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Abstract

The profile of a graph is an integer-valued parameter defined via vertex
orderings; it is known that the profile of a graph equals the smallest
number of edges of an interval supergraph. Since computing the profile of
a graph is an NP-hard problem, we consider parameterized versions of the
problem. Namely, we study the problem of deciding whether the profile
of a connected graph of order n is at most n — 1 + k, considering k as the
parameter; this is a parameterization above guaranteed value, since n — 1
is a tight lower bound for the profile. We present two fixed-parameter
algorithms for this problem. The first algorithm is based on a forbidden
subgraph characterization of interval graphs. The second algorithm is
based on two simple kernelization rules which allow us to produce a kernel
with linear number of vertices and edges. For showing the correctness of
the second algorithm we need to establish structural properties of graphs
with small profile which are of independent interest.

1 Introduction

The profile is an integer-valued graph parameter defined via vertex orderings:
the profile of an ordering o : V' — {1,...,|V|} of a graph G = (V, E) is defined
as

prf, (G) = Z a(v) — min{ a(w) : w € N[v] }

veV

where N[v] = {u € V: ww € E}U{v}, the closed neighborhood of v; the profile
of GG is the smallest profile of all orderings « of G.
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Areas of application of the profile and equivalent parameters include com-
putational biology [4, 10], archaeology [15] and clone fingerprinting [14]. Fomin
and Golovach [8] established the equivalence of the profile and other parameters
including one that is important in graph searching.

It is well known that computing the profile of a given graph is NP-hard
[6,17]. In fact, via the following relationship to interval graphs, the NP-hardness
follows from earlier results [9]: It is known from a result of Billionnet [3] that
the profile of a graph G equals the smallest number of edges of an interval
supergraph of G. In view of this NP-hardness, it makes sense to study the
problem in the framework of parameterized complexity. We recall some basic
notions of parameterized complexity here, for a more in-depth treatment of the
topic we refer the reader to [2, 7, 18].

A parameterized problem IT can be considered as a set of pairs (I, k) where I
is the problem instance and k (usually an integer) is the parameter. I is called
fized-parameter tractable (FPT) if membership of (I, k) in II can be decided
in time O(f(k)|I|¢), where |I| is the size of I, f(k) is a computable function,
and c is a constant independent from k and I. Let IT and II' be parameterized
problems with parameters k and k', respectively. An fpt-reduction R from II to
IT’ is a many-to-one transformation from II to IT’, such that (i) (I, k) € II if and
only if (I’ k") € II' with |k'| < g(k) for a fixed computable function g and (ii) R
is of complexity O(f(k)|I|¢). A reduction to problem kernel (or kernelization)
is a polynomial time fpt-reduction R from a parameterized problem II to itself
such that [I'| < h(k) for a fixed computable function h. In kernelization, an
instance (I, k) is reduced to another instance (I’, k"), which is called the problem
kernel; |I'| is the size of the kernel.

It is easy to see that a decidable parameterized problem is FPT if and only
if it admits a kernelization (see, e.g., [11, 18]); however, the problem kernels
obtained by this general result have impractically large size. Therefore, one
tries to develop kernelizations that yield problem kernels of smaller size. The
survey of Guo and Niedermeier [11] on kernelization lists some problem for
which linear size kernels (the size here is the number of vertices), polynomial
size kernels and exponential size kernels were obtained. For many parameterized
problems, optimal size kernels have likely not been obtained yet; for example,
Guo and Niedermeier [11] ask whether the feedback vertex set problem admits
a linear size kernel.

1.1 New results and algorithms

What is a suitable parameter for the profile problem? If we take as parameter an
upper bound on the profile, then we have a trivially fixed-parameter tractable
problem. It is known that the profile of a connected graph G of order n is at
least n — 1; i.e., n — 1 is a “guaranteed value” for the profile of G. Hence it
makes sense to study the following parameterized problem.

Profile Above Vertex Guaranteed Value (PAVGV)
Instance: A connected graph G = (V, E).



Parameter: A positive integer k.
Question: Is the profile of G at most |[V| —1+ k?

In Section 2, we prove that PAVGV is FPT. Our algorithm relies on the link
between profile and interval graphs and a forbidden subgraph characterization
for interval graphs: Lekkerkerker and Boland [16] have shown that a graph is
interval if and only if it does not contain certain graphs as induced subgraphs
(see Section 2 for details). There is an infinite number of possible forbidden
subgraphs; therefore Cai’s general result [5] for graph completion problems is
not directly applicable. However, using the assumption prf(G) < |[V| -1+ k
we can limit the possible forbidden subgraphs to a finite number for any fixed
k, and thus state a bounded search-tree algorithm that renders PAVGV fixed-
parameter tractable. This algorithm is only of theoretical value because of its
large branching factor; moreover, the algorithm does not imply a kernel even of
moderate exponential size.

We therefore develop in Section 4 a second algorithm based on two sim-
ple kernelization rules. The first rule combines certain vertices of degree one
to a single vertex. The second rule is based on the observation that if a ver-
tex is incident with two bridges and the number of vertices on both sides of
the bridges is sufficiently large, then we can suppress the vertex. The second
algorithm gives us a linear size kernel; the algorithm is very simple and easy
to implement. However, for showing its correctness we need to establish new
and nontrivial structural results for graphs with small profile. These structural
results, the technically most involved parts of this paper, are established in Sec-
tion 3. These results are of independent interest; one such example is Theorem 3
which provides us with a tight lower bound on the profile of a 2-edge-connected
graph G in terms of the order of G. Applying the first algorithm to the ker-
nel obtained by the second algorithm, we obtain an algorithm of running time
O(n? + E23F(k + 1))).

