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—— Abstract

A graph G is H-subgraph-free if G does not contain H as a (not necessarily induced) subgraph.
We make inroads into the classification of three problems for H-subgraph-free graphs that have
the properties that they are solvable in polynomial time on classes of bounded treewidth and
NP-complete on subcubic graphs, yet NP-hardness is not preserved under edge subdivision. The
three problems are k-INDUCED DI1SJOINT PATHS, C5-COLOURING and HAMILTON CYCLE. Although
we do not complete the classifications, we show that the boundary between polynomial time and
NP-complete differs for C5-COLOURING from the other two problems.
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1 Introduction

Let G and H be two graphs. If H can be obtained from G by a sequence of vertex deletions
only, then H is an induced subgraph of G; else G is H-free. The induced subgraph relation
has been well studied in the literature for many classical graph problems, such as COLOURING,
FEEDBACK VERTEX SET, INDEPENDENT SET, and so on.

In this paper we focus on the subgraph relation. A graph G is said to contain a graph H as
a subgraph if H can be obtained from G by a sequence of vertex deletions and edge deletions;
else G is said to be H-subgraph-free. For a set of graphs H, a graph G is H-subgraph-free if
G is H-subgraph-free for every H € H; we also write that G is (Hi, ..., Hp)-subgraph-free.
Graph classes closed under edge deletion are also called monotone [11 [3].

Complexity classifications for H-subgraph-free graphs have been less well studied in the
literature than for H-free graphs; see [2] for complexity classifications for INDEPENDENT
SET, DOMINATING SET and LONGEST PATH and [5] for a classification for L1IST COLOURING;
all these classifications hold even for H-subgraph-free graphs, where H is any finite set of
graphs. In [6] a short, alternative proof for the classification for INDEPENDENT SET for
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H-subgraph-free graphs was given. In general, such classifications might be hard to obtain;
see, for example, [6] for a partial classification for COLOURING for H-subgraph-free graphs.
Therefore, in [8] a more systematic approach was followed, namely by introducing a new
framework for H-subgraph-free graph classes (finite ) adapting the approach of [6].

To explain the framework of [§] we need to introduce some additional terminology. Firstly,
a class of graphs has bounded treewidth if there exists a constant ¢ such that every graph
in it has treewidth at most ¢. Now let G = (V, E) be a graph. Then G is subcubic if every
vertex of G has degree at most 3. The subdivision of an edge e = uv of G replaces e by a new
vertex w with edges uw and wv. For an integer k > 1, the k-subdivision of G is the graph
obtained from G by subdividing each edge of G exactly k times. Let G be a class of graphs.
For an integer k we let G* consist of the k-subdivisions of the graphs in G.

The framework of [8] makes a distinction between “efficiently solvable” and “computa-
tionally hard”, which could for example mean a distinction between “polynomial time” and
NP-complete. Let II be a decision problem that takes as input a (possibly weighted) graph.
We say that II is computationally hard under edge subdivision of subcubic graphs if there
exists an integer k > 1 such that the following holds for the class of subcubic graphs G: if II
is computationally hard for G, then II is computationally hard for G* for every integer p > 1.
That is, a graph problem II is a C123-problem (belongs to the framework) if it satisfies the
following three conditions:

C1. II is efficiently solvable for every graph class of bounded treewidth;
C2. II is computationally hard for the class of subcubic graphs; and
C3. II is computationally hard under edge subdivision of subcubic graphs.

The claw is the 4-vertex star. A subdivided claw is a graph obtained from a claw after
subdividing each of its edges zero or more times. The disjoint union of two vertex-disjoint
graphs G; and G has vertex set V(G1) UV (G2) and edge set E(G1) U E(G2). The set S
consists of the graphs that are disjoint unions of subdivided claws and paths. As shown
in [8], C123-problems allow for full complexity classifications for H-subgraph-free graphs (as
long as H has finite size).

» Theorem 1 ([8]). Let II be a C123-problem. For a finite set H, the problem II on H-
subgraph-free graphs is efficiently solvable if H contains a graph from S and computationally
hard otherwise.

Examples of C123-problems include INDEPENDENT SET, DOMINATING SET, LiST COLOURING,
OpD CYCLE TRANSVERSAL, MAX CuUT, STEINER TREE and VERTEX COVER; see [§].
However, there are still many graph problems that are not C123-problems, such as COLOURING
(whose classification is still open even for H-subgraph-free graphs). Hence, it is a natural
question if those problems can still be classified for graph classes defined by some set of
forbidden subgraphs.

How do problems that do not satisfy C3 but that do satisfy C1 and C2 behave for H-subgraph-
free graphs? Can we still classify their computational complexity?

Let us call such problems C12-problems. We study the problems k-INDUCED DISJOINT
Partns, C5-COLOURING and HAMILTON CvYCLE. All of these problems are C12-problems.
All of these violate our condition C3, but the manner of this violation is different for each
of them. As we will observe later, for & > 3, C5-COLOURING becomes trivially true under
k-subdivision. On the other hand, under k-subdivision (for any k), HAMILTON CYCLE
becomes trivially false (unless we started with a cycle), and k-INDUCED DISJOINT PATHS
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reduces to k-DISJOINT PATHS, which can be solved in polynomial time. Let us note that
when the parameter k is part of the input, DISJOINT PATHS and INDUCED DISJOINT PATHS
are C123-problems [g].

