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—— Abstract

We extend the notion of lossy kernelization, introduced by Lokshtanov et al. [STOC 2017], to
approximate Turing kernelization. An a-approximate Turing kernel for a parameterized optimization
problem is a polynomial-time algorithm that, when given access to an oracle that outputs c-
approximate solutions in O(1) time, obtains an « - c-approximate solution to the considered problem,
using calls to the oracle of size at most f(k) for some function f that only depends on the parameter.

Using this definition, we show that INDEPENDENT SET parameterized by treewidth ¢ has a (1 +¢)-
approximate Turing kernel with O(é) vertices, answering an open question posed by Lokshtanov et
al. [STOC 2017]. Furthermore, we give (1 4 ¢)-approximate Turing kernels for the following graph
problems parameterized by treewidth: VERTEX COVER, EDGE CLIQUE COVER, EDGE-DISJOINT
TRIANGLE PACKING and CONNECTED VERTEX COVER.

We generalize the result for INDEPENDENT SET and VERTEX COVER, by showing that all graph
problems that we will call friendly admit (1 4 ¢)-approximate Turing kernels of polynomial size
when parameterized by treewidth. We use this to obtain approximate Turing kernels for VERTEX-
Di1sJoINT H-PACKING for connected graphs H, CLIQUE COVER, FEEDBACK VERTEX SET and EDGE
DOMINATING SET.
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1 Introduction

Many important computational problems are NP-hard and, thus, they do not have efficient
algorithms unless P = NP. At the same time, it is well known that efficient preprocessing can
greatly speed up (exponential-time) algorithms for solving NP-hard problems. The notion of
a kernelization from parameterized complexity has allowed a rigorous and systematic study
of this important paradigm. The central idea is to relate the effectiveness of preprocessing to
the structure of the input instances, as quantified by suitable parameters.

A parameterized problem consists of any (classical) problem together with a choice of one
or more parameters; we use (z, k) to denote an instance with input data x and parameter k.
A kernelization is an efficient algorithm that on input of (z, k) returns an equivalent instance
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(', k") of size upper bounded by f(k), where f is a computable function. For a polynomial
kernelization we require that the size bound f(k) is polynomially bounded in k. The study of
which parameterized problems admit (polynomial) kernelizations has turned into a very active
research area within parameterized complexity (see, e.g., [1, 5, 7, 8, 16, 23, 27, 28, 29, 31, 35)
and the recent book [17]). An important catalyst for this development lies in the ability
to prove lower bounds for kernelizations, e.g., to conditionally rule out polynomial kernels
for a problem, which was initiated through work of Bodlaender et al. [4] and Fortnow and
Santhanam [18].

Unfortunately, the lower bound tools have also revealed that many fundamental para-
meterized problems do not admit polynomial kernelizations (unless NP C coNP/poly and
the polynomial hierarchy collapses). These include a variety of problems like CONNECTED
VERTEX COVER [12], D1sJOINT CYCLE PACKING [6], MuLTICUT [11], and k-PATH [4] para-
meterized by solution size, but also essentially any NP-hard problem parameterized by width
parameters such as treewidth. This has motivated the study of relaxed forms of kernelization,
notably Turing kernelization [3] and lossy (or approximate) kernelization [30].

Given an input (z, k), a Turing kernelization may create |z|°(") many instances of size at
most f(k) each, and the answer for (z, k) may depend on solutions for all those instances.
This is best formalized as an efficient algorithm that solves (z, k) while being allowed to
ask questions of size at most f(k) to an oracle. A priori, this is much more powerful than
regular kernelization, which creates only a single output instance. Nevertheless, there are
only few polynomial Turing kernelizations known for problems without (regular) polynomial
kernelization (e.g., [3, 26, 25, 34]). Moreover, a hardness-based approach of Hermelin et
al. [22] gives evidence that many problems are unlikely to admit polynomial Turing kernels.

More recently, Lokshtanov et al. [30] proposed a framework dedicated to the study of
lossy kernelization. This relaxes the task of the kernelization by no longer requiring that
an optimal solution to the output (z’, k') yields an optimal solution for (x, k). Instead, for
an a-approximate kernelization any c-approximate solution to (2/, k") can be lifted to an
« - c-approximate solution for (x, k). Amongst others, they show that CONNECTED VERTEX
CoVER and DisJOINT CYCLE PACKING admit approximate kernelizations. In contrast, they
were able to show, e.g., that k-PATH has no a-approximate kernelization for any o > 1
(unless NP C coNP/poly). Subsequent works have shown approximate kernelizations for other
problems [13, 14, 32], in particular, further problems with connectivity constraints, which
are often an obstruction for the existence of polynomial kernelizations.

Lokshtanov et al. [30] ask whether INDEPENDENT SET parameterized by treewidth admits
a polynomial-size approximate Turing kernelization with constant approximation ratio. In
the present work, we answer this question affirmatively and in fact provide an efficient
polynomial size approximate Turing kernelization scheme (EPSATKS). Moreover, extending
the ideas for INDEPENDENT SET, we provide similar results for a variety of other problems.

Our results. We prove that there is an EPSATKS for a wide variety of graph problems when
parameterized by treewidth. The simplest problems we consider are the VERTEX COVER and
INDEPENDENT SET problem. Observe that both problems parameterized by treewidth can
be shown to be MK[2]-hard, by a simple reduction from CNF-SAT with unbounded clause
size.! As such, for both problems we indeed do not expect polynomial Turing kernels [22].
We show that VERTEX COVER has a (1 + £)-approximate Turing kernel with O(%) vertices,

and INDEPENDENT SET has a kernel with O(é) vertices.

1" A variant of the well-known NP-hardness proof of INDEPENDENT SET (or VERTEX COVER) suffices,
where we add two vertices vy and vz for each variable 2 and connect them. Add a clique for each clause,
that has a vertex wu, for each literal ¢ in the clause. Connect uy to v, if £ = —z, connect uy to vz if
¢ = x. Observe that the treewidth is bounded by twice the number of variables.
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Both approximate Turing kernels follow a similar strategy, based on using separators
(originating from the tree decomposition) that separate a piece from the rest of the graph,
such that the solution size in this piece is appropriately bounded. For this reason, we
formulate a set of conditions on a graph problem and we call graph problems that satisfy
these conditions friendly. We then show that all friendly graph optimization problems have
polynomial-size (1 + ¢)-approximate Turing kernels for all £ > 0, when parameterized by
treewidth. Precise bounds on the size of the obtained approximate Turing kernels depend on
properties of the considered problem, such as the smallest-known (approximate) kernel when
parameterized by solution size plus treewidth. In particular, applying the general result for
VERTEX COVER indeed shows that it has an EPSATKS of size (’)(f). Using this general
technique, we obtain approximate Turing kernels for CLIQUE COVER, VERTEX-DISJOINT
H-PACKING for connected graphs H, FEEDBACK VERTEX SET, and EDGE DOMINATING
SET.

Finally, we prove that EDGE CLIQUE COVER and EDGE-DISJOINT TRIANGLE PACKING
have an EPSATKS and show that CONNECTED VERTEX COVER has a polynomial-size
(1 + €)-approximate Turing kernel. These problems do not satisfy our definition of a friendly
problem and require a more problem-specific approach. In particular, for CONNECTED
VERTEX COVER we will need to consider subconnected tree decompositions [19] and carefully
bound the size difference between locally optimal connected vertex covers, and intersections
of (global) connected vertex covers with parts of the graph.

Overview. We start in Section 3 by illustrating the general technique using the VERTEX
COVER problem as an example. We continue by giving the approximate Turing kernels
for EDGE CLIQUE COVER, CONNECTED VERTEX COVER, and EDGE-DISJOINT TRIANGLE
PACKING. In Section 4 we state and prove our general theorem and then show that it
allows us to give approximate Turing kernels for a number of different graph problems. For
statements marked with a ¥, the (full) proof can be found in the full version of the paper [24].

2 Preliminaries

We use N to denote the non-negative integers. Let [n] be defined as the set containing the
integers 1 to n. We assume that all graphs are simple and undirected, unless mentioned
otherwise. A graph G has vertex set V(G) and edge set E(G). For v € V(G) we let dg(v)
denote the degree of v. For X C V(G), we use G[X] to denote the graph induced by vertex
set X, we use G — X to denote G[V(G) \ X]. For F C E(G), we use G \ F to denote the
graph resulting from deleting all edges in F' from G.