1.2 More general parameterizations for the profile prob-
lem

From the above mentioned relationship between the profile and interval super-
graphs, it follows that the profile of a graph is always at least the number of
edges of the graph. Hence, one can consider the following parameterized prob-
lem:

Profile Above Guaranteed Value (PAGV)
Instance: A graph G = (V, E).

Parameter: A positive integer k.

Question: Is the profile of G at most |E| + k7

Since |E| > |V| 4+ 1 holds for connected graphs G = (V, E), fixed-parameter
tractability of PAGV implies fixed-parameter tractability of PAVGV. In fact,
fixed-parameter tractability of PAGV was very recently proved by Heggernes



et al. [13]. The algorithm of [13] is a bounded search-tree algorithm combined
with a greedy completion algorithm. The complexity of the algorithm in [13]
is O(k?*|V|3|E|) and no moderate exponential size (let alone polynomial size)
kernel is obtained. It would be interesting to find out whether PAGV admits a
kernel of polynomial size or even a linear-size kernel.

In the final section we consider a different generalization of PAVGV.

Vertex Average Profile (VAP)
Instance: A graph G = (V, E).

Parameter: A positive integer k.

Question: Is the profile of G at most k|V|?

This problem was introduced by Serna and Thilikos [19] who asked whether it
is fixed-parameter tractable. We answer this question negatively: we show that
for every constant k > 2 it is NP-complete to decide whether prf(G) < k|V(G)|
for a given graph G.

2 Algorithm Based on Forbidden Subgraphs

In their seminal paper [16], Lekkerkerker and Boland proved that a graph is
interval if and only if it does not contain any of the following graphs as induced
subgraphs (see Figure 1 for illustrations).

1. C; (i > 3), the cycle of length 1.
2. G with V(G') = {2,1,2,3,4,5,6) and E(G") = {z1,22, 23, 14,25, 36}.

3. G" with V(G") = {x,y,1,2,3,4,5} and
(G") = {x1,22, 23, 24, 25, y3, 12, 23, 34, 45}.

E
4. R; (i > 1), with V(R;) = {z,2',y,2,1,2,3,...,i} and
E(R;) ={2'z,21,22,...,2i,y1,12,23,34,..., (i — 1)i, 2i}.
5. Q; (i > 2) with V(Q;) ={z,y,2,w,v,1,2,3,...,i} and
E(Q;) ={x1,22,...,2i,y1,y2,...,yi, zx, 2y, vy, wzr,wl, 12,23,34, ..., (i—
1)i, vy, vi}.

Let G be a given graph with n vertices and m edges. It is well known that one
can decide in time O(n+m) whether G is an interval graph [1]. Furthermore, if
G is not interval, we can find in time O(n? + nm) one of the above graphs as an
induced subgraph as follows (Cai [5] describes this procedure in a more general
setting): We consider G — v for each v € V. If G — v is not interval for some v,
then we consider G — v instead of G (and G — v must contain one of the above
graphs as an induced subgraph). Otherwise, if G — v is interval for all v € V|
then G is already one of the above graphs (and no proper induced subgraph of
G contains one of the above graphs as an induced subgraph).



Figure 1: Forbidden induced subgraphs

Theorem 1. Given a connected graph G with n vertices and m edges and a
non-negative integer k, we can decide in time O(nm3*(k+1)!) whether prf(G) <
n—1+k. Hence PAVGYV is fized-parameter tractable.

Proof. Let G = (V, E) be a connected graph and let n = |[V|,m = |E| and
q = m —n+ 2. Clearly, ¢ > 1. If G has an interval supergraph with at most
n—14k edges, then m <n—1+k and ¢ < k+ 1. Thus, if ¢ > k+ 1 we can
reject the given graph G. We consider now the case where ¢ < k + 1.

Let A denote the O(n? 4+ nm)-time algorithm outlined just before Theorem
1. Notice that O(n? + nm) = O(nm) since G is connected. Let T(q) denote
the running time of the following search tree algorithm. We will prove (along
with describing the algorithm) by induction on ¢ that T'(¢) = O(nm Hfi; a(y)),
where a(j) = 37 if j > 5 and otherwise a(j) = 15.

The root node of our search tree 7 is G. Consider an arbitrary node F
of 7. We describe how to get all children of F. We apply the algorithm A
either to decide that F' is interval or to find one of the above graphs H as an
induced subgraph. Consider the case that F' is not interval and, for simplicity
of notation, assume that F = G.

If H= G or H = G”, then we have to add one edge to the subgraph.
There are only 21 — 6 and 21 — 10 possibilities, respectively. So in both cases
we only have to try the at most 15 possibilities, and we add one edge. So by
the induction hypothesis the bound on T'(g) holds.

If H = C;, we add a chord of length two (i.e., a chord that lies on a 3-cycle
containing two edges from the cycle). There are ¢ ways of doing this. Now
we have an induced C;_1, and we again add a chord of length two (in C;_1).
There are ¢ — 1 possibilities. Continuing this we get i(i — 1)(¢ —2)---7-6-5-2
possibilities of adding the i — 3 edges (there are only two options for a 4-cycle).



We observe that the bound on T'(gq) still holds by the induction hypothesis.

Let H = R;. Note that |V(H)| =i+ 4 and |E(H)| = 2i + 2 and, thus,
|[E(H)| — |V(H)| > i — 2. Note that G can be built from H by adding, one
by one, vertices from V' \ V(H) with edges to the already constructed induced
subgraph of G. We append at least one edges for every added vertex. Thus, we
have m —n > i —2 and ¢ > i. In order to make G an interval graph we will
have to add at least one edge from {z’,y, z} to {1,2,...,4} (but not yl or zi),
or from x to {y, z}. So we have 3i possibilities. But a(q) > a(é) > 3, and hence
we are done by induction.

