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Abstract. We study the problem of finding a minimum tree spanning
the faces of a given planar graph. We show that a constant factor ap-
proximation follows from the unconnected version if the minimum degree
is 3. Moreover, we present a polynomial time approximation scheme for
both the connected and unconnected version.

1 Introduction

Given a planar graph, what is the smallest subgraph connecting all the faces?
The simplicity and naturalness of this question is the main motivation for the
study in this paper. Bodlaender et al. [5] call this the face cover tree problem and
to the best of our knowledge they were the first to study it. They show that the
problem can be solved efficiently for edge-weighted graphs of bounded treewidth.
In this paper we consider unweighted planar graphs with the minimum degree
at least three. This is a natural restriction since allowing vertices of degree two
makes its complexity polynomially equivalent to the problem with polynomially
bounded edge weights.

Interestingly, the problem does not depend on the embedding since any tree
hitting all faces will, in fact, hit all cycles of the graph.

Lemma 1. Let G be a connected planar graph and T C G be a tree such that,
for a given embedding of G, every face has at least one vertex in T'. Then, every
cycle of G has a vertex in T.

Proof. Every cycle separates the embedded graph in an inner and outer part.
Each of the two parts contains at least one face. Therefore, the cycle and the
tree must have at least one vertex in common. O

The problem of finding the smallest set of vertices hitting all cycles is well-
studied and known as the feedback vertexr set problem. A mnatural variant for
planar graphs is the problem of hitting all faces with a minimum number of ver-
tices. By Lemma [Tl the connected versions of these two problems are equivalent
and independent of the embedding. This is the problem we study here and call
it the connected feedback vertex set problem.
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Planar Feedback Vertex Set (Planar FVS): Given an unweighted planar
graph, find the smallest set .S of vertices such that every cycle of the graph has
at least one vertex in S.

Face Hitting Set (FHS): Given an unweighted planar graph with an embed-
ding, find the smallest set S of vertices such that every face of the graph has at
least one vertex in S.

Connected Planar Feedback Vertex Set (Connected Planar FVS): Given
an unweighted planar graph, find the smallest tree T' such that every cycle (or
equivalently, every face in an embedding) of the graph has a vertex in T'.

1.1 Related Results

The feedback vertex set problem is extensively studied. It is APX-hard in general
graphs and can be approximated efficiently within a factor 2; see Becker and
Geiger [4] and Bafna et al [I]. For planar graphs the problem is NP-hard [12]
and a PTAS was given by Demaine and Hajiaghayi [§]. Goemans and Williamson
apply the primal-dual method to obtain a (9/4)-approximation [I3], which was
later reduced to 2 by Chudak et al [7].

Regarding the connectivity constraint, two obvious related problems, are the
problem of spanning all vertices and the problem of spanning all the edges of the
graph. The latter is known as connected vertex cover and was introduced in 1977
by Garey and Johnson [11], who showed it to be NP-hard even when restricted
to planar graphs with maximum degree 4. The 2-approximation algorithm for
vertex cover in general graphs by Savage [14] transfers directly to the connected
problem. Recently, Escoffier et al. [I0] have shown that connected vertex cover
admits a PTAS for planar graphs. A PTAS for connected dominating set in
planar graphs was given in [§] as well.

1.2 Our Results

We give an overview on structural properties, complexity and approximabil-
ity results for the connected feedback vertex set problem in planar graphs. We
show that if the minimum vertex degree is three, then the ratio between the
connected and unconnected problem is bounded by a constant. This provides a
polynomial time constant approximation algorithm for connected planar FVS.
Another interesting consequence of this structural result is that the diameter
of a 3-polytope is in the order of the smallest set of vertices hitting all facets.
Further, we show that FHS and connected planar FVS are strongly NP-hard
and give polynomial time approximation schemes for both problems. Along the
text we pose several interesting open questions.

2 Structural Results

2.1 Insightful Observations

We start with some simple lemmas to get an insight in the relation between
FVS and FHS and the dependence on the embedding. Then we give the main
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result of this section on the relation between connected and unconnected FVS
in planar graphs. We end with a small discussion on the application to diameters
of polytopes.

Lemma 2. For any planar graph G and embedding I'c; with at least two faces
we have FHS(I'¢) < FVS(G). Otherwise, FHS(I'¢) =1 and FVS(G) = 0.

Lemma 3. For any planar graph G with faces F we have FVS(G) < |F| — 1
and this bound is tight.

