T, k) together with a
path decomposition of the graph G of width p solves the STEINER TREE problem in (3 —
£)P|V|°W) time.

Since each path decomposition is also a tree decomposition a lower bound for pathwidth
is at least as strong as for treewidth. We have such matching lower bounds for several other
problems presented in Column C of Table 1.1. We feel that the results for CONNECTED
VERTEX COVER, CONNECTED DOMINATING SET, CONNECTED FEEDBACK VERTEX
SET and CONNECTED ODD CYCLE TRANSVERSAL are of particular interest here and
should be compared to the algorithms and lower bounds for the analogous problems without
the connectivity requirement. For instance in the case of CONNECTED VERTEX COVER
the results show that the increase in running time to 3®(®|V/|°() from the 2¢W(@)|1/|0()
algorithm of [64] for VERTEX COVER is not an artifact of the Cut&Count technique, but
rather an intrinsic characteristic of the problem. We see a similar increase of the base
constant by one for the other three mentioned problems.

We have found Cut&Count to fail for two maximization problems: CYCLE PACKING
and MAX CYCLE COVER. We believe this is an example of a more general phenomenon
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Problem name A B C
STEINER TREE 3 (3—¢)
FEEDBACK VERTEX SET 3 (3—¢)P
CONNECTED VERTEX COVER 3 (3—¢)
CONNECTED DOMINATING SET 4t (4—¢)
CONNECTED FEEDBACK VERTEX SET 4t (4—¢)P
CONNECTED ODD CYCLE TRANSVERSAL 4t (4—¢e)P
UNDIRECTED MIN CYCLE COVER 4t

DIRECTED MIN CYCLE COVER 6!

UNDIRECTED LONGEST PATH (CYCLE) 4t

DIRECTED LONGEST PATH (CYCLE) 6!

EXACT k-LEAF SPANNING TREE 4t (4—¢)P
EXACT k-LEAF OUTBRANCHING 6!

MAXIMUM FULL DEGREE SPANNING TREE 4t

GRAPH METRIC TRAVELLING SALESMAN PROBLEM | 4!

(DIRECTED) CYCLE PACKING 242 (plogp)
(DIRECTED) MAX CYCLE COVER 242 (plogp)
MAXIMALLY DISCONNECTED DOMINATING SET 282 (plogp)

Table 1.1: Summary of our results. For the sake of presentation in each entry we skip the [V/|9(1)
multiplicative term. Column A is devoted to time complexities of our algorithms for treewidth
(denoted by t) parametrization. For example, the entry at the third row represents Theorem 1.1.
Column B contains lower bounds showing problems that are not solvable in ct|V\O(1) time for any
constant ¢ unless the Exponential Time Hypothesis fails. Column C presents lower bounds under
the Strong Exponential Time Hypothesis for pathwidth parametrization, which immediately imply
lower bounds with the same constant for the treewidth parametrization. All problems statements
can be found in Appendix A.

— problems that ask to maximize (instead of minimizing) the number of connected com-
ponents in the solution seem more difficult to solve than the problems that ask to minimize
(including problems where we demand that the solution forms a single connected compo-
nent). As an evidence we prove that c®¥(¢)|1/|9() solutions of the two problems mentioned
above are unlikely (for Exponential Time Hypothesis definition see Section 2.4):

Theorem 1.3. Unless the Exponential Time Hypothesis is false, there does not exist a
20(plogr)|1/|9M) glgorithm solving CYCLE PACKING or MAX CYCLE COVER (either in
the directed and undirected setting). The parameter p denotes the width of a given path
decomposition of the input graph.

To further verify this intuition, we investigated an artificial problem (the MAXIMALLY
DISCONNECTED DOMINATING SET), in which we ask for a dominating set with the largest
possible number of connected components, and indeed we found a similar phenomenon.

Theorem 1.4. Unless the Exponential Time Hypothesis is false, there does not exist a
20(logp) |V |9 glgorithm for solving MAXIMALLY DISCONNECTED DOMINATING SET.
The parameter p denotes the width of a given path decomposition of the input graph.
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1.2 Consequences of the Cut&Count technique

As already mentioned, algorithms for graphs with a bounded treewidth have a number of
applications in various branches of algorithmics. Thus, it is not a surprise that the results
obtained by our technique give a large number of corollaries. We do not explore all possible
applications, but only give sample applications in various directions since a reader can
easily obtain omitted by-products in an analogous manner.

We would like to emphasize that the strength of the Cut&Count technique shows not
only in the quality of the results obtained in various fields, which are frequently better than
the previously best known ones, achieved through a number of techniques and approaches,
but also in the ease in which new strong results can be obtained.

1.2.1 Parameterized algorithms on general graphs

Let us recall the definition of the FEEDBACK VERTEX SET problem:

FEEDBACK VERTEX SET Parameter: £
Input: An undirected graph GG and an integer k

Question: Is it possible to remove k vertices from G so that the remaining vertices induce
a forest?

This problem is on Karp’s original list of 21 NP-complete problems [53]. It has also
been extensively studied from the parametrized complexity point of view. Let us recall that
in the fixed-parameter setting (FPT) the problem comes with a parameter k, and we are
looking for a solution with time complexity f(k)|V|°}), where n is the input size and f is
some function (usually exponential in k). Thus, we seek to move the intractability of the
problem from the input size to the parameter.

There is a long sequence of FPT algorithms for FEEDBACK VERTEX SET [5, 11, 20,
26, 35, 36, 43, 52, 65, 66]. The best — so far — result in this series is the 3.83%k|V|? result
of Cao, Chen and Liu [18]. Our technique gives an improvement of their result:

Theorem 1.5. There exists a Monte Carlo algorithm with constant one-sided error proba-
bility that solves the FEEDBACK VERTEX SET problem in a graph G = (V, E) in 3*|V |0
time and polynomial space.

We give similar improvements for CONNECTED VERTEX COVER (from 2.4882F|V/|0(1)
of [6] to 2¢|V'|°(1)) and CONNECTED FEEDBACK VERTEX SET (from 46.2%|V|°() of [60]
to 3¢|V/|0),

Furthermore we show that under Strong Exponential Time Hypothesis one can not
count the parity of the number of connected vertex covers of size k in (2 — £)*|V|°() time
and our algorithm presented in Chapter 5 counts the parity of the number of connected
vertex covers in 2¢|V|°(M) time. To the best of our knowledge this is the first algorithm
parameterized by the solution size for which an evidence of optimality is shown.

Details of the algorithms and lower bound for problems parameterized by the solution
size can be found in Chapter 5.
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1.2.2 Parameterized algorithms on H-minor-free graphs

A large branch of applications of algorithms parametrized by treewidth is the bidimension-
ality theory, used to find subexponential algorithms for various problems in /-minor-free
graphs. In this theory we use the theorem of Demaine et al. [28], which ensures that any
H-minor-free graph either has treewidth bounded by CV/k, or a 2vk x 2v/k lattice as a
minor. In the latter case we are assumed to be able to answer the problem in question
(for instance a 2v/k x 2v/k lattice as a minor guarantees that the graph does not have a
VERTEX COVER or CONNECTED VERTEX COVER smaller than k). Thus, we are left with
solving the problem with the assumption of bounded treewidth. In the case of, for instance,
VERTEX COVER a standard dynamic programming algorithm suffices, thus giving us a
20(Vk) algorithm to check whether a graph has a vertex cover no larger than k. In the case
of CONNECTED VERTEX COVER, however, the standard dynamic programming routine
gives a 20(Vklogk) complexity — thus, we lose a logarithmic factor in the exponent.

There were a number of attempts to deal with this problem, taking into account the
structure of the graph, and using it to deduce some properties of the tree decomposition un-
der consideration. The latest and most efficient of those approaches is due to Dorn, Fomin
and Thilikos [32], and exploits the so called Catalan structures. The approach deals with
most of the problems mentioned in our paper, and is probably applicable to the remaining
ones. Thus, the gain here is not in improving the running times (though our approach does
improve the constants hidden in the big-O notation which are rarely considered to be im-
portant in the bidimensionality theory), but rather in simplifying the proof — instead of
delving into the combinatorial structure of each particular problem, we are back to a sim-
ple framework of applying the Robertson-Seymour theorem and then following up with a
dynamic programming algorithm on the obtained tree decomposition.

The situation is more complicated in the case of problems on directed graphs. One of
the approaches is to mimic the bidimensionality approach, which again leads to solving a
problem on a graph of bounded treewidth — such an approach is taken by Dorn et al. in
[30] for MAXIMUM LEAF OUTBRANCHING to obtain a 20(V*1°8%) algorithm. In this case,
a straightforward substitution of our 6*V(@|V/|9() algorithm for the dynamic algorithm
used by Dorn et al. will give the following improvement:

Theorem 1.6. There exists a Monte Carlo algorithm with constant one-sided error prob-
ability that solves the MAXIMUM LEAF OUTBRANCHING problem in 200D |V |00 fime
for directed graphs for which the underlying undirected graph excludes a fixed graph H as
a minor.

1.2.3 Exact Algorithms on graphs of bounded degree

Another application of our methods can be found in the field of solving problems with a
global constraint in graphs of bounded degree. The problems that have been studied in
this setting are mostly local in nature (such as VERTEX COVER, see, e.g., [14]); however
global problems such as the TRAVELLING SALESMAN PROBLEM (TSP) and HAMILTO-
NIAN CYCLE have also received considerable attention [9, 38, 41, 50].

In what follows we let n denote the number of vertices of the given graph. The starting
point is the following theorem by Fomin et al. [39]:
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Theorem 1.7 ([39]). For any ¢ > 0 there exists an integer n. such that for any graph G
with n > n. vertices,

(G) < L + L + 13 + +
W — — —
|y = 6”3 3n4 30715 N> T &N,

where n; is the number of vertices of degree i in G for any i € {3,...,5} and n>g is the
number of vertices of degree at least 6.

This theorem is constructive, and the corresponding path decomposition (and, conse-
quently, tree decomposition) can be found in polynomial time. Combining this theorem
with our results gives algorithms running in faster than 2" time for graphs of maximum
degree 3, 4 and (in the case of the 3*V(%) and 4*%(%) algorithms) 5, such as the following
one:

Corollary 1.8. There exists a Monte Carlo algorithm with constant one-sided error prob-
ability that solves the CONNECTED VERTEX COVER problem in O(1.201") time for cubic
graphs, O(1.443™) for graphs of maximum degree 4 and O(1.61"™) for graphs of maximum
degree 5.

Furthermore in Section 4.3.1 we improve the general 4®V(®)|V|9() algorithm for the
HAMILTONIAN CYCLE problem to 3P%(%)|1/|9(1) in case of a path decomposition of cubic
graphs. Consequently we prove the following theorem which improves over previously best
results for the maximum degree three O(1.251") algorithm of Iwama and Nakashima [50]
and for the degree four O(1.657"™) algorithm of Bjoérklund [7].

Corollary 1.9. There exists a Monte Carlo algorithm with constant one-sided error prob-
ability that solves the HAMILTONIAN CYCLE problem in O(1.201™) time for cubic graphs
and O(1.588") for graphs of maximum degree 4.

1.2.4 Consequences for exact algorithms on planar graphs

Recall from the previous section that n denotes the number of vertices of the given graph.
Here we begin with a consequence of the work of Fomin and Thilikos [40]:

Proposition 1.10. For any planar graph G, tw(G) +1 < 2v/4.5n < 3.183y/n. Moreover
a tree decomposition of such width can be found in polynomial time.

Using this we immediately obtain O(cv™) algorithms for solving problems with a global
constraint on planar graphs with good constants. For the HAMILTONIAN CYCLE problem
on planar graphs we obtain the following result:

Corollary 1.11. There exists a Monte Carlo algorithm with constant one-sided error prob-
ability that solves the HAMILTONIAN CYCLE problem on planar graphs in 0(43'183‘/7‘) =
O(28356V™) time.

To the best of our knowledge the best algorithm known so far was the O(26993V") of
Bodlaender et al. [33].

Similarly, we obtain an O(263%6v") algorithm for LONGEST CYCLE on planar graphs
(compare to the O(272?3V") of [33]), and — as in the previous sections — well-behaved
¢V™ algorithms for all mentioned problems.
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1.3 Previous work

The Cut&Count technique has two main ingredients. The first is an algebraic approach,
where we assure that objects we are not interested in are counted an even number of times,
and then do the calculations in Z, (or in any other field of characteristic 2), which causes
them to disappear. This line of reasoning goes back to Tutte [74], and was recently used by
Bjorklund [7] and Bjorklund et. al [10].

The second is the idea of defining the connectivity requirement through cuts, which is
frequently used in approximation algorithms via linear programming relaxations. In par-
ticular cut based constraints were used in the Held and Karp relaxation for the TRAVEL-
LING SALESMAN PROBLEM problem from 1970 [44, 45] and appear up to now in the best
known approximation algorithms, for example in the recent algorithm for the STEINER
TREE problem by Byrka et al. [15]. To the best of our knowledge the idea of defining
problems through cuts was never used in the exact and parameterized settings.

A number of papers circumvent the problems stemming from the lack of single ex-
ponential algorithms parametrized by treewidth for connectivity—type problems. For in-
stance in the case of parametrized algorithms, sphere cuts [31, 33] (for planar and bounded
genus graphs) and Catalan structures [32] (for H-minor-free graphs) were used to obtain
20(VK) |/ |9M) algorithms for a number of problems with connectivity requirements. To the
best of our knowledge, however, no attempt to attack the problem directly was published
before; indeed the non-existence of 20tV (&) 1egtw(@)|1/|0(1) glgoorithms was deemed to be
more likely.

For classical graph problems the base of the exponent for treewidth parametrization was
improved a few times. For example Alber et al. [2] gave a 4™V(@)|V/|9()_time algorithm
for DOMINATING SET, improving over the natural 9*%(%)|V/|9(1) algorithm of Telle and
Proskurowski [72]. Recently, van Rooij et al. [75] observed that one could use fast subset
convolution [8] to improve the running time of algorithms on graphs of bounded treewidth.
Their results include a 3®V(|V/|°() algorithm for DOMINATING SET. However to the best
of our knowledge our work is the first one where the time complexity is improved upon the
space bound of the naive approach.

1.4 Organization of the dissertation

In Chapter 2 we introduce notation and basic definitions, including treewidth, pathwidth,
the Isolation Lemma and the fast subset convolution together with related operators (some
of them are new) which are later used to obtain small constant in the time complexity of
our algorithms.

Chapter 3 is to present and demonstrate the Cut&Count technique by solving STEINER
TREE and DIRECTED MIN CYCLE COVER problems. Applications of the technique to a
number of different problems is described in Chapter 4.

In Chapter 5 we show a combination of Cut&Count technique and iterative compres-
sion which enables us to obtain faster than previously known algorithms for problems pa-
rameterized by the solution size, i.e., FEEDBACK VERTEX SET,CONNECTED VERTEX
COVER,CONNECTED FEEDBACK VERTEX SET. Furthermore in Section 5.4 we prove that
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under SETH there is no algorithm running in (2 — £)*|V/|°") which determines the parity
of the number of connected vertex covers of size k, which matches the time complexity of
the algorithm presented in the same chapter.

In Chapters 6 and 7 we present lower bounds of two different types. In Chapter 6
we prove that several problems, assuming the Exponential Time Hypothesis, do not ad-
mit an algorithm running in 2°®'°eP)p (M) time, where p denotes the pathwidth of the
input graph. The aim of this chapter is to show a substantial difference between prob-
lems maximizing and minimizing connectivity of a solution. In Chapter 7 we prove that,
assuming SETH, the base of the exponent in our algorithms for CONNECTED VERTEX
COVER, CONNECTED DOMINATING SET, CONNECTED FEEDBACK VERTEX SET, CON-
NECTED ODD CYCLE TRANSVERSAL, FEEDBACK VERTEX SET, STEINER TREE and
EXACT k-LEAF SPANNING TREE cannot be improved further. Consequently we show
that the Cut&Count technique not only allows us to obtain c¢t™(@)|1/|() time algorithms,
breaking the tw (G)®W(@)|1/|90) barrier, but for at least some problems leads to optimum
values of the constant c.

We finish the dissertation with conclusions and open problems in Chapter 8. Finally
Appendix A contains statements of problems enumerated in Table 1.1 and it is followed by
Index.
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Chapter 2

Notation and Preliminaries

In this chapter we introduce notation and definitions used throughout the dissertation, in
particular we define the treewidth and the pathwidth of graphs. Furthermore in Section 2.3
we state the Isolation Lemma and present its proof for the sake of completeness. In Sec-
tion 2.4 we present the statement of the (Strong) Exponential Time Hypothesis.

In Section 2.5 we recall the fast subset convolution and related operators. We also
introduce some new operators: the generalized fast subset convolution and the Z,, product.
These tools are used to speed-up the dynamic programming routines discussed in Chapter 4.
However, we believe that the new operators are of independent interest and will become
useful in other applications.

2.1 Notation

Let G = (V, E) be a graph (possibly directed). By V(G) and E(G) we denote the sets of
vertices and edges of G, respectively. For a vertex set X C V(G) by G[X] we denote the
subgraph induced by X. For an edge set X C F, we take V(X)) to denote the set of the
endpoints of the edges of X, and by G[X] — the subgraph (V, X). Note that in the graph
G| X] for an edge set X the set of vertices remains the same as in the graph G.

For an undirected graph G = (V, E), the open neighbourhood of a vertex v, denoted
N(v), stands for {u € V : uwv € E}, while the closed neighbourhood N[v] is N(v) U {v}.
Similarly, for a set X C V(G) by N[X]| we mean |J,.y N[v] and by N(z) we mean
N[X]\ X.

By a cut of aset X C V we mean a pair (X1, X3), with X; N X, =0, XU Xy = X
(note that one of the sides of a cut might be empty). We refer to X; and X5 as to the (left
and right) sides of the cut.

We denote the degree of a vertex v in a graph H by deg, (v), or shortly deg(v) when it
is clear which graph it refers to. For X C V or X C E, degy(v) is a short for deggx(v)-
If G is a directed graph, we denote the in- and out-degree of v in G by indeg,(v) and
outdeg(v) respectively. By a degree of a vertex in a directed graph we denote the sum of
its indegree and outdegree.

For an edge ¢ = wv by subdividing it s times (for s > 0) we mean the follow-
ing operation: (1) remove the edge e, (2) add s vertices {z.1,..., %}, (3) add edges

17
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{uxe,h Te1Te2y - Tek—-1Te,s, xe,sv}-

In a directed graph G by weakly connected components we mean the connected com-
ponents of the underlying undirected graph. For a (directed) graph G, we let cc(G) denote
the number of (weakly) connected components of G.

For two nodes z, y of a rooted tree we say that y is a descendant of x if it is possible to
reach  when starting at y and going only up the tree. In particular « is its own descendant.

We denote the symmetric difference of two sets A and B by AAB. For two integers
a,b we use a = b to indicate that a is even if and only if b is even. We use Iverson’s
bracket notation: if p is a predicate we let [p] be 1 if p if true and 0 otherwise. If w : U —
{1,..., N}, we shorthand w(S) = > _qw(e) for S C U.

For a function s by s[v — a] we denote the function s \ {(v, s(v))} U {(v,«)}. Note
that this definition works regardless of whether v belongs to the domain of s or not (in the
latter case we extend the domain).

2.2 Treewidth and pathwidth

2.2.1 Tree Decompositions

Definition 2.1 (Tree Decomposition, [68]). A tree decomposition of a (undirected or di-
rected) graph G is a tree T in which each node x € T has an assigned set of ver-

tices B, C V (called a bag) such that ). B, =V with the following properties:

e for any uv € F, there exists an x € T such that u,v € B,.
o ifve Byandv € By, thenv € B, for all z on the path from x to y in T.

In what follows we identify nodes of T and the bags assigned to them. The width of a
tree decomposition T (denoted as width(T)) is the size of the largest bag of T minus one,
and the treewidth of a graph G is the minimum width over all possible tree decompositions
of G.

width(T) = max{|X,|—1]|z €T}
tw(G) = min{width(T) | T a tree decomposition of G'}

We note that the minus one in the definition exists to set the treewidth of trees to one.

Dynamic programming algorithms on tree decompositions are often presented on nice
tree decompositions which were introduced by Kloks [55]. We refer to the tree decompo-
sition definition given by Kloks as to a standard nice tree decomposition.

Definition 2.2. A standard nice tree decomposition is a tree decomposition where:
e cvery bag has at most two children,
e ifa bag x has two children l,r, then B, = B, = B,,

e ifabag x has one child y, then either |B,| = |B,|+1 and B, C B, or|B,|+1 = |B,|
and B, C B,
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We present a slightly different definition of a nice tree decomposition.

Definition 2.3 (Nice Tree Decomposition). A nice tree decomposition is a tree decomposi-
tion with one special bag z called the root with B, = () and in which each bag is one of the
following types:

e Leaf bag: aleaf x of T with B, = ().

e Introduce vertex bag: an internal node x of T with one child vertex vy for which
B, = B, U {v} for some v ¢ B,. This bag is said to introduce v.

o Introduce edge bag: an internal node x of T labeled with an edge uwv € E with one
child bag y for which uw,v € B, = B,. This bag is said to introduce uuv.

e Forget bag: an internal node x of T with one child bag y for which B, = B, \ {v}
for some v € B,. This bag is said to forget v.

e Join bag: an internal node x with two child vertices | and r with B, = B, = B,.
We additionally require that every edge in I is introduced exactly once.

We note that this definition is slightly different than usual. In our definition we have the
extra requirements that bags associated with the leafs and the root are empty. Moreover,
we added the introduce edge bags.

Given a tree decomposition, a standard nice tree decomposition of equal width can be
found in polynomial time [55] and in the same running time, it can easily be modified to
meet our extra requirements, as follows: add a series of forget bags to the old root, and add
a series of introduce vertex bags below old leaf bags that are nonempty; Finally, for every
edge uv € E add an introduce edge bag above the first bag with respect to the in-order
traversal of T that contains u and v.

By fixing the root of T, we associate with each bag x in a tree decomposition T a
vertex set V,, C V' where a vertex v belongs to V. if and only if there is a bag y which is a
descendant of z in T with v € B, (recall that x is its own descendant). We also associate
with each bag = of T a subgraph of GG as follows:

G, = (Vx, E, = {e|e is introduced in a descendant of z })

For an overview of tree decompositions and dynamic programming on tree decomposi-
tions see [12, 46].

2.2.2 Path Decompositions

A path decomposition is a tree decomposition that is a path. The pathwidth of a graph is the
minimum width of all path decompositions. Path decompositions can, similarly as above,
be transformed into nice path decompositions, these obviously contain no join bags.
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2.3 Isolation lemma

An ingredient of our algorithms is the Isolation Lemma:

Definition 2.4. A function w : U — Z isolates a set family F C 2V if there is a unique
S" e Fwithw(S") = minger w(9).

Recall that for X C U, w(X) denotes ), w(u).

Lemma 2.5 (Isolation Lemma, [63]). Let F C 2V be a set family over a universe U
with |F| > 0. For each v € U, choose a weight w(u) € {1,2,..., N} uniformly and
independently at random. Then

: U]
P lat >1—-——
r[w isolates F| > N

Proof from [63]. Consider an arbitrary element v € U of the universe which appears in at
least one set of F and does not appear in at least one set of F (if such v does not exist then
|F| = 1 and the lemma obviously holds). Fix the weights of all elements except u. Define
the threshold for element wu, to be an integer «,; such that if w(u) < «,, then u is contained
in some minimum weight subset, and if w(u) > «,, then w is in no minimum weight subset.

Clearly, if w(u) < «, then the element u must be in every minimum weight subset of
F. Thus ambiguity about the element u occurs iff w(u) = «, since in this case there is a
minimum weight subset of F that contains u and another which does not. In this case we
shall say that the element w is singular.

We now make the crucial observation that the threshold, «,,, was defined without ref-
erence to the weight, w(u). It follows that «, is independent of w(u). Since w(u) is a
uniformly distributed integer in [1, N|, we have:

Since if no element of the universe U is singular then w isolates F the lemma follows
directly from the above formula and the union bound. [

It is worth mentioning that in [19], a lemma using less random bits is shown: If |F| <
Z, then a scheme using O(log |U| + log Z) random bits to obtain a polynomially bounded
(in unary) weight function that isolates any set system with high probability is presented.

Consider a problem where the set of solutions is some family F of subsets of a universe
U (usually U is the set of vertices or edges of the input graph). Suppose that we know how
to obtain the parity of the number (that is | F| mod 2) of solutions for this problem and we
want to solve the decision variant, that is to verify whether there exists a solution or not.
It might be the case that the number of solutions is positive and even, hence we can not
assume that there is no solution solely based on the fact that the number of solutions is
even. However if we use the Isolation Lemma and there exists at least one solution, then
with high probability there exists some weight value w, for which the number of solutions
of weight w is equal to one, which is an odd number. Hence it is enough to count the parity
of the number of solutions of a prescribed weight. For this reason the Isolation Lemma has
found many applications [63].
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An alternative method to a similar end is obtained by using Polynomial Identity Testing
[29, 70, 79] over a field of characteristic two. This second method has been already used
in the field of exact and parameterized algorithms [7, 10, 56, 57, 77]. The two methods do
not have differ much in their consequences: Both use the same number of random bits (the
most randomness efficient algorithm are provided in [1, 19]). The challenge of giving a full
derandomization seems to be equally difficult for both methods [3, 51]. The usage of the
Isolation Lemma gives greater polynomial overheads, however we choose to use it because
in our opinion it makes the results less technical and hence easier to follow.

2.4 (Strong) Exponential Time Hypothesis

In this section we introduce the complexity assumptions defined by Impagliazzo and Pa-
turi [48].

The k-SAT problem is a restriction of SAT, where each clause in the input formula has
at most k£ literals. Let c; be the infimum of the set of the positive reals c that satisfy the
following condition: there exists an algorithm that solves k-SAT in time O(2°"), where n
denotes the number of variables in the input formula. The Exponential Time Hypothesis
(ETH for short), conjectured by Impagliazzo, Paturi and Zane [49], asserts that c3 > 0,
whereas the Strong Exponential Time Hypothesis defined by Impagliazzo and Paturi [48]
(SETH), asserts that limy_,, ¢, = 1. It is well known that SETH implies ETH [48].

We would like to mention that SETH is not a commonly believed assumption, however
since SAT is a central problem of computational complexity and there was no algorithm
that would refute SETH for several decades, it makes sense to use it as an evidence that a
problem is hard.

2.5 Fast subset convolution

In this section we recall and generalize operators that we will use to efficiently handle join
bags of a nice tree decomposition in dynamic programming routines in Chapter 4. All
operators work on functions from a subset lattice (27, C) for a finite set B where domain
of each function is some ring R. We start with a (-transform and p-transform definition of
a function f : 28 — R.

Definition 2.6. The (-transform of a function f is defined as a function ((f) : 2% — R as
follows:

(CAHT) =Y f(Th).

TCT

The p-transform of a function f is defined as a function (uf) : 2% — R as follows:

(WH(T) = 3 (~1)MF(T).

TCT
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As observed in [8] we can efficiently compute both (-transform and p-transform using
Yates’s method [78]. By computing a function & : 2% — R we mean determining h(T) for
every T' C B. For completeness we give a proof below.

Lemma 2.7. For a function f : 2% — R we can compute C f and uf in O(|B|2/P!) ring
operations.

Proof. We present a proof for the (-transform since the proof for the p-transform is anal-
ogous. We may assume B = {1,2,...,|B|} and for 0 < b < |B| and for every sequence
(81, ey Sty thtd, - - ,t‘B‘) S {0, 1}3 we define

2 : / /
fb<81, S92y .., Sbatb+l> e 7t|B|) == f(Sl, S2,... ,Sb,tb+1, . 7t\B\)
t.e{0,1},t;<t; for i=b+1,...,| B|

Observe that fy = f We also set fijz| = f. Moreover for 0 < b < |B| and for every
sequence (s1,...,Sy—1,t, ...t ) € {0,1}7

2 : /
fb—l(sla S92,y sb—latb7 Ce ,t‘B|) = fb<81, S92, ... ,Sb_l,tb, tb+1, c. ,t|B|).
t;€{0,1},t, <ty

It follows that we can use dynamic programming to compute all functions f;, (for decreasing
values of b € {0,...,|B|}. O

Now we recall the fast subset convolution (and its variants) [8].

Definition 2.8. For two functions f,qg : 2% — R the subset convolution and covering
product of f and g are defined as functions f x g, f *. g : 28 — R as follows:

(fx9)(T) = Z Ty VT, =TT NTy = 0] f(Th)g(T2),

Ty, 12CT

(feg)(T)= Y [MUTy=TIf(T1)g(T).

Ty, 15CT

As observed in [8] we can compute the covering product by using (-transform, -
transform and the subset convolution. Again we present the proof for completeness.

Lemma 2.9. For two functions f,q : 2% — R we have

freg=u((Cf)-(C9)),

where - is the elementwise product ((Cf) - (Cg))(T) = (CH(T)((Cg)(T)).
Proof. Observe that
(R((CF) - (CoT) = Y (=) Y7 f(A)g(B).

Moreover for each ordered pair (A, B) of subsets of 77 the coefficient of the term f(A)g(B)
is equal to Z( AU B)CTlCT(_1)|T\TII which is equal to one if AU B = T and zero otherwise.
- U
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Bjorklund et al. [8] proved that the subset convolution can be computed efficiently,
which combined with Lemmas 2.7, 2.9 gives the following theorem.

Theorem 2.10 ([8]). The subset convolution and the covering product of two given func-
tions can be computed in 2P| B|°Y) ring operations.

Instead of presenting the proof of the above theorem we prove its slight generalization
as shown by Cygan and Pilipczuk in [25].

Definition 2.11. Let p > 2 be an integer constant and let B be a finite set. For three func-
tionsty,ta,t € {0,1,...,p—1}7 we say that t1+t5 = tiff t1(b)+1t2(b) = ¢(b) forall b € B.
For functions f,g:{0,1,...,p— 1}2 — R define the generalized subset convolution as a
function f %P g : {0,1,...,p— 1}2 — R such that for every t € {0,1,...,p — 1}

(f*g)t) = D ft)glts).

t1+ta=t

Note that here the addition is not evaluated in Z, but in Z and for p = 2 the operators
* and * are equal. We show that when the ring R is equal to Z, we can compute the
generalized subset convolution efficiently using the Fast Fourier Transform. In fact one
can prove the theorem for any ring R but then a more detailed analysis of the number of
precision bits needed by FFT is necessary and since we only use functions with values from
Z4 we focus on this particular ring.

Theorem 2.12. Let p > 2 be an integer constant. For f,g:{0,1,...,p — 1}P — Z, their
generalized subset convolution can be computed in p'P!| B|°W) time.

Proof. We group tuples in {0, 1, ..., p— 1}¥ according to the sum of their coordinates, that
islet S, = {(a:)i2) € {0,1,....p—1}F S, pai=k}fork=0,... (p—1)B|

Furthermore we define a function f; : {0, 1, ,p — 1}2 — Z, such that fi(t) = f(t)
if t € Sg and fi(t) = 0 otherwise (similarly we define g;, foreach k =0,...,(p — 1)|BJ).

Observe that

(fP o= > > ey o))

ky=0,....(p—1)| B| kg=0,...,(p—1)| B|

Thus by a cost of an O(|B|?) overhead it is sufficient to compute f;, * gi, for fixed values
of ky and k.

The Fast Fourier Transform is an efficient algorithm which computes the discrete Fourier
transform and its inverse [21]. To use FFT we need to look at our problem from a dif-
ferent angle. We treat each tuple t € {0,1,...,p — 1}¥ as a monomial 2 ®) | where
val : {0,1,...,p— 1}2 — [0, p!Pl — 1] is a function such that val(t) is the value of + when
treated as a number written in base p.

Observation 2.13. Lett, € S, ty € Sy, be two tuples of the formt, = (ay, ..., ap)), ta =
(b1,...,bg|). Then for eachi =1,...,|B| we have a; + b; < p iff the sum of digits in the
p-ary representation of val(t,) + val(ts) is equal to ks + k.
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Now we represent f;, and gi, as polynomials, that is

poly(fx,) = Z oy ()20

tESkf

poly(gr,) = Y gr, D)z
teSkg

Let P be a polynomial over Z; defined as the product of poly(fx,) and poly(gs,). We can
compute P using the standard Fast Fourier Transform in O(p!?l| B|°()) time (see e.g. [17]),
since operations in Z, take constant time.

Finally, for each t € {0,1,...,p — 1}”, to obtain the value of (fi, ** gi,)(t) we
consider two cases. If ¢ € Sy 4, then we set (fi, ** gi,)(t) as the coefficient of the
monomial z**®) in P, otherwise we set (fi, *” g, )(t) = 0. The correctness follows from
Observation 2.13. [

The last needed variant of the subset convolution follows.

Definition 2.14. Let p > 2 be an integer constant and let B be a finite set. Fort,ty,t € Zf
we say that t; + to = t if t1(b) + t2(b) = t(b) (mod p) for all b € B. For functions
f,g: Zf — R define the 7, product as a function f *£ g : Zf — R such that for every
telZb

P

(f 5 g)(t) = Z f(t1)g(t2).

In particular, for p = 2 we identify elements 7.5 with subsets of B and define for f, g :
2B — R the xor product as:

Frog(T) = > [ATy = TIf(T1)g(Ty).

T, 72CB

The xor product can be computed in time 28| B|°1) using the well-known Walsh-
Hadamard transform. However, in our applications we need also the case p = 4, thus
we provide a proof for both cases below. We do not state here any general theorem for
arbitrary p, as in that case we would need to use fractional complex numbers during the
computations, which could lead to rounding problems.

Theorem 2.15. Let R = Z or R = Z, for some constant q. For p = 2 and p = 4 the 7,
product of two given functions f, g : ZE — R can be computed in time p!®!| B|°M).

Proof. We will use a simplified version of the Fourier transform. Let us assume R = Z,
as otherwise we do calculations in Z and in the end we take all values modulo g. We use
values of order at most ¢ p@UBD | thus all arithmetical operations in Z take polynomial
time in | B| and log g.

Let us introduce some definitions. Consider the ring Z[i] = {a + bi : a,b € Z} C C,
where the addition and multiplication operators are inherited from the complex field C. For
s,t € ZD define s - t as >, s(b)t(b) € Z. Let ¢ be the degree-p root of 1 in Z[i], i.e
e=—1ifp=2ande = iif p = 4. Note that e = 1 in Z[i]. We abuse the notation
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somewhat and for ¢ € Z, use the notation ¢ (taking it to mean ¢, where ¢ is any integer
congruent to ¢ modulo p). For f : ZI' — Z define f : ZL[ — 7Z[i] as follows

fs)=>" fl)e.

We first claim that f can be computed in p/®!| B|°®") time using an adjusted Yates algo-
rithm [78]. We may assume B = {1,2,...,|B|} and for 1 < b < |B| we define

b
fb(Sl,Sg,...,Sb,tb+1,...,t|3|) = Z f(tl,tQ,...,t‘B‘)Ezﬁilsﬁtﬁ.

t1,t2,..,tp €Ly

Furthermore we set f, = f. Note that fp = fandfor0<b< |B|

s t
fb+1(81,827...,Sb+1,tb+2,...,t|3|): E fb(81,827...,Sb,tb+1,...,t|3|)€ b+18+1
ty41€Zp

Thus, computing all f, for 0 < b < | B| takes p'Z!/| B|°(V) time and the claim is proven.
Recall that by f - g we denote the pointwise multiplication of functions, i.e. (f-g)(t) =
f(t) - g(t). Observe that

_ Z f(tl)gtl-s Z g(t2>€t2-s gs't

s€lg \hery t2€Z8
= Z f(t1>g(t2) Z €s~(t1+t2+t)
t1,t2€ZE seZB
= Z f(tl)g(tg) Z 521763 s(b)(t1(b)+t2(b)+t(b))
t1,t2€LE seZB
= Y ft)gta) > [ @r0r®)s®)
t1,t2€L5 s€ZB beB
- Z f(tl)g(t2)H Z (5t1(b)+t2(b)+t(b))s(b)
t1,t2€27 beB \ s(b)eZy
1— ()P
by the fact that Z (ET)S(b) = pif 7 = 0 and otherwise (e T) =0
s(b)EZyp — &
= Y ft)glt2) [] @ [ta(b) + ta(b) + t(b) = 0))
t1,t2€LZP beB
= > f(t)g(ta)p[tr + ta + 1 = 0]

751775262},B

=pl(f+ g) (—1)
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—

As f - § can be computed in time p/B!| B|°M), the theorem follows. O



Chapter 3

Cut&Count: Illustration of the
technique

In this chapter we present the Cut&Count technique by demonstrating how it applies to
the STEINER TREE and DIRECTED MIN CYCLE COVER problems. We go through the
details in an expository manner, as we aim not only to show the solutions to these particular
problems, but also to show the general workings.