The case H = @Q); is treated similarly to the case H = R;.

It remains to observe that T(q) < T(1) = O(nm3¥*1(k + 1)!) for each
q>1. O

This proof implies the following simple algorithm, where the procedure A(F')
outputs () if F' is an interval graph or one of the forbidden induced subgraphs
of F, otherwise. For a graph H, H* denotes the complement of H if H = G’
or H=G".If H is a cycle zox1 ... 2,120, then V(H*) = V(H) and E(H*) =
{Zi%i42 moap : 0 < i < p—1}. If H = R;, then V(H*) = V(H) and H*
only contains all the edges from {2/, y, 2z} to {1,2,3,...,i} except y1 and zi and
H* also contains the edges xy and zz (see the proof above). If H = @Q;, then
V(H*) = V(H) and H* contains all the edges from {z,w,v} to {1,2,3,...,i}
except wl and vi and H* also contains the edges {1¢, zv, yw}.

Algorithm add-edge(G, k)
Input: connected graph G and integer k > 0.
Output: ‘yes' if prf(G) < |V(G)|+ k — 1 and ‘no’ otherwise.

1. if (|[E(G)| —|V(G)|+1 > k) output ‘'no’;

2. H:= A(G);

3. if (H = 0) output ‘'yes’;

4. for each e € E(H*) add-edge(G + e, k — 1);

3 Structural Properties of Graphs with Small
Profile

For this and the following sections we need additional definitions related to
profiles. Let G = (V, E) be a graph. An ordering of G is a one-to-one mapping
a: V —{1,2,...,|V]|}. We denote the set of orderings of G by OR(G). For
a vertex v in G, its neighborhood is N(v) = {u € V : wv € E} and its closed
neighborhood is N[v] = N(v) U{v}. The profile of a vertex z of G in an ordering
aof G is

prf, (G, z) = a(z) — min{ a(w) : w € N[z] }.



The profile of a set Z C V in an ordering « of G is

prf (G, Z) = Z prf, (G, 2).

z€Z

The profile of an ordering o of G is prf, (G) = prf, (G, V). An ordering « of G
is optimal if

prf, (G) = min{ prfs(G) : 8 € OR(G) }.

If « is optimal, then prf(G) = prf,(G) is called the profile of G. If X C V
and « is an ordering of G, then let ax denote the ordering of G — X in which
ax(u) < ax(v) if and only if a(u) < a(v) for all u,v € V(G) — X. If X = {«},
then we simply write a, instead of ay,;.

The following two lemmas will be used several times in the rest of the paper.

Lemma 1. Let G = (V, E) be a graph of order n and let X be a set of vertices
such that G—X is connected. If an ordering o has {a~1(1),a 1 (n)} CV(G—X)
then prf, (G,V — X) > prf, (G — X) + | X|.

Proof. Let X = {x1,22,...,z,} and define X; = {21, 22,...,2;} for all 0 <i <
r. We will by induction show the following:

prf,, (G = X;,V = X) >prf, (G- X)+ |X] . (1)

The above is clearly true when ¢ = r as X,, = X and |X| = r. If we can show
that (1) is true for ¢ = 0, then we are done. We will assume that (1) is true for
some 7 > 0.

Since G— X is connected and {a~1(1),a"1(n)} C V(G —X), there is an edge
w € E(G — X) such that ax, ,(u) > ax, ,(x;) > ax, ,(v). This implies that
the profile of w is one larger in ax, , than it is in ax,. This implies plrfoéxi_1 (G-
Xi,V=X)>prf, (G-X;,V-X)+1>prf, (G—-X)+|X|-i+1 We
are now done by induction. O
Lemma 2 (Lin and Yuan [17]). (i) If G is a connected graph with n vertices,
then prf(G) > n—1. (i) For a cycle Cy, with n vertices we have prf(Cy,) = 2n—3.

For a vertex x, d(x) denotes its degree, i.e., d(z) = |[N(x)|. A slightly weaker
version of the following lemma is stated in [17] without a proof.

Lemma 3. If G is an arbitrary graph of order n, x € V(G) and « is an ordering
of G, then prf,(G) > prf, (G —z)+ d(x).

Proof. Let a be an ordering of G and let X be the set of vertices appearing to
the left of x in a. More formally,

X = {ail(l)a ail(Q)a SRRR) ail(a(x) - 1)}
Note that for all @ € N(z) — X we have prf,(G,a) > prf, (G —2,a) + 1. Fur-
thermore, prf, (G, z) > |N(x)NX|. Thus, prf, (G)—prf, (G—z) > prf, (G, z)+
> aen(@)-x (Pria(Gra) — prfy, (G —2,a)) = [N(z) N X| + [N(z) — X| = d(z).
Hence, prf,(G) > prf, (G —x) +d(z). O



Theorem 3 gives a lower bound for the profile of a 2-edge-connected graph,
which is important for our FPT algorithm. Lin and Yuan [17] used a concise
and elegant argument to show that prf(G) > k(2n — k — 1)/2 for every k-
connected graph G of order n. Their argument uses Menger’s Theorem in a
clever way, yet the argument cannot be used to prove our bound. Instead of
Menger’s Theorem we will apply the following well-known decomposition of 2-
edge-connected graphs (see, e.g., Theorem 4.2.10 in [20]) called a closed-ear
decomposition.

Theorem 2. Any 2-edge-connected graph G has a partition of its edges
Ey, Es,...,E,, such that G; = G[E; U Ey U ... U E;] is 2-edge-connected for
alli=1,2,3,...,r. Furthermore, E; induces either a path with its endpoints in
V(Gj-1) but all other vertices in V(G;) — V(Gj-1) or a cycle with one vertex
in V(G;j_1) but all other vertices in V(G;) — V(G;_1) for every j =2,3,...,7.
Moreover, Gy is a cycle and every cycle of G can be G1.