The proofs of Lemmas [2] and [ are not complicated and we leave those for a
reader.

Lemma 4. For any planar graph G and embedding I'c we have FVS(G) <
2FHS(I'¢) — 1 and this bound is tight for 0,1 or 2-connected graphs. If G is
3-connected then FVS(G) < 2FHS(Ig) — 2.

Proof. Let S; be a minimum FHS in I'¢. Now consider the graph H containing
all uncovered cycles and let Fiy be its faces. Each face f in H must contain a
point from S; in its interior. Hence, |S1]| > |Fg|. Let S be a minimum FVS in
H. Then by Lemma[3 |S2| < |Fg| —1 < |Si| — 1. Note that Sq U Sz is a FVS in
G. Hence, FVS(G) < |S1] + |S,| < 2|S;| — 1 = 2FHS(Ig) — 1. O

For 3-connected graphs the embedding is unique and so is the minimum value
of FHS. In general the optimal value differs by at most a factor two for different
embeddings and this bound is tight; see Figure [II(A).

Lemma 5. Let I, I be two embeddings of planar graph G. Then FHS(I) <
2FHS(I3) — 1.

Proof. Tf G contains only one face (i.e., it is a forest), then FHS(I'}) =FHS(I%) =
1. In the other case Lemma 2 says FHS(I}) < FVS(G). By Lemma [ we have
FVS(G) < 2FHS(I3) — 1. Combining these inequalities the lemma follows. O

(A) B)

Fig.1. (A) Tight example for the dependence on the embedding. If all k triangles
are directed inwards, the optimal FHS has size k£ + 1. If all are directed outwards the
optimal value is 2k + 1. (B) In an infinite honeycomb graph the ratio between FHS
and the connected FVS is 3.
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2.2 FVS and FHS in Planar Graphs with Minimum Degree 3

The minimum FHS may be arbitrarily much smaller than the connected FVS
if we allow vertices of degree 2. However, restricting to a minimum degree of
3 ensures a constantly bounded ratio between the connected and unconnected
problem.

Theorem 1. Let G be a connected planar graph with minimum degree 3 and
let OPTY be the optimal value for connected planar FVS. Further, let OPT be
the optimal value for FHS, for some given embedding of G. Then, OPTC =0 if
OpT =1 and OpT® < 110PT — 14 otherwise.

Proof. The case OpT = 1 is trivial. Now assume OPT > 2. The outline of the
proof is as follows. Given a planar graph G = (V, E) plus embedding, let S be
a face hitting set and 7' be a minimum Steiner tree on S. We will construct
curves in the embedding that go from edges in T" to vertices in S such that no
two curves intersect. On one hand, the number of curves will be 2(|T|). On the
other hand, we will see that non-intersection of curves implies that their number
is O(|S]). Combined we get |T'| = O(|S)).

To simplify the construction of curves we define a graph G’ that follows from
G after contractions of edges. We can partition 7" in a collection P of at most
2| S| — 2 paths such that any two paths may only have an endpoint in common.
By minimality of T', any path is a shortest path between its endpoints. We leave
any path P; € P of length 1,2 or 3 unchanged, where the length is the number
of edges. If the length P; is two, we denote its inner vertex by ¢;. If the length is
three we denote one of its inner vertices by ¢;. Any path P; of length at least four
is reduced to length exactly four by contracting all points that are at distance
at least two from the two endpoints of P; in a single point ¢;. Let the resulting
(multi) graph be G’ = (V’, E’). The following properties are easy to verify. A
short justification is given below.

i) All points ¢1, g2, . .., are different.

(ii) If length(P;) < 3 then degree(q;) > length(P;).
(iii) If length(P;) > 4 then degree(q;) > length(P;) — 1.
(iv) Solution S is a FVS for G’ as well.

(v)

v) For any v € V', degree(v) > 3.

Explanation: (i) Paths only share endpoints and these are not contracted, i.e.,
no edge was contracted to any of those points. (ii) Obvious. (iii) Every point
on P; has at least one edge not in P;. (iv) A contraction creates no extra faces.
Vertices in S are not contracted. (v) The contraction of two adjacent points with
degrees di,dy > 3 results in a point with degree d; + do — 2 > 4.

Claim. There are no multiple edges in G'.