We have chosen STEINER TREE and DIRECTED MIN CYCLE COVER problems to
show that our technique can be applied both to vertex and edge selection problems, and both
to undirected and directed graphs and also that not only it allows for ensuring connectivity
but more generally it allows to minimize the number of connected components.

In the last section of this chapter we give an overview of the Cut&Count technique.

3.1 Steiner Tree

STEINER TREE
Input: An undirected graph G = (V, E), a set of terminals 7" C V" and an integer k.
Question: Is there a set X C V' of cardinality & such that 7" C X and G[X] is connected?

In what follows, any set X which we ask for in the STEINER TREE problem will be
called a solution. Let N = 2|V| and for each v € V choose a weight w(v) € {1,..., N}
uniformly and independently at random. For each W € {1,... kN} let Sy be the set of
solutions of weight W. Clearly, if there is no solution, then for every weight /' we have
Sw = 0. However, if there is a solution then by the Isolation Lemma, with probability at
least 1/2 for some W € {1,...,kN} we have |Sy/| = 1, and in particular |Sy/| is odd.
Hence, we reduced the decision problem to the problem of counting the number of weight
W solutions modulo 2. A method to perform this counting efficiently is described in two
parts: the Cut part and the Count part.

The main goal of the Cut part is to define a set Cy such that (1) |Cy| = |Sw| (mod 2)
and (2) |Cyy| can be computing using 2°®%(©)|1/|90) arithmetical operations. In the Count
part we prove that the set |Cyy | indeed has the desired properties.

The Cut part. In the Cut part we always start with defining a set of candidate solutions

27
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which is a superset of all solutions to the problem we are solving. Those candidate solutions
are local, in the sense that they are easy to control using standard dynamic programming
techniques on tree decompositions. In the STEINER TREE problem we look for a set X
of size k, containing all the terminals, such that G[X] is connected. The set of candidate
solutions Ry is obtained by dropping the connectivity constraint:

Rw={XCV:TCXAwKX)=WA|X|=k}.

In this easy application of the Cut&Count method the only requirement that remains is that
the set of terminals is contained in the candidate solution.

Although the cardinality of Ry cab be easily computed within the desired time bound,
the parity of |Ry| needs not match the parity of |Sy/|. In order to describe the required
set Cy, we define a set of cuts, which are partitions of the set V' into two sets (V3, V' \ V}).
However to break the symmetry instead of considering all 2" cuts we consider only 2"}
of them by selecting some vertex v; (in most applications arbitrarily chosen) and assuring
that v; € V. Then we define when a subgraph is consistent with a cut.

Definition 3.1. A cut (V1,V2) of an undirected graph G = (V, E) is consistent if u € V;
and v € Vs implies uv ¢ E. A consistently cut subgraph of G is a pair (X, (X1, X3)) such
that (X1, X5) is a consistent cut of G| X].

Let v; be an arbitrary terminal. Define Cyy as
Cw = {(X,(X1,X2)) : X € Ry A (X1, X>) is a consistent cut of G[X| Av; € X;}.

The Count part. The crucial part follows, which is to prove that in the set of candidate
solutions each solution of the problem is consistent with exactly one cut, whereas all other
candidate solutions are consistent with an even number of cuts.

Lemma 3.2. Letr G = (V, E) be a graph and let X be a subset of vertices such that
vy € X C V. The number of consistently cut subgraphs (X, (X1, X)) such that vi € X,
is equal to 2¢¢(GXD-1,

Proof. By definition, we know for every consistently cut subgraph (X, (X, X)) and con-
nected component C' of G| X]| that either C' C X; or C' C X,. For the connected component
containing vy, the choice is fixed, and for all cc(G[X]) — 1 other connected components we
are free to choose a side of a cut, which gives 2°¢(GIXD~1 possibilities leading to different
consistently cut subgraphs. [

Now it is easy to see that instead of calculating |Sy/| mod 2 directly, we can calculate
|Cw| mod 2 instead.

Lemma 3.3. Let G, w, Cy and Sy be as defined above. Then for every W,

Proof. Let us fix W and omit the subscripts accordingly. By Lemma 3.2, we know that
ICl =2 xer 2¢¢(GIXD=1 Thus |C| = ‘{X € Rlcc(G[X]) = 1}‘ = |S|. O]

Now the only missing ingredient left is a sub-procedure CountC, which computes the
cardinality of Cyy modulo 2. It is a standard application of dynamic programming:
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Lemma 3.4. Given G = (V,E), T C V, an integer k, w : V. — {1,..., N} and a nice
tree decomposition T of width t, there exists an algorithm that can determine |Cyy| modulo
2 for every 0 < W < kN in 3'N?|V |0 time.

Proof. We use dynamic programming, but we first need some preliminary definitions. Re-
call that for a bag x € T we denoted by V. the set of vertices in bags of all descendants of
x, while by GG, we denoted the graph composed of vertices V. and the edges F, introduced
by the descendants of x. We now define “partial solutions”: For every bag x € T, integers
i=0,....k,w=0,...,kN and s € {0,1;,1,}5~ define

Rali,w) = {X CV,| (TNV,) CX A [X]=i A W(X):w}

C.(i,w) = {(X, (X1, X2))| X € Ryli,w) A (X, (X1, X,)) is a consistently
cut subgraph of G, A (v; € V, = v € Xl)}
Au(i,w,8) = H(X, (X1, X)) € Coli,w)| (s(v) = 1; = v € X;)

A (s(v):0:>v¢X)H

The intuition behind these definitions is as follows: the set R, (i,w) contains all sets
X C V, that could potentially be extended to a candidate solution from R, subject to
an additional restriction that the cardinality and weight of the partial solution are equal to
i and w, respectively. Similarly, C, (i, w) contains consistently cut subgraphs, which could
potentially be extended to elements of C, again with the cardinality and weight restrictions.
The number A, (i, w, s) counts those elements of C,(i,w) which additionally behave on
vertices of B, in a fashion prescribed by the sequence s. 0,1; and 1, (we refer to them
as colours) describe the position of any particular vertex with respect to a set X with a
consistent cut (X7, Xs) of G[X] — the vertex can either be outside X, in X or in X,. In
particular note that

> Aliw,s) = |Ca(i, w))|

5€{0,11,15}Bx

— the various choices of s describe all possible intersections of an element of C with
B,. Observe that since we are interested in values |Cy/| modulo 2 it suffices to compute
values A,.(k, W, D) for all W (recall that r is the root of the tree decomposition), because
Cw | = IC.(k, W)I.

We now give the recurrence for A, (i, w,s) which is used by the dynamic program-
ming algorithm. In order to simplify the notation, let v denote the vertex introduced and
contained in an introduce bag, and let y, z denote the left and right children of = in T, if
present (if there is only one child, we denote it by y).

e Leaf bag z:
A.(0,0,0) =1

All other values of A, (i, w, s) are zeroes.
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e Introduce vertex v bag z: fori = 0,..., k,forw =0,..., kN, fors € {0,1;,1,}P

A (l,w,slv = 0]) = [v&T)|A,®,w,s)
A (t,w,slv = 14]) = Ay(i— 1L w—w),s)
A (,w,slv = 1g)) = [v#n]A4,>GF—1,w—w(),s)

For the first case note that by definition v can not be coloured O if it is a terminal. For
the other cases, the accumulators 7, have to be updated and we have to make sure
we do not put s(v;) = 1.

e Introduce edge uv bag z: fori = 0,... .k, forw =0,...,kN,fors € {0,1;,1,}5
Ay (i,w,s) =[s(u) =0 V s(v) =0 V s(u) = s(v)]A4,(%,w,s)

Here we filter table entries inconsistent with the edge (u, v), i.e., table entries where
the endpoints are coloured 1; and 1.

e Forget vertex v bag z: fori =0,...,k,forw =0,...,kN, fors € {0,1;,1,}5=

Ag(iw,s) = > Ayi,w,slv— o)

a€{0,11,12}
In the child bag the vertex v can have three states so we sum over all of them.

e Joinbag: fori =0,...,k, forw=0,..., kN, fors € {0,1;,1,}5=

Ag(i,w,s) = Z Z Ay (i1, w1, 5) A, (1, we, 5)

i1+io=i+]|s 1 ({11,12})| witwe=wtw(s~1({11,12}))

The only valid combinations to achieve the colouring s is to have the same colouring
in both children. Since vertices coloured 1; in B, are accounted for in the accumu-
lated weights of both of the children, we add their contribution to the accumulators.

It is easy to see that the Lemma can now be obtained by combining the above recurrence
with dynamic programming. Note that as we perform all calculations modulo 2, we take
only constant time to perform any arithmetic operation. [

We conclude this section with the following theorem.

Theorem 3.5. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves STEINER TREE in 3t|V|O(1) time. The algorithm cannot give false positives
and may give false negatives with probability at most 1/2.

Proof. Our algorithm is as follows. Set N = 2|V|. Using Lemma 3.4 calculate |Cy|
modulo 2, for every W = 0,..., kN in 3¢|V|°() time. If for some W we have |Cy/| = 1,
then return yes. Otherwise return no.

To prove correctness use the Isolation Lemma (Lemma 2.5), where we substitute U
with V and F with S. We infer that if S # (), then with probability at least 1/2 there exists
an index W, for which |Sy/| = 1 and consequently by Lemma 3.3 we have [Cy/| = 1. O
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3.2 Directed Cycle Cover

DIRECTED MIN CYCLE COVER
Input: A directed graph D = (V, A), an integer k.
Question: Can the vertices of D be covered with at most & vertex disjoint directed cycles?

This problem is significantly different from the one considered in the previous section,
since the aim is to maximize connectivity in a more flexible way: in the previous section
the solution induced one connected component, while it may induce at most k& weakly
connected components in the context of the current section. Note that with the Cut&Count
technique as introduced above, the solutions we are looking for cancel modulo 2.

We introduce a concept called markers. A set of solutions consists of pairs (X, M),

where X C Aisacycle coverand M C X, |M| = k is a set of marked arcs, such that each
cycle in X contains at least one marked arc. Since |M| = k, this ensures that for every
solution (X, M) the cycle cover X consists of at most &k cycles. Note that distinguishing
two different sets of marked arcs of a single cycle cover is considered to induce two different
solutions. For this reason, with each arc of the graph we associate rwo random weights: the
first contributes to the weight of a solution, when an arc belongs to X, while the second
contributes additionally, when it belongs to M as well. When we relax the requirement that
in the pair (X, M) each cycle in X contains at least one vertex from M, we obtain a set of
candidate solutions. The objects we count are pairs consisting of (7) a pair (X, M), where
X C Aisacycle cover and M C X is a set of k¥ markers, (i7) a cut consistent with D[X],
where all the marked arcs from M have both endpoints on the left side of the cut. We will
see that candidate solutions that contain a cycle without any marked arc cancel modulo 2.
Formal definition follows.
The Cut part. As said before, we assume that we are given a weight function w : A X
{X}UAx{M} — {1,..., N}. The arguments A x {X} correspond to the contribution
of choosing an arc to belong to X, while A x {M} correspond to additional contribution
of choosing it to M as well.

Definition 3.6. For a directed graph D = (V, A) a cut (V1,V3) is consistent if (V1, V) is
a consistent cut in the underlying undirected graph. A consistently cut subgraph of D is
a pair (X, (X1, X3)) such that (X1, Xs) is a consistent cut of the underlying undirected

graph of D[ X|.
Definition 3.7. For an integer W we define:

1. Rw to be the family of candidate solutions, that is, Ry is the family of all pairs
(X, M), such that X C A is a cycle cover, i.e., outdegy (v) = indegy (v) = 1 for
every vertexv € V; M C X, |M| =k and w(X x {X}UM x {M}) =W;

2. Sw to be the family of solutions, that is, Sy is the family of all pairs (X, M), where
(X, M) € Ry and every cycle in X contains at least one arc from the set M;

3. Cw as all pairs ((X, M), (V1,V3)) such that (X, M) € Ry, (V1,V5) is a consistent
cut of D[X]| and V(M) C V.
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Observe that the graph D admits a cycle cover with at most % cycles if and only if there
exists I such that Sy is nonempty.
The Count part. We proceed to the Count part by showing that candidate solutions that
contain an unmarked cycle cancel modulo 2.

Lemma 3.8. Let D, w,Cy and Sy be defined as above. Then, for every W,

Proof. For subsets M C X C A, let cc(M, X) denote the number of weakly connected
components of D[X] not containing any arc from M. Then,

’CW‘ _ Z 2cc(M,X)'

(X, M)eRw

To see this, note that for any ((X, M), (V4,V2)) € Cw and any vertex set C' of a cycle from
X not containing arcs from M, we have ((X, M), (V1AC, V,AC)) € Cy — we can move
all the vertices of C' to the other side of the cut, also obtaining a consistent cut. Thus, for
any set of choices of a side of the cut for every cycle not containing a marker, there is an
object in Cy,. Hence (analogously to Lemma 3.2) for any W and (M, X)) € Ry there are
2¢¢(MX) cuts (V7, V3) such that ((X, M), (V1, V4)) € Cyy and the lemma follows, because:

[Cw| = [{((X, M), (V1,V2)) € Cw : cc(M, X) = 0} = |Sw].
O

Now, it suffices to present a dynamic programming routine counting |Cy/| modulo 2 in
a bottom-up fashion. Since the proof for the LONGEST PATH problem is almost the same
we present an algorithm for those two problems at once in the next chapter.

Lemma 3.9. Given D = (V, A), an integer k, a weight functionw : AUV — {1,...,N}
and a tree decomposition T of width t, there is an algorithm that can determine |Cyy|
modulo 2 for every 0 < W < (k + |V|)N in 6! N2|V|°W time.

Combining all the observations, we can conclude the following:

Theorem 3.10. There exists a Monte-Carlo algorithm that, given a tree decomposition of
width t, solves DIRECTED MIN CYCLE COVER in 6¢|V|°W) time. The algorithm cannot
give false positives and may give false negatives with probability at most 1/2.

Proof. The algorithm is as follows. Set U = A x {X} U A x {M} and N = 2|U|. Using
Lemma 3.9 calculate |Cy;| modulo 2, for every W = 0,..., (k + [V|)N in 6!|V |90 time.
If for some W we have |Cy/| = 1, then return yes. Otherwise return no.

The correctness follows from Lemma 3.8 and Isolation Lemma (Lemma 2.5). ]

3.3 General idea overview

The Cut&Count technique applies to problems with certain connectivity requirements. Let
S C 2V be a set of solutions (usually the universe U is the set of vertices or edges/arcs
of the input graph); we aim to decide whether it is empty. Conceptually, Cut&Count can
naturally be split in two parts:
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e The Cut part: Relax the connectivity requirement by considering the set R O S of
possibly disconnected candidate solutions. Furthermore, consider the set C of pairs
(X, C) where X € R and C'is a consistent cut of X.

e The Count part: Compute |C| modulo 2 using a sub-procedure. Non-connected
candidate solutions X € R \ S cancel since they are consistent with an even number
of cuts. Connected candidates x € S remain.

Note that we need the number of solutions to be odd in order to make the counting part
work. For this we use the Isolation Lemma (Lemma 2.5): We introduce uniformly and
independently chosen weights w(v) for every v € U and compute |Cy,| modulo 2 for every
W, where Cyy = {(X,C) € Clw(X) = W}. If for some W we have |Cy/| = 1, then return
yes. Otherwise return no. The general setup can thus be summarized as in Alg. 1:

: for every v € U do
Choose w(v) € {1,...,2|U|} uniformly at random.
. for every W € {0,...,2|U|*} do

if [{(X,C) € Clw(X) = W}| = 1 then return yes
return no

A A

Algorithm 1: Cut&Count general schema.

The following corollary that we use throughout the paper follows from Lemma 2.5 by
setting F = S and N = 2|U|:

Corollary 3.11. Let S C 2V and C C 2V x (2¥ x 2V). Suppose that for every W € Z:
{(X,C) € Clu(X) = W} = [{X € Slw(X) = W}.
Then Alg. 1 returns no if S is empty and yes with probability at least % otherwise.

When applying the technique, both the Cut and the Count part are non-trivial: In the
Cut part one has to find the proper relaxation of the solution set, and in the Count part one
has to show that the number of non-solutions is even for each 11" and provide an algorithm
which computes |Cy/| mod 2. Usually, the count part requires more explanation.
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Chapter 4

Cut&Count applied to several problems

In this chapter we describe in detail all the algorithms that appear in Column A of Table 1.1
except STEINER TREE which was already studied in the previous chapter. In particular we
present missing details for the DIRECTED MIN CYCLE COVER problem. Furthermore we
show that when we are given a path decomposition of a graph of maximum degree three
then for some problems we may improve the time complexity and consequently we prove
Corollary 1.9.

Subsequent sections in this chapter are independent hence a reader interested in a so-
lution for a single problem may jump to the appropriate section directly. However in all
sections we use notation and arguments described in details in the previous chapter hence
we assume that when reading a section from this chapter the reader is already familiar with
the previous chapter and tools from Section 2.5.

In all algorithms we assume that we are given a tree decomposition of the input graph
G of width ¢. The algorithms all start with constructing a nice tree decomposition, as in
Definition 2.3. In the dynamic programming descriptions we follow the notation from the
STEINER TREE example (see Lemma 3.4). Moreover we solve unweighted versions of all
the problems, however the algorithms can be easily extended to the weighted case when
weights are bounded by a polynomial in |V/|.

4.1 Feedback Vertex Set

In this section we show an algorithm for a more general version of the FEEDBACK VERTEX
SET problem, where we are additionally given a set of vertices that have to belong to the
solution.

CONSTRAINED FEEDBACK VERTEX SET

Input: An undirected graph G = (V, E), a subset S C V' and an integer k.

Question: Does there exist a set Y C V' of cardinality & such that S C Y and G[V \ Y] is
a forest?

This constrained version of the problem is useful when we want to obtain not only
binary output, but also in case of a positive answer the solution Y.

Here defining a solution candidate with a relaxed connectivity condition to work with
our technique is somewhat more tricky, as there is no explicit connectivity requirement

35
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in the problem to begin with. We proceed by choosing the (presumed) forest left after
removing the candidate solution and using the following simple lemma:

Lemma 4.1. A graph G = (V, E) with n vertices and m edges is a forest iff it has at most
n — m connected components.

Proof. Let E = {ey, ..., ey} Consider a graph Gy = (V, ) with the same set of vertices
and an empty set of edges. We add edges from the set £ to the graph GGy one by one.
Observe that G is a forest iff after adding each edge from E to the graph Gy the number
of connected components of G decreases. Since initially GGy has n connected components
the lemma follows. O

Theorem 4.2. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves the CONSTRAINED FEEDBACK VERTEX SET problem in 3'|V |0 time.
The algorithm cannot give false positives and may give false negatives with probability at
most 1/2.

Proof. We use the Cut&Count technique. As the universe we take the set U = V x {F, M},
where V' x {F'} is used to assign weights to vertices from the chosen forest and V' x {M}
for markers. As usual we assume that we are given a weight functionw : U — {1,..., N},
where N = 2|U| = 4|V/|.

The Cut part. For integers A, B, C', W we define:

1. RfV’B’C to be the family of solution candidates: marked subgraphs excluding S of
size and weight prescribed by super-/sub-scripts, i.e., RfV’B’C is the family of pairs
(X, M), where X C V \ S, |X]| = A, G[X] contains exactly B edges, M C X,

|M|=Candw(X x {F})+w(M x {M}) =W;

2. S(A‘,’B’C to be the set of solutions: the family of pairs (X, M), where (X, M) €
RfV’B’C and G[X] is a forest containing at least one marker from the set M in each
connected component;

3. Cip™ to be the family of pairs (X, M), (X1, X2)), where (X, M) € Rip™“, M C
X1, and (X1, X») is a consistent cut of G[.X].

Observe that by Lemma 4.1 the graph GG admits a feedback vertex set of size k containing
S if and only if there exist integers B,IV such that the set ng_k’B’”_k_B is nonempty.
The Count part. Similarly as in the case of MIN CYCLE COVER (analogously to
Lemma 3.8) note that for any A,B,C,W,(X, M) € R{?V’B’C, there are 2¢<(MGIXD) cyts
(X1, X5) such that (X, M), (X1, X)) € Ciy™, where by cc(M, G[X]) we denote the
number of connected components of G[X] which do not contain any marker from the
set M. Hence by Lemma 4.1 for every A,B,C,W satisfying C < A — B we have
ISP = 16"

Now we describe a procedure CountC(w, A, B, C, W, T) that, given a nice tree decom-
position T, weight function w and integers A,B,C,W, computes ]CC‘V’B’C| modulo 2 using
dynamic programming.
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0<c<|V],0<w<2N|V|and s € {0,1;, 15} (called a colouring) define
Rola,b,c,w) = {(X,M) | X CV\S A |X|=a A |E,nE(G[X])] = b
AMCX\B, A|M|=c A wX x {F}) +w(M x {M}) :w}
Co(a,b, c,w) = {((X, M), (X1, X2))| (X, M) € Ra(a, b, ¢, w)
A M C X, A (X, (X1, Xs)) is a consistently cut subgraph of Ga;}
Az(a,b,c,w, s) = H((X, M), (X1, X5)) € Cu(a, b, c,w)|
(s(v) =1, = v e X;) A (s(t) =0= v ng)}]

Note that we assume b < |V| because otherwise an induced subgraph containing b edges is
definitely not a forest.

Similarly as in the case of STEINER TREE, s(v) = 0 means v ¢ X, whereas s(v) = 1,
corresponds to v € X;. The accumulators a,b,c and w keep track of the number of vertices
and edges in the subgraph induced by vertices from X, number of markers already used and
the sum of weights of chosen vertices and markers. Hence A,(a,b, ¢, w, s) is the number
of pairs from C,(a, b, ¢, w) with a fixed interface on vertices from B,. Note that we ensure
that no vertex from B, is yet marked, because we decide whether to mark a vertex or not in
its forget bag. Recall that the tree decomposition is rooted in an empty bag hence for every
vertex there exists exactly one forget bag forgetting it.

The algorithm computes A, (a, b, ¢, w, s) for all bags x € T in a bottom-up fashion for
all reasonable values of a, b, ¢, w and s (defined above). We now give the recurrence for
Ag(a, b, c,w, s) that is used by the dynamic programming algorithm. In order to simplify
notation let v be the vertex introduced and contained in an introduce bag, uv the edge
introduced in an introduce edge bag, and let y, z stand for the left and right child of z in T
if present.

e Leaf bag:
A.(0,0,0,0,0) =1

e Introduce vertex bag:

A, (a,b,c,w, s[v — 0]) = Ay(a,b,c,w,s)
A(a, b, c,w, slv — 14]) = [v & S]A,(a — 1,b,c,w — w((v,F)), s)

e Introduce edge bag:

Ag(a,bc,w, ) =[s(u) =0V s(v) =0V s(u) = s(v)]
Ay(avb_ [‘9( ) 8( ) ],C,U),S)

Here we remove table entries not consistent with the edge wv, and update the accu-
mulator b storing the number of edges in the induced subgraph.
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e Forget bag:

Ay(a,b,c,w,s) = Ay(a,b,c — 1,w —w((v,M)), sjv = 14]})
+ Z Ay(a,b,c,w, slv — al}))

a€{0,11,12}

If the vertex v was in X; then we can mark it and update the accumulator c. If we
do not mark the vertex v then it can have any of the three states with no additional
requirements imposed.

e Join bag:

Ag(a, b c,w, s) = Z Z Z

aitaz=a+|s~1({11,12})| bi+ba=b ci+ca=c

Z Ay(ar, b1, c1,w1, 8)Az(az, be, 2, w2, )

witwe=wtw(s~1({11,12}) x{F})

The only valid combinations to achieve the colouring s is to have the same colouring
in both children. Since vertices coloured 1; in B, are accounted for in both tables of
the children, we add their contribution to the accumulators a and w.

Since ]CC‘V’B ’C] = A,.(A, B,C, W, ) the above recurrence leads to a dynamic program-
ming algorithm that computes the parity of ]C;‘V’B ’C] for all reasonable values of W, A, B, C'
in 3¢|V/|°() time. Consequently we finish the proof of Theorem 4.2. [

4.2 Non-connectivity problems with connectivity require-
ment

In this section we give details on algorithms for problems that are defined as standard “lo-
cal” problems with an additional constraint that the solution needs to induce a connected
subgraph. Problems described here are CONNECTED VERTEX COVER, CONNECTED
DOMINATING SET, CONNECTED ODD CYCLE TRANSVERSAL and CONNECTED FEED-
BACK VERTEX SET, but the approach here can be easily carried over to similar problems.

Let us start with a short informal description. Solving a problem CONNECTED X,
we simply run the well-known algorithm for X (or, in the case of CONNECTED FEEDBACK
VERTEX SET, we run the algorithm for FEEDBACK VERTEX SET from Section 4.1), but we
additionally keep a cut consistent with the solution, i.e., we count the number of solution-
cut pairs. Similarly as in the case of STEINER TREE, a solution to the problem X that
induces ¢ connected components is consistent with 27! cuts, thus all the disconnected
solutions cancel out modulo 2.

Similarly as in Section 4.1 we solve more general versions of problems where addi-
tionally as a part of the input we are given a set S C V' which contains vertices that must
belong to a solution.
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Remark 4.3. In the algorithms we assume that the set S C V' is nonempty, so we can
choose one fixed vertex vy € S that needs to be included in a fixed side of all considered
cuts (cf. algorithm for STEINER TREE in Section 3.1). To solve the problem where S = (),
we simply iterate over all possible choices of vy € V and put S = {v,}. Note that this does
not increase the probability that the (Monte-Carlo) algorithm gives a wrong answer. Our
algorithms can only give false negatives, so in the case of a YES-instance we only need a
single run, in which a solution can be found, to give a correct answer.

Let us now proceed with the formal arguments. For each problem, we start with a
problem definition and a formal statement of a result.

4.2.1 Connected Vertex Cover

CONSTRAINED CONNECTED VERTEX COVER

Input: An undirected graph G = (V, F), a subset S C V' and an integer k

Question: Does there exist a subset X C V of cardinality k£ such that S C X, G[X] is
connected and each edge e € F is incident with at least one vertex from X?

Theorem 4.4. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves CONSTRAINED CONNECTED VERTEX COVER in 3!|V |0 time. The al-
gorithm cannot give false positives and may give false negatives with probability at most
1/2.

There exists an easy proof of Theorem 4.4 by a reduction to the STEINER TREE prob-
lem — we subdivide all edges of the graph G using terminals and add the pendant terminals
to S. Such a transformation does not change the treewidth of the graph by more than one.
Nonetheless we prove the theorem by a direct application of the Cut&Count technique, in
a similar manner as for the STEINER TREE problem in Section 3.1. Our motivation for
choosing the second approach is that we need it to develop an algorithm for CONNECTED
VERTEX COVER parameterized by the solution size in Chapter 5 which relies on the algo-
rithm we describe in the proof.

Proof. We use the Cut&Count technique. As the universe for Algorithm 1 we take the ver-
tex set U = V. Recall that we generate a random weight function w : U — {1,2,... N},
taking N = 2|U| = 2|V|. By Remark 4.3 we may assume that S # () and we may choose
one fixed vertex v; € S.

The Cut part. For an integer IV we define:

1. Ry to be the family of solution candidates (vertex covers) of size k and weight W:
Ryy is the family of sets X C V suchthat S C X, |X| =k, w(X) =W and X isa
vertex cover of GG

2. Sy to be the family of solutions of size k and weight W, that is sets X € Ry such
that G[X] is connected,;

3. Cw to be the family of pairs (X, (X7, X)), where X € Ry, v; € X; and (X, X5)
is a consistent cut of G[X].
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The Count part. By a similar argument as in Lemma 3.2 for each X € Ry there exist
2¢¢(GIXD~1 consistent cuts of G[X], thus for any W we have |Sy/| = |Ciy|.

To finish the proof we need to describe a procedure CountC(w, W, T) that, given a nice
tree decomposition T, weight function w and an integer W, computes |Cy,| modulo 2.

For every bag x € T of the tree decomposition, integers 0 < ¢ < |[V|[, 0 < w < N|V|
and s € {0,1;,15}7= define

Roli,w) = {Xgm [(SAV) CX A |X]=i A w(X)=uw
A X is a vertex cover of Gx}

C.(i,w) = {(X, (Xl,XQ))| X € R.(i,w) N (X, (Xy,X2)) is a consistently
cut subgraph of G, A (v; €V, = v € Xl)}

Au(i,w,8) = H(X, (X1, X3)) € Caliyw)| (s(v) =1, = v € X;) A (s(v) =0 = v ¢& X)H

Similarly as in the case of STEINER TREE, s(v) = 0 means v ¢ X, whereas s(v) = 1;
corresponds to v € X;. The accumulators ¢ and w keep track of the number of vertices in
the solution and their weights, respectively. Hence A, (i, w, s) is the number of pairs from
C of candidate solutions and consistent cuts on GG, with fixed size, weight and interface on
vertices from B,.

The algorithm computes A, (i, w, s) for all bags x € T in a bottom-up fashion for all
reasonable values of i, w and s. We now give the recurrence for A, (i, w, s) that is used by
the dynamic programming algorithm. In order to simplify notation denote by v the vertex
introduced and contained in an introduce bag, by uv the edge introduced in an introduce
edge bag, and let y, z be the left and right child of = in T if present.

o Leaf bag:
A.(0,0,0) =1

e Introduce vertex bag:

Ay (i, w,slv = 0]) = [v&S|A,(i,w,s)
A (l,w,sflv = 14]) = A,(i—1Lw—w),s)
A (Lw, sfv = 1)) = [v# 04,0 —1,w—w(),s)

We take care of the restrictions imposed by the conditions (SNV,,) C X and v; € X.
e Introduce edge bag:
Agli,w,5) = [s(u) = 5(v) # 0V (s(u) = OAs(v) # 0) V (s(u) # OAs(v) = 0)]A, (i, w, 5)

Here we remove table entries not consistent with the edge uv, i.e., table entries where
the endpoints are colored 1, and 15 (thus creating an inconsistent cut) or 0 and 0 (thus
leaving an edge that is not covered).
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e Forget bag:
Aisws) = Y A slo—al)

a€{0,11,12}

In the child bag the vertex v can have three states, and no additional requirements are
imposed, so we sum over all the three states.

e Join bag:

A (i, w, 8) = Z Z Ay (i1, wy, 5) A, (12, w2, 5)

i1+io=i+]|s 71 ({11,12})| witwe=wtw(s~1({11,12}))

The only valid combination to achieve the colouring s is to have the same colouring
in both children. Since vertices coloured 1, in 3, are accounted for in both tables of
the children, we add their contribution to the accumulators.

It is easy to see that the above recurrence leads to a dynamic programming algorithm that
computes the parity of |Syy| for all values of W in 3¢V |°() time, since |Cyy| = A, (k, W, D)

and |Sy/| = |Cw|. Moreover, as we count the parities and not the numbers A, themselves,
all arithmetical operations can be done in constant time. Thus, the proof of Theorem 4.4 is
finished. U

4.2.2 Connected Dominating Set

CONSTRAINED CONNECTED DOMINATING SET

Input: An undirected graph G = (V, E), a subset S C V' and an integer k.

Question: Does there exist such a connected set S C X C V of cardinality at most k that
N[X]=V?

Theorem 4.5. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves CONSTRAINED CONNECTED DOMINATING SET in 4|V |°W) time. The
algorithm cannot give false positives and may give false negatives with probability at most
1/2.

It is known that CONNECTED DOMINATING SET is equivalent to MAXIMUM LEAF
TREE [34], hence the algorithm for EXACT k-LEAF SPANNING TREE can be used to solve
CONNECTED DOMINATING SET. However, here the Cut&Count application is signifi-
cantly easier and more straightforward than in the EXACT k-LEAF SPANNING TREE algo-
rithm presented later. Thus we include the algorithm for CONNECTED DOMINATING SET
below.

Proof of Theorem 4.5. We use the Cut&Count technique. As the universe for Algorithm 1
we take the vertex set U = V. Recall that we generate a random weight function w : U —
{1,2,..., N}, taking N = 2|U| = 2|V|. By Remark 4.3 we may assume that S # () and
we may choose one fixed vertex v; € S.

The Cut part. For an integer I we define:
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1. Rw to be the family of solution candidates (dominating sets) of size k£ and weight
W: Ry is the family of sets X C V such that S C X, |X| =k, w(X) = W and
N[X]=V.

2. Sy to be the family of solutions of size k and weight WV, that is sets X € Ry such
that G[X] is connected;

3. Cw to be the family of pairs (X, (X1, X3)), where X € Ry, and (X1, X5) is a
consistent cut of G[X].

The Count part. As before we note that by a similar argument as in Lemma 3.2 for
each X € Ry there exist 2°¢(¢IXD=1 consistent cuts of G[X], thus for any W we have
|Sw| = |Cw|. What remains is to describe a procedure CountC(w, W, T that, given a nice
tree decomposition T, weight function w and an integer W, computes |Cy| modulo 2.

For every bag x € T of the tree decomposition, integers 0 < i < |V, 0 < w < N|V|
and s € {Oy, Oy, 11,15} 5= define

Ro(i,w) = {X CV, [ (SNV)CX A [X][=i A wX)=w
A Ne[X] =V, \ 57 (0n) ]
Co(i,w) = {(X, (X1, X2))| X € Ruli,w) A (X, (X1, Xy)) is a consistently
cut subgraph of G, A (v € V, = v; € Xl)}
Aliw,s) = [{(X, (X1, X2) € Cli,w)] (s(v) = 1; = v € X;)
A (s(v) = Oy = v € Nay (X)) A (s(v) = Oy = v & Ne,[X])}|

Here s(v) = 0y means v ¢ X and v is dominated by X in G, s(v) = Oy means v ¢ X
and v is not dominated by X in G,, whereas s(v) = 1, corresponds to v € X;. The
accumulators 7 and w keep track of the number of vertices in the solution and their weights,
respectively. Hence A, (7, w, s) is the number of pairs from C of candidate solutions and
consistent cuts on G, with fixed size, weight and interface on vertices from B,..