We say that a set X C V(G) separates vertex sets A C V(G) and B C V(G) if every
path from some vertex in A to some vertex in B contains a vertex in X.

Treewidth. Recall the definition of treewidth.

» Definition 1 ([10]). A tree decomposition of a graph G is a tuple T = (T, {X;}ev (1)),
where T is a tree in which each node t € V(T') has an assigned set of vertices X, C V(G),
also referred to as the bag of node t, such that the following three conditions hold:

Utev(m Xt =V(G), and

for every edge {u,v} € E(QG) there exists t € V(T) such that u,v € X, and

for allv € V(G) the set T, :={t € V(T) | v € X} induces a connected subtree of T
The width of a tree decomposition of G is the size of its largest bag minus one. The treewidth
of G is the minimum width of any tree decomposition of G.

ESA 2020
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In the remainder of the paper, we will always assume that a tree decomposition is given
on input, as treewidth is NP-hard to compute. If it is not, we may use the result below
to obtain an approximation of the treewidth and a corresponding tree decomposition in
polynomial time. Doing so will weaken any given size bounds in the paper, as it is not a
constant-factor approximation. The theorem below is part of [15, Theorem 6.4].

» Theorem 2 ([15, Theorem 6.4]). There exists a polynomial time algorithm that finds a tree
decomposition of width at most O(\/logtw(Q) - tw(G)) for a general graph G.

Let 7 = (T, {Xt}tev(r)) be a tree decomposition. Let t € V(T'), we use V; to denote the
set of vertices from G that are contained in some bag of a node in the subtree of T that is
rooted at t. It is well-known that for all ¢ € V(T'), the set X; separates V; from the rest
of the graph. A rooted tree decomposition with root r is said to be nice if it satisfies the
following properties (cf. [10]).

(i) X, =0 and X; = 0 for every leaf ¢t of T
(ii) Every other node is of one of the following three types:
The node ¢t € V(T') has exactly two children ¢; and t9, and X; = X, = X;,. We
call such a node a join node, or
the node t € V(T) has exactly one child ¢;, and there exist v € V(G) such that
X: = Xy, U{v} (in this case ¢ is an introduce node) or such that Xy, = X; U {v} (in
which case t is a forget node).
One can show that a tree decomposition of a graph G of width ¢ can be transformed in
polynomial time into a nice tree decomposition of the same width and with O(¢|V(G)))
nodes, see for example [10].

To deal with the CONNECTED VERTEX COVER problem we need the tree decomposition
to preserve certain connectivity properties. Let a subconnected tree decomposition [19] be a
tree decomposition where G[V;] is connected for all ¢ € V(T'). We observe the following.

» Theorem 3 (cf. [19, Theorem 1]). There is an O(nf3)-algorithm that, given a nice tree
decomposition on n nodes of width ¢ of a connected graph G, returns an O(n - £)-node
subconnected tree decomposition of G, of width at most £ such that each node in T has at
most 20 + 2 children.

Proof. Without the additional bound on the degrees of nodes in T', the result is immediate
from [19, Theorem 1]. We obtain a subconnected tree decomposition by only executing
Phase 1 of Algorithm make-it-connected in [19]. Is is shown in [19, Claim 1] that this
procedure results in a tree decomposition of width ¢ that is subconnected. It remains to
analyze the maximum node degree. The only relevant step of the algorithm is the application
of the split operation on nodes t from the original tree. Observe that every node in the
original tree is visited at most once, and newly introduced nodes are never split. If ¢ has
parent s, the split operation only modifies the degree of s, and any newly introduced nodes.
The newly introduced nodes will have degree at most dr(t). In particular, if s had degree
a before the split operation on ¢, it will have degree a — 1 4 p after the split operation,
where p is the number of connected components of G[V;]. We will show that the number of
connected components of G[V;] is bounded by | X:| if G is a connected graph. We do this by
showing that each connected component contains at least one vertex from X;. Suppose not.
Let C be such a component. But since C N X; = 0, and X, is a separator in G, it follows
that there are no connections from C to G[V(G)\ V¢]. If V; = V(G), then G[V}] is connected
and we are done, otherwise, vertices in V(G) \ V; are not connected to C' in G, contradicting
that G is connected. Thus, p < |X;| < £+ 1. Since in a nice tree decomposition every node
has only two children, in the worst case split is applied to both these children. Thus, every
node in T has degree at most 2¢ + 2. <
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Approximation, Kernelization, and Turing Kernelization. We recall the framework for
approximate kernelization by Lokshtanov et al. [30] following Fomin et al. [17]. We then
introduce suitable definitions for approximate Turing kernelization.

» Definition 4 ([17]). A parameterized optimization problem Q is a computable function
Q: ¥ x Nx ¥ - RU{zxoo}.

The instances of a parameterized optimization problem are pairs (I, k) where k is the parameter.
A solution to (I, k) is simply a string s € ¥*, such that |s| < |I| + k. The value of a solution
s is given by Q(I,k,s). Using this, we may define the optimal value for the problem as

OPTo(1,k) =min{Q(I,k,s) | s € ¥, |s| < |I| + k},
for minimization problems and as

OPTo(I,k) = max{O(I,k,s) | s € %, |s| < |I| + k},
for mazimization problems.

An optimization problem P: X* x ¥* — R U {xoo} is defined similarly, but without the
parameter. In both cases we will say that s is a solution for instance I, if its value is not oo
(or —oo, in case of maximization problems).

We say that an algorithm for a (regular) minimization problem P is a c-approzimation
algorithm if for all inputs x it returns a solution s such that the value of s is at most
¢- OPTp(z). Similarly, for a maximization problem we require that s has value at least

When a problem is parameterized by the value of the optimal solution, the definitions
of parameterized optimization problems and lossy kernels will cause problems. As such, we
use the following interpretation [30, p.229]. Given an optimization problem P that we want
to parameterize by a sum of (potentially multiple) parameters, one of which is the solution
value, we define the following corresponding parameterized optimization problem:

PL(I,k,s) := min{P(I,s),k + 1}.

In cases where we consider P parameterized by the treewidth of the input graph, we simply
use

P, k,s):=P(,s).

» Definition 5 (a-Approximate kernelization [17]). Let o > 1 be a real number, let g be a
computable function and let Q be a parameterized optimization problem. An a-approximate
kernelization A of size g for Q is a pair of polynomial-time algorithms. The first one is called
the reduction algorithm and computes a map R4: X* X N = ¥* x N. Given as input an
instance (I, k) of Q, the reduction algorithm computes another instance (I', k') = R4(1, k)
such that |I'|, k' < g(k).

The second is called the solution-lifting algorithm. This algorithm takes as input an
instance (I, k) € ¥* x N of Q, together with (I', k") :== Ra(I, k) and a solution s’ to (I', k').
In time polynomial in |I| + |I'| + k + K + |s|, it outputs a solution s to (I,k) such that if Q
18 a minimization problem, then

(I, k,s) < oI, K, s
OPTo(L,k) =" OPTo(I, k)

For mazimization problems we require

QL kys) 1. QUK.
OPTo(I,k) — o OPTo(I',k)’

60:5
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We say that a problem admits a Polynomial Size Approzimate Kernelization Scheme
(PSAKS) [30] if it admits an a-approximate polynomial kernel for all @ > 1.

We recall the definition of a Turing kernel, so that we can show how to naturally generalize
the notion of approximate kernelization to Turing kernels.

» Definition 6 (Turing kernelization [17]). Let Q be a parameterized problem and let f: N — N
be a computable function. A Turing kernelization for Q of size f is an algorithm that decides
whether a given instance (x, k) € ¥* xN belongs to Q in time polynomial in |x|+k, when given
access to an oracle that decides membership of Q for any instance (', k") with |2'|, k' < f(k)
in a single step.

In the following definition, we combine the notions of lossy kernelization and Turing
kernelization into one, as follows.