Proof. Since G is a simple graph, a multiple edge can only appear if at least
one of the two endpoints is a contracted point. More precisely, either (i) there
are edges (u1,v) and (ue,v) in E such that u; and ug are contracted in a single
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points g;, or (ii) there are edges (u1,v1) and (u2,v2) in E such that u; and us
are contracted in ¢; and v; and v, are contracted in g;.

In case (i), the point v cannot be on the part of P; between u; and us since
then all three points would be contracted in ¢;. Therefore, the edges (u1,v) and
(u2,v) plus the part of P; between u; and ws form a simple cycle C' in G. By
Lemma [II C must have a vertex from T and this can only be v. But then, we
can strictly reduce the length of the T as follows. Remove from T the path from
U1 to ug. Assume, w.l.o.g., that u; and v are in the same component. Now add
edge (ug,v) and remove the remaining redundant path to u;. The argument for
(ii) is similar. The edges edges (u1,v1), (u2,v2) plus the part of P; between wu;
and up and the part of P; between v, and vy form a simple cycle in G and must
therefore contain a point from 7'. But there is no such point on these parts by
definition. O

Note that a face in G’ may have more than one vertex from S. For each face
f we fix one vertex s(f) € S. Now, consider a point ¢; and let N; be the set
of neighboring edges whose endpoints are not in S. For each ¢ with |V;| > 2
we do the following. Consider two edges from N; that are consecutive in the
embedding, i.e., they appear consecutively among edges from N; when we walk
around ¢;. Let f be a face that touches ¢; between these edges. We draw a curve
inside f from ¢; to s(f). Call this a face-curve. We do this for all |N;| pairs of
consecutive edges of ¢;. If, on the other hand, |N;| = 0 or [N;| = 1 we add a
curve from ¢; to each neighbor that is an element from S. Call these edge curves.
Finally, for each path P; of length one in G we define the point in the plane on
the middle of edge P; as r; and draw one curve from r; to s(f), where f is a
face adjacent to r;. These curves are also called face-curves. Note that for each
path P; € P, we either defined a vertex ¢; in G’ or defined a point r; in the
embedding of G.

We define the bipartite (multi-)graph H = (IT U X, A) as follows. Let IT =
{m1,...,mp} and ¥ = {o1,...,05[}. For each curve defined in the process
above there is an edge in H, i.e., for each curve from ¢; or r; to s; there is an
edge (m;, 0;).

Claim. The graph H is planar and degree(m;) > length(P;) — 1 for each P, € P.

Proof. The first follows directly from the following observations. All points g;
and r; are different and none coincides with points from S. Each curve either
lies inside a single face or corresponds to a single edge. All curves inside a face
have a common endpoint.

If length(P;) = 1 then degree(m;) = 1. If length(P;) € {2, 3} then degree(q;) >
3. Now, either |N;| > 2 in which case we added |N;| face-curves, or |N;| <1 in
which case we added degree(q;) — |N;| > 3 — 1 = 2 edge-curves. Now assume
length(P;) > 4. Note that in that case no neighbor of ¢; can be a vertex s € S,
since in that case we can reduce the length of T C G by adding edge (g;, s)
and removing the path in 7 from ¢; to one of the two endpoints of P;. Hence,
|N;| > degree(q;) > length(P;) — 1. |
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We will show that H has few edges. Consider the embedding of H defined nat-
urally by the curves in the embedding of G’. In general, H may have faces of
length two and may be disconnected. To facilitate the analysis we add edges to
H until it is connected. Note that we can always do this without creating new
faces of length two. Denote the new graph by H’. We prove through Claim
that H’ does not have many edges by showing that it has no faces of length two.
In the proof we use the next general statement on planar graphs.

Claim. Let G = (V, E) be a simple planar graph with |V| > 3 and s,w € V such
that degree(v) > 3 for all v € V'\ {s,w} and degree(w) > 1. Then, there is at
least one face that does not contain s on its boundary.

Proof. Remove s from G and consider a component C' containing some v €
V\ {s,w}. Since |V| > 3 this component exists. If w € C then its degree is at
least one. Any other vertex has degree at least two. The sum of the degrees in
C' is then at least 2n’ — 1, with n’ the number of vertices in C. But then C is
not a forest and must therefore have a cycle. Since s is not on the cycle there is
a face not connected to s. O

Claim. There are no faces of length two in H'.

Proof. Suppose there is a face f of length two in H’. Since H' is connected, there
cannot be a point o; € X inside f since it has to be connected to at least one
of the two points of f, in which case f has length larger than two. Given that
f has no points from X' in its interior, the two curves in G’ that correspond to
the two edges of f do not enclose a point from S. We will show that this leads
to a contradiction.