Let us make the following observation that is a restriction of Theorem

» Theorem 2 ([8]). Let II be a C12-problem. For a finite set H, the problem 11 on H-
subgraph-free graphs is efficiently solvable if H contains a graph from S.

Let H; be the “H”-graph, that is, the graph on six vertices which is formed by an edge
joining the middle vertices of two paths on three vertices. For ¢ > 2, let H, be the graph
obtained from H; by subdividing the edge whose endpoints each have degree 3 exactly ¢ — 1
times. See Figure [I] for two examples. Note that hereonin Hy, ..., H will never denote
arbitrary graphs, but rather the “H”-graphs we just defined. When allied with C2, Condition
C3 ensure that C123-problems remain NP-hard on (Hj, ..., Hy)-subgraph-free graphs (for
all k). Note that C123-problems are in P when on (Hi, Ha,...)-subgraph-free graphs, as
these have bounded treewidth [§].

Figure 1 Left: the graph H;. Right: the graph Hs.

Our results are as follows.

» Theorem 3. k-INDUCED DISJOINT PATHS s in P for both of the classes of Hy-subgraph-
free graphs and Hsy-subgraph-free graphs. For all £ > 4, 2-INDUCED DISJOINT PATHS is
NP-complete for the class of (Hy, ..., Hy_1)-subgraph-free graphs.

» Theorem 4. C5-COLOURING is in P for (Hy, Hy, H3)-subgraph-free graphs, but it is
NP-complete for (Hy, Hs)-subgraph-free graphs.

» Theorem 5. HAMILTON CYCLE is in P for the class of Hy-subgraph-free graphs.

Related Work for the Induced Subgraph Relation

Recall that for some graph H, a graph G is H-free if G can be obtained from H by a
sequence that only consists of vertex deletions. There is an almost complete classification for
Di1sJoINT PATHS, in [9], in which two cases are left open. For INDUCED DisJOINT PATHS,
there is a complete classification in [I2]. For k-INDUCED DISJOINT PATHS, there is a partial
classification in [I3]. For C5-COLORING, there is a partial classification in [4]. For HAMILTON
PATH, some partial classification can be inferred from [10].

2  k-Induced Disjoint Paths

Let us recall our family of problems.
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k-INDUCED DISJOINT PATHS
Instance:  a graph G and pairwise disjoint terminal pairs (s1,%1) ..., (Sk, tk)-
Question: Does G have mutually induced paths P!,...,P* such that P’ is an s;-t; path
forie {1,...,k}?

Note that k-D1sJoINT PATHS does not insist the paths are mutually induced, but only that
they are node-disjoint. The versions of these problems in which k is part of the input are
denoted INDUCED DiSJOINT PATHS and DISJOINT PATHS. Let us note that k-DISJOINT
PATHS is in P for all k [I4].

2.1 Tractability for the H;-subgraph-free Case

The following will be a good warm-up for the more complicated case of Hs.

» Theorem 6. For every integer k > 2, k-INDUCED DISJOINT PATHS is in P on Hj-subgraph-
free graphs.

Proof. We prove the result for £ = 2. The extension to k£ > 2 will be straightforward. Let G
be an instance of 2-INDUCED DISJOINT PATHS together with two terminal pairs (s1,¢;) and
(s2,t2). We may assume without loss of generality that there is no edge between s; and ¢;
and no edge between s, and ts.

We first check if there exists a solution in which one of the paths has length 2. We can
do this in polynomial time as follows. We first consider all O(n) options of choosing a vertex
to be the middle vertex of one of these paths. We then check if the graph obtained from
removing the guessed middle vertex and its two neighbouring terminals s; and t; as well
all the neighbours of these three vertices has a connected component that contains both
terminals s; and ¢; of the other pair. This takes polynomial time.

We now check if there exists a solution in which both paths have length at least 3. We
consider all O(n*) options of choosing the neighbours s/, |, sb, t of 51, t1, 82, ta, respectively,
on the two solution paths (should a solution exist). We discard a branch if there exists
an edge between a vertex of {s1,s),%1,t]} and a vertex of {sq, s}, t2,t5}. Suppose this is
not the case. We remove s1,11, s2,t2 and every neighbour of a vertex in {s1,t1, s2,t2} that
does not belong to {s!,t],sh, t5}. Afterwards, it suffices to solve 2-DisJOINT PATHS on the
resulting graph G’ with terminal pairs (s1,¢]) and (s}, t5). This can be seen as follows. Any
solution of 2-INDUCED DISJOINT PATHS is a solution of 2-Di1SJOINT PATHS. Now suppose
we have a solution (P1, Py) of 2-DI1SJOINT PATHS. If there exist an edge between a vertex of
Py and a vertex of Py, then we find the forbidden subgraph H; (possibly after adding the
vertices s1, 11, s2, t2 back). Since the number of branches is O(n4) and each created instances
of 2-D1sJOINT PATHS can be solved in polynomial time [14] [I5], the running time of this
case is polynomial as well. |

2.2 Tractability for the H;-subgraph-free Case

We would like to make some further assumptions about a k-DISJOINT PATHS (not induced)
algorithm that we will call iteratively. We would like that a path between s; and ¢;

(x) avoids neighbours of {s;,t;} (i # j).