. 3n—3
Theorem 3. If G is a 2-edge-connected graph of order n, then prf(G) > ===,

Proof. Let « be an optimal ordering of V(G) and let y be the vertex with
a(y) = n. Since G is 2-edge-connected, y is contained in a cycle C. By Theorem
2, G has an ear-decomposition Ey, Es, ..., F, such that G[E;] = C. Let G; =
G[FE1 U E3 U ... U E;], which by Theorem 2 are 2-edge-connected for all i =
1,2,...,r. We will prove this theorem by induction. If » = 1 then the theorem
holds by Lemma 2(ii), as n > 3. So assume that r > 2. Let n; = |V(Gig| for all
i =1,2,...,r and note that by induction we know that prf(G,_1) > "7%_3
If n. = n,_; then E, is just one edge and we are done as prf(G,) > prf(G,_1).
So assume that a =n, —n,—1 > 0. If a =1 and V(G,) — V(G,-1) = {z}, then
by Lemma 3 we obtain

pri(G) > prf(G,—1) + d(z) > w +2> 3n2 3.

So we may assume that a > 2. Let P be the path G, — V(G,_1), let z and
z be the endpoints of P such that a(z) < a(z), and let u be a neighbor of x in
Gr—1. Let j =min{a(q) : ¢ € V(G,-1) }, and let Q = {p e V(P) : a(p) > j }
and M = {p € V(P) : a(p) < j}, which is a partition of V(P). (Note that
a~1(j) € V(Gy—1) and recall that a~!(n) = y € V(G,_1).) Furthermore let 3
denote the ordering a restricted to P (i.e., 8 = ay(q,_,)) and let H = G — M.
By Lemma 1 (with X = @) we obtain

prfon (H7V(H> - Q) 2 prfaMUQ(H - Q) + ‘Ql = prfav(p)(GTfl) + |Q‘

We now bound prfs(P) in the following way. Add an artificial vertex v to
the end of the ordering # and add the edges u/x and u'z. This results in an
ordering ' of V(P) U {u'} where 5'(u') = |V(P)|+ 1. Since we have created a
cycle we note that prfs (PUwu') > 2(|V(P)|+1) — 3, by Lemma 2(ii). Since the
profile of w’ in 3’ is [V(P)| + 1 — B(x) we note that the following holds.



piy(P) = 2(V(P)+1) =3~ (V(P) +1 - A(x))
= [V(P)| =2+ p(z)
If j = 1 then the following holds (as @ = V(P), M = () and |V(P)| — 2+
Bla) = [V(P)| - 1):

pri,(G) = prL,(G.V(G) ~ V(P)) + pri, (G, V(P))
(01l ) (Gro) + [QD) + ([V(P)] - 2+ B(a))

priy, ) (Gro1) +2[V(P)| =1

v (P)

Now assume that j > 2. Let R = {p € V(G,-1) : a(p) < a(z)} and note
that a(z) = 8(z) + |R|. By Lemma 1 (used on the subgraph of G induced by
V(P)U R and with X = R) we obtain the following.

v Il

pri, (G, V(P)) = prs(P) + |R| = [V(P)| = 2+ f(x) + |R| = [V(P)| = 2+ a(x)

Assume that a(z) < j and note that prf, (G, u) > prf,, (H,u)+j—a(x), as
prf,  (H,u) < a(u) — j and prf, (G, u) > a(u) — a(z). As |Q] = |[V(P)|—j+1
we obtain

prf, (G) prf, (G, V(H) — Q) + prf, (G, V(P))

2 (prf,,, (H,V(H) = Q) +j — a(x)) + [V(P)| — 2+ a(z)
> priy, . (Gro1) +1Q[ +5 +[V(P)] -2
= priy, . (Gro1) +2IV(P)] - 1.

Now assume that a(x) > j. Analogously to the above we get the following;:

prf, (G, V(H) — Q) + prf, (G, V(P))
pri,,, (H,V(H) = Q) + [V(P )| -2+ ala)
Py ) (Gro1) + Q[+ [V(P)] = 2 4 a(z)
priay ) (Gro1) +2|V(P)| = 1.

av(p)
So, we always have the following, which completes the proof.

prf, (G)

VIV IV

prf, (G) priy ) (Gro1) +2|V(P)| =1

3,4
LS R 1 +2(Tl—7’lr 1) 1
3n— 3+n Npr—1 —1

2 2
3n—3
-

AV R AVARLY,

O

Let o be an optimal ordering of a connected graph G and let V1, V5, ..., V;
be a partition of V. An ordering o’ is obtained from «a by keeping the relative
order of vertices within each part V; and laying out the parts in their order,
Vi, Va, ..., Vi. The next two results show that under certain weak conditions o/
is also optimal.



Proposition 1. Let G = (V, E) be a connected graph of order n, let pri(G) <
n— 14k and let o be an optimal ordering of G. Let X,Y be a partition of V
such that | X|,|Y| > k + 2 and there is only one edge between G[X] and G[Y].
Assume a~Y(1) € X or a”l(n) € Y. Then the ordering o of G defined as
follows is optimal: o, v = ay_x, al,_y = ay_y, and &/ (z) < &'(y) for all
reX andyey.

Proof. Observe that G[X] and G[Y] are connected as otherwise G would be
disconnected. Let xy be the single edge between G[X] and G[Y] and assume
r € X and y € Y. Let a be an optimal ordering of G with a~(n) =y’ € Y
(the case a~1(1) € X is treated similarly). Let 2’ be the vertex with a(z’) = 1.
If 2 € Y, then Lemma 1 implies that prf,(G,Y) > prf, (G — X,Y) + |X|.
Since prf, (G, X) > prf, (G[X]) > |X| -1 and prf, (G[Y]) > [Y] —1 (both
by Lemma 2(i)) and | X| > k + 2, we conclude that prf, (G) > |X| + Y| + &, a
contradiction. Therefore, 2’ € X.