The algorithm computes A, (i, w, s) for all bags € T in a bottom-up fashion for all
reasonable values of i, w and s. We now give the recurrence for A, (i, w, s) that is used
by the dynamic programming algorithm. As usual, v denotes the vertex introduced and
contained in an introduce bag, uv the edge introduced in an introduce edge bag, while y
and z denote the left and right child of = in T, if present.

e Leaf bag: 0
A.(0,0,0) =1

e Introduce vertex bag:

A, (i, w, s[v — On
A, (i, w, slv — Oy
A (i, w, s[v — 1
Az (i w, slv — 1

[v & S]A (i, w, 5)

0
Ay(i —1Lw—w(v),s)
[v# v1]A,(i — 1, w —w(v),s)

)
)
1))
2))



4.2. NON-CONNECTIVITY PROBLEMS WITH CONNECTIVITY REQUIREMENT 43

We take care of restrictions imposed by conditions (SNV,) C X and v; € X;. Note
that at the moment of introducing v there are no edges incident to v in GG, thus v
cannot dominated, but not chosen.

e Introduce edge bag:

Ay (i,w, s) = Ay(i,w, s) if s(v), s(u) € {Oy, 0y}
A (1w, 8) = [s(v) = s(u)]Ay(i,w, s) if s(v), s(u) € {11,15}
A (t,w,s) =0 if s(v) =1, As(u) =0n
A, (i,w,s) =0 if s(v) = 0n A s(u) =1
Ay (1w, 8) = Ay(i,w, s) + Ay (1, w, slu = On])  if s(v) = 1, A s(u) = Oy
A, (i,w,s) = A,(i,w,s) + Ay(i,w,slv = Oy]) if s(v) =0y A s(u) =1;

Here we perform two operations. First, we filter out entries creating an inconsistent
cut, i.e., ones in which the endpoints are coloured 1; and 15. Second, if one of the
endpoints becomes dominated in G, its state could be changed from Oy to Oy

e Forget bag:
A (i, w,s) = Z A, (i, w, slv — a])
ac{0y,11,12}
In the child bag the vertex v can have four states, but the state where v is not dom-
inated (s(v) = Oy) is forbidden (we will have no more chances to dominate this
vertex, but all vertices need to be dominated). Thus we sum over the three remaining
states.

e Join bag: For a colouring s € {0y, 0y, 1,15} we define its precolouring § €
{0, 11, 12}Bz as

5(v) = s(v) if s(v) € {11, 15}

5(v) =0 if s(v) € {0y,0n}
For a precolouring § (or a colouring s) and set 7' C $71(0) we define a colouring
s[T] as

s[T](v) = §(v) if 5(v) € {11, 15}

s[T](v) = Oy ifoeT

s[T)(v) = On ifve s (0)\T

We can now write a recursive formula for join bags.

A (i, w,s) = Z Z

i1+io=i+|s~1({11,12})] witwe=w+w(s~1({11,12}))

> [Ty U Ty = s 1(0y)] Ay (i1, w1, s[T1]) A (ia, wo, s[T])

T1,72Cs~1({0N,0v})
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To achieve the colouring s, the precolourings of children have to be the same. More-
over, the sets of vertices coloured Oy in children have to sum up to sil(Oy). Since
vertices coloured 1; in 3, are accounted for both tables of the children, we add their
contribution to the accumulators.

To compute the recursive formula efficiently we need to use the fast evaluation of the
covering product. For accumulators ¢, w and a precolouring s we define the following
functions on subsets of $71(0):

Now note that

Ay (i, w,s) = > > (frrfs g2 (s (0y)).

i1+i2:i+‘871({11,12})‘ w1+w2:w+w(s*1({11,12}))

By Theorem 2.10, for fixed accumulators 1, wy, i, w9 and a precolouring § the term

(fi1,w1,§ %, gig,w2,§) (Sfl <0y))

can be computed in time 21*” (@1]3-1(0)|°() at once for all colourings s with pre-

colouring $. Thus, the total time consumed by the evaluation of A, is bounded by

VoW ST gl _ ylseljy o),

5€{0,11,12}B=

It is easy to see that the above recurrence leads to a dynamic programming algorithm that
computes the parity of | Sy | for all values of T in 4¢|V|°() time, since |Cy/| = A, (k, W, 0)
and |Sy/| = |Cw|. Moreover, as we count the parities and not the numbers A, themselves,
all arithmetical operations (in particular, the ring operations in the convolutions used in join
bags) can be done in constant time. Thus, the proof of Theorem 4.5 is finished. [

4.2.3 Connected Odd Cycle Transversal

CONSTRAINED CONNECTED ODD CYCLE TRANSVERSAL

Input: An undirected graph G = (V, E), a subset S C V' and an integer k

Question: Does there exist a subset X C V' of cardinality %, such that S C X, G[X] is
connected and G|V \ X] is bipartite?

Theorem 4.6. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves CONSTRAINED CONNECTED ODD CYCLE TRANSVERSAL in 4¢|V|90)
time. The algorithm cannot give false positives and may give false negatives with proba-
bility at most 1/2.
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Proof. We use the Cut&Count technique. As the universe for Algorithm 1 we take U =
V x {X, L}, i.e., for each vertex v € V we generate two weights w((v, X)) and w((v,L)).
Recall that we generate a random weight function w : U — {1,2,... N}, taking N =
2|U| = 4|V|. By Remark 4.3 we may assume that S # () and we may choose one fixed
vertex v; € S.

The Cut part. To make use of the well-known algorithm for ODD CYCLE TRANSVERSAL
parameterized by treewidth, we need to define a solution not only as a set X, but we need
to add a proof that G[V \ X] is bipartite (i.e., a partition of V' \ X into two independent
sets). Formally, for an integer 11/ we define:

1. Ry to be the family of pairs (X, L), where | X| = k, w(X x {X}UL x {L}) =W,
SCX,XNL=0and LandV \ (X U L) are independent sets in G;

2. Sy to be the family of pairs (X, L) € Ry such that G[X] is connected,;

3. Cw to be the family of pairs ((X, L), (X1, X)), where (X, L) € Ry, v; € X; and
(X1, X>) is a consistent cut of G[X].

Note that for a single set X C V' there may exist many proofs L that G[V \ X] is bipartite.
We consider all pairs (X, L) as different solutions and solution candidates. To compute
weight, each pair (X, L) is represented as X x {X}U L x {L} C U, thus each pair (X, L)
corresponds to a different subset of the weight domain U.
The Count part. By a similar argument as in Lemma 3.2 for each (X, L) € Ry there
exist 2°¢(GIXD=1 consistent cuts of G[X], thus for any W we have |Sy/| = |Cyr/|.

To finish the proof we need to describe a procedure CountC(w, W, T) that, given a nice
tree decomposition T, weight function w and an integer W, computes |Cy,| modulo 2.

For every bag x € T of the tree decomposition, integers 0 < ¢ < |[V|,0 < w < N|V/|
and s € {0,0g, 11, 15} define

Ro(isw) = {(X,L) | X,LE Vo A XNL=0 A (SNV,) S X A |X| =i
AN wX x{X}ULx{L})=w A LandV, \ (X UL)are
independent sets in Gz}
Coli, ) = {((X, L), (X1, X2))| (X, L) € Ruli,w) A (X, (X1, X»)) is a consistently
cut subgraph of G, A (v; € V, = vy € Xl)}
Ax<i7w7s) = ‘{((Xa L)7 (X17X2)) € C:):(Zaw)| (S(U) = 1j =V E X])
A (s(v) =0, = v EL) A (s(v) =Op = v ¢ X UL

Here we plan L and V' \ (X U L) to be a bipartition of G[V \ X]; s(v) = 0, and 0 mean
v is on the left or right side of this bipartition, respectively, while s(v) = 1; means v is in
the odd cycle transversal, and on the appropriate side of the cut. The accumulators ¢ and w
keep track of the number of vertices in X and the weight of the pair (X, L), respectively.
Hence A, (i, w, s) is the number of pairs from C of candidate solutions and consistent cuts
on (G, with fixed size, weight and interface on vertices from B5,.
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The algorithm computes A, (i, w, s) for all bags x € T in a bottom-up fashion for all
reasonable values of i, w and s. We now give the recurrence for A, (i, w, s) that is used by
the dynamic programming algorithm. As always let v stand for the vertex introduced and
contained in an introduce bag, uv for the edge introduced in an introduce edge bag, and
1y, z for the left and right child of x in T if present.

e Leaf bag:

A,(0,0,0) =1
e Introduce vertex bag:
Ay (i, w,slv = 0g]) = [v & S]A,(4,w —w((v,L)), s)
Ay (i, w, slv = Og]) = [v & 5]A, (i, w, s)
A (tw, sfv = 14]) = A,(i — 1, w — w((v, X)), 5)
Ayt w, sfv = 1)) = [v # 0|4y (1 — 1, w — w((v, X)), s)

We take care of restrictions imposed by conditions (S NV,) C X and v; € Xj.

e Introduce edge bag:

A(t,w,s) =0 if {s(u),s(v)} = {11, 12}
A (i,w,s) =0 if s(u) = s(v) € {0,0g}
Ay (t,w,s) = Ay(i,w, s) otherwise

Here we remove table entries not consistent with the edge wwv, i.e., table entries
where the endpoints are coloured 1; and 1, (thus creating an inconsistent cut) or
both coloured 0, or both coloured O (thus introducing an edge in G, [L] or G, [V, \
(X UL)).

e Forget bag:
AGiyw,s) = Y Ay, w,slv = al)
a€{05,0Rr,11,12}
In the child bag the vertex v can have four states, and no additional requirements are
imposed, so we sum over all the four states.

e Join bag:
Ap(iyw, s) = Z Z Ay (i, wi, 8) AL (i2, wo, 5)

i1+ia=i+|s~1({11,12})] w1 twr=w—+w(Z)
Z=s"1({11,12})x{X}Us~1(0)x{L}
The only valid combinations to achieve the colouring s is to have the same colouring
in both children. Since vertices coloured 1, and Oy, in B, are accounted for in both
tables of the children, we add their contribution to the accumulators.

It is easy to see that the above recurrence leads to a dynamic programming algorithm that
computes the parity of |Sy| for all values of W in 4¢|V|°() time, since |Cy| = A, (k, W, 0)
and |Sy/| = |Cw|. Moreover, as we count the parities and not the numbers A, themselves,
all arithmetical operations can be done in constant time. Thus, the proof of Theorem 4.6 is
finished. ]
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4.2.4 Connected Feedback Vertex Set

CONSTRAINED CONNECTED FEEDBACK VERTEX SET

Input: An undirected graph G = (V, E), a subset S C V' and an integer k.

Question: Does there exist a set Y C V of cardinality £ such that S C Y, G[Y] is
connected and G[V \ Y] is a forest?

Theorem 4.7. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves the CONSTRAINED CONNECTED FEEDBACK VERTEX SET problem in
41\V1°W) time. The algorithm cannot give false positives and may give false negatives
with probability at most 1/2.

Proof. We use the Cut&Count technique. The idea is as in the previous algorithms in this
subsection: we use the dynamic programming for FEEDBACK VERTEX SET, additionally
keeping a cut consistent with the solution Y. However, in the previous subsections the
base dynamic programming algorithms were the easy, naive ones. Here we need to use
the Cut&Count based algorithm from Section 4.1. Thus, we attach two cuts to a solution
candidate: one of G[Y], and second of G[V \ Y.

As auniverse we take the set U = V' x {F, M}, where V x {F} is used to assign weights
to vertices from the chosen forest G[V'\ Y] and V x {M} for markers. As usual we assume
that we are given a weight function w : U — {1,..., N}, where N = 2|U| = 4|V|. By
Remark 4.3 we assume S # () and we fix one vertex v; € S.

The Cut part. For integers A, B, C, W we define:

1. RS}B’C to be the family of solution candidates, that is a marked subgraphs excluding
S of size and weight prescribed by super-/sub-scripts, i.e., R’;‘V’B’C is the family of
pairs (X, M), where X C V'\ S, | X| = A, G[X] contains exactly B edges, M C X,

|M|=Candw(X x {F})+w(M x {M}) =W;

2. SQ;B’C to be the set of solutions, that is the family of pairs (X, M), where (X, M) €
R%’B’C, where G[X] is a forest containing at least one marker from the set M/ in each

connected component and G[V \ X] is connected;

3. CQ}B’C to be the family of triples ((X, M), (X1, X3), (Y1,Y5s)), where (X, M) €
RQ}B’C, M C Xj, (X1, X5) is a consistent cut of G[X], v; € Y; and (Y;,Y5) is
a consistent cut of G[V'\ X].

Observe that by Lemma 4.1 the graph G admits a connected feedback vertex set of size
k containing .S if and only if there exist integers B,/ such that the set SCV_R’B’”_I‘C_B is
nonempty.

The Count part. By a similar argument as in Lemma 3.2 for any A,B,C,W,(X, M) €
RPC, there exist 2°°(CIV\XD~1 cuts (Y3, Y3) that are consistent cuts of G[V'\ X] and vy €
Y1. Moreover, similarly as in the case of MIN CYCLE COVER (analogously to Lemma 3.8)
note that there are 2°(*-¢IX]) cuts (X, X;) that are consistent with G[X] and M C X,
where by cc(M, G[X]) we denote the number of connected components of G[X| which
do not contain any marker from the set M. Thus for any A,B,C,W,(X, M) € RfV’B’C,
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there are 2¢°(CIV\XD=1+ec(MGIX]) triples ((X, M), (X1, Xa), (Y1, Y2)) € Ciy™C. Hence by
Lemma 4.1 for every A,B,C,W satisfying C' < A — B we have |S;y"¢| = [P .

Now we describe a procedure CountC(w, A, B, C, W, T) that, given a nice tree decom-
position T, weight function w and integers A,B,C, W, computes ]C{j‘[,’B ’C\ modulo 2 using
dynamic programming.

For every bag = € T of the tree decomposition, integers 0 < a < |V
0<c<|V[,0<w<2N|V|and s € {0;,05,1;,1,}7 define

)

,0<b< |V

Ro(a,b, ¢, w) = {(X,M) | X CVo\S A |X|=a A |E,0E(GX])] =b
AMCX\B, A|M=c A w(X x {F})+w(M><{1\/I}):w}
Cula,be,w) = { (X, M), (X1, Xa), (¥3, Y2))] (X, M) € Ra(a,b,¢ w)

AN MCX; A (X, (X, Xy))is a consistently cut subgraph of G,
A (v eVy=uv €Y]) A (Vp\ X, (Y1,Y2)) is a consistently

cut subgraph of Gx}
Au(a,b, ¢, w, ) = H((x, M), (X1, Xs), (Y1, Y2)) € Cala, b, c,w)]
(s(v) = 1, = v € X)) A (s(0) = 00 € V) }|

Note that we assume b < |V| because otherwise an induced subgraph containing b edges is
definitely not a forest.

Similarly as in the case of STEINER TREE, s(v) = 0, means v € Y}, whereas s(v) = 1,
corresponds to v € X;. The accumulators a,b,c and w keep track of the number of vertices
and edges in the subgraph induced by vertices from X, number of markers already used and
the sum of weights of chosen vertices and markers. Hence A,(a,b, ¢, w, s) is the number
of triples from C,(a, b, ¢, w) with a fixed interface on vertices from B,. Note that we ensure
that no vertex from B, is yet marked, because we decide whether to mark a vertex or not
in its forget bag.

The algorithm computes A, (a, b, ¢, w, s) for all bags x € T in a bottom-up fashion for
all reasonable values of a, b, ¢, w and s. We now give the recurrence for A, (a, b, c, w, s)
that is used by the dynamic programming algorithm. As in the previous sections by v we
denote the vertex introduced and contained in an introduce bag, by uv the edge introduced
in an introduce edge bag, and by y, 2 for the left and right child of x in T if present.

e Leaf bag:
A,(0,0,0,0,0) =1

e Introduce vertex bag:

Ay(a,b,c,w, s[v — 04]) = Ay(a, b, c,w, s)
Ag(a, b, c,w, s[v — 0q]) = [v # v1]Ay(a,b,c,w, s)
Ay(a, b, c,w, slv = 1;]) = [v & S|Ay(a—1,b,c,w —w((v,F)), s)

Here we take care of the constraints S N X = () and v; € Y].
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e Introduce edge bag:

Az(a,b,c,w,s) =0 if {s(v), s(u)} = {01,02}
Az(a,b,c,w,s) =0 if {s(v),s(u)} = {11, 12}
Az(a, b, c,w, s) = Ay(a,b—1,c,w, ) if s(v) = s(u) € {11, 12}
A(a, b, c,w, s) = Ay(a, b, c,w, s) otherwise
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Here we remove table entries not consistent with the edge wv (i.e., creating an in-
consistent cut, either (X, X5) or (Y7, Y2)), and update the accumulator b storing the

number of edges in G[X].
e Forget bag:
Ay(a,b,c,w,s) = Aya,b,c — 1, w —w((v,M)), slv = 14])
+ Z Ay(a,b,c,w,slv— al))

2€{01,02,11,12}

If the vertex v was in X; then we can mark it and update the accumulator c. If we
do not mark the vertex v then it can have any of the four states with no additional

requirements imposed.

e Join bag:

Ay (i, w,s) = Z Z Z

a1+az=a+|s~1({11,12})] bi+be=b ci1tc2=c

Z Ay<a17bl’clawl’S)Az(a%bQuC%wZus)

witwe=w+w(s~1({11,12})x{F})

The only valid combinations to achieve the colouring s is to have the same colouring
in both children. Since vertices coloured 1, in 5, are accounted for in both tables of

the children, we add their contribution to the accumulators a and w.

Since |Ciy”C| = A, (A, B,C, W, () the above recurrence leads to a dynamic program-

ming algorithm that computes the parity of |C§;B ’C| for all reasonable values of W, A, B, C'

in 4'n°) time. Consequently we finish the proof of Theorem 4.7.

4.3 Longest Cycles, Paths and Cycle Covers

]

In this section we consider the following three problems, both in the directed and undirected

setting.

(DIRECTED) MIN CYCLE COVER

cycles?

Input: An undirected graph G = (V, F) (or a directed graph D = (V, A)) and an integer k.
Question: Can the vertices of GG (D) be covered with at most k vertex disjoint (directed)
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(DIRECTED) LONGEST CYCLE
Input: An undirected graph G = (V, E) (or a directed graph D = (V, A)) and an integer k.
Question: Does there exist a (directed) simple cycle of length k£ in G (D)?

(DIRECTED) LONGEST PATH
Input: An undirected graph G = (V, E) (or a directed graph D = (V/, A)) and an integer k.
Question: Does there exist a (directed) simple path of length & in G (D)?

We capture all three problems in the following artificial one.

(DIRECTED) PARTIAL CYCLE COVER

Input: An undirected graph G = (V, E) (or a directed graph D = (V, A)) and integers k
and /.

Question: Does there exist a family of at most k vertex disjoint (directed) cycles in G' (D)
that cover exactly ¢ vertices?

Note that for & = 1 the above problem becomes LONGEST CYCLE, whereas for ¢ = |V/|
it becomes MIN CYCLE COVER. The LONGEST PATH problem can be easily reduced
to LONGEST CYCLE, both in the directed and undirected setting. Given (DIRECTED)
LONGEST PATH instance (G, k) ((D, k)), we guess the endpoints s and ¢ of the path in
question, attach a path of length |V| 4+ 1 from ¢ to s to the graph and ask for a cycle of
length |V |4 1+ k. Moreover, given a tree decomposition T of G (D), a tree decomposition
for the modified graph can be easily constructed by adding s and ¢ to every bag and by
covering the attached path by a sequence of additional bags of size 3. The width of the new
decomposition is larger by a constant than the width of T.

We now show how to solve PARTIAL CYCLE COVER using the Cut&Count technique,
in time 4¢|V|°®") in the undirected case and in time 6¢|V/|°() in the directed case.

4.3.1 The undirected case

Theorem 4.8. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves PARTIAL CYCLE COVER in 4|V |°") time. The algorithm cannot give false
positives and may give false negatives with probability at most 1/2.

Proof. We use the Cut&Count technique. To count the number of cycles we use markers.
However, in this application it is more convenient to take as markers edges instead of
vertices. The objects we count are subsets of edges, together with sets of marked edges,
thus we take U = FE x {X,M}. As usual, we assume we are given a weight function
w:U —{1,2,...,N}, where N = 2|U| = 4|E|. We also assume k < /.

The Cut part. For an integer W we define:

1. Rw to be the family of pairs (X, M), where M C X C FE, |X| = ¢, |M| = F,
w(X x {X} UM x {M}) =W and each vertex v € V' (X) has degree 2 in G[X].

2. Sw to be the family of pairs (X, M) € Ry, such that each connected component of
G[X] is either an isolated vertex or contains an edge from M.
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3. Cw to be the family of pairs ((X, M), (X1, X5)), where (X, M) € Ry and (X1, X5)
is a consistent cut of the graph (V(X), X) with V(M) C Xj.

Note that if |X| = ¢ and each vertex in V' (X) has degree two, then |V (X)| = ¢. Thus
if (X, M) € Ry then X is a set of vertex disjoint cycles covering exactly ¢ vertices of
G. If (X, M) € Sw, then the number of cycles is bounded by |M| = k, and if we have
an X with at most k cycles, we can find a set of markers M so that (X, M) € Sy for
W = w(X x {X} UM x {M}) by taking at least one edge from each cycle. Thus, we
need to check if Sy # () for some W.
The Count part. Let ((X,M),(X;,X2)) € Cw. Let cc(X, M) denote the number
of connected components of G[X] that are neither isolated vertices nor contain an edge
from M. If C C X is the set of edges of such a connected component of G[X], then
(X, M), (X;:AV(C), XoAV(C))) € Cw, i.e., the connected component C' can be on ei-
ther side of the cut (X, X;). Thus there are 2°¢(":X) elements in Cy that correspond to
any pair (X, M) € Ry, and we infer that |Sy/| = |Cw|.

To finish the proof we need to describe a procedure CountC(w, W, T) that, given a nice
tree decomposition T, weight function w and and an integer 1V, computes |Cy| modulo 2.

Let ¥ = {0,1,,15,2}. For every bag z € T of the tree decomposition, integers
0<i,b<|V],0<w<2N|V]and s € ¥ define

Ro(i,b,w) = {(X,M) | MCXCE, A|M=iA|X|=b
AN wX x{X}UM x {M}) =w A (Voev(x)\B, degax (v) = 2)
A (Vye, degapy (v) < 2)}
Culis b, w) = { (X, M), (X1, Xa))| (X, M) € Ry(isb,w) A V(M) € X,
A (X1, X») is a consistent cut of the graph (V' (X), X)}
Au(i by w, s) = H((X, M), (X1, X)) € Cali, by w)| (s(v) = 0 = deggry (v) = 0)

A (s(v) = 1; = (deggx(v) = L Av € Xj))

A (s(v) = 2 = deggy (v) = 2) }|

The value of s(v) denotes the degree of v in G[X] and, in case of degree one, s(v) also
stores information about the side of the cut v belongs to. We note that we do not need
to store the side of the cut for v if its degree is 0 and 2, since it is not yet or no more
needed. This is a somewhat non-trivial trick — the natural implementation of dynamic
programming would use 6 states for each vertex. For vertices of degree O this is necessary
— we do not want to count isolated vertices as separate connected components, so we do
not want to have a side of the cut defined for them. For vertices of degree 2 the situation is
more tricky. They are cut (that is, each such vertex is on some side of the cut in each counted
object in C,(7,b,w)), but the information about the side of the cut will not be needed —
we have a guarantee that no new edges will be added to that vertex (as 2 is the maximum
degree). Note that the fact that we did remember the side of the cut previously ensures that
when we have a path in the currently constructed solution, both endpoints of the path are
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remembered to be on the same side of the cut, even though we no more remember sides for
the internal vertices of the path. The accumulators ¢, b and w keep track of the size of M,
the size of X and the weight of (X, M), respectively.

Let us spend a moment discussing the choice we made to mark edges (as opposed to
vertices). If we marked vertices, as we did in the previous problems, we would have a
problem as to when to decide that a given vertex is a marker. The natural moment — in
the forget bag — is inapplicable in this case, as (to save on space and time) we do not
remember the side of the cut, so we do not know whether we can mark a vertex (remember,
the whole point of marking vertices is to break the symmetry between the sides of the cut,
so we have to mark only vertices that are on the left). The same problem applies to the
introduce bag, moreover a vertex is introduced more than once, so we could mark it more
than once (which would cause problems with the application of the Isolation Lemma). The
best choice would be to mark it when we introduce an edge incident to it, but still we could
mark it twice, if the introduce edge bags happen in two different branches of the tree. This
can be circumvented by extending the nice tree decomposition definition, but the way we
have chosen — to mark edges — is easier and cleaner. For edges we know that each edge
is introduced exactly once, so we have a natural place to mark the edge and assure it is
marked and counted exactly once.

The algorithm computes A, (i, b, w, s) for all bags € T in a bottom-up fashion for
all reasonable values of i, b, w and s. We now give the recurrence for A, (i, b, w, s) that
is used by the dynamic programming algorithm. In order to simplify notation denote by v
the vertex introduced and contained in an introduce bag, by uv the edge introduced in an
introduce edge bag, and by vy, 2z the left and right child of = in T if present.

o Leaf bag:
A.(0,0,0,0) =1

e Introduce vertex bag:
Ay (i,b,w, s[v = 0]) = A,(4,b,w, s)
The new vertex has degree zero and we do not impose any other constraints.

¢ Introduce edge bag: For the sake of simplicity of the recurrence formula let us
define a function subs : ¥ — 2*.

acy [0 1; 1, 2
subs(a) | 0 | {0} | {0} | {1,12}

Intuitively, for a given state & € X the value subs(«) is the set of possible states a
vertex of state a can have before adding an incident edge.
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We can now write the recurrence for the introduce edge bag.

Ay (1, b,w, s) = Ay(i,b,w, s) + Z Z Z

oy Esubs(s(u))  au€subs(s(v)) je{l1,2}
[(aw =15V s(u) = 1) A(ay = 1; V s(v) = 1;)]

(Ay(z', b—1,w— w((uv, X)), s")
+ =14, —-1,b—1,w—w((uw, X)) — w((uv, M)), s'))

In the above formula by s’ we denote s[u — «a,,v — a,]. To see that all cases are
handled correctly, first notice that we can always choose not to use the introduced
edge. Observe that in order to add the edge uv by the definition of subs we need to
have «,, € subs(s(u)) and «,, € subs(s(v)). We use the integer j to iterate over two
sides of the cut the edge uv can be contained in. Finally we check whether j = 1
before we make wv a marker.

e Forget bag:
A, (i,b,w,s) = Ay(i,b,w, slv = 2]) + Ay (i, b, w, s[lv — 0])
The forgotten vertex must have degree two or zero in G[X].

e Join bag: For colourings si, s, s € {0,14, 1o, 2}BW we say that s; + sy = s if for
each v € B, at least one of the following holds:
s1(v) =0 A s(v) = s9(v)
s2(v) =0 A s(v) =s
s1(v) = s3(v) =1; A s(v) =2

We can now write the recurrence for the join bags.
A Z b w, S E E E E A Zl,bl,wl,Sl)AZ(iQ,bQ,wg,Sg)
i1+i2=t bi+ba=b witwar=w Ss1+s2=s

The accumulators in the children bags need to sum up to the accumulators in the
parent bag. Also the degrees need to sum up and the sides of the cut need to match,
which is ensured by the constraint s; 4+ 5o = s.

A straightforward computation of the above recurrence leads to 16¢|V |°(}) time. We
now show how to use the Z, product to obtain a better time complexity.

Let ¢ : {0,14, 15,2} — Z4 be defined as
$(0) =0 o(1) =1 ¢(12) =3 $(2) =2

Let ¢ : {0,1,,15,2}5 — 75+ be obtained by extending ¢ in the natural way. Note
that ¢ is a bijection. Define p : {0,14, 15,2} — Z as

p(0) =0 p(l) =1 p(lz) =1 p(2) =2
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and let p(s) = >, .5 p(s(v)) for colouring s, i.e., p(s) is the sum of degrees of all
vertices in B,. Let

friﬁb@(gb(s)) = [/0 S) = m]Ay(i7 b,w, S)
g ((s)) = [p A (i
ot (9(s)) = > el gzl (g(s))

11+i2=1 bi+bo=b witw2=w mi+ma=m

We claim that '

A (i,b,w, ) = h;g’sgu(gzﬁ(s))
First notice that the values of accumulators are divided among the children, and that
no vertex or edge is accounted for twice by the definition of A,. Hence, it suffices
to prove that values in the expansion of h;é’s’;"(qb(s)) corresponding to a choice of
s1, $2 and possibly having a contribution to A, (7, b, w, s) are exactly those, for which
s1 + s9 = s holds. To see this, first note that

p(d~ 1 (B(s1) + d(s2))) < p(s1) + p(s2).

Observe that for any sy, so such that ¢(s1) + ¢(s2) = ¢(s) the above inequality is an
equality iff s; + s; = s. Thus when counting h%:>*(¢(s)) we sum non-zero values
only for such s, sy where s = s; 4+ s5. As the addition operator on colourings
corresponds to the addition operator in Z,, the claim follows.

By Theorem 2.15, the function 2™ can be computed in 4¢|V/|°(!) time and the time
bound for the join bags follows.

It is easy to see that the above recurrence leads to a dynamic programming algorithm
that computes the parity of |Sy/| for all values of W in 4!|V|°() time, since |Cy| =

A, (k, 0, W,0) and |Sw| = |Cw|. Moreover, as we count the parities and not the num-
bers A, themselves, all arithmetical operations can be done in constant time. Thus, the
proof of Theorem 4.8 is finished. U

If we restrict the class of graphs that we consider to graphs of maximum degree three
which we call subcubic and assume that a path decomposition is given we may obtain a
better time complexity for the general PARTIAL CYCLE COVER problem. As discussed in
Section 1.2.3 and as a consequence obtain an O(1.201") time algorithm for the HAMILTO-
NIAN PATH problem in subcubic graphs.

Theorem 4.9. There exists a Monte-Carlo algorithm that given a path decomposition of
width p of a subcubic graph solves PARTIAL CYCLE COVER in 32|V |°W) time. The al-
gorithm cannot give false positives and may give false negatives with probability at most
1/2.

Proof. The key difference from the proof Theorem 4.8 is that because the graph is subcubic
we may reduce the number of colours in the set 3 to 3 = {even, 1, 15}, which means that
we merge colours 0, 2 into a single colour even. Observe that we can do this since in the
forget node we ensure that a vertex is of even degree and in subcubic graph if a vertex
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is of even degree then it is of degree zero or two. Since there are no join nodes in a
path decomposition we do not have problems with joining colour vectors from two bags
efficiently.

The rest of the proof of Theorem 4.8 remains. 0

4.3.2 The directed case

Theorem 4.10. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves DIRECTED PARTIAL CYCLE COVER in 6|V |°Y) time. The algorithm can-
not give false positives and may give false negatives with probability at most 1/2.

Proof. We use the Cut&Count technique. To count the number of cycles we use markers.
As in the undirected case, in this application it is more convenient to take as markers arcs
instead of vertices. The objects we count are subsets of arcs, together with sets of marked
arcs, thus we take U = A x {X, M}. As usual, we assume we are given a weight function
w:U—{1,2,...,N}, where N = 2|U| = 4| A|. We also assume k < /.

The Cut part. For an integer IV we define:

1. Ry to be the family of pairs (X, M), where M C X C A, |X| = {, |M| = k,
w(X x {X} UM x {M}) = W and each vertex v € V(X) has indegree and
outdegree 1 in G[X].

2. Sy to be the family of pairs (X, M) € Ry, such that each connected component of
(G| X] is either an isolated vertex or contains an arc from M.

3. Cw to be the family of pairs ((X, M), (X3, Xs)), where (X, M) € Ry and (X, X5)
is a consistent cut of the graph (V' (X), X) with V(M) C X;.

Note that if |X| = ¢ and each vertex in V/(X) has indegree and outdegree one, then
|[V(X)| = ¢. Thus similarly as before we need to check if Sy # ) for some V.
The Count part. Let ((X, M), (X1, Xs)) € Cy. Let cc(X, M) denote the number of
weakly! connected components of G[X] that are not isolated vertices and do not contain an
arc from M. If C' C X is the set of arcs of such a weakly connected component of G[X],
then ((X, M), (X;AV(C), XoAV(C))) € Cw, i.e., the weakly connected component C'
can be on either side of the cut (X, X,). Thus there are 2°°":X) elements in Cy that
correspond to any pair (X, M) € Ry, and we infer that |Sy/| = [Cw/|.

To finish the proof we need to describe a procedure CountC(w, W, T) that, given a nice
tree decomposition T, weight function w and an integer W, computes |Cy| modulo 2.

Let ¥ = {00,01,,01,,10;,10,11}. For every bag = € T of the tree decomposition,

'We stress this for clarity: in G[X| weakly connected components are always strongly connected compo-
nents due to the requirements imposed on X.
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integers 0 < 4,0 < |V],0 < w < 2N|V| and s € X5 define

Ra(i,b,w) = {(X,M) | MCXCE, A M =iA|X|=b
AN wX x{X}UM x{M})=w
A (Voev(x\p.indeggx)(v) = outdegqy)(v) = 1)
N (Voe,indeggx(v), outdeg gy (v) < 1)}
Culi, b, w) = { (X, M), (X1, X2))| (X, M) € Ralib,w) A V(M) C X,
A (X1, X>) is a consistent cut of the graph(V (X)), X)}
A (i,byw, s) = H((X, M), (X1, X)) € Cu(i,bw)| (s(v) =io; = v € Xj)

A ((s(v) =ioV s(v) = io;) = (indeggxi(v) = i A outdeggy(v) = 0))}‘

The value of s(v) contains information about the indegree and outdegree of v and, in case
when the degree of v (as the sum of indegree and outdegree) is equal to one, s(v) also
stores information about the side of the cut v belongs to. We note that we do not need to
store the side of the cut for v if its degree is 0 and 2, since it is not yet or no more needed.
The accumulators i, b and w keep track of the size of M, the size of X and the weight of
(X, M), respectively.

The algorithm computes A, (7, b, w, s) for all bags x € T in a bottom-up fashion for all
reasonable values of 4, b, w and s. We now give the recurrence for A, (7, b, w, s) that is used
by the dynamic programming algorithm. In order to simplify notation let v be the vertex
introduced and contained in an introduce bag, (u, v) the arc introduced in an introduce edge
(arc) bag, and y, z the left and right child of = in T if present.

e Leaf bag:
A.(0,0,0,0)=1

e Introduce vertex bag:
Ay (i,b,w, s[lv = 00]) = A, (i,b,w, s)
The new vertex has indegree and outdegree zero.

e Introduce edge (arc) bag: For the sake of simplicity of the recurrence formula let
us define functions insubs, outsubs : ¥ — 2*.

insubs(a) | 0 0 O | {oo} | {00} | {01,015}
outsubs(a) | @ | {00} | {00} | O 0 |{10,,10:}
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Intuitively, for a given state & € ¥ the values insubs(«) and outsubs(«a) are the
sets of possible states a vertex of state « could have before adding an incoming and
respectively outgoing arc.

We can now write the recurrence for the introduce arc bag.

A (1,b,w,s) = Ay(i,b,w, s) + Z Z Z

ay €outsubs(s(u)) ay€insubs(s(v)) je{1,2}
(o, =10, V s(u) = 01,) A (o, = 01, V s(v) = 10;)]

(Ay(i, b—1,w—w(((u,v),X)),s")

+[i=14,6G0—-1,0—1,w—w((u,v),X) —w((u,v), M), s'))

In the above formula by s’ we denote s[u — «,,v — «a,]. To see that all cases are
handled correctly, first notice that we can always choose not to use the introduced arc.
Observe that in order to add the arc (u, v) by the definition of insubs and outsubs
we need to have «,, € outsubs(s(u)) and «, € insubs(s(v)). We use the integer j to
iterate over two sides of the cut the arc (u,v) can be contained in. Finally we check
whether j = 1 before we make (u, v) a marker.

e Forget vertex v bag x:
A (i,b,w, s) = Ay(i,byw, slv — 11]) + A, (4, b, w, s[lv — 00])

The forgotten vertex must have either both indegree and outdegree zero or both inde-
gree and outdegree one.

e Join bag: We have two children y and z. Figure 4.1 shows how two individual states
of a vertex in 3, and I, combine to a state of this vertex in ,. XX indicates that
two states do not combine. The correctness of the table is easy to check.

00 | 01, | 01, | 10, | 10, | 11

00 | 00 | 01, | 015 | 10, | 10, | 11

01, | 01; | XX | XX | XX | 11 | XX
01, | 01, | XX | XX | 11 | XX | XX
10, | 10, | XX | 11 | XX | XX | XX
10, | 10, | 11 | XX | XX | XX | XX
11 || 11 | XX | XX | XX | XX | XX

Figure 4.1: The join table of DIRECTED PARTIAL CYCLE COVER where it is indicated
which states combine to which other states.