Now, we enforce this by preprocessing the input, or rather reducing a single input into
multiple inputs that we then solve. Let us consider all paths of length three from each of
the terminals {s1,¢1,..., 8k, tx} (if we meet another terminal this length will be potentially
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Figure 2 The subgraph resulting from our construction.

less than three but then we either have a no-instance or we reduce to a case involving fewer
pairs of terminals). We now consider all combinations of these and we forget about all other
vertices at distance at most three from the corresponding terminals by moving to a subgraph.
Note that removing vertices cannot introduce an Hs as a subgraph into the graph. In these
preprocessed graphs the terminals all have degree 1 and the vertices at distance one and
two all have degree 2, It follows that (x) is enforced but we need to run our algorithm on
polynomially many new graphs. Moreover, as discussed, we will have the additional property

() terminals have degree 1.

Now, we run an algorithm for k-DISJOINT PATHS and we either solve k-INDUCED DISJOINT
PATHS or we end up, due to (%), with a subgraph as shown in Figure [2| where we assume
w.l.o.g. that a failure results in paths connecting the first two pairs of terminals.

Let S = {z1, 21, 23, 22, T2, 24}

Suppose z € {z1, 29, 23, 24} has two neighbours outside of S. Then G has Hs as a subgraph.
Thus we may assume (I) that z has at most one neighbour outside of S.

Suppose there are both the edges (z1, 22) and (z3,24). Then G has a Hs as a subgraph,
since we assumed (x), which implies that {si,¢1,s2,t2} N {21,292, 23,24} = 0. Suppose
there are both the edges (z1,24) and (zq, z3). Then, by (%), we again have {s1,1, s2,t2} N
{71, 22, 23, 24} = ), which implies we have an Hs whose middle path runs 21,1, 23.

Suppose we have one of the edges (21, z2) and (23, z4), and one of {z1, 22} has a neighbour
q outside of S. W.l.o.g. let us assume it is (z1, 2z3) and x;. Then there is an Hs with middle
path 1, 21, 29 since z3 # s2 by (*). Suppose we have one of the edges (z1,2z4) and (22, 23),
and one of {x1,z2} has a neighbour ¢ outside of S. W.lo.g. let us assume it is (21, 24)
and x1. Then there is an Hy with middle path 1, 21, z4 since z4 # t2 by (). Thus we are,
w.l.o.g., in one of the two situations depicted in Figure [§]and Figure[dl The dotted lines are
possible edges and each vertex of {z1, 22, 23, 24} has at most one neighbour outside of S.

» Lemma 7. Let G be an instance of k-INDUCED DISJOINT PATHS and let G’ be that instance
after one application of Rule 1. Then G is a yes-instance of k-INDUCED DISJOINT PATHS iff
G’ is a yes-instance of k-INDUCED DISJOINT PATHS.

Proof. Let us address the change we see in Figure

Suppose we have a solution to k-INDUCED DISJOINT PATHS in G. If it uses no vertices
in S, then it is already a solution to k-INDUCED DISJOINT PATHS in G’. Thus, it must use
some vertex in S.

If the solution uses both x; and x2, then we can substitute the edge (z1,x2) in the
solution to k-INDUCED DISJOINT PATHS in G with x to obtain a solution to k-INDUCED
Di1sJOINT PATHS in G’. It cannot use neither of z1 or xs so, w.l.o.g., suppose it used z;. We
can substitute this for x to obtain a solution to k-INDUCED DiSJOINT PATHS in G’, unless
some other solution path runs through a neighbour ¢ of 3. Note ¢ cannot be a terminal,
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Figure 3 Rule 1. Possible connections in our subgraph (left). What we replace this subgraph
with (right).
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Figure 4 Rule 2. Possible connections in our subgraph (left). What we replace this subgraph
with (right).

due to (x), hence it has two neighbours p and r on this other solution path and these are
outside of {z1, 21, 23} because this path must avoid z; and any of its neighbours. But now
p,q,7, q,T2,T1, 21, 1,23 forms an Hs.

Suppose we have a solution to k-INDUCED DISJOINT PATHS in G’. If this solution does
not involve x then it maps to a solution of k-INDUCED DISJOINT PATHS in G. Suppose
now it does involve z. Suppose mapping z to either of x; or x5 does not produce a solution
to k-INDUCED DI1sJOINT PATHS in G. Then mapping x to either the edge (z1,x3) (or the
symmetric (2, 1)) must produce a solution to k-INDUCED DISJOINT PATHS in G. <

» Lemma 8. Let G be an instance of k-INDUCED DISJOINT PATHS and let G’ be that instance
after one application of Rule 2. Then G is a yes-instance of k-INDUCED DISJOINT PATHS iff
G’ is a yes-instance of k-INDUCED DISJOINT PATHS.

Proof. Let us address the change we see in Figure |4} where we assume (w.l.o.g.) that there
was no edge in G from z3 to z4 or from z5 to zs3.

Suppose we have a solution to k-INDUCED DISJOINT PATHS in G. If it uses no vertices
in S, the it is already a solution to k-INDUCED DISJOINT PATHS in G’. Thus, it must use
some vertex in S. Recall the assumption (). Suppose the solution uses the edge z; to zs.
Then it doesn’t use any other vertex from .S and we can keep this edge to obtain a solution
for k-INDUCED DiISJOINT PATHS in G’. Suppose the solution uses the edge 21 to z4. Then
it doesn’t use any other vertex from S and we can keep this edge to obtain a solution for
k-INDUCED DISJOINT PATHS in G'.