» Definition 7 (Approximate Turing kernelization). Let o > 1 be a real number, let f be a
computable function and let Q be a parameterized optimization problem. An a-approximate
Turing kernel of size f for Q is an algorithm that, when given access to an oracle that
computes a c-approrimate solution for instances of Q in a single step, satisfies the following.
It runs in time polynomial in |I| + k, and
given instance (I, k), outputs a solution s such that Q(I,k,s) < a-c-OPTgo(l,k) if Q
is a minimization problem and Q(I,k,s) -« -c¢ > OPTo(I,k) is Q is a minimization
problem, and
it only uses oracle-queries of size bounded by f(k).
Note that, in the definition above, the algorithm does not depend on ¢, just like in lossy
kernelization. We say that a parameterized optimization problem Q has an EPSATKS
when it has a polynomial-size (1 4 ¢)-approximate Turing kernel for every € > 0, of size
f(e) - poly(k) where f is a function that depends only on ¢.

3 Approximate Turing kernels for specific problems

In this section we will give approximate Turing kernels for a number of graph problems
parameterized by treewidth. We start by discussing the VERTEX COVER problem, since the
approximate Turing kernels for all other problems will follow the same overall structure.

3.1 Vertex Cover

In this section we discuss an approximate Turing kernel for VERTEX COVER parameterized
by treewidth ¢. The overall idea will be to use the treewidth decomposition of the graph,
and find a subtree rooted at a node t such that G[V; \ X;] has a large (but not too large)
vertex cover. A vertex cover of the entire graph will then be obtained by taking a vertex
cover of G[V; \ X¢], adding all vertices in X;, and recursing on the graph that remains after
removing V;. This produces a correct vertex cover because X; is a separator in the graph.
Furthermore, taking all of X; into the vertex cover is not problematic as X; is ensured to be
comparatively small. To obtain a vertex cover of G[V; \ X;], we will use the following lemma.

» Lemma 8 (k). Let G be a graph with OPTyo(G) < k. Then there is a polynomial-time
algorithm returning vertex cover of G of size at most ¢ - OPT yo(G), when given access to
c-approzimate oracle that solves vertex cover on graphs with at most O(k) vertices.



E. C. Hols, S. Kratsch, and A. Pieterse

Proof sketch. First apply the LP-based kernel [9] for VERTEX COVER parameterized by
solution size to (G, k). This gives an instance G’ with at most 2k vertices. We can then
apply the oracle to obtain a c-approximate vertex cover of G’. We show in the complete
proof that it is straightforward to lift this solution to a c-approximate vertex cover of the
original graph G, concluding the proof. |

Using this, we can now give the (1 + ¢)-approximate Turing kernel for VERTEX COVER.

While the theorem statement requires € < 1, this does not really impose a restriction: if € > 1
one may simply reset it to be 1. It simply shows that the bounds do not continue improving
indefinitely as € grows larger than 1. Note however that VERTEX COVER is 2-approximable
in polynomial time, such that choosing € larger than one is likely not useful.

» Theorem 9. For every 0 < € < 1, VERTEX COVER parameterized by treewidth ¢ has a
(1 + €)-approzimate Turing kernel with (’)(f) vertices.

Proof. Consider Algorithm 1, we use the well-known 2-approximation algorithm for VERTEX
CoVER. First of all, we show how to do Step 8 of the algorithm efficiently.

Algorithm 1 An approximate Turing kernel for VERTEX COVER.

1: procedure APPROXVC(G,T,¢)

2 Turn 7 into a nice tree decomposition of G

3 Obtain a 2-approximate solution S for VC in G

4 if |S] < 2 then

5: Determine a c-approximate solution S to VC in GG using Lemma 8
6

7

8

9

return S
else
Find ¢ € V(T) s.t. 20 < OPTyo(GV; \ X)) < 3
: Determine a c-approximate solution S; to VC in G[V; \ X}] using Lemma 8

10: G G-V,
11: Let 77 be T after removing the subtree rooted at ¢ and all vertices in X;
12: S" < APPROXVC(G', T, ¢)
13: return S; U X; U S’
14: end if
15: end procedure

> Claim. There is a polynomial-time algorithm that, given graph G such that OPTy¢(G) >
(1) " with a nice tree decomposition T~ of width at most £, outputs a node t € V(T') such

€

that (L) < OPTye(GV: \ Xy]) < 2D,

Proof. Let 7 be a nice tree decomposition with root . We start from ¢ := r, maintaining
that OPTvc(G[V; \ Xy]) > “L. Note that this is initially true since G, = G.

Check whether the 2-approximation returns a vertex cover of size at most @ for
G[Vi \ Xy]. If yes, we are done. If not, then OPTyc(G[V; \ X¢]) > @. We show that ¢
has a child on which we will recurse. We do a case distinction on the type of node of t.

t is a leaf node. In this case, |V; \ X¢| = 0, contradicting that OPTyc(G[V; \ X¢]) >

4t 5 .

t i; a forget or introduce node. This implies ¢ has one child ¢; and the size of V; \ X

and Vi, \ Xy, differs by at most one. Therefore, OPTvyc(G[Vz, \ Xt,]) > OPTyc(G[V: \

X))~ 1> OPTyo(GIV, \ X)/2.

60:7
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t is a join node with children ¢; and t5. Observe that G[V; \ X;] is the disjoint union
of the graphs G[V, \ Xy, ] and G[V;, \ Xy,] (note X; = X;, = X3,). As such, for one of
the two children, without loss of generality let this be 1, running the 2-approximation
algorithm for vertex cover returns a value of at least OPTvc(G[V; \ X¢])/2, meaning that
OPTvc(G[Vi, \ Xt,]) = OPTyc(G[V; \ X¢])/4.
Thus, there is a child ¢; such that OPTvc(G[Vi, \ Xy,]) > OPTvc(G[V; \ X¢])/4 > L.
Continue with t := ¢;. <

We will now show the correctness of the algorithm by induction on |V(G)|. Let G be a
graph with nice tree decomposition 7. If the algorithm returns a VERTEX COVER in Step 5,
the result is immediate. If not, then it follows that the algorithm returns in Step 13, and that
OPTvyc(G) > @. The algorithm then returns a vertex cover S; for G[V; \ X;] together
with X; and a vertex cover S” = APPROXVC(G’, 77, ¢) in the remainder of the graph. It is
easy to see that the returned set is indeed a vertex cover of the graph. Furthermore, one
may verify that the oracle is only used for graphs with at most O(f) vertices. It remains to
verify the approximation ratio. Recall that G’ := G — V;. Then

|St‘ + |Sl| + |Xt‘ <c- OPTvc(G[VZ \ Xt]) +c- (1 + E) . OPTvc(G/) +4+1
<c-(14¢)-OPTyc(G[Vi\ X¢]) +c- (14+¢)- OPTyc(G)
<c¢-(1+¢€)-OPTyc(G). <

3.2 Edge Clique Cover

In this section, we obtain an approximate Turing kernel for EDGE CLIQUE COVER, which is
defined as follows.

EDGE CLIQUE CovER (ECC) Parameter: ¢
Input: A graph G with tree decomposition 7 of width £.

Output: The minimum value for k£ € N such that there exists a family S of subsets of
V(G) such that |S| < k, G[C] is a clique for all C' € S, and for all {u,v} € E(G) there
exists C' € S such that u,v € S?

To obtain an approximate Turing kernel, we will separate suitably-sized subtrees from the
graph using the tree decomposition, as we did in the approximate Turing kernel for VERTEX
CoVER. To show that this results in the desired approximation bound, we will need the
following lemma. It basically shows that if we find a node ¢ of the tree decomposition such
that X; is “small” compared to OPT(V;), we will be able to combine an edge clique cover in
G[V4] with one in G — (V; \ X) to obtain a clique cover of the entire graph that is not too
far from optimal.

» Lemma 10. Let G be a graph, let X1,Xs C V(G) such that X1 U Xy = V(G) and
X = X1 N Xy separates Xy from Xo in G. Then

OPTgcc(G) = OPTroo(G[X1]) + OPTroc(GIXa]) — (Dz(').

Proof. Let S be an edge clique cover of G. We show how to obtain clique covers S; and S
for G[X1] and G[X3] such that |S1| + |S2| < |S] + (lg‘). First define

L ={C|CN X1\ X)£0,CeSIU{C|CCX,CeS},
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similarly, define

S, = {C|CN(X2\ X)#£0,CeS).