For each r; we defined exactly one curve. So the two curves do not start
from a point r;. For each ¢; we either defined edge-curves (at most one to each
neighbor) or defined face-curves. Therefore the two curves must both be face-
curves. Assume they go from ¢; to s;. Let J C G’ be the graph induced by all
vertices enclosed by the two curves and including ¢; and s;. We know that s;
is the only vertex from S in J and, by construction, there is at least one edge
(gi,w) € N, in J. Since w ¢ S we have w # s; and J has at least three vertices:
¢i,w and s;. Further, any vertex v ¢ {¢;,s;} in J has degree at least 3 in J. By
Claim 22 graph J C G’ has no multiple edges. Now, it follows from Claim
that there must be a face of J that is not connected to s;. A contradiction. 0O

The proof of Theorem [Il now easily follows from an upper and lower bound on
the number of edges |.A| in H. By Claim 22 we have

|Al = > degree(m;) > Y (length(P;) — 1) = |T| — |P|. (1)

€11 P,eP

Since we assumed |S| > 2, the number of vertices in H is |[II| +|X]| > 1+2 = 3.
Let n,m, f be, respectively, the number of vertices, the number of edges, and
the number of faces in H’. Each face in H' is bounded by at least three edges so
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2m > 3f. Since H' is connected we know from Euler’s formula that n+ f = m+2.
Hence, 2m > 3f = 3m + 6 — 3n implying m < 3n — 6. We obtain,

Al <m < 3n—6=3(|II|+|X]|) — 6.
Combined with () we get that
T = [P| < |A] < 3(| + |2]) = 6 = 3(|P[ + |S]) - 6. (2)

In the definition of P we remarked that |P| < 2|S| — 2. This combined with (2))
gives
IT| < 4|P|+3|S| — 6 <4(2]S| —2) + 3|S| — 6 = 11|S| — 14.

If S is an optimal solution for the unconnected problem, then
opT® <|T| < 11|S| - 14 = 110PT — 14. O

Question 1. What is the right ratio for Theorem [I? We conjecture it is 3. See
Figure [I(B).

2.3 Diameter of Polytopes

The 1-skeleton of a 3d-polytope is a 3-connected planar graph and vice versa. We
proved that the smallest tree spanning all facets is in the order of the number
of points hitting all facets. An easy corollary is that the diameter is not much
larger. The famous Hirsch conjecture states that the diameter of any d-polytope
is at most n — d, with n the number of facets. It is known to be true for d = 3.
Note that the face hitting set may be much smaller than the number of faces.
We believe the next easy corollary is of its own interest.

Corollary 1. The diameter of a 3-dimensional polytope P is O(FHS(P)).

Proof. Let s1, s3 be vertices of the polytope P and S a smallest set covering all
the facets. If s; ¢ S we add a hyperplane that just cuts off s;. The new polytope
P’ has at most two extra facets and we can cover all facets by at most |S| + 2
vertices. These vertices are spanned by tree of size at most 11(|S| + 2) — 14 =
11|S| + 4. Clearly, the tree in P’ induces a tree in P of at most the same size
and which connects s1 and s». O

A similar statement for higher dimensions should depend on the dimension d. For
example, the facets of a d-dimensional cube are covered by two opposite vertices
while the diameter is d. Hence, the diameter of a d-cube P is d/2-FHS(P), where
FHS is the minimum facet hitting set. Barnette [3] proved that the diameter of
a d-polytope is O(2%(n — d)). Can we replace the n by the minimum FHS?

Question 2. Is there a function f(d) such that for any d-dimensional polytope
P, the diameter is bounded by f(d)FHS(P)?
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3 Complexity and Approximation

3.1 NP-Hardness of FHS and Connected FVS

Bodlaender et al. [5] show that connected FVS with maximum degree 4 is NP-
hard even if every edge has either unit length or an input dependent length K.
They reduce from the connected vertex cover problem in planar graphs. Garey
and Johnson[T1] show that the latter problem is already NP-hard if the maximum
degree is 4. To prove NP-hardness for unit lengths we modify the original proof
from [II]. NP-hardness of FHS follows easily from the reduction we use for the
connected version.

Theorem 2. FHS is NP-hard in planar graphs with maximum degree 6 and
connected FV'S is NP-hard in planar graphs with mazimum degree 9.