If the solution uses both z; and x5, then we can substitute the edge (z1,z2) in the
solution to k-INDUCED DISJOINT PATHS in G with z to obtain a solution to k-INDUCED
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Figure 5 A counterexample to the statement that G has a subgraph H» implies that G’ has a
subgraph Hs.

DisJOINT PATHS in G’. Suppose it uses neither of x; and zo. Then it uses either the edge
(21, 24) or (z1,22) and we are in a previous case.

Now, suppose the solution uses z; or zsz, then it must use z; or z3; and if it uses z5 or zq4,
then it must use 1 or x3. We assumed it was only one, so let us assume (w.l.o.g.) that it is
x1. Owing to (f), we can substitute this for « to obtain a solution to k-INDUCED DISJOINT
PATHS in G'.

Suppose we have a solution to k-INDUCED DISJOINT PATHS in G'. If this solution does
not involve x then it maps to a solution of k-INDUCED DISJOINT PATHS in G. Suppose
now it does involve x. Suppose mapping = to either of x; or x5 does not produce a solution
to k-INDUCED DI1sJOINT PATHS in G. Then mapping x to either the edge (z1,x2) (or the
symmetric (z2, 1)) must produce a solution to k-INDUCED DISJOINT PATHS in G. <

» Lemma 9. If G omits Hy as a subgraph then G' omits Hy as a subgraph.

Proof. Suppose G’ has an Hs involving z. If x is a leaf vertex in H, then it is clear that G’
already had this Hs involving either x; or 5.
Suppose z is a degree 3 vertex in Hy. If the neighbours of x in the Hy were both
neighbours of z; or both neighbours of x5 in G then it is clear that G already had this Hs.
Now suppose one of the neighbours, say 2], was adjacent to 1 and the other, say z}, was

" 2y, 24 form the remaining vertices of the Hy where z, 2/, 2" and

adjacent to zo. Let 2/, 2’
z{, 2", 2l are both paths of length 2 in this Hs. Thus, 2], z, 25, x,a', 2" and 2{, 2", 2 form
the Hy in G'. W.l.o.g. suppose x’' was adjacent to 1 in G. Now it is clear that 21, z1, z2,
x1,2’, 2" and 21, 2", 2 formed an Hy in G.

Finally, suppose that z is the degree 2 vertex in Hy. Let 2{, ', 25, o', x, 2", 21, 2", 2 be
the paths that form the Hy in G’. Suppose, w.l.o.g., that ' was adjacent to z; in G. If 2"
"2 a2 are paths that form an Hy

in G. Suppose now that 2’/ was adjacent to x2 but not z; in G and we may also assume

was also adjacent to x1 in G then 21,2, 2, 2/, z1, @

that 2’ is adjacent to 1 but not xo. Now 2{,a’, 2}, @', 1, xa, 22,29, 24 are paths that form
the Hy in G, unless {29,24} N {2}, 24} # 0. W.lo.g., suppose z3 = 2. If 20 # s, and p is
next on the path from o to sy after the zo, then p, 29, x9, 29,2’ 21, 21,1, 23 is an Hy in G
(note that {z1, 23} N {z’, z2,p} = 0). Finally, if z0 = so then we violate condition (f). <

Let us note that the sequent G has Hs as a subgraph then G’ has H> as a subgraph is in
general false. A counterexample for G is furnished in Figure [} The dotted lines are possible
edges and each vertex of {z1, 29, 23, 24} has at most one neighbour outside of S.

» Corollary 10. k-INDUCED DiSJOINT PATHS is in P on Hy-subgraph-free graphs.

Proof. We iteratively run our algorithm for k-Di1sJOINT PATHS. If it returns no, then it
is also a no-instance to k-INDUCED DISJOINT PATHS. If it returns a solution, the either
this is a solution to k-INDUCED DISJOINT PATHS or we use one of the two reduction rules.
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Figure 6 The literal gadget (dashed lines indicate paths of length £).

These make the instance smaller by one vertex, so the procedure will terminate. Note that it
follows from Lemma [9] that we will never find an H» as a subgraph. |

2.3 NP-hardness for the H,-subgraph-free Case

We follow very closely the argument from Section 2.4 in [I1]. It is not possible to take that
construction and simply subdivide all edges some fixed number of times. However, some of
the edges may be liberally subdivided. Indeed, our gadgets are precisely those from [11] with
some edges subdivided ¢ — 1 times. These edges are drawn in dashed lines in our gadgets in
Figures [6] [7] and 8] Thus, the dashed edges represent ¢-paths.

Let ¢ > 1 be an integer. Let ¢ be an instance of 3-SATISFIABILITY, consisting of
m clauses C1,...,Cy, on n variables z1,...,2,. For each clause C; (j = 1,...,m), with
Cj =yzj—2 Vysj—1Vys, theny;, (i=1,...,3m) is a literal from {z1,...,2,,21,...,Zn}.

Let us build a graph Gg with two specified vertices x and y of degree 2. There will be a
hole containing x and y in G if and only if there exists a truth assignment satisfying ¢.