Let ¢ = min{ a(y”) : ¥ € Y } and let j = max{a(a”): 2" € X }. If j < i,
we are done (o/ = ), so we assume that i < j. Let [ = o ' ({i,i +1,...,5}).
Recall that o is defined as follows: oy = ax and of = ay but o/ (2”) < o/ (y")
for all 7 € X and y” € Y. We will prove that o’ is optimal.

Let H=G[XU((YNI)and let G' = H if xy ¢ E(H) and G' = H — zy,
otherwise. Let 3 = ay(g)—v(ar) (so B is equal to a, except we have deleted the
last n — j vertices in the ordering). Note that by Lemma 1 (used with the set
Y NI) we get that pris(G', V(G') — (Y NI)) > prfs,  (V(G') = (Y NI))+|YNI|.
This implies the following:

prf, (G —zy, X) > prf, (G[X]) + Y N1
Analogously we obtain that prf, (G —xy,Y) > prf,  (G[Y]) 4+ |X NI|, which

implies

prf, (G—ay) = prf,, (GIX])+prf,  (GIY])+|I] = priy (G—zy)+ (G —i+1). (2)
Suppose that a(z) > «a(y). Then (2) implies the following contradiction, as
oy)—ad(z)<j—i+1.

prf, (G) > prf, (G — xy) > prf, . (G — zy) + (j —i+ 1) > prf . (G).
Therefore, a(z) < a(y). Let I = min{a(z) : z € N[y] — {z}} and let L =
a '({a(z),a(x) + 1,a(x) +2,...,1 — 1}). Note that L = ) if | < a(x). By the
definition of L and the inequality in (2), we get the following:
prfy (G) = priy (G = zy) + L] = pry (G — zy) + 1] + |L].

When we add the edge zy to G — xy, we observe that, in the ordering o/, the
profile of y will increase by one for every vertex from Y with an a-value less
then [ and every vertex in X with an a-value larger than a(x). This is exactly
the set Ry U Ry U Rz U R4, where

R = {y' €Y :al)<al’<l}

Ry = {2'eX:alx)<al@)<l},

Ry = {y" €Y :a(y") <min{l,a(x)}},
R, = {2 € X: max{a(z),l} < alz")}.
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Since R{ URy C L and Rz URy C I (as a(I) € Y), we conclude that
prfy(G) = prfy (G) + |I| + |L| — |Ri| — [Re| — [Rs| — |Ra| = prf,, (G). O

Theorem 4. Let G = (V, E) be a connected graph of order n, let pri(G) <
n—14k, and let « be an optimal ordering of G. Let V1, Vs, ..., V; be a partition
of V' such that |V1|,|Vi| > k+ 2 and there is only one edge x;y; between G[V; U
VoU---UV;] and G[Vig1 U Vigo U --- UV, for each i = 1,2,...t — 1. Let
a™Y(1) eV, a7 (n) €V, such that 1 <iy < i, <t.

Then the ordering o of G defined as follows is optimal: oy . = av_y,
for each i = 1,2,...t, and o/ (v;) < & (vit1) for each v; € Vi, viy1 € Vigq,
i=1,2,...t—1.

Proof. The case t = 2 is covered by Proposition 1, hence assume ¢t > 3. We
distinguish the following three cases.

Case 1: i, = t. Let X = U’;}VZ and Y = V;. By Proposition 1 the
following ordering S is optimal: Sx = ax, fy = ay, and S(z) < S(y) for each
ze X,yeY. Now let X' = Uf;f Vi, Y =V,_1 UV,. Again by Proposition 1,
the following ordering 3’ is optimal: 3%, = Bx-, 3%, = Py, and §'(z') < 5'(y')
for each ' € X',y € Y'. Combining the properties of 3 and ', we obtain that
By = ayr, By = av_v, 1, By, = av_v, and @(2') < F'(v1) < & (vy)
for each 2’ € X', v;_1 € V;_1,v; € V;. Continuation of this argument allows us
to show that o’ is an optimal ordering.

Case 2: i1 = 1. We argue similar as in Case 1.

Case 3: i, < t. We consider the partition V{,...,V/ where V; = V; for

1
1 < 1, and Vz'n = Uf:in V;. Case 1 applies and we obtain the optimal ordering
o’ of G with 04/—‘/{ = ay_y; for each i =1,2,... iy, and o/(v;) < a(vit1) for
each v; € V/, viy1 € V/ 1, i=1,2,.. i, — 1. Consider the original partition
Vi,...,Vu. Since (o/)71(1) € V3 = V/ the above Case 2 applies, and we conclude
that the ordering o’ defined as follows is optimal: aQ’,_Vi = O‘Q/'—Vi for each 7 =
1,2,...,tand o’ (v;) < & (vi11) for each v; € Vi, v;41 € Vi1, i=1,2,...,t—1.
Consequently we have ay,_y, = ay_y, for each i = 1,2,...,¢, and o' (v;) <
o' (viq1) for each v; € Vi, w41 € Vigq,i=1,2,...,t — 1. O

A bridgeless component of a graph G is a maximal induced connected sub-
graph of G with no bridges. We call a connected graph G a chain of length t if
the following holds: (a) G has bridgeless components C;, 1 < i < t such that
V(G) =._, V(Ci), and (b) C; is linked to Cy4q by a bridge, 1 <i <t —1. A
component C; is nontrivial if |V (C;)| > 1, and trivial, otherwise. An ordering
a of G is special if for any two vertices z,y € V(G) and z € V(C;),y € V(C}),
i < j implies a(x) < a(y).