Proof. We concentrate on the proof for the connected FV'S problem and we leave
the proof for FHS to the extended journal version of this paper. We reduce from
the vertex cover problem in planar graphs with maximum degree 3, which is
known to be NP-hard [IT]. Given a planar graph G = (V, E) with maximum
degree 3, we fix some embedding. Let F' be the set of faces. We replace each
edge by a graph on 10 vertices as in Figure[2l Call this a bridge. Let the size of a
face be the length of a closed walk along the edges of the face. In each face f of
size k we add two rings: an outside ring on 5k vertices and an inside ring on 15k
vertices. Connections between the rings and bridges are illustrated in Figure 2
To enhance the counting we do this for the outer face as well. (Not shown in the
figure.) The newly constructed graph G’ has maximum vertex degree 9. We claim
that G has a vertex cover of size s if and only if G’ has a connected feedback
vertex set of size s + 12| E| 4 |F|. We omit this technical proof and present it in
the full length journal version of this paper. O

Fig. 2. The reduction. Construction for the outer face is not shown. The encircled
vertices indicate a vertex cover in G and a connected feedback vertex set in G'.

3.2 Approximation Schemes for FHS and Connected FVS

First, we consider the connected FVS. We assume that the minimum vertex
degree in the graph is at least 3. The polynomial time approximation scheme
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is a Baker’s type algorithm; see Baker [2]. First, we define levels of the planar
embedding following the recursive procedure: define level 1 of the embedding
as the set of vertices incident to the exterior face of the embedding; assume we
constructed level j, then level j + 1 is defined as the set of vertices incident to
the exterior face of the embedding after removal of the first j levels.

Given a desired approximation precision ¢ > 0, let k¥ = 2[(logn)/c]. Let T
be a minimum tree hitting all faces in G and let OPT = |V(T')| — 1. For any
0 < j < k—1 define set V; as the union of levels 7 such that i = j mod k. Since
sets V;,0 < j < k—1, define a partition of V(G) into k subsets, there is a subset
Ve containing at most OPT/k vertices from T'. Denote ¢ = |V, N V(T')|. Notice
that we do not know in advance values ¢ and ¢. So, the algorithm enumerates
all possibilities for those values and chooses the values providing the shortest
tree hitting all faces. As 1 < ¢ <k and 1 < ¢ < OPT/k, this enumeration adds
a factor O(n) in the running time. From now, we assume that the algorithm
picked correct values £ and q.

Consider k + 1 consecutive levels with the first and the last levels from V.
We call a subgraph induced by such set of levels a slice. Clearly, any slice is
a (k 4+ 1)-outerplanar graph. By Bodlaender et al [5], the minimum FHS in k-
outerplanar graphs can be found in time O(n® + 2°953%) Thus, by definition
of k, we can solve the problem on any slice in polynomial time. Using the same
algorithm as in [5], we can solve in polynomial time even more general problem:
given a slice and an arbitrary number 1 < r < n, we have to find a minimum
forest of at most r components that hits all faces of the slice. We omit the proof
of this simple adjustment.

Notice that T can be seen as a collection of at most ¢+ 1 trees such that each
of these trees is located in exactly one slice. Given the minimum forests for each
slice and each number of components, by straightforward dynamic program we
find the minimum forest hitting all faces of G with at most ¢ + 1 components,
each located in exactly one slice. Let T” be such forest. Notice, E(T") < OPT.

Now, we have a forest T” of at most ¢+ 1 components that hits all faces in G.
Moreover, this forest is shorter than tree 1. The only question remains: how to
connect the components of 77 at small cost? For any two components S and S’ of
T’, let distance d(5, S’) be defined as the length of the shortest path connecting
S and S’. On this metric, take a minimum spanning tree M. If (S, S") € E(M),
we connect S and S’ with the corresponding shortest path. In this way we obtain
a connected graph that hits all faces. Hence, we can find a tree of length at most
OPT + 3 s,snepr) 45, 5")-

Lemma 6. > /cpa) d(S,5") < cOPT.