For each literal y; (j = 1,...,3m), prepare a graph G(y;) on 20 named vertices
a, o ot ot el ot B, AL B, L BT, B, L, BY, together with certain paths
in between using unnamed vertices, as drawn in Figure @ (We drop the subscript j in the
labels of the vertices for clarity.)

For i = 1,2,3 add paths of length £ between o't and a(tD+; o~ and o +1)—; g+ and
B+ and B~ and SO~ Also add the edges o' T 81—, o= p1F, ot 54, ot~ B4, aal T,
Oz()élf, 0/‘*0/, 01470/, ﬁﬁ1+, ﬂﬁlf, ﬁ4+ﬂ/, 54—5/.

For each clause C; (j = 1,...,m), prepare a graph G(C;) with 10 named vertices
clt, 2,3, 7, 2, 37, P, el?F, 97, 1?7, together with certain paths in between using
unnamed vertices, as drawn in Figure[7] (We drop the subscript j in the labels of the vertices
for clarity.) Add paths of length ¢ between the following pairs of vertices: ¢!?* and c!*; 12+
and 2T; ¢'27 and ¢'7; ¢~ and ¢27; OF and ¢!2F; O and 31 O and ¢'?7; O~ and 3.

For each variable z; .(i = 1,...,n), prepare a graph G(z;) with 22; + 2z vertices, where
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Figure 7 The clause gadget together with its interface with the literal gadget (drawn above).
Dashed lines indicate paths of length £.
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Figure 8 The variable gadget. Dashed lines indicate paths of length ¢. Dotted lines indicate a
continuation of the gadget.

z; is the number of times Z; appears in clauses C1,...,Cy, and zf is the number of times
z; appears in clauses Cy,...,Cy,.

Let G(z;) consist of two internally disjoint paths P, and P;” with common endpoints d;"
and d; and lengths 1+ (2¢)z; and 1+ (2/)z;", respectively. Label the vertices of P;" and
P as in Figure

The final graph Gf;) will be constructed from the disjoint union of all the graphs G(y;),
G(C;), and G(z;) with the following modifications:

For j =1,...,3m — 1, add paths of length ¢ between the pairs: afj and o41; ﬁ; and

Bij+1-

For j=1,...,m —1, add a path of length ¢ between c(;* and c?il.

For j =1,...,n—1, add a path of length ¢ between d; and dij_l.

For i =1,...,n—1, let yn,,...,yn _ be the occurrences of Z; over all literals. For
j=1,...,% , delete the path between pi+,2j71 and p;fQj and add the four edges p;fzjflaij‘,

+ 24+ .+ 3+ .+ a3+
Pi2j—1Bn; s Pi2j0n; » Pi2iBn -
Fori=1,...,n—1, let yn,,...,yn . be the occurrences of z; over all literals. For
z .

i
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Figure 9 Cases that need to be checked for omission of graphs Hy.

i=1..., zj, delete the path between Di2j—1 and Di 2 and add the four edges pi_,ijloz?J,
Pinj—1Bn) PiajOnt s PioiBat-
. o 2— i+ 3— j— 52— i+

Fori=1,...,mand j =1,2,3, add the edges aS(i_lHjcg ) ag(i_l)ﬂcg , 63(1‘—1)-”‘01? ,

3— j—

3(i—1)+jcg .
Add a path of length £ between the pairs of vertices: o%,,di” and dj; 85,,d and 2T,
Add the vertex x and add paths of length ¢ between the pairs of vertices: = and ay; x
and 61.
Add the vertex y and add paths of length ¢ between the pairs of vertices: y and 2 ; y
and d, .

It is easy to verify that the maximum degree of Gf;, is 3, that it is polynomial (actually
linear) in the size n + m of ¢, and that x and y are non-adjacent and both have degree two.

» Lemma 11. Let ¢ > 5. Gf;, omits as a subgraph Hy, ..., Hp_1.

Proof. Owing to the length of the ¢-paths that populate our construction, we need only
verify the omission of these graphs on the connected components of the graph Gf;, after the
removal of these paths (except a pendant edge from the corresponding connected component
at the extremities of an instance of these paths). In this fashion, we only need to check for
omission of the given graphs in the non-trivial cases drawn in Figure [0

Indeed, the two cases are isomorphic. Let ¢ = 4,5. Any two vertices of degree at least
three that are separated by a path of length ¢« must be in the subgraph Cg at distance 6 — 4
from one another. If ¢ = 4 then these vertices have a common neighbour so the H; can’t be
completed. If ¢ = 5 then these two vertices are adjacent. For 6 < i < ¢ — ¢ it is not possible
to find two vertices of degree at least thre that are separated by a path of length ¢. |

Note that Gé contains Hy, Hy and Hs.

» Lemma 12. ¢ is satisfied by a truth assignment if and only if Gf;) contains a hole passing
through = and y.

Proof. First assume that ¢ is satisfied by a truth assignment & € {0,1}". We will pick a set
of vertices that induce a hole containing x and y.
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1. Pick vertices x and y.