For colourings s1, 59,5 € Y B we say that s; 4+ s, = s if for each vertex v € B, the
values of s;(v) and s3(v) combine into s(v) as in Figure 4.1. We can now write the
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recurrence formula for join bags.

A (i,b,w,s) Z Z Z Z Ay (i1, by, wr, 1) A, (12, ba, w2, 52)

i1+ia=t bi+bay=b witwe=w Ss1+s2=s

A straightforward computation of the above formula leads to 36|V |°(Y) time com-
plexity. We now show how to use the Generalized Subset Convolution to obtain a
better time bound.

Let ¢, p: ¥ — {0,1,2,3,4,5} where

$(00) =0 ¢(01;) =1 ¢(01y) =2 ¢(10;) =3 ¢(10,) =4 ¢(11) =5
p(00) =0 p(01) =1 p(012) =1 p(102) =1 p(10;) =1 p(11) =2

Let ¢ : ¥8» — {0,1,2,3,4,5}P= be obtained by extending ¢ in the natural way.
Define p : X5+ — Zas p(s) = 3,5 p(e). Hence p reflects the total number of 1’s
in a state s, i.e., the sum of all degrees of vertices in B,. Then, define

frz‘;Lb’w(gb(S)) = [,O(S) = m]Ay(i7 b,w, 3)
g (6(s)) = [p(s) = mJA.(i, b, w, 5)

ECOES DD DY Do (s g (o(s))

t1+i2=1 bi+bo=b witw2=w mi+ma=m

We claim that ,
Aa(i by w, 5) = Wi (6(s))

To see this, first notice that the values of accumulators are divided among the chil-
dren, and that no vertex or edge is accounted for twice by the definition of A,. Hence,
it suffices to prove that exactly all combinations of table entries from A, and A, that
combine to state s according to Table 4.1 contribute to A, (7, b, w, s). Notice that if
a,B € Xandy = ¢~ (d(a)+¢(B)), then p(v) < p(a) + p(B). This implies that the
only pairs that contribute to 2> (¢(s)) are the pairs not leading to crosses in Table
4.1 since for the other pairs we have p(7) < p(a) + p(5). Finally notice that for
every such pair we have that -y is the correct state, and hence correctness follows.

Finally we obtain that, by Theorem 2.12, the values A, (7, b, w, s) for a join bag = can
be computed in time 6|V |°()

It is easy to see that the above recurrence leads to a dynamic programming algorithm
that computes the parity of |Sy/| for all values of W in 6!|V|°() time, since |Cy| =

A, (k, 0, W,0) and |Sw| = |Cw|. Moreover, as we count the parities and not the num-
bers A, themselves, all arithmetical operations can be done in constant time. Thus, the
proof of Theorem 4.10 is finished. 0

4.4 Spanning trees with a prescribed number of leaves

In this section we provide algorithms that solve EXACT k-LEAF SPANNING TREE and EX-
ACT k-LEAF OUTBRANCHING in time 4'n®®) and 6'n®"), respectively. The algorithms
are very similar and use the same tricks, thus we gather them together in this subsection.
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Both algorithms use almost the same Cut part that is very natural for the considered
problems. However, a quite straightforward realization of the accompanying Count part
would lead to running times 6:2°™) and 8'n°M), respectively. To obtain better time bounds
we need to count objects in a more ingenious way.

4.4.1 Exact k-Leaf Spanning Tree

EXACT k-LEAF SPANNING TREE
Input: An undirected graph G = (V, E) and an integer k.
Question: Does there exists a spanning tree of G with exactly k leaves?

Theorem 4.11. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves EXACT k-LEAF SPANNING TREE in 4!V |°W) time. The algorithm cannot
give false positives and may give false negatives with probability at most 1/2.

Proof. We assume that GG is connected, as otherwise we can safely answer NO. We also
assume |V/| > 3, and therefore any spanning tree of GG contains some internal nodes (i.e.,
vertices of degree at least 2). Using similar arguments as in Remark 4.3, we may assume
that we are given a vertex v; € V' that is required to be an internal node of the spanning tree
in question. Thus, we can look for spanning trees of G that are rooted in the given vertex
V1.

We use the Cut&Count technique. Our solutions and solution candidates are subsets of
edges, thus we take U = F and generate a random weight functionw : U — {1,2,... N},
where N = 2|U| = 2|E]|.

The Cut part. For integers W and k we define:

1. RE, to be the family of sets X C F, such that w(X) = W, |X| = |V| — 1, G[X]
contains exactly k vertices of degree one, and the degree of v; in G[X] is at least 2.

2. Sk, to be the family of sets X € R%, such that G[X] is connected,;

3. CE, to be the family of pairs (X, (X}, X5)), where X € RE, and (X1, X>) is a
consistent cut of G[X| with v; € Xj.

The condition that for X € SF, the graph G[X] is connected, together with | X| = |V| — 1
gives us that each X € Sf, induces a spanning tree. Thus, S, is indeed a family of
spanning trees of exactly k leaves with root v; of degree at least 2.

Note that, unlike in other algorithms, we use the superscript & in the definitions. To
achieve claimed the running time we need to do computations for many values of &.

The Count part. To use Algorithm 1 we need to prove formally that for any W and k we
have |SE,| = |Ck,|. By a similar argument as in Lemma 3.2 for each X € R, there exist
2¢¢(GIXD~1 consistent cuts of G[X], and the claim follows.

To finish the proof we need to show how to compute |Cf,| modulo 2 in time 4'n°M). A
straightforward dynamic programming algorithm would lead to a 6'n°(") time complexity
(we encourage the reader to sketch this algorithm to see why the steps introduced below
are needed), thus we need to be a bit more ingenious here.

Let us define the set Ef,v to be a family of triples (X, R, (Y7, Y3)) such that
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1. X € ULV:'(; ! RE,, (i.e., we do not impose any constraint on the number of vertices of
degree one in G[ X)),

2. RCV\{v}and |R| = ¢,

3. Each vertex v € R has degree one in G[X| and the unique neighbour of v in G[X] is
not an element of R (i.e., G[X] does not contain a connected component that consists
of two vertices from R connected by an edge).

4. Let G(V'\ R, X) denote the graph with the vertex set '\ R and the edge set consisting
of those edges of X that have both endpoints in V' \ R. Then we require that (Y7, Y>)
is a consistent cut of G(V'\ R, X) with v; € Y.

Informally speaking, there are two differences between Cf, and Ef,v. First, instead of re-
quiring a prescribed number of vertices of degree one, we distinguish a fixed number of
vertices that have to be of degree one, and we do not care about the degrees of the other
vertices. Second, we consider only consistent cuts of G(V '\ R, X), not of whole G| X].

We first note that the second difference is somewhat illusory. Let X € RY, and R C
V'\ {v1} be as in the definition of Efﬁ/, i.e., |R| = ¢, each v € R is of degree one in G[X]
and its unique neighbour in G[X] is notin R. If (X, (X, X5)) € Ck,, then the cut (Y7, Y5)
where Y; = X\ R is consistent with G(V'\ R, X) and (X, R, (Y1,Y3)) € Ea/. In the other
direction, observe that if (X, R, (Y1,Y2)) € Efy, then there exists exactly one consistent cut
(X1, X,) of G[X], such that Y} C X and Y5 C X5, namely X; = Y; U (Ngx(Y;) N R).
Thus, in the analysis that follows we can assume that (Y7,Y3) induces a consistent cut
(Yi U (NG[X]Ofl) N R), Yo U (NG[X](X/Q) N R)) of G[X] with v; € Y.

Let (X, R, (Y1,Y2)) € Ef/v. As there exists 2°¢(¢X)=1 consistent cuts of G[X], for fixed
X and R we have (X, R, C') € Cyy for exactly 2°GIXD=1 cuts C'. Thus, if X ¢ Ut sk,

all elements of Efy with X cancel out modulo 2.

Otherwise, if G[X] induces a spanning tree of G with root v, there exists exactly one
cut (V, () consistent with G[X], such that v; is in the first set in the cut. Moreover, note that
there are no two adjacent vertices of degree one in G[X] (as |V| > 3). Thus, if X € Sk,
then there exist (’;) choices of the set R and one choice of a cut C' = (V,() such that

(X,R,C) € Ef,[, (we use the convention that (];) =0if k < 0).
Summing up, we obtain that in Z,

Vi-1 Vi-1

evl= 3 (3)ishi= 3 (§)iehl

k={ k=0

Note that, operating over the field Z,, we have obtained a linear operator that transforms a
vector (|CE; |)|V| " into a vector (|CW\)|V| ', Moreover, the matrix of this operator can be
computed in polynomial time and is upper triangular with ones on the diagonal. Thus, this

operator can be easily inverted, and we can compute (in Z,) all values (|CF; |)‘ - knowing

all values (|CW|)W| g
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To finish the proof we need to describe a procedure CountC(w, W, ¢, T) that, given a

. . . . . ¢
nice tree decomposition T, weight function w and integers W and ¢ computes |C;;,| modulo

2. Now we can use dynamic programming on the tree decomposition.

Recall that in the definition of Ef,v the cut (Y7, Y2) was a consistent cut of only G(V'\
R, X). We make use of this fact to reduce the size of the table in the dynamic programming,
as we do not need to remember a side of the cut for vertices in .

For every bag = € T of the tree decomposition, integers 0 < ¢ < |[V],0 < w < N|E
0 <m,d < |V|,and s € {1, 15,00, 0, } P define

]

Ro(l,w,m, d) = {(X,R) | XCE, ANRCV, A|X|=m A |R=0 A w(X)=uw
A deggixi(v1) =d A (v € R\ B, = deggx(v) = 1)
A (v € RN B, = deggy(v) < 1)}
Co(l,w,m, d) = {(X, R, (V1,Y2))| (X, R) € Ro(l,w,m,d) A (v1 € Vy = vy € V)
A (Y1,Y3) is a consistent cut of G(V, \ R, X)}
Aol w,m, d, s) = H(X, R, (V1,Y2)) € Co(t,w,m, d)|
(s(v) = 1; = v €Y;) A (s(v) = 0; = (v € RAdegapy(v) = ) }|

Here s(v) = 0; denotes that v € R and deggy)(v) = j, whereas s(v) = 1; denotes that
v € Y; (and thus v ¢ R). The accumulators ¢, m and w keep track of the size of R, size
of X and the weight of X, respectively. The accumulator d keeps track of the degree of
vy in G[X], since we need to ensure that in the end it is at least 2. Hence A, (¢, w,m,d, s)
reflects the number of partial objects from C with fixed sizes of R, X, weight of X, degree
of v; and interface on vertices from B5,.

The algorithm computes A, (¢, w,m,d, s) for all bags x € T in a bottom-up fashion for
all reasonable values of ¢, w, m, d and the colouring s. We now give the recurrence for
A, (¢, w,m,d, s) that is used by the dynamic programming algorithm. In order to simplify
notation we denote by v the vertex introduced and contained in an introduce bag, by uv the
edge introduced in an introduce edge bag, and by vy, 2 the left and right child of x in T if
present.

e Leaf bag:
A,(0,0,0,0,0) =1

e Introduce vertex bag:

(L, w,m,d, s[v — 0]
[v — 04]
[
[

1]
(L,w,m,d, s[v — 1s]

[U 7& Ul]Ayw - 17 w,m, d7 S)

0
Ay(l,w,m,d, s)
[U 7é ,Ul]Ay(gv w,m, d7 S)

v—1

x €7w7m7d75

Ax( )
Al w,m,d, s )
A ( )
Ax( )
If the new vertex is in R, it has degree zero and cannot be equal to v;. Otherwise, we
need to ensure that we do not put v; into Y5.
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e Introduce edge bag:

A (l,w,m,d, s) = Ay(l,w,m,d, s)
+ [s(u) = s(v) = 1;]A, (0, w — w(uv),m — 1,d — [v; =u Vv, =v],s)
+[s(v) =01 A s(u) = 1;]A, (4, w — w(uv),m — 1,d — [v; = u], s[v — 0q))
+[s(v) = 1; As(u) = 04]A, (L, w — w(uv),m — 1,d — [v; = v], slu — 0Oy])
Here we consider adding uv to X. This is possible in two cases. First, if u,v ¢ R
and s(u) = s(v). Second, if exactly one of w and v is in R (recall that we forbid

edges connecting two vertices in R). In the second case we need to update the degree
of the vertex in R. In both cases we need to update the degree of v, if needed.

e Forget bag:

A, (l,w,m,d,s) = [d>2]A,(l,w,d, s[v — 14]) ifv=1
Al w,myd, s) = Z Ay (b, w,m,d, slv — o) otherwise

a€{01,11,12}

If we forget v = vy, we require that its degree is at least two and v € Y;. Otherwise,
we require only that if v € R then deggy(v) = 1.

e Join bag: We proceed similarly as in the case of join bags in the CONNECTED
DOMINATING SET problem. For a colouring s € {09, 01,11, 1,}5* we define its
precolouring § € {0, 11, 15}7* as

5(v) = s(v) if s(v) € {11, 15}
5(v)=0 if s(v) € {00,0}

For a precolouring $ (or a colouring s) and a set 7' C §7'(0) we define the colouring
s[T]

s[T](v) = 5(v) if 5(v) € {11, 15}
s[T](v) =04 ifveT
s[T](v) = 0 ifves (0)\T

We can now write a recursive formula for the join bags.

Au(lyw,m, d, s) = > )R DD >

£1+62=f+|871({00,01})| wi1twz=w mi+mo=m d;+do=d Tl,ngsfl({Oo,Ol})

[T UTy = s71(00)][Ty N Ty = O] Ay (6, wi,may, dy, s[T1]) Az (0o, we, ma, da, s[T2])

To achieve the colouring s, the precolourings of the children have to be the same.
Moreover, a vertex v € R has degree one only if it has degree one in exactly one of
the children bags. Thus the sets of vertices coloured 0, in children have to be disjoint
and sum up to s~1(04). Since vertices coloured 0; in B, are accounted for in both
tables of the children, we add their contribution to the accumulator /.
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To compute the recursive formula efficiently we need to use the fast subset convo-
lution. For accumulators ¢, w, m,d and a precolouring § we define the following
functions on subsets of 371(0):

foomES(TY = Ay (6w, m, d, s[T)),

gt S (TY = AL (6w, m, d, s[T]).

Now note that

A (lyw,m,d, s) = Z Z Z Z

l14+Lo=0+|s71({00,01})| witwz=w mit+ma=m di+da=
(ffhun,ml,dh *942,w2,m27d2, )(8_1(01)).

By Theorem 2.10, for fixed accumulators ¢1,w,mq,dy, {s, ws, mo,dy and a pre-
colouring § the term

(ffl,wl,ml,dlﬁ * ggz,w%mg,(bﬁ)(sfl(()l))

can be computed in time 21*” (@1|3-1(0)|°() at once for all colourings s with pre-
colouring $. Thus, the total time consumed by the evaluation of A, is bounded by

|V‘O(1) Z 9ls™H0)] _ 4|BI\’V’O(1)

§€{0711,12}Bm

It is easy to see that the above recurrence leads to a dynamic programming algorithm that
computes the parity of |Ef4/| for all values of W and ¢ in 4|V |°) time, since |Efy| =
Yoo Ar (6, W, V] — 1,d,0). Moreover, as we count the parities and not the numbers A,
themselves, all arithmetical operations (in particular the ring operations in the fast subset
convolution) can be done in constant time. As discussed before, knowing in Z, the values

of |CW| for 0 < ¢ < |V| — 1 we can compute all values of |Cf;| and |S§,| modulo 2. Thus,
the proof of Theorem 4.11 is finished. [

4.4.2 Exact k-Leaf Outbranching

An arborescence is a directed graph in which, for a vertex r called the root and any other
vertex v, there is exactly one directed path from 7 to v. In other words, it is a directed,
rooted tree in which all edges point away from the root. A vertex of outdegree 0 in an
arborescence is called a leaf. A spanning arborescence of a directed graph is called an
outbranching (see Fig. 4.2 for an example).

EXACT k-LEAF OUTBRANCHING
Input: A directed graph D = (V, A) and an integer k, and arootr € V.
Question: Does there exist an outbranching in D rooted at r with exactly k leaves?

Theorem 4.12. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves EXACT k-LEAF OUTBRANCHING in 6!|V|°W) time. The algorithm cannot
give false positives and may give false negatives with probability at most 1/2.
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Figure 4.2: A graph and one of its outbranchings rooted at r. The presented outbranching
has exactly 4 leaves.

Proof. We use the Cut&Count technique in a very similar manner as for the EXACT k-
LEAF SPANNING TREE problem. Our solutions and solution candidates are subsets of
arcs, thus we take U = A and generate a random weight functionw : U — {1,2,... N},
where N = 2|U| = 2|A|. We set v; = r-.

The Cut part. For integers W and k£ we define:

1. Ry to be the family of sets X C A, such that w(X) = W, indeggx(v1) = 0
and indeggy)(v) = 1if v # v1, and G[X] contains exactly k vertices of outdegree
zero. Note that each weakly connected component of G[X] for X € RY, is either a
directed unicyclic graph (a graph with exactly one cycle) or an arborescence rooted
at vy.

2. Sk, to be the family of sets X € R%, such that G[X] is weakly connected;

3. CE, to be the family of pairs (X, (X, X3)), where X € Sk, and (X, X;) is a con-
sistent cut of G[X] with v; € X;.

The condition that for X € Sf, the graph G[X] is weakly connected, together with the
condition on the indegrees of vertices gives us that each X € Sk, is of size |[V/| — 1 and
induces a spanning arborescence of GG rooted at v;.

As in the case of EXACT k-LEAF SPANNING TREE, we use the superscript & in the

definitions, since we perform a similar trick in the Count part and we do computations for
many values of £.
The Count part. To use Algorithm 1 we need to formally prove that for any W and k
we have |SE,| = |CE/|. By a similar argument as in Lemma 3.2 for each X € R%; there
exist 2¢¢(¢IXD~1 consistent cuts of G[X], and the claim follows (here cc(G[X]) denotes the
number of weakly connected components of G/[X]).

To finish the proof we need to show now to compute |Cf,| modulo 2 in time 6‘n°M). A
straightforward dynamic programming algorithm would lead to 8'n°() time complexity,
thus again we need to be more careful.

Let us define the set Ef,v to be a family of triples (X, R, (Y7, Y3)) such that
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1. X € U',:;'g ! RE,, (i.e., we do not impose any constraint on the number of outdegree
zero vertices in G[X]),

2. RCVand|R| =/,
3. each vertex v € R has outdegree zero in G[X],

4. (Y1,Y5) is a consistent cut of G(V \ R, X) (defined as in the previous subsection)
with v; ¢ Ya.

Note that, unlike the EXACT k-LEAF SPANNING TREE case, we do not need to require
that the vertices from R are not connected by edges from X, as this is guaranteed by the
outdegree condition. Moreover, we allow v; € R.

Informally speaking, there are two differences between CF, and Ef,v. First, instead of
requiring a prescribed number of vertices of outdegree zero, we distinguish a fixed number
of vertices that have to be of outdegree zero, and we do not care about the outdegrees of the
other vertices. Second, we consider only consistent cuts of G(V'\ R, X), not whole G[X].

We first note that (again) the second difference is only apparent. Let X € R%, and

R C V be as in the definition of Eﬁ,, i.e., |R| = ¢, eachv € Ris of outdegree zero in G[X].
If (X, (X1, X2)) € CE,, then the cut (Y7, Ys) where Y; = X \ R is consistent with G(V \
R, X)and (X, R, (Y1,Y3)) € Efd,. In the other direction, observe that if (X, R, (Y1, Y3)) €
Cyy» then there exists exactly one consistent cut (X, X3) of G[X], such thatv; € X;,Y; C
Xiand Yy C Xy, namely X; = Y1 U(Ngix(Y1)NR)U{v1 } and Xy = YoU(Ngx(Y2) N R)
(in particular, if v; € R, then vy is isolated in G[X], and can be put safely to X;). Thus, in
the analysis that follows we can silently assume that (Y7, Y5) is in fact a consistent cut of
G[X] with v, € V5.

Let (X, (X1, X5)) € CE.. Note that we have exactly (’;) choices of the set R, such that

(X,R, (X1 \ R, X2\ R)) € Ef,v, as any choice of ¢ vertices of outdegree zero in G[X|] can
be used as R. Thus we have that modulo 2

el=3 ())isii= 3 (7)icil
k=t k={

As in the case of EXACT k-LEAF SPANNING TREE, operating over the field Z,, we have
obtained a linear operator that transforms a vector (|CE, )'kvz‘o_ " into a vector (|5€V|)L‘;‘0_1
Again the matrix of that operator can be computed in polynomial time and is easily inverted
(as it is upper triangular with ones on the diagonal). Thus we can compute (in Z5) all values
(Ick, )" knowing all values (|Z€V|)|2;|O_l

To finish the proof we need to describe a procedure CountC(w, W, ¢, T) that, given a

. . . . . ¢
nice tree decomposition T, weight function w and integers W and ¢ computes |Cy;,| modulo

2. Now we can use dynamic programming on the tree decomposition.

Recall that in the definition of Zﬁv the cut (Y7, Y>) was a consistent cut of only G(V' \
R, X'). We make use of this fact to reduce the size of the table in the dynamic programming,
as we do not need to remember side of the cut for vertices in R.
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,0<w< N|A

For every bag = € T of the tree decomposition, integers 0 < ¢ < |V
and s € {11,1,,0}5=, 5;, € {0, 1} define

)

Roll,w) = {(X,R) | XCE, ANRCV, A|R|=€ A w(X)=uw
A (v €V, \ By = indeggy (v) = [v # v1]) A (v € By = indeggy(v) < [v # v1))
A (v € R = outdeggx(v) = 0)}

Co(l,w) = {(X, R, (V1,Y2))| (X, R) € Ru(l,w) A v ¢ Yy
A (Y71,Y5) is a consistent cut of G(V,, \ R, X)}

A, s,sm) = [{ (X R, (1,72)) € Cullow)]| (s(v) = 1; > v € )

A (s(v) =0=v€ER) A (Viep,sin(v) = indeggy (v))H

Here s(v) = O denotes that v € R, whereas s(v) = 1; denotes that v € Y; (and thus
v ¢ R). The value s;,(v) denotes the indegree of v in G[X]. The accumulators ¢ and w
keep track of the size of R and the weight of X, respectively. Hence A, (¢, w, s, s;,) reflects
the number of partial objects from C with fixed size of R, weight of X and interface on
vertices from B,.

The algorithm computes A, (¢, w, s, s;,) for all bags x € T in a bottom-up fashion
for all reasonable values of ¢, w and colourings s, si,. We now give the recurrence for
A, (0, w, s, siy) that is used by the dynamic programming algorithm. In order to simplify
notation we denote by v the vertex introduced and contained in an introduce bag, by (u, v)
the arc introduced in an introduce edge bag, and by y, z for the left and right child of = in
T if present.

e Leaf bag:
A,(0,0,0,0) =1
e Introduce vertex bag:
A, (0w, slv = a, sp[v — 1]) =0
Ay (l,w,d, slv — 0], sin[lv = 0]) = Ay({ — 1,w, s, Sin)
A, (0w, d, s[v — 14], sin[v = 0]) = Ay (L, w, s, sin)
], Sin ]

A, (Cw, d, s[v — 13, sin ) =[v# A, (L, w,s, Sin)

The new vertex has indegree zero and v, cannot be put into Y5.

e Introduce edge bag:
Ayl w, s, 8in) = Ay(l,w, s, 51m) + Ay(L,w — w((u, v)), s, sin[v — 0])
if (s(u) =s(v) =1;V(s(u) =1, As(v) =0)) AN v#v A si(v)=1
A, (L w, s, sin) = Ay(L,w, s, sin) otherwise
Here we consider adding the arc (u,v) to X. First, we need that v # v;. Second, we

need that u,v € Y oru € Y; and v € R. Moreover, we need to update the indegree
of v and the accumulator keeping the weight of X.
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e Forget bag:

Al w, s, 8in) = Z Ay(l,w, slv — af, silv — 0]) ifv=u
aE{O,ll}

Al w, s, sip) = Z A, (L w, slv — a, sin[v — 1)) otherwise
a6{0,11,12}

If we forget v = vy, we require that its indegree is zero and v ¢ Y5. Otherwise, we
require that the indegree of the forgotten vertex is one.

e Join bag: Let us define for 7' C B, a colouring s;,[7] as siy[T](v) = 1if v € T and
sin[T'](v) = 0 otherwise. Then

A (b w, s, sipn) = Z Z Z

l1+la=0+|s—1(0)] witwe=w T1,T2CBy

[Tl U T2 = 81;1(1)][T1 N TQ - @]Ay(fl, w1, S, Sin[Tl])AZ(fg, Wy, S, Sin[Tg])

The colourings s in children need to be the same, whereas the colourings s;, in the
children need to sum up to the colouring s;, in the bag z, i.e., a vertex v has indegree
one only if it has indegree one in exactly one of the children bags. Since vertices
coloured 0 in B, are accounted for in both tables of the children, we add their con-
tribution to the accumulator /.

To compute the recursive formula efficiently we need to use fast subset convolution.
For accumulators ¢, w and a colouring s we define the following functions on subsets
B,

o (T) = Ay (4w, s, si[T)),

" (T) = A (0, w, s, 5i[T1]).

Now note that

Az(g, w, s, Sin) = Z Z (fh,wl,s * gfg,wz,S)(si;l(l))

Li+Lo=0+|s~1(0)| witwa=w

By Theorem 2.10, for fixed accumulators ¢y, wy, {5, w- and a colouring s the term

(fZl,un,s * gﬂg,wg,s)(si;1<1))

can be computed in time 2t¢t91) at once for all colourings si,. Thus, the total time
consumed by the evaluation of A, is bounded by 6‘n°(M).

It is easy to see that the above recurrence leads to a dynamic programming algorithm that
computes the parity of |E€V| for all values of W and ¢ in 6!|V|°() time, since |E€V| =
A (6, W, 0,0). Moreover, as we count the parities and not the numbers A, themselves,
all arithmetical operations (in particular the ring operations in the fast subset convolution)
can be done in constant time. As discussed before, knowing in Z, the values of |5f,v| for

0 < ¢ < |V] -1 we can compute all values of |CE,| and |SE,| modulo 2. Thus, the proof of
Theorem 4.12 is finished. ]
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4.5 Maximum Full Degree Spanning Tree

In this section we solve a bit more general version of MAXIMUM FULL DEGREE SPAN-
NING TREE where the tree in question needs to contain exactly the prescribed number of
vertices of full degree.

EXACT FULL DEGREE SPANNING TREE

Input: An undirected graph G = (V, F) and an integer k.

Question: Does there exist a spanning tree 7" of GG for which there are exactly k vertices
satisfying deg(v) = deg;(v)?

Theorem 4.13. There exists a Monte-Carlo algorithm that given a tree decomposition of
width t solves the EXACT FULL DEGREE SPANNING TREE problem in 4'|V |°Y) time. The
algorithm cannot give false positives and may give false negatives with probability at most
1/2.

Proof. We use the Cut&Count technique. As a universe we take the set of edges U = E.
As usual we assume that we are given a weight function w : U — {1,..., N}, where
N =2|U| = 2|E|. Let v; be an arbitrary vertex.

The Cut part. For an integer W we define:

1. Ry to be the family of solution candidates of weight I/, that is subsets of exactly
V| —1edges X C E, |X| = |V] -1, w(X) = W, such that there are exactly k
vertices v satisfying deg(v) = degg(x)(v),

2. S to be the set of solutions, that is solution candidates X € Ry such that the graph
G[X] is connected,;

3. Cw to be the family of pairs (X, (X1, X)), where X € Ry, v; € X1, and (X, X5)
is a consistent cut of the graph G[X].

Observe that for X € Ry the graph G[X] is connected iff G[X] is a tree, since |X| =
|V| — 1. Thus Sy is indeed a family of solutions of weight 1V/.

The Count part. To use Algorithm 1 we need to formally prove that for any W we have
|Sw| = |Cw/|. By a similar argument as in Lemma 3.2 for each X € Ry, there exist
2¢¢(GIXD=1 consistent cuts of the graph G[X], and the claim follows.

To finish the proof we need to show how to compute |Cy7| modulo 2 in time 4'n°™)
using dynamic programming. In a state we store the number of vertices that are already
forgotten and have all their incident edges chosen, the number of already chosen edges,
the sum of weights of already chosen edges, and moreover for each vertex of the bag we
remember the side of the cut and one bit of information whether there exists some already
introduced edge incident with that vertex that was not chosen. Formal definition follows.

For a bag x € T of the tree decomposition, integers 0 < i < [V],0 < b < |V

)
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0<w < N(V|=1), Seus € {1,2}P* and sgeg € {0, 1}~ define

R (i, b, w) = {X CE||X]=b A wX)=uw
A v € Ve \ By : degg, (v) = degy (0)}] = i}
C. (i, b, w) = {(X, (X1, X2))| X € Ra(i, b, w)
A v € Xy A (Xq,X>) is a consistent cut of (V;,X)}
A (i, b, 0, Seuts Saeg) = H(X, (X1, X5)) € Cali, by w)|(v € X; 1 By = et (v) = )

A (saeg(t) = 0 = degi (0) = deg (1) A (saeg(v) = 1 = deg, (v) > degy (v)) }]

By scut(v) = j we denote v € X, whereas sqe(v) is equal to one iff there exists an
edge in E, \ X that is incident with v. Hence A, (7, b, w, Scut, Sdeg) 18 the number of pairs
from C, (i, b, w) with a fixed interface on vertices from B,.

The algorithm computes A, (7, b, w, Scut, Sdeg) for all bags € T in a bottom-up fash-
ion for all reasonable values of i, b, w, Scy and sqee. We now give the recurrence for
Ay (1,b,w, Scut, Sdeg) that is used by the dynamic programming algorithm. As usual v de-
notes the vertex introduced and contained in an introduce bag, uv the edge introduced in
an introduce edge bag, and v, z the left and right child of = in T if present.

o Leaf bag:
A.(0,0,0,0,0) =1

e Introduce vertex bag:

A (1,0, w, Seut[v — 1], Sqeg[v — 0])
Ay (1,0, w, Seut[v — 2], Sqeg[v — 0])
A (7, 0,0, Seut [V = @], Sgeg[v — 1])

Ay (Zv b7 W, Scut, Sdeg)
[U # Ul]Ay<ia b7 W, Scut, Sdeg)
0

We make sure that v; belongs to X;.

e Introduce edge bag:

Ap (1,0, W, Scut; Sdeg) = [Seut (1) = Seut (V)] Ay (4,0 — 1, w — w(uv), Scut, Sdeg)
+ Z Ay(i7b7w’scut73deg[u — Qy, UV — Ozv])
0,0 €{0,1}
if Sdeg('LL) = Sdeg(”) =1
A, 0,0, e $oce) = [Seun (1) = Sean (V)] Ay (0D = 1,00 = w(uv), Seu, Sae)

otherwise

If Sdeg (1) = Sdeg(v) = 1 then we have an option of not taking the edge uv to the set
X. In this case, the previous values of sqes (1) and sqe.(v) can be arbitrary.
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e Forget bag:

Ay (1,b,w, Scut, Sdeg) = Z Z Ay (i — [ =0],b,w, Scut[v = J], Sdeg[V = @])

je{1,2}  ae{0,1}

If the vertex v had all incident edges chosen (o« = 0) then we update the accumula-
tor 7.

e Join bag:

The only valid combinations to achieve the colouring s is to have the same colour-
ing in both children. However we have sqee(v) = 1 in z if and only if sge(v) = 1
in y or in z. Hence we use a covering product. We somewhat abuse the notation and
identify a function s4., With a subset sgelg(l) C B,. Let us define

P 5] = i 0,5 )
gi’b’w’SCHt (Sdeg) = Az(la ba W, Scuts Sdeg)

hi,b,w,scut (Sdeg) Z Z (fi1,b1 W1 ,Scut *o giz,bQ,wQ,scu: ) (Sdeg)

i1+io=i bi+by=b witwo=w

Consequently we have

Aa: (Za b7 W, Scut, Sdeg) = hi,b,mﬁmt (Sdeg>

It is easy to see that we can combine the above recurrence with dynamic programming.
For each of the 2|V |°(1) argument values of i,b,w and s, the covering product *, can be
computed in 2!|V'|°(Y) by Theorem 2.10. Note that as we perform all calculations modulo
2, we take only constant time to perform any arithmetic operation.

Since |Cw | = A (k,|V|—1, W, 0, () the above recurrence leads to a dynamic program-
ming algorithm that computes the parity of |Cy| (and thus of |Sy/| as well) for all reason-
able values of 1V in 4|V |°() time. Consequently we finish the proof of Theorem 4.13. [J

4.6 Graph Metric Travelling Salesman Problem

The GRAPH METRIC TRAVELLING SALESMAN PROBLEM is a special case of the TRAV-
ELLING SALESMAN PROBLEM where the metric is induced by shortest paths in an undi-
rected graph. Recently this problem received considerable attention [42, 62] due to two
independently obtained approximation algorithms that break the 3/2-approximation ratio
of the classical algorithm of Christofides.

GRAPH METRIC TRAVELLING SALESMAN PROBLEM

Input: An undirected graph G = (V, E) and an integer k.
Question: Does there exist a closed walk (possibly repeating edges and vertices) of length
at most k that visits each vertex of the graph at least once?
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Theorem 4.14. There exists a Monte-Carlo algorithm that given a tree decomposition
of width t solves the GRAPH METRIC TRAVELLING SALESMAN PROBLEM problem in
4t|V\O(1) time. The algorithm cannot give false positives and may give false negatives with
probability at most 1/2.

Proof. We use the Cut&Count technique. Observe that we may assume that G is connected
and k < 2(|V| — 1) because taking twice all edges of any spanning tree gives a solution
(in particular the value of k is polynomially bounded in |V|). Furthermore note that for a
yes-instance there exists a closed walk which uses each edge at most twice, since a solution
is an Eulerian subgraph and if an edge is used at least three times then we may use it two
times less while still obtaining a solution.

Since we want to distinguish the case when we take an edge once or twice to the solu-
tion, as a universe we take the set U = E x {1, 2}, where we use (e, 1) if an edge is chosen
once and (e,2) in case we use e twice. As usual we assume that we are given a weight
functionw : U — {1, ..., N}, where N = 2|U| = 4|E|. Let v; be an arbitrary vertex.

The Cut part. For integers ¢ and W we define:

1. Ri; to be the family of solution candidates of size 7 and weight W, that is functions

¢ € {0,1,2}" where 3 d(€) = i, D ocp g0 w((e; d(e))) = W, such that for
each vertex v € V' its degree is even, i.e., |[{uv € E : ¢(e) = 1}| = 0;

2. S}y to be the set of solutions, that is solution candidates ¢ € R}, such that the graph
G[o~1({1,2})] is connected,;

3. Cj;, to be the family of pairs (¢, (X1, X5)), where ¢ € RY,, v; € X3, and (X7, X»)
is a consistent cut of the graph G[¢~ ({1, 2})].

We want to check whether there exist numbers W and 7 < k such that S?,V (.
The Count part. To use Algorithm 1 we need to formally prove that for any ¢z and W we
have |S};;| = |Cjy|. By a similar argument as in Lemma 3.2 for each ¢ € R}, there exist
2¢¢(G")~1 consistent cuts of the graph G’ = G[¢~*({1,2})], and the claim follows.

To finish the proof we need to show how to compute |Ci;;| modulo 2 in time 4'n°M
using dynamic programming.