For j € [2], define S; := S7USY, where S7 := {{u,v} € E(G[X]) | {u,v} not covered by S’ }.

We start by showing that S; is an edge clique cover of G[Xj] for ¢ € [2]. First of all, we
will verify that C' C X; and that C forms a clique in G[Xj] for all C' € S;. For C € S} this
is trivial, for C € S;», observe that C' is a clique in G and any clique in G containing a vertex

from X; \ X cannot contain a vertex from V(G) \ Xj, since X is a separator. Thus C C X;.

The fact that C' is a clique in G[X] is immediate from C being a clique in G.
It remains to show that S; covers all edges in G[X;]. Let {u,v} € E(G[X;]). If u,v € X,

then the edge is covered by definition. Without loss of generality, suppose v € X; \ X.

Let C € S be a clique that covered edge {u,v}. Then clearly u € C'N (X; \ X) and thus
CnN(X;\X)#0, implying C' € S;. Thus, the edge {u, v} is indeed covered by S;.

It remains to show that |Sy|+]S2| < |S|+ (l);‘). Start by observing that |S1]+]55] < |S],
since a clique cannot contain both a vertex from X; \ X and X, \ X. Since every edge
{u,v} € E(G[X]) is covered by S, it is easy to observe from the definition that {u,v} is
covered by S or S5. As such, Sy N.SY = 0. Since G[X] has at most (lé(‘) edges, it follows
that |S7] + (57| < (') and indeed [S1] + S| < |S7] + 87|+ [95] + |S] < I5] + (). <

Before giving the approximate Turing kernel, we show that there exists a node ¢ in the
tree decomposition such that the size of the subtree rooted at ¢ falls within certain size
bounds. We use this to split off subtrees, similar to the strategy we used for VERTEX COVER
earlier.

» Lemma 11 (). There is a polynomial-time algorithm that, given a graph G with |V (G)| >
2 (0 4+ 1)*, a nice tree decomposition T of width £, and € > 0, outputs a node t € V(T)
such that 2222 (0 4+ 1)* < |V \ Xy < 43204+ 1)%

Using the lemma above, we can now give the approximate Turing kernel for EDGE CLIQUE
COVER.

» Theorem 12. For every 0 < e < 1, EDGE CLIQUE COVER parameterized by treewidth ¢
4
has a (1 + €)-approzimate Turing kernel with O(%) vertices.

Proof. Consider Algorithm 2, we show that it is a (1+¢)-approximate Turing kernel for ECC.

Observe that Step 2 can be done efficiently while maintaining a valid tree decomposition, as
one may simply restrict the bags of the decomposition to the relevant connected component
of G. Tt is easy to verify that the procedure runs in polynomial time, using that |V; \ X;| is
always non-empty and thus the recursive call is on a strictly smaller graph. Finally, we can
verify the size-bound, as the oracle is only applied to G if |V(G)| < (’)(g) or to G[V;] when
Vi \ Xe| < O(£), implying that |V| < |V \ X[ +£+1 = O(Z).

We continue by showing that Algorithm 2 returns an edge clique cover of G. If the
algorithm returns in Step 6, this is immediate. Otherwise, observe that since X; separates
V; and V(G') in G, it follows that any edge in G is in E(G[V;]) or in E(G’). Thus, such an
edge is covered by S; or S’, implying that S = S; U S’ is an edge clique cover of G. We now
bound |S;| 4 |S’], to show that the algorithm indeed approximates the optimum ECC.

St + 15| < ¢ OPTrcc(GVi]) + 15|
=c-(14¢) - OPTrcc(GVi]) — ¢+ e+ OPTrcc(GIVA]) + |5
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Algorithm 2 An approximate Turing Kernel for EDGE CLIQUE COVER.

procedure APPROXECC(G, T, ¢)

1:
2 If G is not connected, split G into its connected components and treat them separately.
3 Turn 7 into a nice tree decomposition.

4 if [V(G)) < 2220+ 1)* then

5: Apply the c-approximate oracle to obtain an ECC S of G

6 return S

7 else

8 Find t € V(T) s.t. ZOELS)(K—F D <\ Xy < @(é—i— 1)* (by Lemma 11)

9: Determine a c-approximate solution S; to ECC in G[V;] using the oracle

10: G+ G- (V:\Xyp)

11: Let 77 be T after removing the subtree rooted at ¢ except for ¢

12: S’ + AppPROXECC(G',T",¢)

13: return S; U S’

14: end if

15: end procedure

Observe that every clique covers at most (221) edges, since it has at most £+ 1 vertices, since

the treewidth of G is bounded by ¢. Thus OPTgcc(G[V4]) > |E(G[Vt])|/(£;1)

<c-(1+¢€)-OPTrcc(G[V4]) —c-e- |E(G[W])|/<€ JQF 1) + |19

Observe that V; \ X; cannot contain vertices that are isolated in G[V4], since G is connected
and X; separates V; from the remainder of G. Thus, |E(G[V4])| > |Vi \ X¢|/2.

<e(14): OPTaco(GIV] — c-- 0 4151
<c-(14+¢€)-OPTgcc(GVi]) —c-(14¢€)- (£+ 1)+ |5

using £ + 1 > | X,]
X
< (1+49) OPTuce(@Vl) - (1+2)- (1) +13'

<c(1+¢) (OPTroo(GIVi]) + OPTrca(G) — (D;t))

By Lemma 10

<c¢-(1+¢€)-OPTgrcc(G). <

3.3 Edge-Disjoint Triangle Packing

In this section we give an approximate Turing kernel for the EDGE-DISJOINT TRIANGLE
PACKING problem, defined as follows.

EDGE-DISJOINT TRIANGLE PACKING (ETP) Parameter: /¢
Input: A graph G with tree decomposition 7 of width £.
Output: The maximum value for k& € N such that there exists a family S of size-3

subsets of V(G) such that |S| > k, G[X] is a triangle for all X € S, and X and Y are
edge-disjoint for all X,Y € 57
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Observe that the problem has a 3-approximation by taking any maximal edge-disjoint triangle
packing S, which can be greedily constructed. This packing then uses 3|S| edges. If there is
a solution S’ with |S’| > 3|S|, then there is a triangle in S’ that contains no edge covered by
S, contradicting that S is maximal. We now give the approximate Turing kernel.

» Theorem 13. For every 0 < e <1, EDGE-DISJIOINT TRIANGLE PACKING parameterized
2
by treewidth ¢, has a (1 + €)-approzimate Turing kernel with O(%) vertices.

Proof. We will use the following claim.

> Claim 14 (%). Let G be a graph with OPTgrp(G) < k. There is a polynomial-time
algorithm that when given access to a c-approximate oracle, outputs a c-approximate solution
for G using calls to the oracle with at most O(k) vertices.

We now describe the algorithm. Start by computing a 3-approximate solution S to EDGE-
DISJOINT TRIANGLE PACKING in G. If |S| < 18@, we obtain an approximate solution
to triangle packing using Claim 14.

Otherwise, for ¢ € V(T') define Gy as G[V;] \ E(G[X¢]), i.e., the graph G[V;] from which
the edges between vertices in X; have been removed. We show how to find ¢ € T such that
(€ +1)?

< OPTgrp(Gy) < 18?’

(0 +1)2

together with an apprgximate solution S; in G;. Start with ¢ := 7, observe that initially
OPTgrrp(Gt) > w since G, = G and OPTgrp(Gt) > |S]. So suppose we are at some

node t with OPTgrp(Gt) > @. Compute a 3-approximate solution in G;. If this solution

2
has value at most w, we obtain an approximate solution S; to triangle packing in G

1>
using Claim 14. Otherwise, we will recurse on a child ¢; of ¢ for which OPTgrp(Gy,) > M,

we show how to find such a child by doing a case distinction on the type of node of ¢. :
t is a leaf node. This is a contradiction with the assumption that OPTgrp(G:) > 6@,
since Gy is empty.
t has exactly one child ¢; and X; = Xy, U{v} for some v € V(G). This means in particular
that Gy, = Gy — {v}. Furthermore, we can show that v is isolated in G. After all, there
are no edges between vertices in X; and v by definition of G;. Furthermore, there are
no edges between v and vertices not in X;, by correctness of the tree decomposition.
Therefore, trivially, OPTgrrp(Gt) = OPTrrp(Gy, ) and we continue with ¢ « ;.
t has exactly one child ¢; and X; = X3, \ {v} for some v € V(G). In this case G, can be
obtained by G; by removing all edges between vertices in v and vertices in X;. This removes
at most (£41) edges from the graph, and thus OPTgrp(G:, ) > OPTrrp(Gt) —£ > @,
and we continue with t < ;.
t is a join node with children ¢; and t5. Observe that X, separates G; and that
OPTgrrp(G:) = OPTRrrp(Gt,) + OPTrrp(Gy,). As such, there is a child of Gy, w.l.o.g.
let this be 1, such that OPTprp(Gyy) > OPTErp(Gy)/2 > 2 Using the 3-
approximation on both children, find a child where the returned solution size is at least
8" _ (D7 Continue with this child.