The following two lemmas will be of use in the proof of Theorem 6.

Lemma 4. Let G be a chain of order n and let n be the total number of vertices
in the nontrivial bridgeless components of G. Let a be a special ordering of G
with prf,(G) <n—1+k. Then n < 3k.
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Proof. We show 1 < 3k by induction on n. Suppose that G has a trivial compo-
nent. If C; is trivial, then G — C is a chain with prfav(cl) (G—-C1) <n'—1+k,
where n’ = n — 1. Thus, by the induction hypothesis, n < 3k. Similarly, we
prove n < 3k when C} is trivial. Assume that C;, 1 < ¢ < t, is trivial. Let
C; be adjacent to x € V(C;—1) and y € V(C;1+1). Consider G’ obtained from
G by deleting C; and appending edge xy. Observe that G’ is a chain and
prfav(ci)(G’) <n' —1+k, where n’ = n — 1. Thus, by induction hypothesis,
n < 3k. So, now we may assume that n = n.

Let C4,...,C} denote the bridgeless components of G as in the definition
above. Let n; = |[V(C;)|. If t = 1, then by Theorem 3 we have n < 2k + 1
and we are done as k > 1. Now assume t > 2. Let G' = G — V(C}) and
n' =n —n;. Observe that G’ is a chain and ay (¢, is a special ordering of G”.
Let kt = prf, (G, V(Ct)) —nt +1 and let ¥’ = prf, (G, V(G")) —n' + 1. We have
ki + k' —1 < k. Theorem 3 implies that

3ng — 3 3n; — 1

ne — 14k = prf, (G, V(Cy)) > pr(Cy) + 1 > ”tQ t1= ”t2 7
and thus k; > "tT'H and n; < 2k;—1. Since ny; > 3, we have k; > 2. By induction
hypothesis, n’ < 3k’. Thusn=n'+mn; <3(k — ke +1) +2k; — 1 < 3k. O

A connected component of a graph G is called nontrivial if it has more than
one vertex.

Lemma 5. Let G = (V, E) be a connected graph of order n, let X C V such
that G[X] is connected. Let Gy,...,G, denote the connected components of
G — X and let t be the number of trivial components of G — X. Assume that
V(G| <|V(Gig1)| for1 <i<r—1. Ifk+n—12>prf(G), then k+2+t>r
and 2k +1 > ST 2 V(G
Proof. The result holds vacuously true if r < 3, hence assume r > 3. Let « be
an optimal ordering of G. Let I = {1 <i <7 :V(G)N{a"*(1),a"t(n)} =0}.
Clearly |[I| > r —2. Let Y = X Ul,¢; V(G;) and Z = V \ Y. Observe that
GlY] = G — Z is connected. Since {a~!(1),a™!(n)} C Y, Lemma 1 applies.
Thus we see that prf(G) = prf, (G) is at least
prf, (G, V = 2) + Y prf, (G, V(Gy)) > prf(G — 2) + |Z] + Y _ prf(G).
i€l iel
Furthermore, by Lemma 2(i),
ko2 prf(G) = n+ 12 pif(G—2) +|Z| = V| + Y _(prf(Gi) - [V(Gi)]) + 1
il
> (pf(GY]) = Y)) + 12| = [ +1= -1+ 12| - [I| +1 = |Z| - |1].

Thus,

Z| — |I| < k. (3)
Let N={iel: |V(G;)| > 1}. Since |N| < |Z| — |I|, we have k > |N|. Thus,
r<|I|+2=|N|+|I\N|+2<k+t+2,and, by (3), |Z| <k+|N|+|I\N| <
2k + [T\ N| <2k +t. O
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4 Algorithm Based on Kernelization

4.1 Dealing with Vertices of Degree 1

In this section, G' denotes a connected graph of order n. For an ordering « of G
let F,(G) denote the set of edges uv of G such that a(u) = min,eyp) @(w) and
u # v. The length ly(uv) of an edge uwv € E(G) relative to o is |a(u) — a(v)| if
w € Eq(G), and 0 if uv ¢ Eo(G). Observe that prf, (G) =3 cp(q) la(€).

Let X,Y be two disjoint sets of vertices of G and let o be an ordering of
G. We say that (X,Y) is an a-consecutive pair if there exist integers a,b,c
with 1 <a <b<ec<nsothat X = {z € V(G) : a < a(z) <b-1}
and Y = {y € V(G) : b < ay) < c}. By swapy y(a) we denote the ordering
obtained from a by swapping the a-consecutive pair (X,Y). Foraset X C V(G)
let E7(X) (respectively, E' (X)) denote the set of edges uv € E, with u € X,
v e V(G)\ X, and a(u) < a(v) (respectively, a(u) > a(v)).

Lemma 6. Let a be an ordering of G and (X,Y) an a-consecutive pair such
that there are no edges between X and Y. If |EL (X)| < |E%(X)| and |EL(Y)| >
|EL(Y)|, then for 3 = swapy x(a) we have pris(G) < prf,(G).

Proof. Observe that E,(G) = Eg(G). Moreover, the only edges of E, (G
have different length in o and in 3 are the edges in EL(Y)UEL(Y)UE
E"(X). Observe that lg(e) = Ly(e) + Y], Lg(e)) = Lo(e') — Y|, Ls(f) =
Co(f) = |1X]|, €a(f") = Lalf') + |X| for each e € EL(X), ¢’ € E%(X), f € E.(

and f’ € E’(Y). Using these relations and the inequalities |EL (X)| < |E
and |EL(Y)| > |EL(Y)|, we obtain prfs(G) < prf,(G). O

Lemma 7. Let a be an ordering of G and ({z},Y) an a-consecutive pair such
that x has a neighbor z of degree 1 with a(z) > a(y) for ally € Y. If |[EL(Y)| >
|EL(Y)], then for 3 = swapy (1 () we have priz(G) < prf, (G).