For a bag x € T of the tree decomposition, integers 0 < ¢+ < k, 0 < w < kN,
Seut € {1,2}P" and sqeq € {0, 1}5+ define

So@=in Y wilede) =w

e€F, e€E,¢(e)>0

Rali, w) = {qb e {0,1,2}5

A Voev\B, [{uv € By ¢(uwv) =1} mod 2 = 0}
Culiyw) = { (6, (X1, X2))| ¢ € Rali,w)
A v € X; A (X1, X,) is a consistent cut owa[qb_l({l,Q})]}
Ao, s aeg) = |{ (6, (X1, X)) € Caliy 0) [ (se(v) = = v € X))

A Voen,saeg(v) = |{uv € B, : ouv) = 111}
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The accumulators ¢ and w keep track of the number of edges chosen (with multiplicities)
and the appropriate sum of weights. In the sequence s.,; we store the information about the
side of the cut of each vertex from B, whereas sq¢, 1S used to remember whether a vertex
has an odd or even degree in the multigraph induced by ¢. Hence A, (i, w, Scyt, Sdeg) is the
number of pairs from C, (i, w) with a fixed interface on vertices from B,.

The algorithm computes A, (7, w, Scut, Saeg) for all bags z € T in a bottom-up fash-
ion for all reasonable values of 7, w, sc;; and sqee. We now give the recurrence for
A, (i, W, Scut, Sdeg) that is used by the dynamic programming algorithm. As usual let v
stand for the vertex introduced and contained in an introduce bag, uv for the edge intro-
duced in an introduce edge bag, and y, z for the left and right child of x in T if present.

o Leaf bag: )
A.(0,0,0,0) =1

e Introduce vertex bag:

Ay(i,w, Seut[v = 1], Sdeg[v — 0]) = Ay (i, w, Scut, Sdeg)

[ 7é ] <i7wascut73deg)

Az (i, w, Seut[v — 2], Sqeg[v — 0])

We make sure that v; belongs to X.

e Introduce edge bag:

Aa:<z7 W, Scut, Sdeg) = fqy(Z W, Scut, 3deg)+
[Scut(w) = Scut (V)] Ay (i — 1w — w((uv, 1)), scut, Siieg)—i_

[Scut (1) = Scut (V)] Ay (1 — 2, w — w((uv,2)), Scut, Sdeg)

where by sgeg we denote sqe; With changed values for v and v, formally
séeg = Sdeg[t = 1 — Sdeg(U), v = 1 — Sqeg(v)].

We can either not take an edge or take it once or twice.

e Forget bag:

Ay (1, W, Scuts Sdeg) Z Ay (i, w, Seut [V — J], Sdeg[v — 0])
je{1,2}

We simply check the parity of the degree of the vertex which we are about to forget.
Both sides of the cut are allowed.
e Join bag:

The only valid combinations to achieve the colouring s is to have the same colour-
ing in both children. However for s4., We have to calculate the xor product of Sgeq ()
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for y and z. We somewhat abuse the notation and identify a function s4., With a sub-
set sgelg(l) C B,. Let us define

fi,'w,scut (Sdeg) — Ay(@.7 w, Scut7 Sng)
grrren (Sdeg) = Az(z7 W, Scut; Sdeg)

hi,w,scut (Sdeg) Z (fi1,w1,scut *g giQ,wz,sCut ) (Sdeg)

11+12=1 w1 t+wo=w

Consequently we have

Ax(ly W, Scut, Sdeg) = hi’w’scm (Sdeg)

It is easy to see that we can combine the above recurrence with dynamic programming.
For each of the 2¢|V|°(") argument values of 4,w and s, the xor product can be computed
in 2¢|V|°() by Theorem 2.15. Note that as we perform all calculations modulo 2, we take
only constant time to perform any arithmetic operation.

Since for each i we have |Clj,| = A,.(i, W, 0, 0) the above recurrence leads to a dynamic
programming algorithm that computes the parity of |Cj;| (and thus of |S};/| as well) for
all reasonable values of W and i in 4¢|V'|°(Y) time. Consequently we finish the proof of
Theorem 4.14. 0
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Chapter 5

Solution size parametrization

In this chapter we show how the Cut&Count technique may be used to obtain FPT al-
gorithms when parameterized by the solution size. We study vertex deletion problems in
which the remaining graph has to be of constant treewidth. These problems are FEEDBACK
VERTEX SET, CONNECTED VERTEX COVER and CONNECTED FEEDBACK VERTEX SET
and improve the best known FPT algorithms for all three problems. The main idea behind
the new results is the combination of the iterative compression technique, developed by
Reed et al. [67], and the Cut&Count technique.

In the last section of this chapter we give an evidence that it is hard to improve the algo-
rithm for CONNECTED VERTEX COVER, that is we show that unless Strong Exponential
Time Hypothesis fails there does not exist an algorithm with (2 — €)*¥|V/|°(Y) running time
which computes the parity of the number of connected vertex covers of size k in a given
graph G = (V, E). To the best of our knowledge this is the first example of a problem
parameterized by the solution size where there exists some evidence showing that it might
be optimal.

5.1 Feedback Vertex Set

We begin with the FEEDBACK VERTEX SET problem, as it was exhaustively studied by
the parameterized complexity community. Let us recall that previously best algorithm, due
Cao, Chen and Liu, runs in 3.83*n.°M) time [18].

Theorem 5.1 (Theorem 1.5, restated). There exists a Monte-Carlo algorithm for the FEED-
BACK VERTEX SET problem in a graph with n vertices in 3*n°W time and polynomial
space. The algorithm cannot give false positives and may give false negatives with proba-
bility at most 1/2.

Proof. Let vy, vs,...,v, be an arbitrary ordering of the vertices of the given graph G =
(V, E). Let us denote G; = G[{vy,vs,...,v;}] forall 1 <i < n. Observe that if G’ admits
a feedback vertex set of size at most k, i.e. thereis aset A C V| |A| < k such that G[V'\ 4]
is a forest, then so do all the graphs G, because G;[{vy, va,...,v;} \ A] is a forest as well
and |A N {Ul,vg, c. 7Ui}| S |A| S k.

75
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We construct feedback vertex sets Ay, A, ..., A, of size at most k£ consecutively in
Gi1,Gs,...,G, = G. If at any step the algorithm finds out that the set we seek does not
exist (with high probability), we answer NO. We begin with A; = (), which is a feasible
solution in graph (G; (we ignore the trivial case £ = 0). The idea of iterative compression
is that when we are to construct the set A;, 1, we can use the previously constructed set A;.
Let B;y1 = A; U{v;11}. Observe that B; is a feedback vertex set in G 1. If | B; 1] < &,
then we take A;, 1 = B;,1. Thus we are left with the case in which, given a feedback vertex
set, call it BB, of size k + 1, we need to construct a feedback vertex set of size at most k or
determine that none such exists.

As B is a feedback vertex set, the graph induced by the rest of the vertices is a forest.
Thus we can construct a tree decomposition of the graph G, of width at most k& + 2 by
creating a tree decomposition of the forest of width 1 and adding the whole set B to each
bag. To begin with, we test whether (G, admits a feedback vertex set of size at most £.
We apply (using the tree decomposition obtained above as the input) the dynamic program-
ming algorithm described in Section 4.1, running in 3*2.°™) time, which tests whether the
graph admits a feedback vertex set of size at most k. Observe that this algorithm, as de-
scribed in the proof of Theorem 4.2, uses exponential space. However, in each step when
computing A, (a,b, c, w, s) the algorithm refers only to values A,(a’, b, ¢, w', s"), where
s’ = s on the intersection of the domains of s and s'. In our case the intersection of every
two bags of the tree decomposition contains 5. Therefore we can reorder the computation
in the following manner: for every evaluation 5 : B — {0, 11, 15} we fix it as the ,,core”
evaluation for every bag in the decomposition and run the algorithm to compute all the val-
ues A, (a,b,c,w,s), where s|gp = 3. Such a computation takes polynomial time and space.
As there are 3**! such possible evaluations 5, the algorithm runs in 3*7°(") time and in
polynomial space. We make 7 independent runs of the algorithm in order to assure that the
probability of a false negative is at most 2%

Once we have done this, we already tested with high probability whether the desired
feedback vertex set exists or not. If the answer is negative, we answer NO. Otherwise we
need to explicitly construct the set A;.; in order to use it in the next step of the iterative
compression. We make use of the algorithm for CONSTRAINED FEEDBACK VERTEX SET,
given by Theorem 4.2. The algorithm considers the vertices of G;; one by one, building
a set K which at the end will be the set A;,; we want to construct. We begin with K = ()
and preserve an invariant that at each step there is a feedback vertex set of size at most &
containing the set K. When considering the vertex v, we test in 3*n°() time whether the
graph admits a constrained feedback vertex set of size at most k& with S = K U{v}, making
n independent runs of the algorithm given by Theorem 4.2 in order to reduce the probability
of a false negative to at most 2% If the answer is positive, we can safely add v to K as we
know that there is a feedback vertex set of size at most k containing K U {v} (recall our
algorithms do not return false positives). Otherwise we simply proceed to the next vertex.
The computation terminates when K is already a feedback vertex set or when we have
exhausted all vertices. Observe that if (G, admits a feedback vertex set of size at most &,
this construction will terminate building a feedback vertex set A;,; of size at most k£ unless
there was an error in at least one of the tests. If we exhaust all vertices, we answer NO, as an
error has occurred. Note that in each run of the algorithm for CONSTRAINED FEEDBACK
VERTEX SET we can reorder the computation in the same way as in the previous paragraph
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to reduce space usage to polynomial.

Observe that the described algorithm at most n* + n times makes n independent runs
of the algorithm from Theorem 4.2 as a subroutine: at most n + 1 times in each of the n
steps of the iterative compression. Each of these groups of runs has the probability of a
false negative bounded by 2%, thus the probability of a false negative is bounded by "Zﬁ”,
which is lower than % for n large enough. 0

5.2 Connected Vertex Cover

Now we proceed to the algorithm for CONNECTED VERTEX COVER. The previously best
FPT algorithm is due to Binkele-Raible [6], and runs in 2.4882*n°(1) time complexity. The
following algorithm is also an application of iterative compression, however we make use

of the connectivity requirement in order to reduce the complexity from 3*n°() down to
2knOM),

Theorem 5.2. There exists a Monte-Carlo algorithm for the CONNECTED VERTEX COVER
problem in a graph with n vertices in 2*n°M) time and polynomial space. The algorithm
cannot give false positives and may give false negatives with probability at most 1 /2.

Proof. Firstly observe that the CONNECTED VERTEX COVER problem is contraction—
closed. This means that if a graph H admits a connected vertex cover A of size at most &,
then H’ obtained from H by contracting an edge of H (and reducing possible multiedges
to simple edges) also admits a connected vertex cover A’ of size at most k. Indeed, the
contracted edge uv needs to be covered by A, so u € A or v € A. Thus we can construct
A’ by removing u and v from A and adding the vertex obtained from the contracted edge.
It can be easily seen that A’ is a connected vertex cover of H' of size at most k.

Therefore, we can consider a sequence of graphs G, Gs,...,G,, = G (G is the con-
nected graph given in the input), where G, is obtained from G, by contracting any edge
and reducing possible multiedges to simple edges, and G, is a graph composed of a single
vertex. The argument from the previous paragraph ensures that we can proceed as in the
proof of Theorem 5.1, namely construct connected vertex covers for Gy, G, ..., G, con-
secutively, and the only thing we have to show is how to construct a connected vertex cover
of size k in G;;1 given a connected vertex cover A; of size k in GG;, or determine that none
exists.

Let G; be constructed from G, ; by contracting an edge wv. We construct a set B
from A; by removing the vertex obtained in the contraction (if it was contained in A;) and
inserting both v and v. Observe that B is of size at most £ + 2 and it is a vertex cover
of G;11. As V(Gi41) \ B is an independent set, we can construct a path decomposition
of G4, of width at most k + 2: for every vertex from V' (G;;1) \ B we introduce a bag,
connect the bags in any order and then add the set 5 to every bag.

Now we are going to test whether (G, ; admits a connected vertex cover of size at
most k. We could apply the algorithm from Theorem 4.4. As in the proof of Theorem
5.1, also this dynamic programming algorithm during the computation of A, (i, w, s) refers
only to values A,(i',w’, s") for s’ such that s = s on the intersection of domains of s
and s'. Therefore, similarly as before, we would iterate through all possible evaluations
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5: B — {0,14,1,}, each time computing all the values A, (i, W, s) such that s|p = 5 in
polynomial time, thus using only polynomial space in the whole algorithm. Unfortunately,
the algorithm given by Theorem 4.4 runs in 3*n°() time.

We can, however, reduce the complexity by bounding the number of reasonable evalu-
ations 3 : B — {0,1;,1,} by 33 - 28=1, The set B induces in G, a graph consisting of a
single large connected component (coming from A;), and at most two additional vertices.
Take any spanning tree of the large component and root it at some vertex r. We present
the evaluation 5 in the following manner. For the root r and the two additional vertices we
choose any value from {0, 1, 1,} for 5, giving 3% choices in total. Now consider the rest of
the tree (containing all the remaining vertices from B) in a top—down manner. Observe that
every vertex v from the tree has only two possible evaluations, depending on the evaluation
of its parent u:

e if 5(u) = 0, the two possible options are 11, 15, as otherwise the edge connecting v
with its parent would not be covered;

e if 5(u) = 1,, the two possible options are 0 and 1,, as otherwise the evaluation 5
would not describe any consistent cut.

Thus each of k£ + 2 elements of B has only two options, except from the starting 3, which
have 3 options each. This means we only need to consider 3% - 2¢~1 possible ,,core” evalu-
ations 3, which yields an algorithm with running time 2n°"), using polynomial space. As
previously, we make n independent runs of the algorithm in order to reduce the probability
of a false negative to at most Ql

Once we have tested whether (G;,; admits a connected vertex cover of size at most k,
we can construct it explicitly similarly as in the proof of Theorem 5.1 using the algorithm
for CONSTRAINED CONNECTED VERTEX COVER. We consider vertices one by one, each
time determining whether the vertex can be inserted into the connected vertex cover we
are constructing by running the algorithm from Theorem 4.4 n times. Observe that all
these runs can be done in 2¥n°() time and polynomial space complexity using the same
technique as in the testing. Thus we succeed in constructing A;,; unless at least one of the
tests returns a false negative.

The algorithm makes at most n? + n groups of n independent runs of algorithm from
Theorem 4.4. Therefore the probability of a false negative is bounded by 224 which is

2”L
less than % for n large enough. 0

5.3 Connected Feedback Vertex Set

Finally, we use a similar technique to obtain an algorithm for CONNECTED FEEDBACK
VERTEX SET. The previously best FPT algorithm is due to Misra et al. [60], and runs in
46.2¥n°M) time complexity.

Theorem 5.3. There exists a Monte-Carlo algorithm solving the CONNECTED FEEDBACK
VERTEX SET problem in a graph with n vertices in 3*n°") time and polynomial space.

The algorithm cannot give false positives and may give false negatives with probability at
most 1/2.
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Proof. Similarly as in the proof of Theorem 5.2, the CONNECTED FEEDBACK VERTEX
SET problem is also contraction—closed. Consider any graph H and obtain H’ by contract-
ing an edge wv into a vertex w. Consider a connected feedback vertex set A of a graph H
of size at most k and construct a set A’ C V' (H') as following:

o ifu,v ¢ Athen A" = A;
e otherwise A’ = (AU {w}) \ {u,v}.

It can be easily seen that A’ is a connected feedback vertex set of H' of size at most k.

This observation enables us to use iterative compression approach, similarly as in the
proof of Theorem 5.2. Namely we consider a sequence of graphs G1, G, ..., G, = G(Gis
the connected graph given in the input), where (G; is obtained from ;1 by contracting any
edge and reducing possible multiedges to simple edges. For every G; we try to construct
a connected feedback vertex set A; in a consecutive manner and if at any step we fail, we
can safely answer NO. Thus we need to show a way of constructing a connected feedback
vertex set of size k in G;,; given a connected feedback vertex set A; of size k in G, or
determining that none exists.

Let G; be constructed from G, by contracting an edge wv. We construct a set B
from A; by removing the vertex obtained in the contraction (if it was included in A;) and
inserting both u and v. Observe that B is a feedback vertex set of &, ; of size at most k£ + 2
containing a connected component of size at least |B| — 2. Therefore, we can construct a
tree decomposition of graph G;1; of width k + 3 by constructing the tree decomposition of
width 1 of the forest ;1 ; \ B and including B into every bag.

Now we are going to test whether G, admits a connected feedback vertex set of size
at most k. A straightforward application of the algorithm from Theorem 4.7 would yield
an algorithm with running time 4*n°()). Once again this algorithm, has the property of
referring only to previously computed values with the same evaluation on the intersection
of the domains, so we can also apply the method already used in proofs of Theorems 5.1
and 5.2 to reduce the space usage to polynomial.

Once again, using the special structure of the set B we can also reduce the time com-
plexity down to 3*2°() by bounding the number of reasonable evaluations 5 : B —
{01,04,11, 15} by 43351, The graph G/[B] consists of a large connected component and at
most two additional vertices. Take any spanning tree of the connected component and root
itin a vertex 7. Each reasonable evaluation s can be coded in the following manner: vertex
r and the two possible additional vertices have 4 possibilities of the value in s, but every
other vertex in the tree has only three possibilities, depending on the value 5(u), where u
denotes the parent of v:

o if5(u) = 0;, the possibilities are 1, 1, and 0;;
e if 5(u) = 1, the possibilities are 0;, 05 and 1;;

as otherwise the cut could not be consistent. Thus every vertex from B has only 3 pos-
sibilities, apart from at most 3, which have 4 possibilities. So the number of reasonable
evaluations 5 is bounded by 433*~!, thus the testing algorithm runs in time complexity
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3¥n9(1) and uses polynomial space. Again we make n independent runs of the algorithm
in order to reduce the probability of a false negative to at most 2%

The idea of reconstructing the solution is the same as in the proofs of Theorems 5.1 and
5.2. We consider vertices one by one iteratively constructing a connected feedback vertex
set. At each step we determine whether the considered vertex can or cannot be taken as the
next vertex of the so far built part of the solution, using the algorithm for CONSTRAINED
CONNECTED FEEDBACK VERTEX SET obtained in Theorem 4.7. If it can, we take it,
otherwise we just proceed to the next vertex. At each step we make n independent runs to
reduce the probability of a false negative to at most 2% If the graph admitted a connected
feedback vertex set of size at most k, we will construct it in this manner unless at least
one test gives a false negative. Again, using previous observations the computation in each
of the runs can be reordered so that the running time is 3*2°(1) and the space usage is
polynomial.

Again, by the union bound the probability of obtaining a false negative in any of the
tests is bounded by ”221‘” which for large enough 7 is lower than %, as we make at most
n? + n groups of n independent runs of the algorithm from Theorem 4.7. [

5.4 CVC as hard as CNF-SAT

In this section we present a chain of reductions showing that it is not possible to determine
the parity of the number of connected vertex covers of size k in (2 —¢)*|V|°®) time for any
€ > 0 unless the Strong Exponential Time Hypothesis fails. To the best of our knowledge
this is the first evidence that an existing algorithm for a problem parameterized by the
solution size is the fastest possible.

5.4.1 From CNF-Sat to Hitting Set

Let us begin by recalling the following result of Calabro et al [16].

k-UNIQUE-CNF-SAT

Input: A CNF formula ¢ consisting of m clauses of size at most k£ on n variables having
at most one satisfying assignment.

Question: Is there a satisfying assignment for ®?

Theorem 5.4 ([16]). If there exists € > 0 such that for any positive integer k there exists
an algorithm for the k-UNIQUE-CNF-S AT problem running in (2 — €)"n°W) time then the
Strong Exponential Time Hypothesis fails.

We will also use the Sparsification Lemma proved by Impagliazzo et al [49].

Lemma 5.5 (Sparsification Lemma, Theorem 1 and Corollary 1 of [49]). For every e > 0
and positive integer k, there is a constant C' so that any k-CNF-SAT formula ® with n
variables can be expressed as ¢ = \/:Z1 W;, where t < 2°" and each V; is a k-CNF-SAT
Sformula with at most Cn clauses and at most n variables.
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Moreover, this disjunction can be computed by an algorithm running in time 2"n°W
and the number of satisfying assignments for each V; is not greater than the number of
satisfying assignments of P.

We define the following variant of the satisfiability problem.

(k’l, k’g)-@CNF—SAT

Input: A CNF formula ® consisting of m clauses of size at most k; on n variables, where
m < kon.

Question: Is the number of satisfying assignments for ¢ odd?

Using Sparsification Lemma we prove the following theorem.

Theorem 5.6. If there exists ¢ > 0 such that for any positive integers k, ko there exists an
algorithm for the (ky, ky)-®CNF-SAT problem running in (2 — €)"n°Y time then there
exists €5 > 0 such that for any positive integer k there exists an algorithm for the k-
UNIQUE-CNF-SAT problem running in (2 — £2)"n°W time.

Proof. Let k be any positive integer and let ® be a formula of £-UNIQUE-CNF-SAT. Set
£ so that (2 — £)2° = 2 — &, for some €5 > 0. Now use the Sparsification Lemma on the
formula ® with &’. As a result in time 25"n°() we obtain a set {¥, : 1 < i <t} of at most
2¢'" |-CNF-SAT formulas with at most Cn clauses each. Moreover by the property of
the Sparsification Lemma that ensures that the number of satisfying assignments does not
increase we infer that each U, is satisfiable iff it has an odd number of solutions. Therefore
for each W; we can use the (2 — £)"n°Y) time algorithm.

The total running time is 2"n°M + 2(2 — £)*n®M) which is upper bounded by
(2 — £5)"n°W and the theorem follows. O

Now we present a reduction from (&1, ko )-®CNF-SAT to (py, p2)-BHITTING SET.

(p1, p2)-BHITTING SET

Input: A set system F C 2V where |F| = m,|U| = n, for every S € F,
m < pon.

Question: Is the number of X C U, with X NS # () for each S € F, odd?

S| < p; and

Theorem 5.7. If there exists ¢ > 0 such that for any positive integers pi, py there exists
an algorithm for the (p1, p2)-®HITTING SET problem running in (2 — ¢)"n°Y time then
there exists 5 > 0 such that for any positive integers ki, ko there exists an algorithm for
the (k1, ky)-©CNF-SAT problem running in (2 — £2)"n°W time.

Proof. Consider some positive integers k1, ko. Let us define the following procedure trans-
forming an instance of (ky, ko)-®CNF-SAT (that is a formula ®) into a set system.

Assume ® = C A...AC,, over n variables vy, . . ., v,, where each C} is a clause of size
at most k;. Let p be a positive odd integer such that (2 — )1+ Mleerl+1)/p — (2 — <)) for
some €5 > (. Note that p is a constant. W.l.o.g. we assume that p divides n since otherwise
we can add dummy variables together with clauses ensuring that the added variables are
false in any satisfying assignment. Let us denote g = n/p. Create the set system F C 2V
as follows.
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l. Let p = p + 2[logp] be an odd integer (recall that p is odd) and
let U = {uy,...,upy,e€1,...,e5} Withn' =p’ - g.

2. Partition the set of variables {v1, ..., v,} of ® into g blocks V; of size p, i.e. V; =

{Upi-i-la . 7Up(i+1)}-

3. Partition the set {u1, . .., u, } into g blocks U; of size p/, i.e. U; = {Upiy1,- .., Up(it1)}-

U,
4. For each block U; arbitrarily choose an injective function v;: 2% — ([ , /2]) This

exists since

. / P P2
()| = () 257 2 5atiogm 27 = P41
[P'/2] [P'/21) — P~ p+2[logp]
We think of v); as a mapping that given an assignment to the variables of V; associates
with it a subset of U; of size [p'/2].

5. For each block U;, for each X € ( ) add the set X to F.

[v'/2]
6. For each block U;, for each X € (L /2J) such that v, '({U; \ X}) = 0, add the set
X to F.

7. For every clause C' of @, do the following:

o Let ] = {1 <j <g|C contains a variable of block V;};
e Forevery i € I, define A; as the set

{X € (L €]/2J> ‘ ¥;({U; \ X}) contains an assignment of V; not satisfying (]} :

e For every tuple (4;);c; with A; € A;, add the set | J,.; A; to F.

8. For every block U; for every X &€ ( ) add the set X U {e;} to the set family.

w'/21)
Let R C 2Y be the family containing all sets X C U, such that X contains exactly

[p//2] elements from each block U; (note that a set in R may contain some elements

from {e1,...,e,}). Moreover let H C 2U be the family of hitting sets of F and denote
=H\Rand H; =HNR.

Lemma 5.8. We have |Hy| =0 (mod 2).

Proof. For every hitting set X € H and block U;, we know that | X N U;| > [p//2] since
otherwise a subset of the set U; \ X added in Step 5 is not hit by X.
Assume that X ¢ R is a hitting set of F. Let I C {1,..., g} be the set of indices i
such that X contains at least least [p’/2] + 1 elements from the block U;. Note that I # (.
Assume that H, # () (otherwise the lemma obviously follows). We construct a fixed
point free involution 7w : Hy — H, defined as 7(X) = XA{e; : @ € I} (recall that the
operator A\ denotes the symmetric difference of two sets). The function 7 is fixed point
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free since I # (). Moreover m(X) € H, since from each block U; for i € I the set X
contains enough elements to hit all the sets in F containing the element e; added in Step 8.
Finally 7(7(X)) = X and consequently 7 is a fixed point free involution, and therefore
|Ho| is even. O

Lemma 5.9. The number of satisfying assignments of ® is equal to |H|.

Proof. Define ¢: 2V — 2V as ¢(A4) = UL, (AN Vi) U{ey,...,e,}. Note that ¢ is
injective, since for every 7, ¢; is injective. Furthermore w(QV) C R since for each A € 2
the set ¢)(A) contains exactly (%'} elements from each block U;.

Hence to prove the lemma, it is sufficient to prove that (1) A is a satisfying assignment
iff y»(A) € Hy, and (2) for each set X € H; we have ¢y~ (X) # 0.

For the forward direction of (1), note that the sets added in Step 5 are hit by the pigeon-
hole principle since [1;(A N V)| = (%1 For the sets added in Step 6, consider the fol-
lowing. The set X of size |p'/2] is added because for some i, 1; *({U; \ X}) = ). Thus
¥;i(A N 'V;) automatically hits X. For the sets added in Step 7, for every clause C' the
added sets | J,; A; are hit by );(A N V;) where V; is a group of variables satisfying C' in
assignment A (and this exists since A is a satisfying assignment). Finally since for each
1 =1,...,9 we have e; € X all the sets added in Step 8 are hit by X. Therefore X is a
hitting set and by the definition of R we have X € R.

For the reverse direction of (1), let A be an assignment such that ¢)(A) is a hitting
set from #;. We show that A is a satisfying assignment of ®. Suppose for the sake of
contradiction that a clause C' is not satisfied by A, and let / be as defined in Step 7 for
this C. Since (A) is a hitting set, |¢(A) N U;| > [%] for every ¢ because it hits all sets
added in Step 5. Even more precise, |)(A) N U;| = (%/1 because 1)(A) € R. Therefore,
Ui \ ¥(A)] = L%/J and so U; N Y(A) = U; \ (U; \ ¥(A)) is a member of A; for every i.
This means that in Step 7 the set | J,.; A; with A; = U; \ ¢(A) was added, but this set is
not hit by ¥)(A). So it contradicts that 1)(A) is a hitting set.

For (2), let X € H,. Note that X contains exactly (%W elements from each block by
the definition of 7,. Assume that there is no assignment A C V" such that ¢)(A) = X.
Recall that X is a hitting set. Since X hits all the sets added in Step 6, we infer that
Y ({X NU;}) # 0 for each i. However, this contradicts the non-existence of A C V' such
that (A) = X. O

To finish the proof of Theorem 5.7 we note that each set in F is of size at most k1 p’. Fur-
thermore the cardinality of F is at most 2’y /p+ ko2k1P' 1y, Thus F C 2V is a valid instance
of (kyp, 27 /p + ky2¥17'])-@HITTING SET and by Lemmas 5.8 and 5.9 the number of hit-
ting sets of F is odd iff the number of satisfying assignments of @ is odd. Finally note that
our reduction works in polynomial time and since |[U| = n’' 4+ g = n(1+ (2[logp] +1)/p)
by the definition of €, the running time needed to solve the hitting set instance JF is upper
bounded by (2 — &5)"n%W. O

5.4.2 From Hitting Set to Set Cover

In this subsection we show a reduction from the (py, po)-GHITTING SET problem to the
following variant of SET COVER.
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(p1,p2)-BSET COVER

Input: A set system F C 2V where |F| = m, |U| = n, for every S € F, |S| < p; and
m < pan.

Question: Is the number of C C F with Jg., S = U odd?

Now we prove the following simple, but surprising lemma, which we think is of inde-
pendent interest.

Lemma 5.10. In any bipartite graph G = (A U B, E) the number of independent sets is
congruent to |{X C A: N(X) = B}| modulo 2.

Proof. Grouping on their intersection with A, the number of independent sets of G is equal

to
D 2PWI= N 20— |{X CA: N(X) = B}
XCA XCA
|B\N(X)|=0
and the lemma follows. O]

Corollary 5.11. For any set family F C 2V the parity of the number of set covers is equal
to the parity of the number of hitting sets.

Proof. Let G = (FUU, E) be the bipartite graph where (S, z) € F iff 2 € S. Note that the
number of hitting sets of F is equal to [{X C U : N(X) = F}|. Then by Lemma 5.10, the
number of hitting sets is congruent to the number of independent sets of G modulo 2. And
similarly, since the lemma is symmetric with respect to the two color classes of the bipartite
graph, the number of set covers of F is also congruent to the number of independent sets
of G modulo 2. ]

The above corollary gives us the following theorem.

Theorem 5.12. If there exists ¢ > 0 such that for any positive integers py, ps there exists
an algorithm for the (p1, ps)-BSET COVER problem running in (2 — ¢)"n°Y time then
for any positive integers py, py there exists an algorithm for the (py, ps)-GHITTING SET
problem running in (2 — £)"n°W time.

5.4.3 From Set Cover to Connected Vertex Cover

First for any o > 0 we define an intermediate problem p-®&SET COVER,, that is, (p1, p2)-
@SET COVER with the solution size bounded by an and without the constraint on the
number of sets in the family /. Next we show that for every o > 0 the p-®&SET COVER,
problem is at least as hard as (py, p2)-®SET COVER. Once we have this intermediate result,
the reduction to CONNECTED VERTEX COVER follows easily.

p-DBSET COVER,,

Input: An integer ¢ and a set system F C 2V where |F| = m,
SeF, S| <p.

Question: Is the number of C C F with |C| = ¢ such that | J¢.. S = U odd?

U| = n, t < an, for every
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Theorem 5.13. If there exist a,c > 0 such that for any positive integer p there exists
an algorithm for the p-©SET COVER,, problem running in (2 — £)"n°Y time, then there
exists €5 > 0 such that for any positive integers pi, ps there exists an algorithm for the
(p1, p2)-©SET COVER problem running in (2 — £2)"n°W) time.

Proof. As a proof we present a reduction which for fixed « transforms an instance (F', U’)
of (p1, p2)-BSET COVER into polynomially many instances of the p-&SET COVER,, prob-
lem, for some positive integer p.

In order to find the parity of the number of all set covers of the instance (F',U’) we
find the parity of the number of set covers of a particular size. That is we iterate over all
possible sizes of a set cover j = 1,...,|F|". Let us assume that we want to find the parity
of the number of set covers of size j and for each positive integer j' < j we know the
parity of the number of set covers of (F’,U’) of size j'. Let ¢ be the smallest power of
two satisfying % + 2 < a|U’|. We assume that a|U’| > 3 since otherwise the instance is
small and we can solve it by brute force (recall that « is a given constant). Observe that ¢
is upper bounded by a constant independent of n since |F'| < pon.

We create a temporary set system (Fo, Up) to ensure that the size of the set covers we
are looking for is divisible by ¢. Let = j mod q. We make (Fy, Uy) by taking the set
system (F’,U’) and adding ¢ — r new elements to the universe U, and also ¢ — r singleton
sets of the new elements to the family F,. Now we are looking for the parity of the number
of set covers of size jo = j + (¢ — r) in (Fo, Up). Observe that for each j' < jy, we know
the parity of the number of set covers of size j' in (Fy, Up) since it is equal to the parity of
set covers of (F',U’) of size j' — (¢ — r) < j which we already know.

To obtain a p-BSET COVER,, instance we set U* = U, and we form a family F* of all
unions of exactly ¢ sets from Fj, that is for each of (“; °|) choices of g sets Sy, ..., 5, € Fy
we add to F* the set U;]:l S; (note that F; might be a multiset). Finally we set t* =
Jo/q which is an integer since j + (¢ — ) is divisible by ¢q. Observe that t* < % +1<
alU| — 1, by the definition of ¢, however (F*, U*,t*) might not be a proper instance of
p1q-BSET COVER,, since F* could be a multiset. Note that each subset of U* appears in
F* at most (27%1)7 = 2¢°P1 times, since JF; has no duplicates and each set in F* is a union
of exactly ¢ sets from F(. To overcome this technical obstacle we make a new instance
(F,U,t), where as U we take U* with z = 14¢*p; elements added, U = U*U{ey, ..., e, }.
We use elements {e,...,e, 1} to make sets from F* different in F by taking a different
subset of {ej,...,e,_1} for duplicates. Additionally we add one set {eq,...,e.} to the
family F and set ¢ = ¢* + 1. In this way we obtain (F, U, t), that is a proper (gp; + 2)-
®SET COVER,, instance since ¢t = t* + 1 < «a|U|* < a|U|. Observe that in the final
instance we have |U| < n + ¢ + z and |F| < (pan + ¢)? + 1, which is a polynomial since
P1, P2, q and z are constants.

To summarize the reduction, we have taken an instance of (p;, p2)-®&SET COVER and
iterated over the size of solution. Next we made the size divisible by ¢ by adding additional
elements to the universe and created a multiset family /* which we made a set family
by differentiating equal sets using additional elements of the universe. Our goal was to
decide whether the p-®SET COVER instance (F',U’) (for p = gp; + z) has odd number
of set covers, which means that we want to control the correspondence between the parity
of the number of solutions in each part of the construction. Observe that the only step
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of the construction which has nontrivial correspondence between the number of solutions
of the former and the latter instance is the grouping step where we transform an instance
(Fo, Up, jo) into a multiset instance (F*, U*, t*).

Hence we assume that we know the parity of the number of set covers of size t* = j,/q
in (F*,U*) as well as the parity of the number of set covers of size j’ for each j' < j
in (Fo,Up). Our objective is to compute the parity of the number of set covers of size
Jo in (Fp, Up) in polynomial time and for this reason we introduce a few definitions and
lemmas. Recall that each set in /™ corresponds to a union of exactly ¢ sets in JFq and let
[ : F* — 270 be a function that for each set in F* assigns a set of exactly ¢ sets from F
that it was made of. Moreover let S* C 27 be the set of set covers of size t* in (F*, U*)
and let S; C 27° be the set of set covers of size at most jy in (Fo, Up). We construct a
mapping ® : §* — Sy which maps each set cover A € S* to a set cover Ay € Sy such
that Ay is exactly the set of sets from Fj used in the ¢* unions of ¢ sets from Fj, that is
P(A) = Uyxea I'(X). In the following lemma we prove that for a set cover Ay € S the
size of @71 (A) depends solely on the size of Aj.

Lemma 5.14. Let Ao, B() € 50 such that |A0‘ = |B()‘ Then |(I)_1<A0)’ = |(I)_1(Bo)|

Proof. Let Ay = {Xy,...,X,} be a set from Sy, where each X; € F;. Observe that for
any A € S we have ®(A) = Ay if and only if | J7_, ['(X;) = A. Consequently [®~!(Ap)] is
equal to the number of set covers of size ¢* in the set system ((“;0) , Ap) and hence |®1(A)|
depends only on the size of A,. 0

Now we prove that for each set cover Ay € Sy of size j, an odd number of set covers
from S&* is mapped by ® to A.

Lemma 5.15. For any nonnegative integers a,b such that b < a the binomial coefficient
(1) is odd iff ones(b) C ones(a), where ones(z) is the set of indices containing ones in the
binary representation of x.