Using t and the obtained solution S; in G¢, we now do the following. Let G' := G — (V; \ X3).

Obtain a solution S’ in G’ using the algorithm above on the smaller graph G’. Output

S :=5,US’. Since G’ and G; are edge-disjoint subgraphs of G, it is easy to observe that S

is an edge-disjoint triangle packing in G.
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It remains to show that S has the desired size. Observe that the size of an edge-disjoint
triangle packing in G can be bounded by considering the triangles whose edges are in Gy,
those whose edges are in G’, and those with at least one edge with both endpoints in X;.
Using that there are at most ();) edges between vertices in Xy, we get

X
OPTgrp(G) < OPTerp(Gy) + OPTerp(G) + ( 2t>
(1+4¢)OPTgrrp(G:) + OPTere(G')
c-(1+€)|S|+c-(1+¢)|S|
(1+¢)|S]. <

IA

<
<c

The strategy used to obtain a kernel for EDGE-DISJOINT TRIANGLE PACKING can be
generalized to packing larger cliques, as long as these problems have polynomial kernels
when parameterized by solution size. Generalizing to the more general question of packing
edge-disjoint copies of some other graph H may be more difficult. In this case, there can be
copies of H that have vertices in both sides of the graph after removing the edges within a
separator, and one needs to be careful to not discard too many of these.

3.4 Connected Vertex Cover

The CONNECTED VERTEX COVER (CVC) problem asks, given a graph G and tree decom-
position T, for the minimum size of a vertex cover S in G such that G[S] is connected. It is
known that CVC has a (1 4 ¢)-approximate kernel of polynomial size [30].

» Theorem 15 ([30]). CoNNECTED VERTEX COVER parameterized by solution size k admits
a strict time efficient PSAKS with Ok + k2) vertices.

To obtain an approximate Turing kernel, we will use a similar strategy to the Turing
kernel for VERTEX COVER described in Theorem 9. However, the connectivity constraint
makes this kernel somewhat more complicated. We deal with this by changing the procedure
in two places. First of all, we will use a subconnected tree decomposition, to ensure that
G[V4] is connected for any node ¢t. We will then again find a subtree with a suitably-sized
solution. In this case however, we will contract the separator between the subtree and the
rest of the graph to a single vertex. The next lemma shows that this does not reduce the
connected vertex cover size in the subtree by more than twice the size of the separator.

» Lemma 16. Let G be a connected graph and let X C V(G). Given a connected vertex
cover S of Gx where Gx is obtained from X by identifying all vertices from X into a single
verter z, there is a polynomial-time algorithm that finds a connected vertex cover S’ of size
at most |S| + 2| X| of G.

Proof. Let S be a connected vertex cover of Gx. Let S” := SU X \ {z}. Observe that S”
is a vertex cover of G, such that every connected component of G[S”] contains at least one
vertex from X; thus, there are at most | X| connected components. If G[S”] is connected, we
are done. Otherwise, we show that there is a single vertex v € V(G) such that G[S” U {v}]
has strictly fewer connected components than G[S”]. It is then straightforward to obtain S’
by repeatedly adding such a vertex, until G[S”] is connected. For any vertex u € S” define
C,, as the connected component of vertex u in G[S”].

Let z and 2’ be in two distinct components in G[S”], consider the shortest path P from
z to 2’ in G. Refer to Figure 1 for a sketch of the situation. By this definition, C, # C,.
Let y be the first vertex in P such that y € S” but y ¢ C,, let ¥’ be the vertex on P before
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Figure 1 A graph with a vertex cover S (indicated in white) that is connected when all vertices
in X are identified into a single vertex. Shown are x, z’,y,y",5”, and P (indicated in bold) as used
in the proof of Lemma 16.

y, observe that 3’ ¢ S” since otherwise ' € S” and y’ ¢ C, which is a contradiction with
the fact that y is the first such vertex in P. Let ¢y be the vertex on the path before 3’, such
that P = (z,...,y",v,y,...,2"), where possibly x = ¢y or y = 2’. Observe that y”’ € S”
as otherwise edge {y”, v’} is not covered, and therefore y’ € C, since y is the first vertex
on P that is in S” but not in C,. Therefore, adding vertex y’ to S” will merge connected
components C, and Cy, such that the number of connected components in G[S” U {y'}] is
strictly smaller than the number of connected components in G[S”]. In total, we add less
than | X| vertices to S” obtain a connected vertex cover S” and thus |S'| < |S| + |X]. <

We now prove the main result of this section.

» Theorem 17. For every 0 < ¢ < 1, CONNECTED VERTEX COVER parameterized by

3+4e
treewidth € has a (1 + €)-approximate Turing Kernel with O((g) [+ W) vertices.

Proof. We will use the PSAKS for CONNECTED VERTEX COVER from Theorem 15. Recall
that such a PSAKS consists of a reduction algorithm R4 together with a solution lifting
algorithm S 4. We will use the following claim.

> Claim 18. Given 0 < § <1 and a connected graph G with tree decomposition of width

¢, there is a polynomial-time algorithm to determine a d-approximate solution for CVC or
2

correctly decide that OPT¢cve(G) > 1og£ , when given access to a c-approximate CVC-oracle

146
that allows calls using graphs with at most O((%) [4] ) vertices, where d = min(c-(140), 2).

Proof. Using the fact that CVC is 2-approximable in polynomial time [33], obtain a 2-
approximate solution S in G. If |S| > 200¢2 /4, return NO and halt. Otherwise, continue

by running R4 on (G, |S|) to obtain (G’,k"). Observe that G’ has at most O((%) [1%‘5“
many vertices. Apply the c-approximate oracle on G’ to obtain CVC S’ in G’. Obtain an
approximate solution S in G by using the solution lifting algorithm on G’ and S’. Output the
smallest solution of S and S, let this be S. We show that this has the desired approximation
factor, which requires an argument since the PSAKS works for CVC? instead of CVC (recall
CVCH(G, k, ) = min{k + 1,CVC(G, S)}). Observe that |S| < |5, by definition. Therefore,
15| < vt (@, 8], S). Thus

5| _ CVCH(G,IS],5) _ CVCH(G,I5],9)
OPTove(G) = OPTeve(G)  — OPTeoyer (G,1S))

By correctness of the solution lifting algorithm, we get

cveH(a, |9, 8) cveH (@, K, S") Ed
’ L < (146 L <(14+0)———-<c-(149),
OPTeyer (G, |S]) — ( )OPTCVCL(lek') < )OPTCVC(G') e )
by correctness of the oracle. <
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Algorithm. The algorithm now proceeds as follows. Our goal is to find a subtree of T for
which on the one hand, the local optimum CVC is small enough to find an approximate
solution using Claim 18, but also large enough to be able to (among other things) add the
entire set X; to the solution, without introducing a too large error. Let § :=¢/3.

For any vertex t € V(T), let G; be the graph given by G[V;] after identifying all vertices
from X into a single vertex z;. Apply Claim 18 to G, if it returns an approximate connected
vertex cover of G, we are done. Otherwise, OPTcyc(G) > %. We now aim to find a
vertex t such that Claim 18 returns an approximate solution in G of size at least 17()@.

> Claim 19. There is a polynomial-time algorithm that, given G with tree decomposition
2

T of width ¢ such that OPTcye(G) > 1995 finds t € V(T) for which Claim 18 returns an

approximate solution S; with |S| > 1704, using calls to a c-approximate oracle of size at most

0((@) (2] ).