2. For i =1,...,3m, pick the vertices «;, &, 3;, ..
3. Fori=1,...,3m,ify; is satisfied by £ , then pick the vertices o T, a2t o i, g/ T, g2
CEara Othervmse7 pick the vertices o) ~, a7, al ", af", 537,537,557, B

7

4. For i = 1,...,n, if £(i) = 1, then pick all the vertices of the path P;” and all the
neighbours of the vertices in Pi+ of the form 04?' or ak+ for any k.

5. For ¢ = 1,...,n, if £(i) = 0, then pick all the vertices of the path P, and all the
neighbours of the vertices in P~ of the form ai+ or ak+ for any k.

6. For i = 1,...,m, pick the vertices c?+ and c?_. Choose any j € {3i — 2,3i — 1,3i} such

that ¢ satisfies yj Pick vertices a2_ and a3_. If j = 3i — 2, then pick the vertices

124 1+ 12— 124 2+ 12— CIE G = 3i,

¢ e e, ] CIf %+* %z_f 1, then pick the vertices ¢;°", ¢; ", ¢, J

then pick the vertices ¢, ¢;
The given vertices do not yet induce a connected component, because we need to add the
vertices of /-paths in between. Thus, if p and ¢ are vertices which we selected that have an
¢-path between them (drawn as a dashed edge in the associated gadget), then we need to
add the interior vertices of this path also.

It suffices to show that the chosen vertices induce a hole containing x and y. The only
potential problem is that for some k, one of the vertices aiJr, aiJr, ai ,af was chosen more
than once. If a? and ai were picked in Step 3, then yy 1s Satlsﬁed by &. Therefore, 012+
and aiJr were not chosen in Step 4 or Step 5. Similarly, if ak and ak were picked in Step
6, then y; is satisfied by £ and af and azf were not picked in Step 3. Thus, the chosen
vertices induce a hole in Gg containing vertices x and y.

Now assume Gé contains a hole H passing through x and y. The hole H must contain
a1 and (1, and the paths leading to them, since they are the only two path neighbours of x.
Next, either both a}™ and {1 are in H or both a7~ and 8}~ are in H.

Without loss of generality, let al and B be in H (the same reasoning that follows will
hold true for the other case). Slnce aj” and '~ are both neighbours of two members of
H, they cannot be in H. Thus, a1 and B , and the paths to them, must be in H. Since
er and 5f+ have the same neighbours out51de G(y1), it follows that H must contain ai”
and ﬁfﬂ and the paths that lead to them Also, H must contain ozl and B , and the
paths that lead to them. Suppose that al and ﬁl are in H. Because a1 has the same
neighbour as 8{~ outside G(y;) for i = 2,3, it follows that H must contain a?f, a2, ol
But then H is not a hole containing z, a contradiction. Therefore, o~ and ;™ cannot both
be in H, so H must contain of, 8], aa, B2, and the paths to them.

By induction, we see for i = 1,2,...,3m that H must contain oy, o, 5;, 8. Also, for each
i, either H contains a1+ ozi2+, af"”‘, a?+, BiH, ﬁi2+, ﬁ?‘”‘, B;H or H contains a}_, af_, oz?_, a?_,
51_ B2 BB

As a result, H must also contain d+ and c?+ and the paths to them. By symmetry, we
may assume H2 contalnb p1 L and o', for some k. Since a, "
in H, H must contaln ozk and the path of length ¢ toward it. Similarly, H cannot contain
ai+’ so H contains pl,2 and ])1737 as well as the paths through these. By induction, we see
that H contains pi, for i =1,2,..., 2 and d and the (-paths in between. If H contains

p1 2o then H must contain p; for i=2; ,...,1, a contradiction. Thus, H must contain d;“

is adjacent to two vertices

and the (- path to it. By induction, for i =1,2,...,n, we see that H contains all the vertices
of the path P;" or P, and by symmetry, we may assume H contains all the neighbours of
the vertices in P;" or P, of the form a;t or oj*, for any k.

Similarly, for ¢ = 1,2,...,m, it follows that H must contain c?+ and c?_. Also, H

contains one of the following:

11
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12+ 1+ 12— 11—

. 2— 3— 2— 3— 2— . :
¢, Ti¢; T, ¢ and either o and o or 7 and 37 (where o is adjacent to
ey,
124 2+ 12— 2— . 2— 3— 2— 3— 2— . .
¢; ", ,¢;7,c; and either aj and a; or 5]- and Bj (where o s adjacent to
02+)
=),
3+ 3 2—

is adjacent to ¢3).

(I

c’T,¢’” and either a?7 and 04?7 or ,6’]27 and ﬁ;’f (where a;
We can recover the satisfying assignment ¢ as follows. For i = 1,2,...,n, set (i) = 1 if the
vertices of P, are in H and set £(i) = 0 if the vertices of P;~ are in H. By construction, it
is easy to verify that at least one literal in every clause is satisfied, so £ is indeed a satisfying

assignment. <

We are now in a position to prove Theorem [3l We need to borrow one lemma (whose proof is
straightforward) from [I1I], and for which we need to define the problem 2-INDUCED CYCLE.
This has as input a graph with two labelled vertices, with yes-instances those inputs where
there exists an induced cycle (hole) containing those two labelled vertices.

» Lemma 13 (See Theorem 2.7 in [11]). An instance (G, z,y) of 2-INDUCED CYCLE, where
x and y have degree 2, can be transformed in polynomial time into an instance of 2-INDUCED
Di1sJOINT PATHS on a graph G'.