Proof. As T’ has at most ¢+ 1 components, M contains at most ¢ edges. Assume
there is an edge (5, S’) in M of length greater than eOPT/q. Since OPT > gk >
2logn/e, we have that d(S,S’) > 2logn. Consider the corresponding shortest
path between S and S’. Take a vertex v in the middle of this path. Let the set
of faces of G which are not incident to v be referred as F. Consider the distance
from v to f € F by mean the length of the shortest path from v to the furthest
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vertex incident to f. By choice of v and the assumption that d(S,S’") > 2logn,
the distance from v to any face from F is greater than logn. Therefore, the
subgraph of G induced by all vertices on distance at most 1 + logn from v is
a tree. Since minimum degree in G is at least 3, the number of vertices in such
tree is more than n. A contradiction.

Now, we summarize the main results of this section in the following theorem and
corollary.

Theorem 3. Given a planar graph G of minimum degree 3 and € > 0, the
algorithm above constructs in polynomial time a tree hitting all faces of G with
length at most (1 +¢)OPT.

Applying literally the same modifications to the Baker’s algorithm as in Epp-
stein [9] and Bodlaender and Grigoriev [6] we derive the following corollary.

Corollary 2. The connected feedback vertex set face hitting set problem on
graphs embeddable on a surface of bounded genus and having minimum vertex
degree 3 admits a polynomial time approximation scheme.

Without the connectivity constraint the problem becomes much easier. A PTAS
for FHS follows directly from the discussion above and we leave the proof to the
reader.

Theorem 4. The face hitting set problem on graphs embeddable on a surface of
bounded genus admits a polynomial time approzimation scheme.

References

1. Bafna, V., Berman, P., Fujito, T.: A 2-Approximation Algorithm for the Undirected
Feedback Vertex Set Problem. STAM J. Discrete Math. 12, 289-297 (1999)

2. Baker, B.: Approximation algorithms for NP-complete problems on planar graphs.
JACM 41, 153-180 (1994)

3. Barnette, D.: An upper bound for the diameter of a polytope. Discr. Math. 10,
9-13 (1974)

4. Becker, A., Geiger, D.: Optimization of Pearl’s method of conditioning and greedy-
like approximation algorithms for the vertex feedback set problem. Artificial Intel-
ligence 83, 167-188 (1996)

5. Bodlaender, H.L., Feremans, C., Grigoriev, A., Penninkx, E., Sitters, R., Wolle, T'.:
On the minimum corridor connection and other generalized geometric problems.
In: Erlebach, T., Kaklamanis, C. (eds.) WAOA 2006. LNCS, vol. 4368, pp. 69-82.
Springer, Heidelberg (2007)

6. Bodlaender, H.L., Grigoriev, A.: Algorithms for graphs embeddable with few cross-
ings per edge. Algorithmica 49, 1-11 (2007)

7. Chudak, F.A., Goemans, M.X., Hochbaum, D.S., Williamson, D.P.: A primal-dual
interpretation of two 2-approximation algorithms for the feedback vertex set prob-
lem in undirected graphs. Oper. Res. Lett. 22, 111-118 (1998)

8. Demaine, E.D., Hajiaghayi, M.: The bidimensionality theory and its algorithmic
applications. The Computer Journal 51, 292-302 (2008)



10.

11.

12.

13.

14.

Connected Feedback Vertex Set in Planar Graphs 153

Eppstein, D.: Diameter and treewidth in minor-closed graph families. Algorith-
mica 27, 275-291 (2000)

Escoffier, B., Gourves, L., Monnot, J.: Complexity and approximation results for
the connected vertex cover problem. In: Brandstadt, A., Kratsch, D., Miiller, H.
(eds.) WG 2007. LNCS, vol. 4769, pp. 202-213. Springer, Heidelberg (2007)
Garey, M.R., Johnson, D.S.: The rectilinear Steiner tree problem is NP-complete.
SIAM J. Appl. Math. 32, 826-834 (1977)

Garey, M.R., Johnson, D.S.: Computers and Intractability: A Guide to the Theory
of NP-Completeness. Freeman, New York (1979)

Goemans, M.X., Williamson, D.P.: Primal-Dual Approximation Algorithms for
Feedback Problems in Planar Graphs. Combinatorica 17, 1-23 (1997)

Savage, C.D.: Depth-first search and the vertex cover problem. Inf. Process.
Lett. 14, 233-235 (1982)



	Connected Feedback Vertex Set in Planar Graphs
	Introduction
	Related Results
	Our Results

	Structural Results
	Insightful Observations
	FVS and FHS in Planar Graphs with Minimum Degree 3
	Diameter of Polytopes

	Complexity and Approximation
	NP-Hardness of FHS and Connected FVS
	Approximation Schemes for FHS and Connected FVS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