0

Proof. Start with ¢ := r, note that since OPT¢cvc(G) > % and G, = G, we have that

OPTcve(G,) > %, where r is the root of T. We search through the graph maintaining
OPTeve(Gey) > %. Let ty,...,t, be the children of ¢, recall that we may assume
m < 20 + 2 by Theorem 3. For each t;, apply Claim 18. Consider the following possibilities.
There exists ¢ € [m] such that the claim determines OPTcvc(Gy,) > 10252, in this case,
recurse with this ;.
There exists ¢ € [m] such that the claim returns a min{2, (14 ) - c}-approximate solution
Sy, of size at least 1TOE for CVC. In this case, return t := ;.
Otherwise. Thus, for every ¢ € [m], the algorithm returns a connected vertex cover S; of
size at most 22¢ for CVC in Gy,. Obtain a connected vertex cover S; of G[V;,] of size at
most |S;| +2(¢ + 1) using Lemma 16. We will argue that in this case CVC(Gy) < 55552,
which is a contradiction. We obtain a connected vertex cover of G; as follows. Let
S = Uiepm (Si) U {zt}. Observe that S, has size at most (20 + 2) - BLL1< %. It is
easy to observe that S’t is indeed a connected vertex cover of Gjy.
Observe that from the steps above, we always get a connected vertex cover S; of Gy, that is
a (1+6) - c-approximation of OPTcvc(Gy) and has size at least 124, <

Using Claim 19, we obtain a node t and a connected vertex cover S; of Gy, that is a
min{(1 + §) - ¢, 2}-approximation of OPTcvc(Gy) and has size at least 3¢, Use Lemma 16
to obtain a connected vertex cover S} of G[V;] of size at most |S¢| + 2(¢ + 1), containing X;.

We now obtain graph G’ by removing all vertices in V; \ X; from G and then contracting
all vertices in X; to a single vertex z;. Let 7' to be a tree decomposition of G’, one may
obtain 7’ by replacing occurrences of vertices in V; by z; in 7. Since G’ is strictly smaller
than G, we may use the algorithm described above to obtain a ¢- (14 ¢)-approximate solution
S’ for OPTcve(G'), using T'. Output S := 5" U S} \ {z}.

Correctness. We start by showing that S is a connected vertex cover. Verify that it is
indeed a vertex cover of G: any edge within G’ is covered as S’ C S, any edge in G is
covered since S; C S and any other edge has at least one endpoint in X; C S and is thereby
covered. It remains to verify that G[S] is connected. Clearly, G[V; N S] is connected since it
corresponds to G[S]. Let G := G — (V; \ X;). We show that every connected component of
G|[S] contains at least one vertex from X, such that the entire graph is connected as X; C S
and the vertices in X; are in the same connected component as observed earlier. Suppose
not, let C' be such a component not containing any vertex in X;. Consider G’[S’]. Observe
that C' is also a connected component of G'[S’]. Furthermore, vertex z; is not adjacent to
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any vertex in C, as otherwise there is an edge from some vertex in C to some vertex in X; in
G, since X; C S this contradicts that C' contains no vertex from X;. Since G’ is connected
however, z; has an incident edge {z;,u} for some u € V(G’) and thus v € S or z, € S’. In
both cases there is a vertex in S’ that is not in connected component C, a contradiction with
the assumption that S’ is a connected vertex cover of G'.

We now show that we indeed achieve the desired approximation factor.

> Claim 20. |S|<c¢-(1+¢) - OPTcyc(G)
Proof. Let S* be a minimum connected vertex cover of G. Assume for now [S*NV(Gy)| > 4/4.

S| < 1Si + 5]
< |St| + 2(5 + 1) +c- (1 + E)OPchc(G/)

Using |S¢| > %

1
< |8 + 5|St\ +c¢- (1+¢e)OPTcve(G)

< e (148)(1+38/2)0PTeve(Gr) + ¢ (1+6)|(S*NV(G) U {z}]
<c- (1481 +6/2)|(S*NV(Gy)) U{zi} +c- (1+e)|(S*NV(G)) U{z}|
<ec-(1+8)1+56/2)(|S*NV(G)|+1)+c- (1+)|(S*NV(G))U{z}

By assuming |S* NV (G;)| > 4/6, and then using § = /3

e (140)(1+6/2)(1+6/4)(1S" NV(G)) +c- (1+2)|(S*NV(G) U {z}
c-(1+e)(IS"NV(G)]) +e- (1+e)[(S"N V() Uz}

IN N

Observe that since Gy and G’ are non-empty, S* must contain a vertex from X,

<c-(1+¢)|S*|=c-(1+¢) - OPTevc(G).

It remains to observe that |[S*NV(G;)| > 4/6 is a reasonable assumption. Suppose not, then
OPTcve(Gy) < |S*NV(Gy)| +1 < 4/5 + 1. However, Sy > 18¢ > 2. OPTevc(Gy), meaning
that S; is not a 2-approximation in G, which is a contradiction. <

Having shown the correctness of the procedure, it remains to argue the size of this Turing
kernel. Observe that the oracle is only used when applying Claim 18. As such, we may

bound the size of the kernel by (9((?) (%61) = O((ﬁ) F’ij ), recall that § = £. <

)

4 Meta result

In this section we will describe a wide range of graph problems for which approximate Turing
kernels can be obtained. The problems we will consider satisfy certain additional constraints,
such that the general strategy already described for the VERTEX COVER problem can be
applied. Informally speaking, we need the following requirements. First of all, the problems
should behave nicely with respect to taking the disjoint union of graphs. Secondly, we want
to look at what happens for induced subgraphs. We will only consider problems whose value
cannot increase when taking an induced subgraph. Furthermore, we restrict how much the
optimal value can decrease when taking an induced subgraph. Finally, we require existence of
a PSAKS and an approximation algorithm for the problem. We use the following definitions.
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» Definition 21. Let ¢: RxN — R be a function. A p-approximation algorithm for a problem
P is a polynomial-time algorithm that, given an instance G with tree decomposition T of width
£, outputs a solution S such that (for minimization problems) P(G,S) < ¢(OPT»(G),¥),
and (for mazimization problems) p(P(G,S),l) > OPTp(G).

» Definition 22. Let P be an optimization problem whose input is a graph. We will say that

it is friendly if it satisfies the following conditions.

1. For all graphs G, G1, and Gy such that G is the disjoint union of graphs G1 and Gs,
OPTp(G) = OPTpH(G1) + OPTpH(G2). In particular, if Sy is a solution for G1 and Ss
is a solution for Ga, then S1 U Ss is a solution for G and

P(G,S1US2) =P(Gy,51) + P(Gz, S2).

In the other direction, given solution S in G it can efficiently be split into solutions S1 in
G1 and Sy in Gy satisfying the above. For consistency, we require that the size of the
optimal solution in the empty graph is zero.

2. There exists a non-decreasing polynomial function f such that for all graphs G, for all
X CV(G):

OPTp(G) < OPTp(G — X) + f(|X]), and OPT»(G — X) < OPT»(G).

In particular, for minimization problems there is a polynomial-time algorithm A that,
given a solution S’ in G — X, outputs a solution S for G such that P(G,S) < P(G —
X, S") + f(|X]). For mazimization problems we require that any solution S for G — X is
also a solution for G and P(G,S) =P(G - X, S).

3. Pt parameterized by k + £, where k is the solution value and ¢ is the treewidth, has a
(14 0)-approxzimate kernel for all 6 > 0, that has h(d,k + £) vertices for some function h
that is polynomial in its second parameter.

4. P has a p-approximation algorithm for some polynomial function ¢ such that o~ p(k,€) <
ola-k,0) for all a > 1, and ¢ is non-decreasing in its first parameter.

Observe that many well-known vertex subset problems fit in this framework. As an example,

let us verify them for the VERTEX COVER problem. The first point is immediate. For

the second point, let A(G, X, S) output S’ := S U X. Verify that indeed this satisfies the
conditions with f(|X|) = |X|. The third point follows with some extra work from the fact

that VERTEX COVER has a kernel with 2k vertices, this kernel can then be shown to be 1-

approximate. For the last point, it is well-known that VERTEX COVER has a 2-approximation

algorithm.