Proof. If there are no edges between x and vertices in Y then the result follows
from Lemma 6 since |EL ({z})| <1 < |EL({z})].

Now consider the case when E! ({z}) = {wz} for a vertex w. Every edge
e € Eg\ E, is of the form e = yu for some vertex y € Y, and zu must be
in Eo \ Eg. If u €Y then {g(yu) = lo(yu) +1 < lo(zu), and if uw € ¥ then
La(yu) = Lo (yu) < Lo (2u). Consequently

Yoo @< DY @O+ D lale)

e€EL(Y)UEL(Y) e€EL(Y)UEL(Y) e€E\Eg

and clearly ¢g(wz) +45(xz) < £o(wzx)+ Lo (z2). Hence the result also holds true
in that case.

It remains to consider the case where x has neighbors in Y and E!,({z}) = 0.
Let ¢ € N(z) NY with minimum a-value. Now Eg(G) \ Eo(G) C {xy'} and
ls(xy') +Ls(x2) < Lo(x2). Thus, prig(G) < prf, (G). O
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Lemma 8. Let a be an ordering of G and let ({x},Y) be an «a-consecutive
pair. Let all vertices in' Y be of degree 1 and adjacent with x. Then for 3 =
swapy. (.1 (@) we have priz(G) < prf, (G).

Proof. Let y,y" denote the vertex in Y with largest a(y) and smallest a(y’).
Observe ¢, ( x) = |Y|. First assume that E,({x}) contains an edge zz. We have
E3(G) C E.(G )\{xy} and Ls(e) < Ly (e) holds for all e € E3(G) \ {zz}. Since
l5(2) = €o(22) + Lo (zy), the result follows. Next assume that E! ({z}) = 0.
We have Eﬁ(G) C (E, ( ) \ {zy}) U {zy'}, and l3(e) < l.(e) holds for all
e € Eg(G) \ {zy'}. Since £g(xy’) = Lo (xy), the result follows. O

For x € V(G) let Nq(x) denote the set of neighbors of  that have degree 1.
We say that an ordering a of G is conformal for a vertex x of G if { a(w) : w €
Ni(z)} forms a (possibly empty) interval and a(w) < a(z) holds for all w €
Ny (x). We say that « is conformal for a graph G if it is conformal for all vertices
of G.

Theorem 5. For every connected graph G there exists an optimal ordering
which is conformal.

Proof. Let o be an optimal ordering of G. Let = be a vertex of G for which «
is not conformal. We apply the following steps to «, until we end up with an
optimal ordering which is conformal for z. In each step we transform « into an
optimal ordering (3 in such a way that whenever « is conformal for a vertex z’,
so is B. Hence, we can repeat the procedure for all the vertices one after the
other, and we are finally left with an optimal ordering which is conformal.

Let wy,wy € Ni(x) U {z} with minimal a(w) and maximal a(ws). We call
aset B C Ny(x) a block if { a(b) : b € B} is a nonempty interval of integers. A
block is mazimal if it is not properly contained in another block.

Step 1. Assume that there exist a-consecutive pairs ({z},Y), (Y, Z) with
the following properties: (a) Y and Z are nonempty; (b) Y N Ny(z) = 0; (¢) Z
is a maximal block. By assumption, there is a z € Z such that zz € E(G) and
a(z) > a(y) holds for all y € Y. Moreover, there are no edges between Y and Z
and E%(Z) = 0. If |EL(Y)| > |E7(Y)], then we put 3 = swapy. (1 (@), otherwise
we put 3 = swap,y (a). It follows from Lemmas 7 and 6, respectively, that /3
is optimal.

Step 2. Assume that there exists an a-consecutive pair ({z},Y) such that
Y is a maximal block. We put 3 = swapy, 1, (a). It follows by Lemma 8 that
0 is optimal.

Remark: If neither Step 1 nor Step 2 can be applied, then a(ws) < a(x).

Step 3. Assume that there exist a-consecutive pairs (X,Y), (Y, Z) with the
following properties: (a) X and Z are maximal blocks; (b) Y C V(G) \ N1(X);
(¢) w; € X. Note that there are no edges between X and Y and no edges
between Y and Z. Furthermore, we have E! (X) = () and E’,(Z) = () (the former
follows from Property (c)). If |[EL(Y)| > |E%(Y)]|, then we put 8 = swapy x (),
otherwise we put 3 = swapyy (). In both cases it follows from Lemma 6 that
(B is optimal.
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Remark: If none of the above Steps 1, 2, or 3, applies, then « is conformal
for x. U

Note that when applying the procedure of the above proof, it is possible that
we end up with exactly one maximal block X such that for a nonempty set Y the
pairs (X,Y) and (Y, {z}) are a-consecutive. If |[E. (V)| < |E%(Y)| < |E%({z})],
then we can neither swap X and Y nor Y and {z} without increasing the cost
of the profile.

4.2 Kernelization

For technical reasons, in this section we will deal with a special kind of weighted
graphs, but they will be nothing else but compact representations of (un-
weighted) graphs.

We consider a weighted graph G = (V, E, p) whose vertices v of degree 1 have
an arbitrary positive integral weight p(v), vertices u of degree greater than one
have weight p(u) = 1. The weight p(G) of G = (V, E, p) is the sum of weights of
all vertices of G. A weighted graph G = (V, E, p) corresponds to an unweighted
graph G*, which is obtained from G by replacing each vertex v of degree 1 (v
is adjacent to a vertex w) with p(v) vertices adjacent to w. An ordering of a
weighted graph G = (V, E, p) is obtained as follows: take a conformal ordering
a of G* and for each vertex x with |Ny(z)| > 1 delete all neighbors of  degree
of 1 apart from y € Ny(z) for which a(y) < a(z) for each z € Ni(x) — {y}.
Thus, an ordering of G is an injective mapping S from V(G) to {1,2,..., p(G)}.
The profile prf(G) of a weighted graph is defined exactly as the profile of an
unweighted graph.