Proof. For a nonnegative integer = by f(x) let us denote the greatest integer ¢ such that x!
is divisible by 2¢, that is

f@) =" |5

- (Z%) - % SIS L%J is odd}|
_ (; %) _ |0n628<:v)|

Since () = #lb), we infer that () is odd iff f(a) = f(b) + f(a — b), which by
the above formula is equivalent to |ones(a)| = |ones(b)| + |ones(a — b)|. However for
any nonnegative integers x,y we have ones(x + y) < ones(z) + ones(y) and moreover
ones(x + y) = ones(x) + ones(y) iff there are no carry-operations when adding x to v,
which is equivalent to ones(x) Nones(y) = (.

Therefore by setting = b and y = a — b we infer that (‘;) is odd iff ones(b) Nones(a —

b) = () which is equivalent to ones(b) C ones(a) and the lemma follows. O
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Lemma 5.16. Let Ay € Sy such that |Ag| = jo then |91 (Ay)| is odd.

Proof. Since |®~1(Ay)| is equal to the number set covers of size t* in the set system
((‘20) , Ap) and |Ag| = jo = t*q we infer that |91 (Ag)] is equal to the number of unordered
partitions of Ay into sets of size q. Hence |®71(Ay)| = Hf;gl (jO;i
ble by ¢ and ¢ is a power of two using Lemma 5.15 we have |®7!(4y)| = 1(mod2). [

—iq . .. C. .
7). Since j is divisi-

For j = 1,...,jo by s; let us denote the parity of the number of set covers of (Fy, Up)
of size j modulo 2. Recall that we know the value of s; for each j < j5 and we want to
compute s;, knowing also |S*| mod 2. By Lemma 5.14 we can define d; for j = 1,. .., jo,
that is the value of |®~1(Ap)| mod 2 for a set Ay € S of size j. By Lemma 5.16 we know
that d;, equals one. Thus we have the following congruence modulo 2.

Jo Jo—1
ST = D e (A =D sidy =sj + Y sid; .
A0S0 i=1 i=1

Hence knowing |S*| mod 2 and all values s; for j < jo in order to compute s, it is enough
to compute all the values d;, what we can do in polynomial time thanks to the following
lemma.

Lemma 5.17. Foreach j = 1, ..., jo we can calculate the value of d; in polynomial time.

Proof. Again we use that fact that for a set Ay € Sy we have that |®~1(Ay)] is equal to
the number set covers of size t* in the set system ((/};’) , Ap). Using the inclusion-exclusion
principle modulo two we obtain the following formula when |Ay| = j.

o= Y {re (N)mi-r}|- Z () ((t)>

XCAg
Where the second equality follows by grouping all summands X C Ay with | X| = i for
every 0 < i < |Ay|. O

Consequently by solving a polynomial of n number of instances of the ®SET COVER,,
problem with universe size bounded by n + ¢ + z and set family size bounded by (pan +
q)? + 1 we verify whether the initial formula ¢ has a satisfying assignment, which finishes
the prove of Theorem 5.13. [

We can now obtain the following result.

Theorem 5.18. If there exists ¢ > 0 and an algorithm running in (2 — €)*|V |90 time
determining the parity of the number of connected vertex covers of size k, then there exists
g9 > 0 such that for any positive integer p one can solve the p-&SET COVER,, problem in
(2 — £2)"n°W time.
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Proof. For aset system (F, U) by an incidence graph we denote a bipartite graph G = (FU
U, E) where in the set £/ we have all the edges between a set from J and its elements. Given
an instance (F,U) of p-®&SET COVER,, we create an instance of the counting modulo 2
variant of the CONNECTED VERTEX COVER problem with GG being obtained from the
incidence graph of (F,U) by adding a vertex s adjacent to all vertices corresponding to
sets and adding pendant vertices for every element of U U {s}.

It is easy to see that for every i, there exists a set cover of (F,U) of size i < an iff
there exists a connected vertex cover of G of size at most i + |U| + 1 < |U|(1 + a) + 1
since without loss of optimality we can take all vertices having a pendant vertex, and then
connecting these vertices is equivalent to covering all elements of U with sets in F.

Now let us study the number of connected vertex covers of size j of GG for every j.
Note that for any connected vertex cover C, C' N F must be a set cover of (F,U) by the
connectivity requirement. Hence we group all connected vertex covers in G depending on
which set cover in (F, U) their intersection with F is. Let ¢; be the number of connected
vertex covers of G of size j and s; be the number of set covers of size i in (F, U), then:

j—|Ul-1

B \U| +1
> S’(j—i—|U|—1

i=1

It is not hard to see that s; modulo 2 can be determined in polynomial time once

(¢1,...,Ciyju+1) modulo 2 are computed by recovering s; up to s; in increasing order
. . s . |UH_1 o
of 7, since for i = j — |U| — 1 we have <j7i7|U|71) =1. O

By Theorems 5.4, 5.6, 5.7, 5.12, 5.13, and 5.18 we prove the main theorem of this
section.

Theorem 5.19. There is no algorithm running in (2—e)*|V|°W) time determining the parity
of the number of connected vertex covers of size k for ¢ > 0 unless the Strong Exponential
Time Hypothesis is false.



Chapter 6

Maximizing disconnectivity is hard
under ETH

In Chapter 4 we have shown that a lot of well-known algorithms running in 20¢w(&)|1/|9()
time can be turned into algorithms that keep track of the connectivity issues, with only small
loss in the base of the exponent. The problems solved in that manner include CONNECTED
VERTEX COVER, CONNECTED DOMINATING SET, CONNECTED FEEDBACK VERTEX
SET and CONNECTED ODD CYCLE TRANSVERSAL. Note that using the markers tech-
nique introduced in Section 3.2 we can solve similarly the following artificial generaliza-
tions: given a graph GG and an integer r, what is the minimum size of a vertex cover (dom-
inating set, feedback vertex set, odd cycle transversal) that induces at most r connected
components?

In this chapter we provide an evidence that problems in which we would ask to maxi-
mize (instead of minimizing) the number of connected components are harder: they proba-
bly do not admit algorithms running in time 2°®°1°¢P)| /|90 where p denotes the width of
a given path decomposition of the input graph (note that pw(G) > tw(G) for every graph
(z). More precisely, we show that assuming ETH there do not exist algorithms for CYCLE
PACKING, MAX CYCLE COVER and MAXIMALLY DISCONNECTED DOMINATING SET
running in time 2°?1°67)|/|9(1) and consequently prove Theorems 1.3 and 1.4.

6.1 On maximizing the number of connected components

Let us recall formal problem definitions. The first two problems have undirected and di-
rected versions.

CYCLE PACKING
Input: A (directed or undirected) graph G = (V, E') and an integer ¢
Question: Does G contain ¢ vertex-disjoint cycles?

MAX CYCLE COVER

Input: A (directed or undirected) graph G = (V, E') and an integer ¢

Question: Does G contain a set of at least ¢ vertex-disjoint cycles such that each vertex of
G is contained in exactly one cycle?

89
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MAXIMALLY DISCONNECTED DOMINATING SET

Input: An undirected graph G = (V, F) and integers ¢ and r

Question: Does G contain a dominating set of size at most ¢ that induces at least r con-
nected components?

We prove the following theorem.

Theorem 6.1 (Theorems 1.3 and 1.4 restated). Assuming ETH, there is no 2°°'°e?)|1/|0()
time algorithm for CYCLE PACKING, MAX CYCLE COVER (both in the directed and undi-
rected setting) nor for MAXIMALLY DISCONNECTED DOMINATING SET. The parameter
p denotes the width of a given path decomposition of the input graph.

We start our reductions from k£ x k HITTING SET and & x & PERMUTATION HITTING
SET problems. Te problems were introduced and analyzed by Lokshtanov et al. [59]. We
denote [k] = {1,2,...,k}. Inthe set [k] x [k] a row is a set {i} x [k] and a column is a set
[k] x {i} (for some i € [k]). Let us recall the definitions of those problems.

k x k HITTING SET

Input: A family of sets S, 55 ... S, C [k] x [k], such that each set contains at most one
element from each row of [k] x [k].

Question: Is there a set .S containing exactly one element from each row such that SN.S; #
() forany 1 < i < m?

k x k PERMUTATION HITTING SET

Input: A family of sets S1, 55 ...S,, C [k] x [k], such that each set contains at most one
element from each row of [k] x [k].

Question: Is there a set S containing exactly one element from each row and exactly one
element from each column such that S N'S; # () forany 1 < i < m?

Theorem 6.2 ([59], Theorem 2.4). Assuming ETH, there is no 20(klogk);mO() fime algo-
rithm for k x k HITTING SET nor for k X kK PERMUTATION HITTING SET.

We first prove the bound for MAXIMALLY DISCONNECTED DOMINATING SET by a
quite simple reduction from £ x k& HITTING SET. This is done in Section 6.2. Then,
in Section 6.3 we prove the bound for undirected CYCLE PACKING, by quite involved
reduction from k£ x K PERMUTATION HITTING SET. In Section 6.4 we provide a reduction
to directed CYCLE PACKING and in Section 6.5 we provide a reduction to MAX CYCLE
COVER in both variants.

6.2 Maximally Disconnected Dominating Set

In this section we provide a reduction from £ x k HITTING SET to MAXIMALLY DISCON-
NECTED DOMINATING SET. We are given an instance (k, Si, ..., Sy,) of k x k HITTING
SET, called the initial instance, and we are to construct an equivalent instance (G, ¢, 1) of
MAXIMALLY DISCONNECTED DOMINATING SET.

We first set £ := 3k +m and r := k.
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6.2.1 Gadgets

f+1 +1

Figure 6.1: Force gadget and one-in-many gadget.

We introduce a few simple gadgets used repeatedly in the construction. In all definitions
H = (V, E) is an undirected graph, and the parameters ¢ and r are fixed.

Definition 6.3. By adding a force gadget for vertex v € V we mean the following construc-
tion: we introduce { 4+ 1 new vertices of degree one, adjacent to v (see Fig. 6.1).

Lemma 6.4. If graph G is constructed from graph H = (V, E) by adding a force gadget
to vertex v € V, then v is contained in each dominating set in G of size at most /.

Proof. If D is a dominating set in GG, and v ¢ D, then all new vertices added in the force
gadget need to be included in D. Thus |D| > ¢+ 1. ]

Definition 6.5. By adding a one-in-many gadget to vertex set X C V we mean the follow-
ing construction: we introduce { + 1 new vertices of degree | X|, adjacent to all vertices in
X (see Fig. 6.1).

Lemma 6.6. If graph G is constructed from graph H = (V, E) by adding a one-in-many
gadget to vertex set X C V, then each dominating set in G of size at most { contains a
vertex from X.

Proof. If D is a dominating set in G, and X N D = (), then all new vertices added in the
one-in-many gadget need to be included in D. Thus |D| > ¢ + 1. O

We conclude with the pathwidth bound.

Lemma 6.7. Let G be a graph and let G' be a graph constructed from G by adding multiple
force and one-in-many gadgets. Assume we are given a path decomposition of G of width
p with the following property: for each one-in-many gadget, attached to vertex set X, there
exists a bag in the path decomposition that contains X. Then, in polynomial time, we can
construct a path decomposition of G' of width at most p + 1.
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Proof. Let w be a vertex in G’, but not in G, i.e., a vertex added in one of the gadgets. By
the assumptions of the lemma, there exists a bag V,, in the path decomposition of G that
contains N (w). For each such vertex w, we introduce a new bag V. = V,, U {w} and we
insert it into the path decomposition after the bag V,,.. If V,, is multiplied for many vertices
w, we insert all the new bags after V,, in an arbitrary order.

It is easy to see that the new path decomposition is a proper path decomposition of G,
as V, covers all edges incident to w. Moreover, we increased the maximum size of bags by
at most one, thus the width of the new decomposition is at most p + 1. [

6.2.2 Construction

Let S;°" = {i} x [k] be the set containing all elements in the i-th row in the set [k] x [k].
We denote S = {S; : 1 < s <m}U{S°" :1 < i < k}. Note that for each A € S we
have |A| < k, as each set S; contains at most one element from each row.

First let us define the graph H. We start by introducing vertices pX for 1 < i < k and
vertices p forl < j < k. Then, for each set A € S we introduce vertices a: ; for all
(4, ])EAandedgesp Avand pfal Let XA = {a2 - (i,)) € A}.

To construct graph G we attach the following gadgets to graph H.Foreachl <i <k
and 1 < j < k we attach force gadgets to vertices pF and p] Moreover, foreach A € S
we attach one-in-many gadget to the set X,

We now provide a pathwidth bound on the graph G.

Lemma 6.8. The pathwidth of G is at most 3k.

Proof. First consider the following path decomposition of H. For each A € § we create a
bag
VA:{plegiSk}U{pf:lgjgk:}u{xfj:(i,j)EA}.

The path decomposition of H consists of all bags V4 for A € § in an arbitrary order. Note
that the above path decomposition is a proper path decomposition of H of width at most
3k — 1 (as |A| < k for each A € S). The lemma follows by Lemma 6.7. O

6.2.3 From hitting set to dominating set

Lemma 6.9. If the initial k x k HITTING SET instance was a YES-instance, then there
exists a dominating set D in the graph G, such that |D| = ( and D induces exactly r
connected components.

Proof. Let S be a solution to the initial £ x k& HITTING SET instance (k, S, ...,Sy,). For
each A € S fix an element (i4,j4) € S N A. Recall that S contains exactly one element
from each row, thus S N A # () for all sets A € S. Let us define:

D={p/:1<i<kiu{pf:1<j<k}ufsl, :AcS}

1A.JA

First note that | D| = 3k +m, as there are k vertices p]’, k vertices pf, and |S| = k+m,
since S consists of m sets S5 and k sets S;7°".
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Let us now check whether D is a dominating set in GG. Vertices pF and pf forl1 <i,5 <
k dominate all vertices of the graph H and all vertices added in the attached force gadgets.
Moreover, D N X4 = {z7, ; } for each A € S, thus D dominates all vertices added in
one-in-many gadgets attached to sets X .

We now prove that G[D] contains exactly r = k connected components. Let us define

foreach1 < j < k:
Dy ={pfu{pl: (i,j) € StU{al ;, : A€ S, ja=j}

Note that D; is a partition of D into k pairwise disjoint sets, since S contains exactly one
element from each row. Moreover, observe that G[D;] is connected and, since S contains
exactly one element from each row, no vertices from D; and D, are adjacent, for j # j'.
This finishes the proof of the lemma. ]

6.2.4 From dominating set to hitting set

Lemma 6.10. If there exists a dominating set D in the graph G, such that |D| < { and D
induces at least r connected components, then the initial k X k HITTING SET instance was
a YES-instance.

Proof. By the properties of the force gadget, D needs to include all forced vertices, i.e.,
vertices piL and pf for 1 < 14,7 < k. There are 2k forced vertices, thus we have at most
¢ — 2k = k + m vertices of D left.

By the properties of one-in-many gadgets, D needs to include at least one vertex from
each set X4, A € S. But |S| = k + m and sets X4 are pairwise disjoint. Thus, D consists
of all forced vertices and exactly one vertex from each set X4, A € S.
Foreach1 <¢ < kK let xff(:) be the unique vertex in D N X", Let S = {(i, f(4)) :
1 <i < k}. We claim that S is a solution to the initial k& x & HITTING SET instance. It
clearly contains exactly one element from each row, and hence if suffices to show that .S
intersects each of the sets S; forj = 1,...,m.

Let D, be the vertex set of the connected component of G[D)] that contains pf. Note

that p- € D; whenever j = f(i), i.e., (i,7) € S, since G[D] contains the edges pfxf;w and
xuw pE. This implies that U§:1 D; contains all vertices p~. Moreover, as each vertex in X
for A € S is adjacent to some vertex p¥, the sets D; are the only connected components of
G[D]. As G[D] contains at least r = k connected components, D; # D for j # j'.

Let 1 < s < m and let us focus on the set S5 € S. Let xls] be the unique vertex in
D N X%, Note that xf; connects pl € D) with pf € D;. As sets D; are pairwise

distinct, this implies that j = f(i) and (4, j) € SN S,. O

6.3 Undirected Cycle Packing

6.3.1 Proof overview and preliminaries

First note that for CYCLE PACKING, we can assume that the input graph may be a multi-
graph, i.e., it may contain multiple edges and loops. The following lemma summarizes this
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observation.

Lemma 6.11. Let (G, () be an instance of (directed or undirected) CYCLE PACKING,
where G may contain multiple edges and loops. Then we can construct in polynomial
time an equivalent (directed or undirected, respectively) instance (G', (), such that G' does
not contain multiple edges nor loops. Moreover, given a path decomposition of G of width
p, we can construct in polynomial time a path decomposition of G' of width at most p + 2.

Proof. To construct G', we replace each edge e € E(G) with a path of length three, i.e.,
we insert vertices u! and u? in the middle of edge e. Clearly G is a simple graph and
vertex-disjoint cycle families in G and G’ naturally translates into each other.

We are left with the pathwidth bound. Assume we have a path decomposition of GG of
width p. For each edge e € F(G) we fix a bag V, that covers e. We introduce a new bag
V! = V,U{ul,u?} and insert V! near the bag V., in the path decomposition. It is easy to see
that the new decomposition is a proper path decomposition of G’ and its width is at most
p+2. L]

Let us introduce some extra notation. We say that a vertex is covered by a cycle (or a
family of cycles) if the vertex belongs to the cycle (or belongs to at least one cycle in the
family). A graph is covered by a cycle family if every its vertex is covered by the family.
By (v1,...,v,.) we denote a path (or a cycle) consisting of vertices vy, vs, ..., v, in this
order.

We now present an overview of the proof of Theorem 6.1 for undirected CYCLE PACK-
ING. We provide a construction that, given an instance (k, S1, 52, ..., Sy,) of & X k PER-
MUTATION HITTING SET (called an initial instance), produces in polynomial time an undi-
rected graph G, an integer ¢ and a path decomposition of G with the following properties:

1. The path decomposition of G has width O(k).

2. If the initial instance of &k x £k PERMUTATION HITTING SET is a YES-instance, then
there exists a family of ¢ vertex-disjoint cycles in G. In other words, (G, /) is a
YES-instance of undirected CYCLE PACKING.

3. If there exist a family of ¢ vertex-disjoint cycles in G, then the initial £ X kK PERMU-
TATION HITTING SET instance is a YES-instance.

In Section 6.3.2 we describe the r-in-many gadget, a tool used widely in the construc-
tion. In Section 6.3.3 we give the construction of the graph G and show the pathwidth
bound, i.e., Point 1. Points 2 and 3 are proven in Sections 6.3.4 and 6.3.5 respectively.
Reductions to directed CYCLE PACKING and to MAX CYCLE COVER are in Sections 6.4
and 6.5 respectively.

6.3.2 r-in-many gadget

In this section we describe the r-in-many gadget, a tool used in further sections. Informally
speaking, the r-in-many gadget attached to vertex set X ensures that at most r vertices
from X are used in a solution (a family of cycles).
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Definition 6.12. Let H be a multigraph and X be an arbitrary subset of vertices of H. By
an r-in-many gadget attached to X (1 < r < | X|) we mean the following construction: we
introduce (| X | —r) new vertices {u; : 1 < i < |X|—r}andforeachl <i < |X|—rand
xr € X we add two edges xu;. In other words, we introduce | X | — r vertices connected to
the set X via double edges. The set X is called an attaching point of the gadget. A cycle of
length two, consisting of two edges xu; for some 1 < i < |X| —rand z € X, is called a
gadget short cycle.

Definition 6.13. Let H be a multigraph, let X1, ..., X, be pairwise disjoint subsets of
vertices of H and let 1, ... ,rq be integers satisfying 1 < r; < |X;| for 1 < i < d. Let
G be a multigraph constructed from H by attaching to X; a r;-in-many gadget, for all
1 <1 < d. We say that G is a gadget extension of H. The maximum number of gadget
short cycles that can be packed in G is denoted by (g, i.e., lg := Zle | X5 — 7

Definition 6.14. Let G be a gadget extension of H, and let X; and r; be as in Definition
6.13. If Cy is a family of vertex-disjoint cycles in H satisfying the following property: for
each 1 < 1 < d at most r; vertices from X; are covered by Cy, then we say that Cy is
gadget safe in H. If Cq is a family of vertex-disjoint cycles in G containing (¢ gadget short
cycles, then we say that C; is gadget safe in G.

Figure 6.2: The r-in-many gadget attached to set X.

The following lemma shows how the r-in-many gadget is intended to be used.

Lemma 6.15. Let G be a gadget extension of H, and let X; and r; be as in Definition 6.13.
Let Cy be a family of cycles that is gadget safe in H. Then Cy can be extended to gadget
safe in G family Cq of size |Cy| + lc

Proof. Foreach1 < i < d,letY; C X, be a set of (arbitrarily chosen) | X;| — r; vertices
not covered by Cy. Assign Cg := Cy. Foreach 1 < i < d we add to C¢ a set of | X;| — r;
gadget short cycles, each consisting of one vertex in Y; and one vertex u; from the gadget
attached to X;. O

The next lemma shows that we can safely assume that the r-in-many gadgets are used
as in the proof of Lemma 6.15.
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Lemma 6.16. Let GG be a gadget extension of H, and let X; and r; be as in Definition 6.13.
Let U be the maximum possible cardinality of a family of vertex-disjoint cycles in G. Then
there exists a gadget safe in G family C of size (. Moreover, after removing from C all {
gadget short cycles, we obtain a gadget safe in H family of cycles.

Proof. Let C be a family of vertex-disjoint cycles in G of size ¢ that maximizes the number
of gadget short cycles. By contradiction, assume that C is not gadget safe in G. That means
it contains less than E?:l | X;| — r; gadget short cycles, i.e., there exists 1 < ¢ < d, such
that less than | X;| — r; gadget short cycles in the gadget attached to X; are in C.

Let u be a vertex in the gadget attached to X; that does not lie on a gadget short cycle
in C. If u is covered by a cycle C' € C, then there exists © € X; also covered by C. We can
replace C' with a gadget short cycle (u, x), increasing the number of gadget short cycles in
C, a contradiction.

Thus, v is not covered in C. Let x € X; be a vertex that is not covered by a gadget
short cycle in C (there exists, as ; < |X;| and sets X; are pairwise disjoint). If z is not
covered by C, we can add gadget short cycle (u, z) to C, increasing its size, a contradiction.
Otherwise, we can replace the cycle with x with gadget short cycle (u, x), a contradiction
too. Thus, C contains (g = 25:1 | X;| — r; gadget short cycles. It is a straightforward
corollary from the definitions that after removing these /¢ cycles, we obtain a gadget safe
in H family of cycles. ]

Finally, we show that attaching a r-in-many gadget may not influence much the path-
width of the graph.

Lemma 6.17. Let G be a gadget extension of H, and let X; and r; be as in Definition
6.13. Assume that we are given a path decomposition of H of width p, such that for each
1 < i < d there exists a bag V; that contains the whole X;. Then in polynomial time we
can construct a path decomposition of G of width at most p + 1.

Proof. Let1 < i < d and let V; be a bag containing X;. We introduce bags Vij , 1 <5<
| X;| — 7y, taking V7 = V; U {u;}. We insert the newly created bags V; near the bag V;
in the path decomposition. As all bags Vij contain V;, this modification does not spoil the
properties of the path decomposition of /1. Bag Vij covers all edges incident to u;. Thus,
the new path decomposition is a proper path decomposition of G and has width at most
p+1,as|V!|=|Vi| + L O

6.3.3 Construction

Let (k, Sy, 52, ...,S,) be an instance of k£ X kK PERMUTATION HITTING SET. W.Lo.g. we
may assume that each set .S; is nonempty. We first construct a graph H as follows:

1. The vertex set V (H) consists of

(a) vertices p7,pft, q7, qf for 1 <i <k;

(b) vertices pfj,qu for1 <i,j < k; foreach 1 < i < k we denote X! = {pgj :
1<j<kpand X! ={q¢:1<j <k}
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6.

7.

(c) vertices x/, zf, yl, yll for 1 <i < kand1<s < m;
(d) and vertices xzcs, Yi 57%237%3’ zis for 1 < s < mand (i,j) € S, (recall that

there is at most one element in each row in S,); we denote X7 = {z¢, : (i, j) €
St XY ={yl,: (i,7) € S} and X7 = {2, : (i,7) € S, }.

The vertex set is partitioned into four parts L, R, C' and Z, according to the super-
scripts (the first three are acronyms for left, right and centre, the last one should be
seen as an important separator between left and centre).

. Vertices p? and p are connected into full bipartite graph with vertices pz inserted

into the middle of each edge, i.e., forall 1 <7 j < kwe add edges pZp{ ; and p% i pJ
Similar constructlon is performed for vertices ¢7, qJ and qm, ie,foralll <5<k
we add edges ¢7 ql - and ql qu

. Foreach 1 < i < k, vertices a: and y are arranged into path from pZ to qZ ,1.e.,

zlyl, € Eforl <s <m, yzs HH EEforl < s < mand ¢/yl,,, pfx}, € E.
By PL we denote the path from pZ to ¢

. Foreach1 < i < k, Vertlces ac ' and y~ s are arranged into path from pf to ¢F, ie.,

wyl’s forl < s <m, yw 1,s+1 E E for 1 < s < mand plz 1,1, qlt y%m € E. By 7)R
we denote the path from pF to ¢f.

. Foreach 1 < s < m,if (i,j) € S,, we add a path (X, 27  2C 2f).

ZS’ 2,87 *71,87 1,8

Similarly, for each 1 < s < m, if (i, j) € S, we add a path (yfs, yz'Z,s’ 3/537 yfs).

2C ).

ZS’yZS

Moreover, for each 1 < s < m and (4, j) € S, we add a cycle (zZ

ZS7

The graph G is defined as a gadget extension of H by attaching to H the following r-in-
many gadgets:

1.
2.
3.

to vertex sets X f’ and X Z-q for 1 <14 < k we attach 1-in-many gadgets;
to vertex sets X7 and XY for 1 < s < m we attach 1-in-many gadgets;

for 1 < s < m we attach a (|X?| — 1)-in-many gadget to X?Z.

Clearly, the above construction can be done in polynomial time. Note that we can pack
the following number of gadget short cycles in G:

lg =

k m

DX =1+ XY = 1)+ ) (X = 11X =1+ 1X3 = (1XZ] — 1))

=1 s=1

=2k* =2k —m+2) |S,].
s=1

We take ¢ :=k + Y, |Ss| + Lg. i.e., we ask for £ vertex-disjoint cycles in G.
The following lemma shows the pathwidth bound of G, i.e., proves Point 1.
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R
T3 L3

® 6 o ® 6 o
L z c 1 R
Yi Yio Yio € X3 Yjo

® 0 ¢ @ ® 6 O
28, € X3 B
Lio xj72

® 0 ¢ @ ® 6 O

xsz x%eX;’

L R
Yia Yia

® 6 o ® 6 o
R
Li1 T

® 6 o ® 6 O

Figure 6.3: The part of the graph [ with the main frame and the part for an element
(i,7) € Ss. Recall that the gadget safe in H family may cover at most one element of X7,
X!, X? and XY and cannot cover whole X?.
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Lemma 6.18. In polynomial time we can construct a path decomposition of G of width
11k.

Proof. By Lemma 6.17, it is sufficient to show a path decomposition of H of width 11k —1
such that each set X7, X, X* XV, X? is contained in some bag.

The path decomposition consists of bags V” for 1 < i < k, V, for 0 < s < m and V!
for 1 <4 < k, arranged in a path in this order. We define:

L VP ={p? plt,pd:1<j<k}forl <i<k
2"/0_{p7,7p17 7,17 741.].</L<l{}}

_ (L R ,L ,R L R .1 c ,C . Z .7 C . (i ;
3. Vs = {xi,svmi,s7yi,s?yi,s’xi,s—i—l’xi,s—i-l 1< < k}U{xi,myi,s?xi,s?yi,s’ Ris (4,7) €
Sg} for1 < s < m.

4' - {'CEZWIJ zm’yzm7yzm7qz ’ql : 1 < /L < k} U {xzm7yzm7mzzm’yzm7zzcm :

(Z,J)ESm}
5. Vl={qZ,qf.¢5;: 1 <j<k}forl<i<Fk.

It is easy to see that this is a proper path decomposition of the graph H. Moreover, X” C
VP, X1 C V%and X7, XY, XZ C V.. As for the size bound, note that |V}”| = |V!| = 3k
forl1 <i <k, |Vy| =4k and |V,| < 1lkforl < s <m. O

Let us note that the above bound is not optimal, but we need only O(k) bound.

6.3.4 From hitting set to disjoint cycles
We prove Point 2 by the following lemma:

Lemma 6.19. Ifthe initial k x kK PERMUTATION HITTING SET instance is a YES-instance,
then the graph G contains { vertex-disjoint cycles.

Proof. Let S = {(i, f(i)) : 1 < i < k} be the solution to the £ x k PERMUTATION
HITTING SET instance. Recall that S contains exactly one element from each row and
exactly one element from each column, thus f is a permutation of [k].

By Lemma 6.15, it is sufficient to show a family of cycles C in H that is gadget safe in
H and is of size k + )", |.55].

For each 1 < s < m, fix an index 1 < i < k, such that (ig, f(i5)) € SN S;. Let

Ci={(alyl20)  1<s<m 1 <i<khi#i}.

Note that C; is a family of Y " | (]Ss| — 1) vertex-disjoint cycles, thus we need to find k+m
more.
Fixi,1 <i < k,andlet {1 < s <m:i; =14} = {s1,52,...,8,0)} and 51 < 53 <
. < sp(;). Consider the following family of A (i) + 1 cycles {C'(i,7) : 0 < j < h(i)}:

1. C(i,0) consists of the path (p7, p ), D)) the subpath of Pff) from p]’?( YTl
the path (2 . 2¢  2Z  zF ) and the subpath of P from xz ‘, topZ;

f(z)317 4,819 V1,817 zsl
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2. C(i,j) for 1 < j < h(i) consists of the path (v, , 47, uis, v ,,)> the subpath
of Pfi,) from yfi, to af, . the path (vf, . .af, @7 ,«f, ) and the

1Si41? V885410 ViS5 410 Y841
L

ivS.H'l

subpath of P} from z to y/ 3

3. C(i,h(i)) consists of the path (y£3h<i>,yfsh(i>,yfshm,yf(i),sh(i)), the subpath of Pf(l.)
from yf(i)’sj to qf(i), the path (qf(i), qff(z.), q?) and the subpath of P} from ¢Z to
yiLvShm'

Note that

Co = {C(i,j):1<i<k0<j<h(i)

is a family of k£ + m vertex-disjoint cycles in H and they are disjoint with C;. Moreover,
C := C; U (s does not cover:

LT {Pff@} and X7\ {qi?f@} for1 <i < k;
2. X2\ {f yand XY\ {y{ } for 1 < s <my
3. zgSEXjforl <s<m.

Thus C is gadget safe in H. An example showing packing of three cycles for (7, f(i)) € S
and h(i) = 2 can be found in Fig. 6.4. O

6.3.5 From disjoint cycles to hitting set
In this section we prove Point 3 by the following lemma:

Lemma 6.20. Ifthe graph G contains at least { vertex-disjoint cycles, then the initial k X k
PERMUTATION HITTING SET instance is a YES-instance.

Proof. Let C be a family of vertex-disjoint cycles in G with maximum possible number
of cycles. By the assumption, |Cg| > ¢. By Lemma 6.16 we can assume that C is gadget
safe in G and let C C Cg; be the gadget safe in H family of size [Cq| — b > k+ 0, |Ss],
i.e., C consists of those cycles in C; that are not gadget short cycles.

We now analyze the family C. Informally speaking, we are going to show that C can be
placed only in the way as in the proof of Lemma 6.19.

First let us analyze subgraph H[LURUC]. Note that this subgraph is a forest containing:

1. k paths PF for 1 < i < k without the endpoints, i.e., without pZ and ¢7;

2. ktrees consisting of paths P (1 < j < k) with attached leaves p{ ;, ¢, for1 < i < k
and z{,, y<, for 1 < s <m, (i,j) € S,.

2

3. 3T S| isolated vertices 2&, 1 < s <m, (i,]) € S;.

1,89

Consider now a subgraph of H induced by L U R U C' U {a}, where a is an arbitrary
vertex in Z. Note that this graph is a forest. Indeed, each vertex in Z has at most one edge
incident to each connected component of H[L U R U C|:
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C q
@ Ga) €Xi o

Z C
y?’, So yi,sQ € X.gg

[ L
1
' '
1 1
1 1
o . -
Tilsy g - ® Tf(i),5
x'L‘,SQ xi,SQ e XQIQ
l ¢
1 1
1 1
1 1
1 1
1 1
® ®

Z C
L yi,sl yi,sl € Xéﬁ R
Yiss: @ ® Y5(@).on
1 .
1 c z
1 ' Z'L’,sl € X51
T,
L o’ R
wi,sl Z‘ c . :Lf(i),sl
xT
Li s Li sy € X81
i, @ ® i

Figure 6.4: An example how to pack three cycles for (i, f(i)) € S and h(i) = 2.
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1. for 1 < i < k the vertex pZ is adjacent to xiLJ on path PF and vertices pfj for

1<j<k

2. similarly for 1 <4 < k the vertex ¢Z is adjacent to yfm on path P} and vertices qZCj
forl1 <j <k,

3. for1 < s <m,(i,7) € Ss the vertex x . 1s adjacent to z L and xzs,

4. similarly for 1 < s < m, (i, j) € S, the vertex y7, is adjacent to z{, yF, and y{.

2|C|. Thus, each cycle in C contains exactly two vertices from Z and C covers Z.

Let C; € C be the cycle that covers p/. The vertex p/ has neighbours x/, and X?.
As we are allowed to choose only one vertex from X7, the cycle C; contains a path
(i1, 0705 p(a)» D)) for some 1 < f(z) < k. If the cycle C; contains the edge pff, p s
for j # i, it contains also p and xj ;- But xﬁl and xfl are in different connected compo-
nents of H[L U RU C] thus C; needs to contain a third vertex in Z, a contradiction. Thus,
C; contains the path (zX Ti, pZ, pl ti) ph iy ok Fi)a 1)- Note that this in particular implies that f
is a permutation of [k].

We claim that S = {(7, (7)) : 1 < i < k} is a hitting set in the initial £ x k¥ PERMU-
TATION HITTING SET instance. It clearly contains exactly one element from each row and
from each column. We now show that S N S, # () foreach 1 < s < m.

Let

Zy={p!/ 1 <i<k}u{al,yl:1<t<s,(i,j) €S} CZ

for 0 < s < m and let

_{yzs zs+1'1<2<k}u{y]s ]s+1'1§j§k}gE(H>
for 1 < s < m and let

Ey={pfzly :1<i<k}u{plall:1<i<k}CE(H).

Note that for 0 < s < m the set E is a set of 2k edges that separate 7 from Z \ Z,.

We now select cycles C(i,s) € Cfor1l < i < kand 0 < s < m with the following
property: for 1 < i < kand 1 < s < m the edges Yistier and yf @fy oo lie on
C(i,s) and for 1 < i < k the edges p}z, and pf(l f(l) lie on C'(i,0). Note that cycles
C'(i,0) = C; satisfy the above property. We select cycles C'(i, s) by an induction on s and in
the s-th step of the induction we prove that there exists 1 < ¢ < k such that (¢, f(i)) € S.

Letus fix s,0 < s < m. We show some more properties of cycles {C(i,s) : 1 <i < k}
that we use in the induction step. Note that each cycle C(4, s) contains two edges from E;
and each edge from Ej is contained in some C(i,s). Moreover, each edge in Ej is in
different connected component of H[L U R U C]. Thus, each cycle C(i,s) contains: a
subpath of PL, a subpath of the connected component of H[L U R U C] containing Pf(l
a vertex in Z; and a vertex in Z \ Z,. This in particular implies that cycles {C(i, s) : 1 <
i < k} are pairwise different. As F separates Z, from Z \ Z,, each cyclein C \ {C(i, s) :
1 < ¢ < k} contains either two vertices in Z;, or two vertices in Z \ Z,.
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We now perform an induction step. Let 1 < s < m and assume that we have selected
cycles C(i s—1)forl <i<k.