» Lemma 23 (%). Let P be a friendly graph optimization problem. There is a polynomial-
time algorithm B with access to a c-approximate oracle. It takes as input a graph G with
nice tree decomposition T of width £ and a number 0 < § < 1, and outputs either

a node t such that OPTp(G[V; \ X¢]) > @ together with a (¢ (1 + §))-approzimate

solution Sy to P in G[V, \ Xy, or

a ¢+ (14 9)-approzimate solution for G,

using calls to the oracle on graphs with at most h(8, p(k, ) 4 £) vertices, where k = % +

fQ1).

We will prove the result separately for maximization and minimization problems (see [24,
Lemma 25] for the minimization case).
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Proof of Lemma 23: Maximization problems. Let r be the root of 7, and observe that
G =G|V, \ X,] since X, = 0. Let k := w + f(1). Compute a @-approximate solution S
in G. We do a case distinction on the value of this solution.

If P(G, S) < k, then apply the PSAKS with approximation ratio 1+ to (G, ¢(k, £)+¢) and
obtain instance (G', k') with at most h(d, ¢(k, £) 4 £) vertices. Obtain solution S’ by applying
the c-approximate oracle on G’. Apply the solution lifting algorithm to S’ to obtain a solution
S for G. We start by showing that S is the desired approximate solution. Clearly, P(G’,S’) >
1. OPTp(G’) by correctness of the oracle. If P(G',S’) > k', then PH(G',k',5") = k' + 1
and thus P+ (G, k', S") > OPTp. (G’ k'). Otherwise, we have P(G’, k', S") = P(G',S") >
1. 0PTp(G') = 1 - OPTp.L(G',K'). From the properties of the solution lifting algorithm,
it now follows that P-(G,¢(k, () + ¢,8) > ﬁOPTPJ_ (G,(k,€) + £). Observe that
since P(G,S) < k and ¢ non-decreasing in its first parameter, we get that OPTp(G) <
©(P(G,S), ) < @(k,f) and thereby OPTp(G) = OPTp. (G, @(k,£) + £). Tt follows that

P(G.8) = PH(G, @k, 0) +£,5) > 7745,0PTp (G, (k. 0) + ) = 51;0PTp(G).

Suppose P(G,g) > k. For every node t € T, compute a p-approximate solution S;
for graph G[V; \ X;]. We start by showing how to find a node ¢ € V(T') such that both
P(G[V; \ X4],S¢) < k, and OPTp(G[V; \ X;]) > f(lZT-H). Start by observing that for the
leaf vertices, it holds that P(G[V; \ X;],S;) = 0 < k. On the other hand, for the root,
we found that P(G[V; \ X,],S,) = P(G,S) > k. As such, we can find a node p such
that P(G[V, \ X,],S,) > k, while for all of its children ¢ it holds that P(G[V; \ X;],S;) <
k. We show that one of the children of p has the desired properties. The result that
P(G[Vi \ Xy],S;) < k for all children of p is immediate. On the other hand, observe that
OPTH(G[V, \ X,]) > PGV, \ X,),5,) > k > w, by assumption. We do a case
distinction on the type of node that p is in the nice tree decomposition.

p is an introduce or forget node. In this case, p has exactly one child ¢t and V;\ Xy = V,\ X,

or Vi \ Xy = (Vp \ Xp) \ {v} for some v € V(G). Since P is friendly, we get that

OPTp(G[V; \ Xil) > OPTp(G[V; \ X,]) - f(1) > HGH.

p is a join node. In this case, p has exactly two children ¢; and ¢ and G[V, \ X,

is the disjoint union of G[V;, \ Xi,] and G[V4, \ Xi,]. Obtain Sy and Ss such that

S, = $1US, and Sy is a solution in G[V;, \ Xy, ], Sz in G[Vi, \ X4,], and P(G[V,\ X,], S,) =

P(G[Vi, \ Xt ], S1) + P(G[Vy, \ Xt,], S2). This can be done since P is friendly.

Therefore, there is ¢ € [2] such that OPTp(G[Vi, \ X1,]) > P(G[Vi, \ X4,], Si) > P(G[V, \

X,1.8,)/2 > LG
So, we have obtained a node ¢ such that P(G[V;\ X¢], S;) < k, and OPT»(G[V;\ X)) > LG
We now show how to obtain S;. Apply the PSAKS with ratio 1+ 6 to (G[V; \ X¢], ¢(k, €) 4 £)
and obtain instance (G’,k’). Apply the c-approximate oracle on G’ to obtain a solution
S”. Apply the solution lifting algorithm to S” to obtain solution S; in G[V; \ X;]. With
similar arguments as before, Sy is a ¢(1 4 d)-approximate solution in G[V; \ X;]. Output ¢
and S;. <

The next theorem gives a polynomial-size (1+¢)-approximate Turing kernel with parameter
treewidth for any friendly optimization problem P. The Turing kernel follows the same ideas
as the Turing kernels presented earlier in this paper, using Lemma 23 to find a node in the
tree decomposition where we can split the graph.

» Theorem 24 (%). Let P be a friendly optimization problem on graphs. Then P paramet-
erized by treewidth has a (14 ¢)-approvimate Turing kernel with h($, cp(w + f(1),0)+ )
vertices, for all 0 < e < 1.
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While the description of the Turing kernel is mostly the same for maximization and minimiz-
ation problems, the correctness proof will differ quite significantly. Therefore, these cases will
be proven separately, the proof for minimization problems can be found in the full version of
the paper.

Proof of Theorem 24: Maximization problems. Let P be a friendly maximization problem.
We show that Algorithm 3 is the desired approximate Turing kernel, where we let A(G, X;, S'U
S¢) return S’ U S;.

Algorithm 3 An approximate Turing kernel for friendly optimization problems P.

1: procedure APPROXP (G, T,¢)

2: Turn 7 into a nice tree decomposition

3 Apply Lemma 23 for 6 :=¢/3

4: if this outputs an approximate solution S for G then

5 return S

6 else // We obtained t € V(T), c¢(1 + §)-approzimate solution Sy for P in G[V; \ X{]
such that OPTp(G[V; \ X;]) > L&

T Let G/ =G - V,.

8: Obtain 7’ from T by removing the subtree rooted at ¢t and all vertices in X;
9: Let S’ := APPROXP(G', T, ¢)

10: return S := A(G, X, 5" U Sy)

11: end if

12: end procedure

It is easy to see that since P is friendly, the algorithm indeed returns a correct solution
for P in G, it remains to prove the size bound.

OPTp(G) < OPTp(G — X¢) + f(£+1)

PTp(G —V;) + OPTH(G[V, \ X4]) + f(£ + 1)

PTp(G —V;) + (1 +0) - OPTR(G[V; \ X4])

c-(1+¢)-P(G=V;,8) +c-(146)* - P(G[Vi \ X4], S)

c-(14+¢)- (P(G Vi, S") +P(GV; \ X4, St))
c-(14+¢e)-(P(G—-X;,S"US))=c-(1+¢) (P(G,S" USy)). <

IN AN IN
o O O

4.1 Consequences

We show that a number of considered problems are friendly in the next lemma.

» Lemma 25. The following problems are friendly (with respect to the following bounds).
INDEPENDENT SET with f(x) =z, h(6,m) = (m + 1)%, o(s,0) = (( +1) - s.
VERTEX-DISJOINT H-PACKING for connected graphs H, with |V (H)| constant, with
fla) ==, h(8,k) = OKIVUIDIT) (s, 0) = [V(H)] - 5.

VERTEX COVER with f(z) =z, h(d, k) = 2k, p(s,£) = 2s.

CrLIQUE COVER with f(z) =z, h(6,m) =m(m+1), p(s,0) =(£+1) s
FEEDBACK VERTEX SET with f(z) = x, h(5,k) = 4k?, ¢(s,{) = 2s.
EDGE DOMINATING SET with f(z) = x, h(5, k) = 4k* + 4k, ¢(s,0) = 2s.
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Proof.