Proof of Theorem [3l The first part for H; appears as Theorem [ while for H» it appears
as Corollary Note that the H; case is readily seen once the simplification (}) is made,
because k-DI1SJOINT PATHS must solve k-INDUCED DISJOINT PATHS since the input is
H;-subgraph-free.

For the second part, we reason via Lemma We construct Gf;). By Lemma Gé
has a hole through = and y if and only if ¢ is satisfiable. Moreover, Gi is (Hy,...,Hp_1)-
subgraph-free by Lemma <

3 (5-Colouring

A homomorphism between graphs G and H is a function f from V(G) to V(H) so that, for
all zy € E(G) we have f(z)f(y) € E(H). Let us recall our problem.

C5-COLOURING
Instance: a graph G.

Question: Does G have a homomorphism to the cycle C5?

» Lemma 14. There exists ny so that for all N > ny, and for all x,y € V(C5), there is a
walk of length N in Cs from x to y.

Proof. We may take n; = 4.

Consider N = 4. To walk a distance of zero: walk two forward then two back. To walk
at distance one (w.l.o.g.) forward: walk four backward. To walk at distance two (w.l.o.g.)
forward: walk one back, one forward, and two forward.

Consider N = 5. To walk a distance of zero: walk five forward. To walk at distance one
(w.lo.g.) forward: walk two forward, two back and one forward. To walk at distance two
(w.lo.g.) forward: walk one back, one forward, and three back.

Consider N > 6. Keep moving one forward then one back until one of the two previous
cases applies. |

» Corollary 15. Let G be an instance of C5-COLOURING and let G’ be the same instances
after ny — 1 subdivisions. Then G’ is a trivial yes-instance of C5-COLOURING.
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» Corollary 16. C5-COLOURING fails C3.
Let us note that C5-COLOURING fulfills C1 and C2.
» Lemma 17. C5-COLOURING is NP-complete for (Hy, Hy )-subgraph-free graphs.

Proof. It is well-known [7] and easy to see that there is a reduction from Kj-colouring to
C5-COLOURING that takes an input G and simply subdivides twice each edge. The obtained
graph plainly omits both H; and Hs as a subgraph (but generally contains many instances
of H3) <

We are now in a position to prove Theorem [

Proof of Theorem [@ The first part comes from Lemma [T4] with n; = 4. The point is that
any instance which omits each of Hy, Ho and Hs as a subgraph must be trivially true,
because all paths between vertices of degree at least three are of length at least four. This
means that vertices of degree at least three can be mapped anywhere on C5 and the instance
can still be extended to a Cs-colouring.

The second part appears as Lemma |

4 Hamilton Cycle

Recall that a Hamilton Cycle in a graph is one which visits every node exactly once. Let us
recall our problem.

HamirroN CYCLE
Instance: a graph G.
Question: Does G contain a Hamilton Cycle?

This section is devoted to the proof of Theorem [5] whose statement we recall.

Theorem [5| HAMILTON CYCLE is in P for the class of Hi-subgraph-free graphs.

Proof. Let G be an input to HAMILTON CYCLE. If G is not connected, it is a no-instance.
Else, if G has no vertex of degree > 2, then G is a yes-instance iff it is 2-regular (a cycle).
Let v be a vertex of degree > 2. If v has a neighbour of degree 1, then G is a no-instance. If
all neighbours of v have degree 2, then we are in the situation depicted in Figure in which
we draw the neighbours of v as u; (i =1,2,3,...). Since any Hamilton Cycle that accesses
u; must involve v, for i = 1,2, 3, we derive a contradiction, as we can only come to v once
and leave v once. Thus, G must be a no-instance of Hamilton Cycle (note that G need not
be a no-instance of Hamilton Path). Let u be a neighbour of v of degree > 2. Consider that
u has two neighbours distinct from v, let us call them p, ¢ and v has two neighbours distinct
from wu, let us call them r,s. Since G is H;-free, it is not possible that {p,q} N {r,s} = 0.
Let us branch on two possibilities.

(Diamond case.) Suppose {p,q} = {r, s} and G contains an induced diamond or Ky. If
{u,v,p,q} have no neighbours outside of {u,v,p,q}, then G is a yes-instance (G itself is
either a diamond or Ky). If either of the following pairs have distinct neighbours outside of
{u,v,p,q} then G contains an Hy: {p,u}, {u,q}, {q,v}, {v,p}.

Suppose u and v have no neighbours outside of {u, v, p, ¢} except that are also neighbours
of one of {p,¢}. And now suppose one of p and ¢ has a neighbour outside of {u, v, p, ¢} and
the other doesn’t. Without loss of generality, suppose it is p.

13
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Suppose there is some vertex adjacent to u or v or both, outside of {u,v,p, ¢}, and note
that such a vertex must also be adjacent to p. There can be no more than one such vertex
as otherwise we have an H;. If ¢t has a neighbour outside of {u,v,p, ¢} then we have an
Hj. So, t has no such neighbour and in fact G has precisely vertices {u,v,p,q,t} and is a
yes-instance.

Thus, we may assume that there is no vertex adjacent to u or v outside of {u,v,p,q}.
This means G is a no-instance as p or ¢ (whichever has the neighbour outside of {u,v,p, q})
may only be traversed once.