Let ¢, bea (arbrtrarrly chosen) vertex not covered by C, where (i, j) € S Let us focus
on the Vertex xZ.. It has three neighbours apart from zC : Vertrces xfs, . and yz’s. The
vertex :EC has degree two, and the other neighbour is x . As :E s € C(1, s — 1) and $f5 €
C(ffl(j), s—1), the vertex 27, lies on C'(i,s—1) or C(f 1(4),s—1). Both C’(z’ s— 1) and
C(f7(j),s—1) are not allowed to cover two vertices from Z \ Z,_1, thus z7, and y7, lie on
different cycles in C. But this means that C'(i,s — 1) or C(f~1(j),s — 1) contalns the path
(), xl,, xl, xlt), thus C(i, s — 1) = C(f~ 1(]),3 —1). Since {C'(i,s — 1) : 1 <i < k}
are pairwise different, j = f(¢) and (i, f ()) € Ss.

Now focus on vertex /. The vertex x7, is used on cycle C (z s—1),y7 ¢ Cli,s—1)
and we assumed the vertex zC is not covered by C. Thus, yw lies on a cycle C' with

path (y%,, yZ,, y<,, yf( 1s)- As zl, f(l ,€C(i,s— 1) and we are allowed to cover only
one vertex from X?, C' contains a path (zF,,,y",, yZ,, y<., yf( ” yf(Z 1) (f s <m)or

(@7 Ul U YSisr Y iy .00 U0y ) (if s = m).
C

Now focus on vertices x7/ _ for i’ # i. As x{ is covered by C, the vertex z{/ |

Z
i,s

cannot

be covered too. Thus, z7 and yi,,s lie on the same cycle, say C". As C(i',s — 1) is

not allowed to cover two vertices from Z \ Z,_1, the vertex xk 7 s does not lie on C?, thus
CF = (2] ..y 1 27.)-
As vertices x7 , and y7/ | are covered by the cycle (27 , 25,47 ,). the cycle C(i', s — 1)
contalns the path ( o5 Yir S,xZL, oy1) (if s < m)or (zf s,yZ +q) (if s = m). As vertices
¢, and y, are covered by cycles C(i, s — 1) and C, the cycle C(i’, s — 1) contains path
(@0 Yy Tfin,sa1) GE 8 <) OF (@501 03 Yo 0 Ui (U 8 = 1),

Thus we can put C(i,s) = C and C(i',s) = C(i', s — 1) for i # i and the induction
step is performed. As we maintain the induction step up to s = m, foreach 1 < s < m we
prove that (7, f(i)) € Ss, thus the initial £ x ¥ PERMUTATION HITTING SET instance is a
YES-instance. L

6.4 From undirected to directed Cycle Packing

In this section we provide a reduction from undirected to directed CYCLE PACKING, prov-
ing Theorem 6.1 for directed CYCLE PACKING.

Lemma 6.21. Let (G,{) be an instance of undirected CYCLE PACKING. Then we can
construct in polynomial time an equivalent instance (G', (') of directed CYCLE PACKING.
Moreover, given a path decomposition of G of width p, in polynomial time we can construct
a path decomposition of G' of width at most p + 3.

Proof. In many problems, a reduction from an undirected version to a directed one is per-
formed by simply changing each edge wv into pair of arcs (u,v) and (v, u). However, in
the case of CYCLE PACKING, such a reduction introduces many 2-cycles (u, v) that do not
have a counterpart in the original undirected graph. We circumvent this problem by adding
a directed version of 1-in-many gadget.
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To construct graph G’, for each edge e = uv € E(G) we introduce three extra vertices
¥, ¥ and z., and we replace the edge e with three cycles: (u,z%", v,z"), (22, 2)

and (2%, z.). In graph G’ we ask for ¢’ := ( + | E(G)| vertex-disjoint cycles. The cycles
(22, z.) and (¥, z.) are called short cycles.

uv

v v
®
--------- > . QG —g— " P
]
u u

Figure 6.5: The construction of the gadget replacing edge uwv.

First assume that we have a family C of ¢ vertex-disjoint cycles in GG. For each cycle
C' € C, we orient it in an arbitrary way, and translate it into a cycle C’ in G’ (i.e., if C' goes
from u to v via edge e = uw, then in G’ the cycle C” uses arcs (u, z%V) and (2, v)). In this
way we create a family C’ of ¢ vertex-disjoint cycles in G’. This family has a property that
for each e € E(G) at least one vertex z** and x2* is not covered. Thus we can add a cycle
(x4 z.) or (x¥*, z.) to C’, obtaining a family of ¢’ cycles.

In the other direction, let C’ be a family of vertex-disjoint cycles in G’ that contains
maximum possible number of short cycles among families of vertex-disjoint cycles of max-
imum possible size. Assume |C'| > /.

We claim that C’ contains | E(G)| short cycles. As there are |E(G)| vertices z., it may
not contain more. Assume that it contains less than | E(G)| short cycles. Let e = uv be an
edge, such that z. is not covered by a short cycle. If z. is not covered by C’, we can add
the short cycle (2, z..) to C', possibly deleting a cycle covering x%*. Otherwise, if z. is
covered by a cycle C, then ¥ or z." (say z¢") also belongs to C'. But then we can replace
C' with the cycle (z., ""). In both cases, we increase the number of short cycles in C’ while
not decreasing its size, a contradiction.

Let C be the set of the other ¢ cycles in C’ that are not short cycles. Each such cycle C’
does not cover vertices z., thus if it covers x*, it contains a subpath (u, 2%, v). Moreover,
either 2V or z¥" is covered by a short cycle in C’. Thus C” translates into a cycle C' in G, by
taking an edge e for each vertex z'¥ visited by C’. In this way we obtain ¢ vertex-disjoint
cycles in G.

We are left with the pathwidth bound. Assume we have a path decomposition of G
of width p. We construct a path decomposition of G’ in the following way. For each
e € F(G), we pick a bag V, that covers e. We create a new bag V! := V, U {z, 2", 2.}
and insert it into the path decomposition near V.. It is easy to see that this is a proper path
decomposition of G’ and its width is at most p + 3. [
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6.5 From Cycle Packing to Max Cycle Cover

In this section we provide a reduction from CYCLE PACKING to MAX CYCLE COVER
that proves Theorem 6.1 for MAX CYCLE COVER, both in directed and undirected setting.
Formally, we prove the following lemma

Lemma 6.22. Let (G, () be an instance of (directed or undirected) CYCLE PACKING. Then
we can construct in polynomial time an equivalent instance (G', (') of (directed or undi-
rected, respectively) MAX CYCLE COVER. Moreover; given a path decomposition of G of
width p, in polynomial time we can construct a path decomposition of G of width at most
p+ 3.

Proof. To construct G', we take G and for each v € V(G) we introduce three new vertices
ay, b, and ¢, and five new arcs (a,, b,), (by, ¢y), (¢, ay), (¢y,v) and (v, a,) (in the undi-
rected setting, these arcs are edges without direction). We ask for a cycle cover with at least
V' =1+ |V(G)| cycles.

Figure 6.6: An example of the reduction from CYCLE PACKING to MAX CYCLE COVER
in the directed setting, together with the conversion of cycle families.

Let C be a set of ¢ vertex-disjoint cycles in G. To construct a cycle cover of size
' = (+ |V(G)| in G', we take the cycles in C and for each vertex v € V(G): if v is
covered by C, we take the cycle (a,, by, ¢, ), and otherwise we take the cycle (a,, b,, ¢y, v).

In the other direction, let C’ be a cycle cover of G’ with at least ¢’ cycles. For each
v € V(G) let C, be the cycle that covers b,. Note that a,,, ¢, € C, and C,, C {a,, by, ¢y, v}.
Thus C’' \ {C, : v € V(G)} is a family of at least ¢’ — |V (G)| = ¢ vertex-disjoint cycles in
G.

We are left with the pathwidth bound. Assume we have a path decomposition of the
graph G of width p. For each vertex v € V(G), we pick a single bag V, that contains v. We
introduce a new bag V! = V,, U {a,, b,, ¢, } and insert it near V,, in the path decomposition.
It is easy to see that this is a proper path decomposition of G’ and its width is at most
p+ 3. L]
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Chapter 7

Tightness of the Cut&Count technique
under SETH

Following the framework introduced by Lokshtanov et al. [58], we prove that an improve-
ment in the base of the exponent in a number of our algorithms would contradict SETH. In
other words in this chapter we prove lower bounds gathered in Column C of Table 1.1.

Note that VERTEX COVER (without a connectivity requirement) admits a 2¢|V/[°() al-
gorithm whereas DOMINATING SET, FEEDBACK VERTEX SET and ODD CYCLE TRANSVER-
SAL admit 3¢|V|°() algorithms and those algorithms are optimal (assuming SETH) [58].
To use the Cut&Count technique for the connected versions of these problems we need
to increase the base of the exponent by one to keep the side of the cut for vertices in the
solution. Our lower bounds show that this is not an artifact of the Cut&Count technique,
but rather an intrinsic characteristic of these problems.

In this chapter we provide reductions in the spirit of [58] that prove the following run-
ning time lower bounds for arbitrary £ > 0:

e (3—¢)?|V|°M for CONNECTED VERTEX COVER,

(4 — &)P|V|°M) for CONNECTED DOMINATING SET,

(4 — &)P|V|°M) for CONNECTED FEEDBACK VERTEX SET,

(4 — €)?|V|°M for CONNECTED ODD CYCLE TRANSVERSAL,

(3 — £)?|V|°M for FEEDBACK VERTEX SET.

As a consequence we obtain two additional lower bounds. The (4 — £)?|V |°() lower
bound for EXACT k-LEAF SPANNING TREE is immediate from the result for CONNECTED
DOMINATING SET, as CONNECTED DOMINATING SET is equivalent to MAXIMUM LEAF
TREE [34]. The (3 — ¢)?|V|°") lower bound for STEINER TREE follows from the simple
observation that a CONNECTED VERTEX COVER instance can be turned into a STEINER
TREE instance by subdividing each edge with a terminal.

107
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7.1 Overview

In the proofs we follow the same approach as Lokshtanov et al. [58] in the lower bounds for
problems without the connectivity requirement. We mostly base on the VERTEX COVER
and DOMINATING SET lower bounds of [58], however our gadgets are adjusted to the
considered problems. For each problem we show a polynomial-time construction that,
given a SAT instance with n variables, constructs an equivalent instance of the considered
problem, together with a path decomposition of the underlying graph of width roughly
log4(2") = n/log 3 in the case of CONNECTED VERTEX COVER and FEEDBACK VERTEX
SET and of width roughly log,(2") = n/2 in the case of the other problems. Thus, each of
the following sections consists of three parts. First, we give a construction procedure that,
given a SAT formula @, produces an instance of the considered problem. Second, we prove
that the constructed instance is equivalent to the formula ®. Finally, we show the claimed
pathwidth bound.

Similarly as in [58], we prove pathwidth bounds for the constructed graphs using mixed
search game. Let us recall the informal definition from [58].

Definition 7.1 ([71, 58]). In a mixed search game, a graph G is considered as a system
of tunnels. Initially, all edges are contaminated by a gas. An edge is cleared by placing
searchers at both its end-points simultaneously or by sliding a searcher along the edge. A
cleared edge is re-contaminated if there is a path from an uncleared edge to the cleared
edge without any searchers on its vertices or edges. A search is a sequence of operations
that can be of the following types: (a) placement of a new searcher on a vertex; (b) removal
of a searcher from a vertex; (c) sliding a searcher on a vertex along an incident edge and
placing the searcher on the other end. A search strategy is winning if after its termination
all edges are cleared. The mixed search number of a graph G, denoted ms(G), is the
minimum number of searchers required for a winning strategy of mixed searching on G.

Proposition 7.2 ([71]). For a graph G, pw(G) < ms(G) < pw(G) + 1.

Moreover, in each case considered by us, the presented cleaning strategy easily yield a
polynomial time algorithm that constructs a path decomposition of GG of width not greater
than the number of searchers used.

7.2 Connected Vertex Cover

Theorem 7.3. Assuming SETH, for every constant € > ( there is no algorithm that given
an instance (G = (V, E), k) together with a path decomposition of the graph G of width p
solves the CONNECTED VERTEX COVER problem in (3 — £)?|V|°W) time.

Construction Given € > 0 and an instance ® of SAT with n variables and m clauses we
construct a graph G as follows. We first choose a constant integer 7, which value depends
on ¢ only. The exact formula for n is presented later. We partition variables of ® into
groups Fi, ..., F,, each of size at most 5 = |log 3"], hence n’ = [n/3]. Note that now
nn' ~ n/log 3. The pathwidth of G will be roughly nn'.
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First, we add to the graph GG two vertices r and r*, connected by an edge. In the graph G
the vertex r* will be of degree one, thus any connected vertex cover of GG needs to include
r. The vertex r is called a root.

Second, we take a = m(2nn’ + 1) and foreach 1 < ¢ < n’and 1 < ¢ < n we create
a path P, , consisting of 2a vertices vg&k, 0 <k<aand1l < a < 2, arranged in the
following order:

1 2 1 1 2
Utl,ou Ut,f,ou Ut,&lv tt Ut,é,a—l? Ut,é,a—l'

Furthermore we connect all vertices v7, ;. (0 < k < a) and v}, to the root 7. To simplify
further notation we denote vt{ 1a = - Let V be the set of all vertices on all paths P; ;.

We now provide a description of a group gadget B, ;, which will enable us to encode
27 possible assignments of one group of 3 variables. Fix a block [}, 1 <t < n/, and a
position k, 0 < k < a. Foreach 1 < ¢ < n we create three vertices hf,fé’k, 1 <« < 3that
are pairwise adjacent and all are adjacent to the root 7. Moreover, we add edges hy ;v 4 1.,
h%&kvf’&k and hi&kvtl,f,kﬂ' Let Hypr = {hi'yy 1 < o < 3}, Hip = Uj—; Hipn and
H = U;il Z;é H, . Note that each (connected) vertex cover in G needs to include at
least two out of three vertices from each set H; 4 .

In order to encode 27 assignments we consider subsets of H, . that contain exactly one
vertex out of each set H; . For a sequence S = (s1,...,s,) € {1,2,3}" by S(H.x) we
denote the set {h;%,, : 1 < ¢ < n}. For each sequence S € {1,2,3}" we add three vertices

xp . ooy, and gy, where x7, is also adjacent to all the vertices of S(H ) (recall that 7

and /3 are constants depending only on ¢). We add edges =, z{7, 7y, and y,r. In the

graph G the vertices xf;; are of degree one, thus any connected vertex cover in GG needs to

include all vertices xfk Let Vix = {ytsk 2S5 €e{1,2,3}"}forl1 <t<n,0<k<aand
Y =UL UZo Ver-

Additionally we add two adjacent vertices z; , and 24, and connect z; j, to vertices yfk
for all S € {1,2,3}". Again, the vertex z;, is of degree one in G and forces 2 to be
included in any connected vertex cover of G.

The above step finishes the construction of the group gadgets needed to encode an
assignment and now we add vertices used to check the satisfiability of the formula .
Observe that for a group of variables F} there are at most 2° possible assignments and there
are 3" > 27 vertices ajf .. for sequences S from the set {1, 2, 3}" in each group gadget B, 4,
hence we can assign a unique sequence S to each assignment. Let Cy, ..., C,,_; be the
clauses of the formula ®. For each clause C; we create (2nn’ + 1) pairs of adjacent vertices
cij and cj ;, one for each 0 < j < (2nn’ 4+ 1). The vertex c; ; is of degree one in G and
therefore forces any connected vertex cover of G to include ¢; ;. The vertex c; ; can only be
connected to gadgets B, ,,;4; for 1 <t < n’. For each group of variables F; we consider
all sequences S € {1,2,3}" that correspond to an assignment of F; satisfying the clause
C; (i.e., one of the variables of F} is assigned a value such that C; is already satisfied). For
each such sequence S and for each 0 < j < (2nn’ + 1) we add an edge ;. , ;i ;-

We can view the whole construction as a matrix of group gadgets, where each row
corresponds to some group of variables F} and each column is devoted to some clause in
such a way that each clause gets (2nn’ + 1) private columns (but not consecutive) of the
group gadget matrix, as in Figure 7.2.
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Figure 7.1: Group gadget B, for n = 3. Dashed edges are connecting a vertex with
the root r. Vertices that have a pendant neighbour and thus need to be included in any
connected vertex cover of GG are presented as squares.

Finally, let K = nn’ - 3a + (3" + 2)n’a + a + 1 be the size of the vertex cover we ask
for.

Correctness

Lemma 7.4. If ® has a satisfying assignment, then there exists a connected vertex cover in

G of size K.

Proof. Given a satisfying assignment ¢ of the formula ® we construct a connected vertex
cover X C V as follows. Let Xj,.. be the set of vertices that are forced to be in any
connected vertex cover of G, thatis r, ¢; j for0 <i <m,0 < j < (2nn’ + 1), xfk forl <
t<n,0<k<m@2np'+1),5 € {1,2,3}7and z; ) for1 <t <n/,0 <k <m(2nn'+1).
Note that | Xforee| = 1 4+ a + (3" + 1)na.

For each group of variables F; we consider the sequence S; € {1,2,3}" which corre-
sponds to the restriction of the assignment ¢ to the variables of F;. Let

n a—1 7
X = Uth s s a # Su0)}
t=1 k=0 =1
The set X, includes exactly two vertices out of each set #; s, thus | X,| = nn’ - 2a.

Moreover, we define the set X, to contain all vertices vt% 0k if S;(¢) = 2, and all vertices
vtl,g,k otherwise (1 <t <n/,1 < ¢ <mn,0 <k < a). The set X, includes every other
vertex on each path P; 4, thus | X,| = nn'a.
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Figure 7.2: Gray rectangles represent group gadgets. Dashed edges connect have the root
vertex 1 as one of the endpoints. Vertices that have a pendant neighbour and thus need to
be included in any connected vertex cover of GG are presented as squares.
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Finally, let us define the set X,, to be the set of all vertices yt pforalll <t <nf and
0<k<a Let X = XforceUXhUX U X,. Note that as | X, = n'a we have | X| =
We now verify that X is a connected vertex cover of G.

First, we verify that G \ X is an edgeless graph.

1.

The vertices 1, ¢} ;, x7;. and 2}, are isolated in G \ X, as their single neighbours in
G are included in Xjypee.

The vertices vfj& . that are not in X are isolated in G \ X, as X, contains every other
vertex on each path P; , and we chose « in such a manner that the neighbours of vy’ ,
from H are in X,

The vertices hfj }(i) are isolated in G\ X, since their single neighbours on paths P;

are in X, and all other neighbours of hi 2(,? are in Xy, and in X,.

Finally, the vertices yfk are isolated in G\ X since their neighbourhoods are con-
tained in Xjorce.

To finish the proof we need to verify that G| X]| is connected. We ensure it by showing
that in G[X] each vertex in X is connected to the root r.

1.

The claim is obvious for X}, and X, as they are contained in the neighbourhood of
r.

If vertices Ut?, ¢ belong to X, they are connected to r by direct edges. Otherwise,
the vertices v, ,; are connected via vertices h;,, or h},, , (with the exception of
vertices vt{ 10 that are connected directly).

. Each vertex 7, for S # S, is connected to 7 via any vertex hy p) ) for which S(f) #

Se(0).

. St : St
Vertices x;; and z; j, are connected to 7 via y;;

. Finally, each vertex c; j, is connected to r via any vertex yf ;. for which the assignment

¢ on variables from F;} satisfies the clause C;.

]

Lemma 7.5. If there exists a connected vertex cover X of size at most K in the graph G,
then ® has a satisfying assignment.

Proof. As in the previous lemma, let Xy, be the set of vertices that are forced to be in
any connected vertex cover of G, thatis r, ¢;; for1 < i < m, 0 < j < (2npn’ + 1),
apforl <t <n/,0 <k <m@m' +1),5 € {1,2,3}7 and 2, for 1 <t < n/,
0 <k <m(2nn’ + 1). Note that | X¢oree| = 1+ a + (37 4+ 1)n’a and Xioree € X.

Let X, = XNV, X}, = XNHand X, = X N ). Note that

1.

X, needs to include at least a vertices from each path P, 4, thus | X,| > nn/a.
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2. X}, needs to include at least two vertices out of each set H; ¢, thus | X,| > nn’ - 2a.

3. X, needs to include at least one vertex ytsk foreachl <t <n'and 0 < k < ato
ensure that the vertex z; ;. is connected to the root  in G[X]. Thus |X,| > n/a.

As | X| < K, we have | X,| = nn'a, | X| = nn' - 2a, | Xy| = n'a and | X| = K.

As | Xp| = nn’ - 2a, foreach 1 <t < n,1 < ¢ < npand 0 < k < a we have
| X5 N Hypr| = 2. This allows us to define a sequence Sy € {1,2,3}" satisfying hlejfm ¢
Xpforl </ <n.

Note that the vertex xf Zk € Xtorce does not have a neighbour in X}, thus, to connect it

to the root r, we need to have yf};’“ € X,. As |X,| = n’a, we infer that |}, , N X| = 1 for
alll1 <t <n'and0 <k <a,ie.,y’), € X ifand only if S = Sy .

We now show that for fixed ¢ the sequences .S; ;, cannot differ much for 0 < k < a. As
| X,| = nn'a, foreach 1 <t <n/,1 < ¢ <nand 0 < k < a we have that | X, N {vff&k :
1 < a <2} =1. Let a(t, ¢, k) be such that v,ffé’t,f’k) € X,. Now note that for 1 < ¢t < n/,
1</<nand0<k<a—1:

1. If Sy (£) = 3, then a(t,(,k + 1) = 1, as otherwise the edge v}, hi,; is not
covered by X. Moreover, h%’&k 41 € Xp, as otherwise vt{&k 41 is isolated in G[X],
and h7,, ., € Xp, as otherwise the edge v7,, 157, is not covered by X. Thus
Str+1(€) = 3 as well.

2. If S; () = 1 then a(t, £, k) = 1, as otherwise the edge v}, ,hy,, is not covered by
X. Thus a(t, £,k + 1) = 1, as otherwise the edge v, ,v; ;. is not covered by X,
and S .11(€) # 2, as otherwise the edge v, 7, is not covered by X.

For fixed 1 < t < n’and 1 < ¢ < 7 define the sequence S'M(k) = S;(¢). From
the above arguments we infer that the sequence SAM(k) cannot change more than twice. As
a = m(2nn’ + 1), we conclude that there exists an index 0 < j < (2nn’ + 1) such that for
all 1 <t <n',1</¢<nthe sequence S'Lg(m‘]’ + i) is constant for 0 < 7 < m.

We create now an assignment ¢ by taking, for each group of variables £}, an assignment
corresponding to the sequence S ,,,;. Now we prove that ¢ satisfies ®. Take any clause C;,
0 <7 < m, and focus on the vertex ¢; ; € Xiorce. The vertex ¢; ; needs to be connected to
the root 7 in G[X], thus for some 1 < ¢ < n/and S € {1,2,3}" we have g7, .., € X and
the assignment of F; that corresponds to .S satisfies C';. However, we know that yfmj L EX
implies that S = S} .+, and thus ¢ satisfies C;. ]

Pathwidth bound

Lemma 7.6. Pathwidth of the graph G is at most nn’ + O(3"). Moreover a path decompo-
sition of such width can be found in polynomial time.

Proof. We give a mixed search strategy to clean the graph with nn'+ O(3") searchers. First
we put a searcher in the vertex r* and slide it to the root . This searcher remains there till
the end of the cleaning process.
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For a gadget B, ;. we call the vertices v, ,; and v; ;. ,,, 1 < £ < 1, as entry vertices
and exit vertices respectively. We search the graph in a = m(2nn’ + 1) rounds. At the
beginning of round k£ (0 < k < a) there are searchers on the entry vertices of the gadget
B, forevery 1 <t <n'.Let0 <i<mand0 < j < (2nn’ + 1) be integers such that
k = 1+ mj. We place a searcher on c;-*yj and slide it to ¢; ;. Then, foreach 1 < ¢ < n'in
turn we:

e put O(37) searchers on all vertices of the group gadget B j,
e put 27 searchers on all vertices v, , and v/, ,, 1 < £ <7,

e remove searchers from all vertices of the group gadget B, ;. and vy, for 1 < £ <7
and 1 < o < 2.

The last step of the round is removing a searcher from the vertex c; ;. After the last round
the whole graph G is cleaned. Since we reuse O(3") searchers for cleaning group gadgets,
nn' 4+ O(3") searchers suffice to clean the graph.

Using the above graph cleaning process a path decomposition of width nn' + O(3") can
be constructed in polynomial time. [

Proof of Theorem 7.3. Suppose CONNECTED VERTEX COVER can be solved in (3—¢)?|V/|O()
time provided that we are given a path decomposition of G of width p. Let A = log;(3 —
g) < 1. We choose 7 large enough such that Ligg gz 7 < 1. Given an instance of SAT we
construct an instance of CONNECTED VERTEX COVER using the above construction and
the chosen value of 7. Next we solve CONNECTED VERTEX COVER using the 3*?|1/|0()
time algorithm. Lemmata 7.4, 7.5 ensure correctness, whereas Lemma 7.6 implies that

running time of our algorithm is 37| V/|°(Y), however we have

SAnn’ — 2)\7m’ log3 _ 2)\n’ log 3" < 2C . 2Anlog3"/[10g3"] _ 2C . 2)\’n

for some \' < 1 and C' = Alog 3". This concludes the proof. [

7.3 Connected Dominating Set

Theorem 7.7. Assuming SETH, for every constant € > ( there is no algorithm that given
an instance (G = (V, E), k) together with a path decomposition of the graph G of width p
solves the CONNECTED DOMINATING SET problem in (4 — £)?|V |°W) time.

Construction Given € > 0 and an instance ¢ of SAT with n variables and m clauses we
construct a graph G as follows. We assume that the number of variables n is even, otherwise
we add a single dummy variable. We partition variables of ® into groups Fi, ..., F,/, each
of size two, hence n’ = n /2. The pathwidth of G will be roughly n'.

First, we add to the graph G two vertices r and r*, connected by an edge. In the graph
G the vertex r* is of degree one, thus any connected dominating set of G' needs to include
r. The vertex r is called a root.
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Second, we take a = m(n + 1) and for each 1 < t < n’ we create a path P, consisting
of 4a vertices Uy and hffk, 0 <k<aand1l < a < 2. On the path P, the vertices are
arranged in the following order:

Utl,Oa hz},m Ut2,07 h?,O’ Utl,la ce hia—l‘
Let V and H be the sets of all vertices () and hgk A1<t<n,0<k<al<a<?),
respectively. We connect vertices Utl,o and all vertices in H to the root r. To simplify further
notation we denote v;a = r, note that h?’a,lvt{a € L.

Third, foreach 1 < ¢ < n’and 0 < k < a we introduce guard vertices ptl’k, pﬁk and
qi,x- Bach guard vertex is of degree two in G, namely p; , is adjacent to v/, and v7,, p,
is adjacent to v, and v, and g, is adjacent to hj, and h7,. Thus, each guard vertex
ensures that at least one of its neighbours is contained in any connected dominating set in
G.

The intuition of the construction made so far is as follows. For each two-variable block
F} we encode any assignment of the variables in F} as a choice whether to take vtl’ i OF Ut2, &
and hy ;. or h7, to the connected dominating set in G.

We have finished the part of the construction needed to encode an assignment and now
we add vertices used to check the satisfiability of the formula ®. Let Cy, ..., C,,_; be the
clauses of the formula ®. For each clause C; we create (n + 1) vertices ¢; ;, one for each
0 < j < n+ 1. Consider a clause C; and a group of variables F; = {z;, 27}. If ] occurs
positively in C; then we connect ¢; ; with vt{mj 4 and if 2} occurs negatively in C; then
we connect ¢; ; with vﬁmj ;- Similarly if 27 occurs positively in C; then we connect ¢; ;
with A} ... and if 27 occurs negatively in C; then we connect ¢; ; with 7, .. ;. Intuitively
taking the vertex vtl’mj .; into a connected dominating set corresponds to setting z; to true,
whereas taking the vertex h; ,, j+i into a connected dominating set corresponds to setting x?
to true.

We can view the whole construction as a matrix, where each row corresponds to some
group of variables F; and each column is devoted to some clause in such a way that each
clause gets (n + 1) private columns (but not consecutive) of the matrix.

Finally, let K = 1 + n’ - 2a be the size of the connected dominating set we ask for.

Correctness

Lemma 7.8. If ® has a satisfying assignment, then there exists a connected dominating set
X in the graph G of size K.

Proof. Given a satisfying assignment ¢ of the formula ® we construct a connected domi-
nating set X as follows. For each block F; = {z},2?} and for each 0 < k < a we include
into X:

1. the vertex v}, if ¢(z}) is true, and v7, otherwise;
2. the vertex hy, if ¢(z7) is true, and h7, otherwise.

Finally, we put r into X. Note that |[X| = 1 +n’ - 2a = K. We now verify that X is a
connected dominating set in GG. First, we verify that X dominates all vertices in G.
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Figure 7.3: Part of the construction for CONNECTED DOMINATING SET. Dashed edges
are connecting a vertex with the root . Empty circles represent guard vertices.

1. r* and all vertices in ‘H are dominated by the root r.

2. All guards p} ., p; ) and g/ ;, are dominated by X N(HUV) (with the possible exception
of p;,_; that is dominated by 7).

3. All vertices in V are dominated by X N H (with the possible exception of vtl’o that is
dominated by 7).

4. Finally, each clause vertex c;; is dominated by any vertex vy, or h{, .., that
corresponds to a variable that satisfies C; in the assignment ¢.

To finish the proof we need to ensure that G| X | is connected. We prove this by showing
that each vertex in X is connected to the root  in G[X|. This is obvious for vertices in
X NH,as H C Ng(r). Moreover, foreach 1 <t <n'and0 < k < a:

1. if v/, € X, then vj, is connected to the root via h7,_, or hy,, with the exception of
v&o, that is connected to r directly;

2. ifv?, € X, then v?, is connected to the root via h!, or h?,.
tk tk tk tk
O

Lemma 7.9. If there exists a connected dominating set X of size at most K in the graph
G, then ® has a satisfying assignment.

Proof. First note that the vertex r* ensures that r € X. Moreover, the guard vertices p; ,
and ¢, 5, ensure that foreach 1 < ¢t < n’and 0 < k < a at least one vertex U,?fk and at
least one vertex hgk (1 < a < 2) belongs to X. As |X| < 14 n' - 2a and we have
n' - 2a aforementioned guards with disjoint neighbourhoods, for each 1 < ¢ < n’ and
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0 < k < a exactly one vertex vy}, and exactly one vertex hg’, belongs to X. Moreover,
X C{r}UVUH.

For each 0 < k& < a we construct an assignment ¢, as follows. For each block F; =
{z}, 22} we define:

1. ¢x(z;) to be true if v}, € X and false if v}, € X;
2. ¢r(x7) tobe true if by ), € X and false if b7, € X.

We now show that the assignments ¢, cannot differ much for all indices 0 < £ < a.
Note that for each block F; = {z},z?} and 0 < k < a — 1:

1. if ¢y (x}) is true, then ¢y i1 (xy) is also true, as otherwise v7,, v/, ¢ X and the
guard p7 . is not dominated by X;

2. if ¢p(x7) is true, then ¢y (27) is also true, as otherwise hi,, hy,,, ¢ X and the
vertex v; ), is either not dominated by X (if v7,, ¢ X) orisolated in G[X] (if v, € X).

For each variable = we define a sequence (//isgg(k:) = ¢r(z), 0 < k < a. From the reasoning
above we infer that for each variable = the sequence qAbx(k') can change its value at most
once, from false to true. Thus, as a = m(n-+1), we conclude that there exists 0 < j < n+1
such that for all 0 < ¢ < m the assignments ¢,,;; are equal.

We claim that the assignment ¢ = ¢,,,; satisfies ®. Consider a clause C; and focus on
the vertex ¢; ;. It is not contained in X, thus one of its neighbour is contained in X. As
this neighbour corresponds to an assignment of one variable that both satisfies C; (by the
construction process) and is consistent with ¢,,;1; = ¢ (by the definition of ¢,,;;), the
assignment ¢ satisfies C; and the proof is finished. [

Pathwidth bound

Lemma 7.10. Pathwidth of the graph G is at most n’ + O(1). Moreover a path decompo-
sition of such width can found in polynomial time.

Proof. We give a mixed search strategy to clean the graph with n’ + 9 searchers. First we
put a searcher in the vertex r* and slide it to the root r. This searcher remains there till the
end of the cleaning process.

We search the graph in @ = m(n + 1) rounds. At the beginning of round k£ (0 < k < a)
there are searchers on all vertices vt{k forl<t<n. Let0<i<mand0<j<n+1
be integers such that k = ¢ +mj. We place a searcher on ¢; ;. Then, foreach 1 <t <n’in
turn we put 7 searchers on vertices p; ., U g» Pi j» Ut 1> Pt g» I, and gy ., and then remove
7 searchers from vertices vy ., Dy i» U7 s D7 j» Iif g» Iy, and g .. The last step of the round is
removing a searcher from the vertex c; ;. After the last round the whole graph G is cleaned.
Since we reuse 8 searchers in the cleaning process, n’ + 9 searchers suffice to clean the
graph.

Using the above graph cleaning process a path decomposition of width n’ + O(1) can
be constructed in polynomial time. [
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Proof of Theorem 7.7. Suppose CONNECTED DOMINATING SET can be solved in (4 —
£)P|V|°M time provided that we are given a path decomposition of G’ of width p. Given
an instance of SAT we construct an instance of CONNECTED DOMINATING SET using the
above construction and solve it using the (4 — ¢)?|V|°() time algorithm. Lemmata 7.8,
7.9 ensure correctness, whereas Lemma 7.10 implies that running time of our algorithm
is (4 — &)"?|V|°0), however we have (4 — ¢)"2? = (\/4 —¢)" and /4 — ¢ < 2. This
concludes the proof. 0

7.4 Connected FVS and Connected OCT

Theorem 7.11. Assuming SETH, for every constant £ > 0 there is no algorithm that given
an instance (G = (V, E), k) together with a path decomposition of the graph G of width p
solves the CONNECTED FEEDBACK VERTEX SET problem in (4 — €)P|V|°W) time.

Theorem 7.12. Assuming SETH, for every constant € > 0 there is no algorithm that given
an instance (G = (V, E), k) together with a path decomposition of the graph G of width p
solves the CONNECTED ODD CYCLE TRANSVERSAL problem in (4 — &)P|V |0 time.

In this section we prove Theorems 7.11 and 7.12 at once. That is, we provide a single
reduction that, given an instance ® of SAT with n variables and m clauses, produces a
graph G together with path decomposition of width roughly n/2 and integer K, such that
(1) if ® is satisfiable then G admits a connected feedback vertex set of size at most K (2) if
G admits a connected odd cycle transversal of size at most K, then & is satisfiable. As any
connected feedback vertex set is a connected odd cycle transversal as well, this is sufficient
to prove lower bounds for CONNECTED FEEDBACK VERTEX SET and CONNECTED ODD
CYCLE TRANSVERSAL.

Construction Before we start, let us introduce one small gadget. By introducing a pen-

tagon edge vw we mean the following construction: we add three new vertices ul ,, u?, u3,,
and edges vul , ul w, vu?,, u?, ud,, ud, w. In the graph G the vertices u2,, are of de-

gree two and thus the created pentagon ensures that any connected feedback vertex set or
connected odd cycle transversal of G includes v or w. We call u$, guard vertices.

Given € > 0 and an instance ® of SAT with n variables and m clauses we construct a
graph G as follows. We assume that the number of variables n is even, otherwise we add
a single dummy variable. We partition variables of ® into groups I, ..., F},, each of size
two, hence n’ = n /2. The pathwidth of G will be roughly n'.