Independent Set. Clearly, if G is the disjoint union of two graphs G; and G5, then the union
of an independent set in G; and an independent set in G forms an independent set in G.
Conversely, restricting an independent set in G to V(G1) (respectively V(G3)) results in
an independent set in G (respectively, G3). Furthermore, if X is a subset of G it is easy
to verify that OPTs(G) < OPTis(G — X) 4 |X| and that OPTg(G — X) < OPTis(G)
as any independent set in G — X is an independent set in G. The PSAKS parameterized
by m := k + £ is as follows. It is known that any graph of treewidth ¢ has an independent
set of size at least |V(G)|/(¢+ 1). This can be seen from the fact that such graphs are
{-degenerate, meaning that there is an order of the vertices vy, ..., v, such that v; has
degree at most ¢ in G[vy,...,v;]. As such, an independent set of size |V(G)|/(¢ + 1) can
be greedily constructed.

Thus, if |[V(G)| > (m + 1)%, we simply let G’ be the graph consisting of an independent
set of size m + 1. The solution lifting algorithm can then simply find a size-(m + 1)
independent set and output it. This is always an optimal solution for P, since it does
not distinguish between solutions of size larger than m. Otherwise, we obtain that
[V(G)] < (m +1)? and the PSAKS will not modify G. In both cases, we output a graph
on at most (m + 1)? vertices.

It remains to show that there is an approximation algorithm, the idea is equivalent to
the PSAKS. Return an independent set in G of size at least |V (G)|/(¢+1). Then indeed
e(IV(G)/(€+1),0) = [V(G)| = OPTis(G).

Vertex-Disjoint H-Packing. Requirements 1 and 2 are easily verified for f(|X|) = |X]|, as
any vertex in X could be contained in at most one graph in any copy of H.

A simple approximation algorithm for VERTEX-DISJOINT H-PACKING is to simply return
any maximal H-packing S. We show that |S| > WlH)‘OPTp (@), such that this is an
p-approximation algorithm with (s, ¢) = |V(H)|-s. Suppose there is an optimal solution
S* with |S*| > |V(H)|-|S|. Since the copies of H in S are vertex-disjoint, S uses exactly
|[V(H)|-|S| vertices. Since S* contains more than |V (H)| - |S| elements, it follows that
there is s € S* that uses no vertices used by S, contradicting that .S is maximal.

The existence of a PSAKS is shown in [24, Lemma 31, Appendix A].

Vertex Cover. Requirements 1 and 2 are easily verified for vertex cover, let algorithm A
simply output the union of the given solution with set X. As (implicitly) observed in the
proof of Lemma 8, VERTEX COVER has a l-approximate kernel of size 2k. Furthermore,
it is well-known to be 2-approximable.

Clique Cover. Requirement 1 is easy to verify. We show Requirement 2. Let X C V(G). Let
S be a clique cover of G, it is easy to see that {s\ X | s € S} is a clique cover of G — X, of
size at most |S|. Therefore, OPTp(G) > OPTp(G — X). Furthermore, let algorithm .4
when given G, clique cover S of G — X and X output the clique cover SU {{z} | x € X}.
Then this is a clique cover of G and it has size at most |S| + | X| < |S| + f(|X]).

To show Requirement 3, we obtain a l-approximate kernel for CLIQUE COVER in a
somewhat similar way as for INDEPENDENT SET. Observe that any n-vertex graph with
treewidth £ has a minimum clique cover of size at least 77. So, given G and parameter

m:=k+4{ ifn>mim+1) >k (£+1), we know for sure that G does not have a

minimum clique cover of size k. The reduction algorithm reduces G to an independent

set of size m + 1. The solution lifting algorithm (irrespective of the solution given for

G') outputs V(G). Otherwise, if n < m(m + 1) we simply let G be the output of the

reduction algorithm. Since the graph does not change, the solution lifting algorithm

simply outputs the solution it is given. In both cases, the reduced instance has size at

most m(m + 1).
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It remains to verify that there is a p-approximation algorithm for CLIQUE COVER. Given
a graph G of treewidth ¢, we simply output {{v} | v € V(G)}. Clearly, this is a valid
clique cover of G of size |V(G)|. Observe that since G has treewidth ¢, G contains no

cliques of size larger than ¢ 4 1, thus any clique in the optimal clique cover of G covers at
V(G)]
l+1

most ¢ + 1 vertices. As such, the optimal solution contains at least cliques, and

thus |S] < (£ + 1)OPTH(G).

Feedback Vertex Set. Requirements 1 and 2 are straightforward to verify. The problem

has a l-approximate kernel with 4k? vertices and therefore a PSAKS by [24, Lemma 29,
Appendix A], showing Requirement 3. It is also known that the FEEDBACK VERTEX SET
problem has a 2-approximation algorithm [2], showing Requirement 4.

Edge Dominating Set. Requirement 1 is again straightforward. For the second requirement,

let G be a graph and let X C V(G). We start by showing that OPT»(G) > OPT»(G—X).
Let S be an edge-dominating set in G. We obtain an edge-dominating set S’ for
G — X as follows. Initialize S’ as the set of edges with both endpoints in V(G) \ X,
so 8 :={eeS|enX =0} For every edge {z,v} € S with z € X,v ¢ X, choose
one arbitrary edge {u,v} € E(G — X) and add {u,v} to S’. If no such edge exists, do
nothing. Clearly, |S’| < |S]. Furthermore, we show that S’ is indeed an edge dominating
set. Suppose for contradiction that e = {u, v} is not dominated in G — X by S’. Let
{w,v} € S be the edge dominating {u,v} in G. Then, since {w,v} ¢ S’, we have w € X.
But then some edge with endpoint v was added to S/, a contradiction.

We continue by showing that OPT»(G) < OPT»(G — X) + | X| and that algorithm A
exists. Let S be a solution for G — X, then algorithm A4 will output S together with
one edge {z,v} € E(G) for all x € X. In the case that x € X is isolated in G, no
edge is added for this vertex. By this definition, the output has size at most |S| + | X|.
Furthermore, any edge with vertices in V(G — X) is dominated by S. Any edge with at
least one endpoint in X is dominated by the additional edges.

EDGE DOMINATING SET has a kernel that outputs a graph G’ of size at most 4k? + 4k
such that G’ is an induced subgraph of G and any size-k edge dominating set in G’ is
also an edge dominating set in G [21]. We can see that this is a 1-approximate kernel.
Let the solution lifting algorithm simply output the solution for G’ as a solution for G.
Since any solution of size at most k in G’ is a solution in G, and obviously any solution
in G is a solution for G’, it is clear that OPTp. (G’ k) = OPTp. (G, k). As such, the
approximation ratio is preserved by the solution lifting algorithm.

It is known that even the weighted version of EDGE DOMINATING SET can be 2-
approximated [20], such that the problem has a p-approximation for (s, £) = 2s. |

As an immediate consequence of Lemma 25 and Theorem 24, we obtain approximate

Turing kernels for a large number of graph problems. These results are summarized in the
corollary below, the size bounds are obtained by substituting the relevant bounds given by
Lemma 25 into Theorem 24.

» Corollary 26. The following problems have a polynomial (14 €)-approzimate Turing kernel
for all0 < e <1, of the given size (in number of vertices), when parameterized by treewidth (.

INDEPENDENT SET, of size (’)(f—z).

VERTEX-DISJOINT H-PACKING for connected graphs H, of size O((£)IVUIHI=1),
VERTEX COVER of size O(%).

CLIQUE COVER of size (’)(ﬁ—i).

FEEDBACK VERTEX SET of size O((£)?).

EDGE DOMINATING SET of size O((£)?).
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We observe that the bounds for INDEPENDENT SET and CLIQUE COVER can be improved
to O(g) by a more careful analysis. Instead of using that the problem is friendly and
applying Lemma 23, one may simply find ¢ such that the number of vertices in G[V; \ X3] is
between (“61)2 and 10(6;1)2, and use that an optimal solution has size at least |V(G)|/(£+1)
for graphs of treewidth £. There is no need to apply a kernelization in this case.

5 Conclusion

In this paper we have provided approximate Turing kernels for various graph problems when
parameterized by treewidth. Furthermore, we give a general result that can be used to obtain
approximate Turing kernels for all friendly graph problems parameterized by treewidth.

While the notion of being friendly captures many known graph problems, some interesting
problems do not fit this definition. In particular, it is not clear whether the DOMINATING SET
problem has a polynomial-size constant-factor approximate Turing kernel when parameterized
by treewidth. We leave this as an open problem.
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