Now let us assume that p and ¢ have distinct neighbours z and y outside of {u,v,p, ¢}.
Note that each of them has a unique neighbour (else G' contains an Hy). Now, let us build
G’ from G by contracting {u,v,p, ¢} to a single vertex. We draw this case in Figure We
claim G’ has a Hamilton Cycle iff G has a Hamilton Cycle.

(Proof of Claim.) The forward direction is trivial. For the backward direction, note that
once any Hamilton Cycle visits any of {u, v, p, ¢}, necessarily from z or y, then it must visit
them all in immediate succession, before leaving via whichever of z and y it didn’t enter by.

Suppose now that one or more of v and v have neighbours outside of {u,v,p, ¢} that are
not neighbours of {p, ¢}. It follows that p and ¢ have no neighbours outside of {u, v, p,q}. If
{u,v,p, q} induces a K4, then we can build G’ from G by contracting {u,v,p, ¢} to a single
vertex. That G’ has a Hamilton Cycle iff G has a Hamilton Cycle follows exactly as in the
previous claim (indeed, if we swap {p, ¢} for {u,v} we are in the previous case). If {u, v, p, q}
induces a diamond, then G is a no-instance (we draw this case in Figure [12)).

(Bull case.) Suppose p =1 but ¢ # s and G contains a bull with triangle {u,v,p} and
pendant edges ug and vs. If there is an edge us or vg (or ps or pg) then we have a diamond
and we are in a previous case. (There may or may not be the edge gs.) If u or v has degree
> 3 then there is an H; so let us assume they have degree exactly 3.

Suppose p has degree 2, then we can contract {u, v, p} to a single vertex. We claim that
G’ has a Hamilton Cycle iff G has a Hamilton Cycle.

(Proof of Claim.) The forward direction is trivial. For the backward direction, note that
once any Hamilton Cycle visits any of {u, v}, necessarily from g or s, then it must visit all of
{u,p,v} in immediate succession, before leaving via whichever of ¢ and s it didn’t enter by.

Suppose p has degree > 2 and note that is must be < 3 to avoid an H; so we may assume
p has precisely one neighbour outside of {u,v} which we will call ¢. If ¢ has degree 1 then
this is a no-instance. If ¢ has degree > 2 then there is an H; (Recall that there can be no
edge from t to u or v as this would introduce a diamond. It is possible there is an edge from
t to g or s). Thus, t has degree 2. Suppose one among ¢ and s has no neighbour outside of
{u,v,q,s,t}. Note that there is no edge qu or su as this would create a diamond. If there is
no edge ¢s this is a no-instance. If there is an edge gs then we can replace G by G’ in which
we contract {u,v,p,t} to a single vertex. We claim that G’ has a Hamilton Cycle iff G has a
Hamilton Cycle.

(Proof of Claim.) Assume w.l.o.g. that ¢ has no neighbour outside of {u,v,q,s,t}. For
the forward direction we may traverse in the order s, g, u, v, p, t. For the backward direction,
note that once any Hamilton Cycle visits ¢ from outside of {u,v, g, s,t}, then it must visit
all of {u,v,q,s,t} in immediate succession, before leaving via s.

Suppose now that both ¢ and s have a neighbour outside of {u, v, g, s}. In this case, there
can be no edge ¢s, as this would introduce an H;. We claim that G is a no-instance. We
draw this case in Figure

(Proof of Claim.) Since any Hamilton Cycle that accesses any one of {g, s,t} must involve
two among {u,v,p}, we derive a contradiction, as we can only come to each from {u,v,p}
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Figure 10 The case in which v has degree > 3 and all its neighours have degree 2.
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Figure 11 The case in which {u,v,p, ¢} induces a diamond or K4 and p and q are of degree 3.
The dashed lines are edges that may or may not be present.

once. Thus, G must be a no-instance of HAMILTON CYCLE. |

5 Final Remarks

It is well known that H-COLOURING is polynomial-time solvable whenever H is a bipartite
graph [7]. We can generalise our results from C5-COLOURING to Cag+1-COLOURING, but we
will be less clear about some of the bounds.

Cok+1-COLOURING
Instance: a graph G.

Question: Does G have a homomorphism to the cycle Cagy17

We omit the proofs of the following results.

» Lemma 18. For each k > 2, there exists ny so that for all N > ng, and for all x,y €
V(Cox41), there is a walk of length N in Copy1 from x to y.

Figure 12 The case in which {u, v, p, ¢} induces a diamond and p and q are of degree 2.
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Figure 13 The case in which p has precisely one neighbour outside of {u, v} which we will call ¢

» Corollary 19. Let G be an instance of Car11-COLOURING and let G’ be the same instances
after ny, — 1 subdivisions. Then G’ is a trivial yes-instance of Cogy1-COLOURING.

» Corollary 20. Cs;11-COLOURING fails C3.
Let us note that Cyx41-CoLOURING fulfills C1 and C2.
» Lemma 21. C5;11-COLOURING is NP-complete for (Hi, ..., Hy)-subgraph-free graphs.

» Theorem 22. C5;,1-COLOURING is in P for (Hy, ..., H,, —1)-subgraph-free graphs. Coj41-
COLOURING is NP-complete for (Hu, ..., Hygy1)-subgraph-free graphs.
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