First, we add to the graph G five vertices 7!, r2, r, * and r** and edges r'r?, rr*, r*r**
and r**r. In the graph G the vertices r* and r** are of degree two, thus any connected
feedback vertex set or connected odd cycle transversal of G needs to include r. The vertex
r 1s called a root.

Second, we take a = m(n + 1) and for each 1 < ¢ < n’ we create a path P; consisting
of 4a vertices vy, and hfjk, 0 <k<aand1l < a < 2. On the path P, the vertices are
arranged in the following order:

1 1 2 2 1 2
vt,Ov ht,O’ Ut,Ov ht,Ov Ut,l? ety ht,a—l'
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Let V and H be the sets of all vertices oy and hffk A1<t<n,0<k<al<a<?),
respectively. We connect vertices v/, and all vertices in # to the root . Moreover, we
connect all vertices h;fk 1<t<n,0<k<a,1<a<?2)tothe vertex r*. To simplify
further notation we denote v/, = r, note that h7,, v, € E.

Third, for each 1 < t < n/and 0 < k < a we introduce pentagon edges v}, v7 ;.
Vi kg1 and hi g b

The intuition of the construction made so far is as follows. For each two-variable block
F; we encode any assignment of the variables in F; as a choice whether to take vt{ i OF UZ k
and h%’ i OF hf’ . to the connected feedback vertex set or connected odd cycle transversal in
G.

We have finished the part of the construction needed to encode an assignment and now
we add vertices used to check the satisfiability of the formula ®. Let Cy, ..., C,,_; be the
clauses of the formula ®. For each clause C; we create (n + 1) triples of vertices ¢; ;, ¢} ;,
¢;, one foreach 0 < j < n + 1. Each such triple is connected into a triangle. The vertices
c; ; and ¢ are of degree two in G, thus they ensure that each vertex ¢; ; is contained in any
connected feedback vertex set or connected odd cycle transversal in GG. Let C be the set of
all vertices ¢; ;, |C| = a.

Consider a clause C; and a group of variables F; = {z},z?}. If x; occurs positively
in C; then we connect ¢; ; with vt{mj 4; via a path of length two, that is we add a ver-
tex c;,, and edges v/, ...ct ., .¢} 5, cij. If f occurs negatively in C; then we con-
nect ¢; ; with vimj +; via a path of length two, that is we add a vertex ¢} ;,, and edges
VF pmjiChnasChisaCiy- Similarly if 27 occurs positively in C; then we connect c; ; with
h}7mj+i via a path of length two, that is we add a vertex cﬁmt,l and edges htl,mjﬂ'c?,j,m’Czh,j,mci,j-
If 27 occurs negatively in C; then we connect ¢; ; with h} via a path of length two, that
is we add a vertex ¢! , , and edges R}, i€l 0.CL 1 oCi s

Intuitively, taking the vertex vimj 4, into a connected feedback vertex set or connected
odd cycle transversal corresponds to setting x} to true, whereas taking the vertex h},mj 4
corresponds to setting z? to true.

We can view the whole construction as a matrix, where each row corresponds to some
group of variables I} and each column is devoted to some clause in such a way that each
clause gets (n + 1) private columns (but not consecutive) of the matrix.

Finally, let K = 14 2a+n’ - 2a be the size of the connected dominating set we ask for.

t,mj—+i

Correctness

Lemma 7.13. If ® has a satisfying assignment, then there exists a connected feedback
vertex set X in the graph G of size K.

Proof. Given a satisfying assignment ¢ of the formula ® we construct a connected feedback
vertex set X as follows. For each block F; = {z}, z?} and for each 0 < k < a we include
into X:

1 1y ; 2 e
1. the vertex v, if ¢(x;) is true, and v, otherwise;

2. the vertex hy,, if ¢(27) is true, and h7, otherwise.
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Figure 7.4: Part of the construction for CONNECTED FEEDBACK VERTEX SET and CON-
NECTED ODD CYCLE TRANSVERSAL. Dashed edges have one endpoint r, ! or 2. Empty
circles represent guard vertices in the pentagon edges.

Moreover, we put r and all vertices in C into X. Finally, for each clause C; let z§* € F; be
any fixed variable satisfying C; in the assignment ¢. For each 0 < j < n + 1 we add to the
set X exactly one neighbour of ¢; ;, namely we add the vertex CZ jrp Wherey =vifa =1
and v = h otherwise, whereas = 1 if ¢(z¢) is true and = 2 otherwise.

Note that | X| = 1+ 2a + n’ - 2a = K. We now verify that X is a connected feedback
vertex set in G. First, we verify that G \ X is a forest.

1.

T T, cj;,czj,tﬁ O<i<mO0<j<n+1l1<t<n,1<p<2,

v € {v, h}) are either contained in X or of degree one in G \ X.

Each guard vertex in G \ X is either of degree at most one or is of degree two and
has a leaf as a neighbour, as X includes at least one endpoint of each pentagon edge.

. In G\ X the vertices from V' \ X are connected to guard vertices, vertices ¢, and

Z7j7t7ﬂ,
at most one vertex from #H \ X.

In G\ X the vertices from H \ X are connected to guard vertices, vertices ¢ ; , 5, at
most one vertex from V' \ X, and exactly one vertex from the set {r', r?}.

. In G\ X the vertices 7' and r? are connected to each other and to some vertices in

H \ X, but no vertex in 4 \ X can reach both 7! and r? in G\ X without using the
edge rir?.
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To finish the proof we need to ensure that G[X | is connected. We prove this by showing
that each vertex in X is connected to the root  in G[X]. This is obvious for vertices in
XNH,asH C Ng(r). Foreach1 <t <nand0 < k < a:

1. if v}, € X, then v}, is connected to root via h7_, or hy ., with the exception of v,
that is connected to r directly;

2. if v}, € X, then v?, is connected to root via h} , or hZ,.

We are left with the vertices ¢; ; and their neighbours chosen to X for0 <i <m, 0 < j <
n + 1. However, by the definition of X the only neighbour of ¢; ; chosen to X connects it
to a vertex w € V U H corresponding to a choice of the value ¢(x) for some variable x.
Therefore w € X, so ¢; ; along with its only neighbour from X are also connected to the
root. [

Lemma 7.14. If there exists a connected odd cycle transversal X of size at most K in the
graph G, then ® has a satisfying assignment.

Proof. First note that r € X and C C X. Moreover, X needs to contain at least one
endpoint of each pentagon edge h; ,h7, and v/, 07, (1 <t < n/, 0 < k < a) and these
pentagon edges are pairwise disjoint. Furthermore, each vertex in C needs to have a neigh-
bour in X, but C is an independent set and the neighbourhoods of vertices from C are
pairwise disjoint and disjoint from H U V U {r}. So far we have one vertex r, a vertices
in C, n’ - 2a endpoints of pentagon edges and a neighbours of vertices from C, thus, as
|X| < K =1+42a+n'-2a, X contains r, C, exactly one endpoint of each pentagon edge,
exactly one neighbour of each vertex from C and nothing more. In particular, r!, 7% ¢ X.

For each 0 < k < a we construct an assignment ¢;, as follows. For each block F; =
{z}, 22} we define:

1. ¢r(z;) to be true if v}, € X and false if v7, € X;
2. ¢r(x7) to be true if b)), € X and false if b7, € X.

We now show that the assignments ¢, cannot differ much for all indices 0 < k < a.
Note that for each block F; = {z},z?} and 0 < k < a — 1:

1. if ¢p(x}) is true, then ¢y (x}) is also true, as otherwise X contains no endpoint of
the pentagon edge v7 v 1., ;-

2. if ¢p(27) is true, then ¢y (27) is also true, as otherwise h7,, hyy ¢ X and either
the vertex v}, is not connected to the root in G[X] (if v, € X, since vertices from
C are leaves in G[X]) or G \ X contains a cycle of length five consisting of vertices
Vg Mg 72 7t and by (f 07 & X).

For each variable = we define a sequence ggx(k;) = ¢r(x), 0 < k < a. From the reasoning
above we infer that for each variable x the sequence ggw(k) can change its value at most
once, from false to true. Thus, as a = m(n+1), we conclude that there exists 0 < j < n+1
such that for all 0 < i < m the assignments ¢,,;; are equal.
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We claim that the assignment ¢ = ¢,,; satisfies . Consider a clause C; and focus on
the vertex ¢; ; € X. As G[X] is connected, there exists a vertex « in the set N (N (c;;))
that belongs to X N (V U H). This vertex = corresponds to an assignment of one variable
that both satisfies C; (by the construction process) and is consistent with ¢,,,;1; = ¢ (by the
definition of ¢,,,;1;). Thus the assignment ¢ satisfies C; and the proof is finished. [

Pathwidth bound

Lemma 7.15. Pathwidth of the graph G is at most n' + O(1). Moreover, a path decompo-
sition of such width can found in polynomial time.

Proof. We give a mixed search strategy to clean the graph with n’ + O(1) searchers. First
we put five searchers on the vertices rt, r2, r, 7* and 7** and then remove the searchers
from the vertices r* and r**. The searchers on the vertices !, 72 and r remain till the end
of the cleaning process.

We search the graph in @ = m(n + 1) rounds. At the beginning of round k£ (0 < k < a)
there are searchers on all vertices vt{k forl<t<n' . Let0<i<mand0 < j<n+1
be integers such that k£ = ¢ + mj. We first place three searchers on ¢; ;, ¢} ; and ¢;”; and
afterwards we remove the searchers from ¢; ; and ¢}7.

Then, for each 1 < ¢ < n’ in turn we put O(1) searchers on vertices v, Uy 511> I s
h7 . the guard vertices of pentagon edges v, ,v7 ., V7,0t 1.0y 417 and all vertices ¢, 5,
and then remove searchers from the vertices vy ., v; s, i b7 . all aforementioned guard
vertices and vertices ¢;;, 5. The last step of the round is removing a searcher from the
vertex ¢; ;. After the last round the whole graph G is cleaned. Since we reuse searchers in
the cleaning process, n’ + O(1) searchers suffice to clean the graph.

Using the above graph cleaning process a path decomposition of width n’ + O(1) can
be constructed in polynomial time. [

Proof of Theorems 7.11 and 7.12. Suppose CONNECTED FEEDBACK VERTEX SET or CON-
NECTED ODD CYCLE TRANSVERSAL can be solved in (4 — ¢)?|V|°M) provided that
we are given a path decomposition of G of width p. Given an instance of SAT we con-
struct an instance of CONNECTED FEEDBACK VERTEX SET or CONNECTED ODD CY-
CLE TRANSVERSAL using the above construction and solve it using the (4 — ¢)?|V/|O()
time algorithm. Lemmata 7.13, 7.14, together with an observation that any connected feed-
back vertex set is also a connected odd cycle transversal in G, ensure correctness, whereas
Lemma 7.15 implies that running time of our algorithm is (4 — £)"/2|V|9) however we

have (4 — £)"/? = (/4 — )" and v/4 — ¢ < 2. This concludes the proof. O

7.5 Feedback Vertex Set

Theorem 7.16. Assuming SETH, for every constant € > 0 there is no algorithm that given
an instance (G = (V, E), k) together with a path decomposition of the graph G of width p
solves the FEEDBACK VERTEX SET problem in (3 — €)?|V|°W) time.
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Construction The construction here is a bit different than in the previous subsections, as
we do not have a constraint that the solution needs to induce a connected subgraph. As one
may notice, this connectivity constraint is used intensively in the previous subsections, in
particular, it gives quite an easy way to verify the correctness of the assignment encoded
in the solution. In the case of FEEDBACK VERTEX SET we need to do it in a different and
more complicated way. Parts of the construction here resembles the lower bound proof for
ODD CYCLE TRANSVERSAL by Lokshtanov, Marx and Saurabh [58].

Before we start, let us introduce one small gadget, used already in the proof of the
lower bounds for CONNECTED FEEDBACK VERTEX SET and CONNECTED ODD CYCLE
TRANSVERSAL. By introducing a triangle edge vw we mean the following construction:
we add a new vertex ., and edges vw, Vi, Wiy, We call u,, a guard vertex and in
the graph G its degree equals two. Note that any feedback vertex set X in GG needs to
intersect the triangle composed of vertices {v, w, u,,} and, moreover, if u,, € X then
X \ {uyw} U{v} is also a feedback vertex set in GG of not greater size. Thus we may focus
only on feedback vertex sets in G that do not contain guard vertices. Each such feedback
vertex set needs to include at least one endpoint of each triangle edge.

Given ¢ > 0 and an instance ¢ of SAT with n variables and m clauses we construct
a graph G as follows. We first choose a constant integer 1, which value depends on ¢
only. The exact formula for 7 is presented later. We partition variables of ® into groups
Fy, ..., F,, each of size at most § = |log3"], hence n’ = [n/f]. Note that now nn’ ~
n/ log 3, the pathwidth of G will be roughly nn'.

First, we add to the graph G a vertex r, called a root.

Second, we take a = m(2nn’ + 1) and foreach 1 < ¢ < n’and 1 < ¢ < n we create
a path P, , consisting of 3a vertices Uff&k, 0 <k<aand1l < a < 3, arranged in the
following order:

1 2 3 1 1 2 3
Ut,f,ou Ut,f,ou Ut,Z,Ov Ut,f,l? ce Ut,f,a—l? Ut,é,a—l? Ut,é,a—l‘

4 —1
Let Vior = {vfy, 1 < <35 Ve = ULy Vier and V = Uiy Up—o Vi

. . . !/ .
Third, for each two consecutive vertices v;', ., vy, ., on the path P, , we introduce ver-

. 1 2 . 1
tices hy,, and hy}, connected by a triangle edge. Furthermore, we add edges h;"}, vy, ;..

hff Zkr, hffkvf‘; B> hfffkr. Let H be the set of all vertices h;f ;k,

We now provide a description of a group gadget B, ;, which will enable us to encode
27 possible assignments of one group of 3 variables. Fix a block F}, 1 < t < n’, and a
position k, 0 < k < a. The group gadget B, includes (already created) vertices vy, .,

f‘;k 1<?¢<n1<ac<3,1<+v<2)and all guard vertices in the triangle edges
between them. Moreover, we perform the following construction.

For each 1 < ¢ < 1 we introduce three vertices pfj&k (1 < a < 3), pairwise connected
by triangle edges. Moreover, for each 1 < o < 3 we connect py', , and vy, , by a triangle
edge. Let P be the set of all vertices pf, ;. in the whole graph G.

In order to encode 2° assignments we consider subsets of V; ;. that contain exactly one
vertex out of each set V; s ;. For each sequence S = (s1,...,s,) € {1,2,3}" we perform

the following construction. First, for each 1 < ¢ < 7 we introduce three vertices qff‘k
(1 £ a < 3), pairwise connected by triangle edges. Second, we connect qf e With Vo k
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(1 £ a < 3) with a triangle edge. Third, we introduce a vertex xf ;. and connect all vertices

th ;,‘; (1 < ¢ < n) and the vertex xf . into a cycle Qf .- Fourth, we connect all vertices xf &

for S € {1,2,3}" into a cycle A} ;. Finally, for each S € {1, 2, 3}" we introduce two new
vertices yfk and ztsk and triangle edges xf kytsk and ytsszk Let X, Y and Z be the sets
of all vertices x7,, y;), and z,, respectively. This finishes the construction of the group
gadget B, .

We add vertices used to check the satisfiability of the formula ®. Observe that for a
group of Variables F, there are at most 27 possible assignments and there are 37 > 2°
vertices xt .. for sequences S from the set {1,2,3}" in each group gadget B, ;, hence we
can assign a unique sequence S to each assignment. Let Cy, ..., ), 1 be the clauses of
the formula ®. For each clause C; and for each 0 < j < 2nn’+ 1 we perform the following
construction that uses gadgets B, ,,;4; for 1 <t < n'. For each group of variables F; we
consider the set S;; of all sequences S € {1, 2,3}" that correspond to an assignment of F;
satisfying the clause C; (i.e., one of the variables of F; is assigned a value such that C; is
already satisfied). We connect all vertices z,fmj forl1 <t < n', S €&, intoacycleC; ;.
The vertices on the cycle C; ; are sorted in the order of increasing value of ¢.

We can view the whole construction as a matrix of group gadgets, where each row
corresponds to some group of variables F} and each column is devoted to some clause in
such a way that each clause gets (2nn’ + 1) private columns (but not consecutive) of the
group gadget matrix, as in Figure 7.6.

Finally, we define the size of the feedback vertex set we are looking for as K = Kj +
K, + K, + K, + K, + K,, where

Ky =nn'(3a — 1) K, =mnn'a K,=mnn"-2a
K, =nn'"-2a3" K,=na K, =n'a3".
Correctness

Lemma 7.17. If ® has a satisfying assignment, then there exists a feedback vertex set in G
of size K.

Proof. Given a satisfying assignment ¢ of the formula ® we construct a feedback vertex
set X C V as follows.
For each group of variables F; we consider the sequence S; € {1,2,3}" which corre-
sponds to the restriction of the assignment ¢ to the variables of F;. Let
X, ={op)1<t<n,1<0<n0<k<a}
Xp={pfpp:1<t<n,1<0<n0<k<al<a<3a#S(0)}
—{th 1<t<n;1<l0<n,0<k<aSe{l,2,3}"1<a<3 a#S(()}
m:{xt’k.lgtgn,0§k<a}
Xy={y):1<t<n,0<k<a,Se{1,23}"5#S}
X.={z}:1<t<n,0<k<a}

Moreover, we define the set X;, C H to contain, foreach 1 < ¢t < n/, 1 < ¢ <
0 <k<al<a<3and (k,a) # (a — 1,3), the vertex hagklfvtek ¢ X
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Figure 7.5: Part of the construction around group gadget B, ;, for n = 3. Dashed edges are
connecting a vertex with the root r. Empty circles represent guard vertices.
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Figure 7.6: The arrangement of the group gadgets in G.
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the vertex ht“ otherwise. Note that | X,| = K,, |X,| = K,, |X,| = K,, |X,] = K
| Xy| + |X.| = Ky and | X}| = K),. Thusaset X = X, UX,UX,UX,UX,UX,UX,
is of size K.

To finish the proof we need to verify that X is a feedback vertex set of (G. First, we
ensure that X includes at least one endpoint of every triangle edge in G.

: . al 2
1. X includes one vertex from each pair h;, and h; .

2. X includes two out of three vertices in each triple P?,e, w1 < a < 3, and in each triple
qffk, 1<a<3.

3. pr?j&kgéXoqukgéX then vy, € X.

4. If y?, ¢ X then both 27, and =, are in X.

Let G be the graph GG with deleted guard vertices. We have just shown that each guard
vertex in G \ X is of degree zero or one. Thus if Gy \ X is a forest, then G \ X is a forest
too.

Now note that X, U X, UX, separates ({r}UVUH)\ X from the rest of the graph Gj.
To see this recall that if pf, , ¢ X or @ o & X, thenvp,, € X. Let Gy = Go[{r}UVUH].
We now show that G \ X is a forest. Note that in G 1\ X}, each cycle contains at least one
vertex from V. Recall that the set X, contains every third vertex on each path V, 4. Let vy,
and vf‘; » b€ any two consecutive vertices on V, ¢ that are not in X,,. It is straightforward to
check that that in the set of at most 4 neighbours of these two vertices in H, at most one is
not in Xj,. Thus, the vertices in V' \ X, do not take part in any cycle in G; \ X, and G; \ X
is a forest.

Now note that X, U X, U X, U X, separates (QUX) \ X from the rest of the graph
Go. To see this recall that if p?,, ¢ X or qM . & X, then vy € X and if 27, ¢ X
then yfk € X. Let Gy = Gy[Q U X]. We now show that G \ X is a forest. The vertices
in Q U X from different group gadgets are not adjacent, thus we focus on a single group
gadget B; ;. Let S € {1,2,3}". Note that in Gy \ X the vertices from Qf, \ X are of
degree at most two, except for the vertex :ct e If S # Sy, then for any 1 < ¢ < 7 such that

S(l) # Si(¢) we have q%k( ) e X, and the cycle Q7 is intersected by X. On the other
hand, if S = S,, then xf r € X;. Thus, the vertices Q \ X are not contained in any cycle
in G \ X. Moreover, on each cycle &, we have x ' € X, and we infer that G, \ X is a
forest.

As for Y, note that if y, ¢ X then S = S, and 2}, 27, € X, and y} is isolated in
Go \ X.

We are left with Z. The graph G5 = Gy[Z] consists of a cycles C; ;, 0 < i < m,
0 < j < 2nn’ 4+ 1. Consider a clause C; and an index 0 < j < 2nn’ + 1. As ¢ satisﬁes
C;, there exists a block F}, such that a variable from this block satisfies C;. Then 2" mitj 18
both on the cycle C; ; and in X, and G'3 \ X is a forest, too.

Lemma 7.18. If there exists a feedback vertex set X of size at most K in the graph G, then
D has a satisfying assignment.
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Proof. As it is discussed at the beginning of the construction process, we may assume that

no guard vertex is in X. Let X}, = X N'H, similarly we define X,, X, X, X, X, and X..

Furthermore, we assume that, among all feedback vertex sets of size at most K in G that

do not contain any guard vertex, the set X is such a one that | X,| is the smallest possible.
We now lower bound the sizes of the sets X}, X,, X,,, X,, X, X, and X .

1. For eachl <t <n/,0<k<a Se{l,23}" atleast one of the vertices yHC and
zt . 1sin X (as they are connected by a triangle edge), thus | X, |+|X,| > n'a3" = K,.

2. Foreach1 <t < n/and 0 < k < a at least one vertex of the set X needs to hit the
cycle X g, to | X, | > n'a = K,.

3. Foreachl <t <n,0<k<al</{¢<mnandS € {1,2,3}" at least two
vertices out of the triple {qt il <a< 3} need to be included in X, thus | X,| >
nn' - 2a3" = K.

4, Foreach1 <t <n/,0 < k < a,1 < { < g at least two vertices out of the triple
{pfer 1 < a < 3} need to be included in X. Moreover, if p,, ¢ X for some
I < a <3, thenvy,, € X, as otherwise the triangle edge v}, ,pi', ;. 1s not covered
by X. Thus |X,| + |X,| > nn' - 3a = K, + K,

5. Foreachl <t <n/,0<k<a,1<¢<n1<a<3,suchthat(k,a)# (a—1,3),
at least one endpoint of the triangle edge h;; y khffk needs to be included in X. Thus
| Xk > nn/(3a — 1) = K.

As |X| < K =K, + K, + K,+ K, + K, + K,, we infer that in all aforementioned
inequalities we have equalities, and r ¢ X.

Recall that we have assumed that |X,| is the smallest possible. Let 1 < t < n/,
0 <k <a,1 </ < nand focus on the triple {pff&k -1 < a < 3}. If it is wholly contained
in X, then X \ {p; .} U{v/,,} is also a feedback vertex set of G, of not greater size, not
containing any guard vertex, and with smaller size of | X,,|. Thus X contains exactly two
vertices out of each such triple, | X, | = K, | X,| = K, and X, contains exactly one vertex
out of each triple {vff&k 1< a<3}

We strengthen the above observation by showing the following claim: forany 1 <t <
n/, 1 < ¢ < 7 and any three consecutive vertices v4, vg, vc on the path UZ;(I) Vi 0k» at least
one of these vertices is in X,,. By contradiction, assume that v4,vp, v ¢ X. Recall that
the graph G contains vertices h'y, h%, hk, h%, edges rhl, rh2 , rhl , rh%, hva, h4vs,
hivp, hhve and triangle edges hYh?, hhh%. Note that |[{hY, h%, hh b3} \ X| = 2, as
| X1| = K}, and X, contains exactly one vertex from each pair connected by a triangle edge.
These two vertices in H \ X, together with v4, vp, v and the root r induce a subgraph of
G\ X with 6 vertices and 6 edges, a contradiction.

Forl <t <n'and1 < ¢ < n let us define a sequence s;¢(k), 0 < k < a, such
that v, , € X, iff @ = s;,(k). By the observation made in the previous paragraph we
infer that the sequence s;, cannot increase, thus its value can change at most twice. As
a = m(2nn’ + 1), we infer that there exists an index 0 < j < 2nyn’ + 1 such that for all
1 <t<n/,1< ¢ <nwehave s, o(mj) = s;4(myj+ i) forall 0 < i < m. For each block
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Fi, let S; = (si0(my)))—, € {1,2,3}" and let ¢ be an assignment that corresponds to the
sequence S; for each block F;. We claim that ¢ satisfies P.

Take any clause C;, 0 < i < m. Take any block F;. As |X,| = K, the set X,
includes exactly two vertices out of each triple {qffmj ol <a<3 forl <0<,
S e {1,2,3}". As qffmﬁi is connected to vg, .. ; by a triangle edge, we infer that
qf:’[fmj“ ¢ X iff v, € X, which is equivalent to S;(¢) = a. Thus xf}njﬂ € X, as
otherwise the cycle thmj 4, is disjoint with X. As | X,| = K, the set X, contains exactly
one vertex out of each cycle X, , and we infer that xfmj 4 € X for S # S;. Recall that
xfmj 4; and yfmj 4; are connected by a triangle edge, thus yfmj . € XforS # 5. As
| X,| + |X.| = K, we know that the set X contains exactly one endpoint out of each
triangle edge ;. 1 ;% m;4i» and we infer that if 2, ., € X then S = S;. Finally, if X is a
feedback vertex set in G, X hits the cycle C; ;, thus there exists a block F; and a sequence
S € {1,2,3,}" such that zJ, .., € X and the assignment of the variables of the block
F; that corresponds to S satisfies C;. However, we have proven that zfmj +; € X implies

S = S, thus ¢ satisfies C; and the proof is finished. [

Pathwidth bound

Lemma 7.19. Pathwidth of the graph G is at most nn’ + O(n3"). Moreover a path decom-
position of such width can found in polynomial time.

Proof. We give a mixed search strategy to clean the graph with nn’ + O(n3") searchers.
First we put a searcher in the root . This searcher remains there till the end of the cleaning
process.

For a gadget B, ;, we call the vertices vié’k for 1 < ¢ <, as entry vertices. We search
the graph in a = m(2nn’ + 1) rounds. In the beginning of round k (0 < k < a) there are
searchers on the entry vertices of the gadget B, forevery 1 <¢ <n'. Let 0 <+ < m and
0 < j < 2nn' 4 1 be integers such that k = i + mj. We place a searcher on the last vertex
of the cycle C; ; (recall that the vertices on C; ; are sorted by the block number). Then, for
each 1 <t < n'in turn we:

e put O(n3") searchers on all vertices of the group gadget B, j,

e put 7 searchers on entry vertices of the group gadget B, (except for the last
round),

e put a searcher in the first vertex after the vertices of B, N Z on the cycle C; ,

e remove searchers from all vertices of the group gadget B, ;.

The last step of the round is removing the remaining searcher on the cycle C; ;. After the
last round the whole graph G is cleaned. Since we reuse O(n3") searchers for cleaning
group gadgets, nn’ + O(n3") searchers suffice to clean the graph.

Using the above graph cleaning process a path decomposition of width nn’ + O(n3")
can be constructed in polynomial time. [
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Proof of Theorem 7.16. Suppose FEEDBACK VERTEX SET can be solved in (3—¢)?|V|°()
time provided that we are given a path decomposition of G of width p. Let A = log;(3 —
) < 1. We choose 7 large enough such that % < % Given an instance of SAT we con-
struct an instance of FEEDBACK VERTEX SET using the above construction and the chosen
value of 1. Next we solve FEEDBACK VERTEX SET using the 37|V |°(}) time algorithm.
Lemmata 7.17, 7.18 ensure correctness, whereas Lemma 7.19 implies that running time of

our algorithm is 3} |V/|°(M), however we have

3)\nn’ _ 2)\7m’ log3 _ 2)\n’ log 37 < 26’ . 2)\n log 3" /[log 3"] _ 26’ . 2/\’71

for some \' < 1 and C' = Alog 3". This concludes the proof. O



Chapter 8

Conclusions and open problems

For several years it was known that most of the local problems (where by local we mean
that a solution can be verified by checking separately the neighbourhood of each vertex),
standard dynamic programming techniques give ¢t |V |°(Y) time algorithms for a constant
c. The main consequence of the Cut&Count technique as presented in this dissertation is
that problems which can be formulated as a local constraint with an additional upper bound
on the number of connected components also admit ¢*|V'|9(Y) time algorithms. Moreover,
many problems cannot be solved faster unless the Strong Exponential Time Hypothesis
fails. We have chosen not to pursue a general theorem in the above spirit, as the techniques
required to get optimal constants seem varied and depend on the particular problem.

We have also shown that several problems in which one aims to maximize the number
of connected components are not solvable in 2°1°6P)|/|9() ynless the Exponential Time
Hypothesis fails. Hence, assuming the Exponential Time Hypothesis, there is a marked
difference between the minimization and maximization of the number of connected com-
ponents in this context.

Finally, we leave the reader with some interesting open questions:

e Can Cut&Count be derandomized? For example, can CONNECTED VERTEX COVER
be solved deterministically in ¢!|V'|°(Y) on graphs of treewidth ¢ for some constant c?

e Since derandomization for treewidth parametrizations seems hard, we ask whether
it is possible to derandomize the presented FPT algorithms parameterized by the
solution size for FEEDBACK VERTEX SET, CONNECTED VERTEX COVER or CON-
NECTED FEEDBACK VERTEX SET? Note that the tree decomposition considered in
these algorithms is of a very specific type, which could potentially make this problem
easier than the previous one.

e Do there exist algorithms running in time ¢!|V'|°(Y) on graphs of treewidth ¢ that solve
counting or weighted variants? For example can the number of Hamiltonian paths
be determined, or the Traveling Salesman Problem solved in ¢/|V|°() on graphs of
treewidth ¢?

e Can exact exponential time algorithms be improved using Cut&Count (for exam-
ple for CONNECTED DOMINATING SET, STEINER TREE and FEEDBACK VERTEX
SET)?
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e All our algorithms for directed graphs run in time 6|V |°1). Can the constant 6 be
improved? Or maybe it is optimal (again, assuming SETH)?
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Appendix A

Problem definitions

(kl, k’g)-@CNF-SAT

Input: A CNF formula ® consisting of m clauses of size at most k1 on n variables, where
m < kon.

Question: Is the number of satisfying assignments for ¢ odd?

CONNECTED DOMINATING SET

Input: An undirected graph G = (V, ') and an integer k.

Question: Does there exist a subset X C V' of cardinality at most k& such that G[X] is
connected and N[X] = V?

CONNECTED FEEDBACK VERTEX SET

Input: An undirected graph G = (V, E') and an integer k.

Question: Does there exist a set X C V' of cardinality at most & such that G[X] is con-
nected and G[V \ X] is a forest?

CONNECTED ODD CYCLE TRANSVERSAL

Input: An undirected graph G = (V, F) and an integer k

Question: Does there exist a subset X C V' of cardinality at most & such that G[X] is
connected and G[V \ X] is bipartite?

CONNECTED VERTEX COVER

Input: An undirected graph G = (V, F) and an integer k

Question: Does there exist a subset X C V of cardinality at most & such that G[X] is
connected and each edge e € F is incident with at least one vertex from X ?

CYCLE PACKING
Input: A (directed or undirected) graph G = (V, E') and an integer k
Question: Does G contain k vertex-disjoint cycles?

EXACT FULL DEGREE SPANNING TREE

Input: An undirected graph G = (V, F) and an integer k.

Question: Does there exist a spanning tree 7" of GG for which there are exactly k vertices
satisfying deg(v) = degy(v)?
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EXACT k-LEAF OUTBRANCHING

Input: A directed graph D = (V, A), an integer k and arootr € V.

Question: Does there exist a spanning tree of D with all edges directed away from r with
exactly £ leaves?

EXACT k-LEAF SPANNING TREE
Input: An undirected graph G = (V, E) and an integer k.
Question: Does there exists a spanning tree of GG with exactly k leaves?

FEEDBACK VERTEX SET

Input: An undirected graph G = (V, ) and an integer k.

Question: Does there exist a set feedback vertex set Y C V (i.e. G[V \ Y] is a forest) of
size at most k?

GRAPH METRIC TRAVELLING SALESMAN PROBLEM

Input: An undirected graph G = (V, E) and an integer k.

Question: Does there exist a closed walk (possibly repeating edges and vertices) of length
at most k that visits each vertex of the graph at least once?

(p1, p2)-@HITTING SET

Input: A set system 7 C 27 where |F| = m,|U| = n, for every S € F, |S| < p; and
m < pon.

Question: Is the number of X C U, with X NS # () for each S € F, odd?

k x k PERMUTATION HITTING SET

Input: A family of sets S, 55 ...S,, C [k] x [k], such that each set contains at most one
element from each row of [k] x [k].

Question: Is there a set S containing exactly one element from each row and exactly one
element from each column such that S NS; # () forany 1 < i < m?

(DIRECTED) LONGEST PATH

Input: An undirected graph G = (V| E) (or a directed graph D = (V, A)) and an integer
k.

Question: Does there exist a (directed) simple path of length & in G (D)?

(DIRECTED) LONGEST CYCLE

Input: An undirected graph G = (V, F) (or a directed graph D = (V, A)) and an integer
k.

Question: Does there exist a (directed) simple cycle of length £ in G (D)?

MAX CYCLE COVER

Input: An undirected graph G = (V, E) (or a directed graph D = (V, A)) and an integer k
Question: Does GG (D) contain a set of at least k£ vertex-disjoint cycles such that each
vertex of GG (D) is contained in exactly one (directed) cycle?
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MAXIMUM LEAF TREE
Input: An undirected graph G = (V, E) and an integer k.
Question: Does there exists a spanning tree of GG with at least £ leaves?

MAXIMUM LEAF OUTBRANCHING

Input: A directed graph D = (V, A), an integer k and arootr € V.

Question: Does there exist a spanning tree of D with all edges directed away from r with
at least k leaves?

MAXIMALLY DISCONNECTED DOMINATING SET

Input: An undirected graph G = (V, F) and integers k and r

Question: Does G contain a dominating set of size at most & that induces at least r con-
nected components?

(DIRECTED) MIN CYCLE COVER

Input: An undirected graph G = (V, E) (or a directed graph D = (V, A)) and an integer
k.

Question: Can the vertices of G (D) be covered with at most k vertex disjoint (directed)
cycles?

(DIRECTED) PARTIAL CYCLE COVER

Input: An undirected graph G = (V, E) (or a directed graph D = (V, A)) and integers k
and /.

Question: Does there exist a family of at most & vertex disjoint (directed) cycles in G' (D)
that cover exactly ¢ vertices?

k x k HITTING SET

Input: A family of sets Sy, Sy ...S, C [k] x [k], such that each set contains at most one
element from each row of [k]| x [k].

Question: Is there a set .S containing exactly one element from each row such that SN.S; #
() forany 1 < i < m?

(p1, p2)-®SET COVER

Input: A set system F C 2V where | F| = m,
m < pan.

Question: Is the number of C C F with (Jg., S = U odd?

U| = n, for every S € F,

S| < p; and

p-BSET COVER,

Input: An integer ¢ and a set system F C 2Y where |F| = m, |U| = n, t < an, for every
SeF, S| <p.

Question: Is the number of C C F with |C| = ¢ such that | J4.. .S = U odd?

STEINER TREE
Input: An undirected graph G = (V, E), a set of terminals 7" C V and an integer k.
Question: Is there a set X C V' of cardinality & such that 7" C X and G[X] is connected?
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k-UNIQUE-CNF-SAT

Input: A CNF formula ¢ consisting of m clauses of size at most £ on n variables having
at most one satisfying assignment.

Question: Is there a satisfying assignment for ®?

WEIGHTED STEINER TREE

Input: An undirected graph G = (V, E) together with a weight functionc : £ — Z, , a
set of terminals 7" C V' and an integer K

Question: Does there exist a tree in GG that contains all terminals 7" and the sum of its edges
is at most K?
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