By Theorem 5 and the definitions above, prf(G) = prf(G*) and an optimal
ordering of G can be effectively transformed into an optimal ordering of G".
Also, p(G) = |[V(G™)|. The correspondence between G and G* allows us to use
the results given in the previous sections.

Kernelization Rule 1. Let G be a weighted graph and x a vertex of G with
Ni(z) = {v1,...,0.}, r > 2. We obtain the weighted graph Gy = (Vo, Eo, po),
where Go = G — {va,...,v.} and po(u) = p(u) for u € Vo \ {vi} and po(vi) =
> i1 p(vi).

The next lemma follows from Theorem 5.

Lemma 9. Let G be a weighted connected graph and Go the weighted graph
obtained from G by Kernelization Rule 1. Then prf(G) = prf(Gy), and an
optimal ordering ag of Go can be effectively transformed into an optimal ordering
a of G.

Let e be a bridge of a weighted connected graph G and let G1,Gs de-
note the connectivity components of G — e. We define the order of e as
min{p(G1), p(G2)}. Let v be a vertex of a (weighted) graph G. We say that v
is k-suppressible if the following conditions hold: (a) v forms a trivial bridgeless
component of G; (b) v is of degree 2 or 3; (c) there are exactly two bridges
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e1, ez of order at least k + 2 incident with v; (d) if there is a third edge e5 = vw
incident with v, then w is a vertex of degree 1.

Kernelization Rule 2 (w.r.t. parameter k). Let v be a k-suppressible vertex
of a weighted graph G = (V, E, p) and let xv,yv be the bridges of order at least
k+2. From G we obtain a weighted graph by removing {v} U N1(v) and adding
the edge xy.

Lemma 10. Let G = (V,E,p) be a weighted connected graph with pri(G) <
p(G)—1+k and G’ the weighted graph obtained from G by means of Kernelization
Rule 2 with respect to parameter k. Then pri(G) — p(G) = prf(G’) — p(G’), and
an optimal ordering o of G' can be effectively transformed into an optimal
ordering o of G.

Proof. Let v be a k-suppressible vertex of G* and let zv, yv be the bridges of
order at least k + 2. We consider the case when Ny (v) = {w1,...,w,} # 0; the
proof for the case when Nj(v) = @ is similar. Let G*[X] and G“[Y] denote the
components of G* — v that contain x and y, respectively. Consider an optimal
ordering « of G*. By Theorem 5, we may assume that o(w;) < a(v) for every
1 <i<r. Now by Theorem 4 (V; = X, Vo = {v,w1,...,w.}, V3 =Y), we can
find an optimal ordering o of G* such that o/(z') < o/(w;) < o/ (v) < &' (V)
foreachz’ € X, vy €Y andi=1,2,...,r.

Now it will be more convenient to argue using the weighted graphs G and
G'. Using Kernelization Rule 1, we transform o’ into the corresponding optimal
ordering of G. For simplicity we denote the new ordering «’ as well. Observe
that prf,, (G',y) = prfy(G,y) + prf, (G,v) — 1 — p(w). Hence, pri(G’) —

p(@) <prty (G = p(C) = pri(G) — p(G).

Conversely, let o/ be an optimal ordering of G’. Since the bridge zy of G’
is of order at least k + 2, we may assume by Theorem 4 that for all 2’ € X
and ' € Y we have o/(z') < o/(y'). Tt is straightforward to extend o into an
ordering a of G such that o,y = o and prf,(G) = prf,, (G")+1+p(w). Hence
PI(G) — p(G) < prt, (G) — p(G) = priy () = p(G'). Thus, pr(G") — p(G') =
PI(G) — p(G). .

Theorem 6. Let G = (V, E, p) be a weighted connected graph with n = |V| and
m = |E|. Let k be a positive integer such that prf(G) < p(G) — 1+ k. One of
the Kernelization Rules 1 and 2 can be applied with respect to parameter k, or
n<12k+6 and m < 13k + 5.

Proof. For a weighted graph G = (V, E,p), let G* be the unweighted graph
with V(G*) = V and E(G*) = E. Consider an optimal ordering a of G. By
definition of an ordering of a weighted graph, « is obtained from a conformal
ordering of G", so we may assume that « is conformal. Define an ordering 3 of
G* as follows: for each v € V we set B(v) = [{u €V : a(u) < a(v)}]. A vertex
v of G is heavy if p(v) > 1; let H be the set of heavy vertices of G.

Assume first that G has only one heavy vertex v and let u be the neighbor
of v. Since a is conformal, v is to the left of v in a. Thus, prfs(G*,u) <
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prf, (G, u) — p(v)+ 1. If G has more than one heavy vertex, we may transform G
to G* by setting the weights of heavy vertices, one by one, to 1. As above we get
prfs(G*,U) < prf (G, U) = >, cy(p(v) — 1), where U is the set of the neighbors
of vertices in H. Thus, prf(G*) + p(G) — n < prfs(G*) + p(G) — n < pri(G),
and if prf(G) < p(G) — 1 + k, then prf(G*) < n — 1 + k. The last inequality
will allow us to consider G* rather than G in the rest of the proof, but for the
simplicity of notation we use G instead of G*.

Assume that none of the Kernelization Rules 1 and 2 can be applied with
respect to parameter k. We will show that the claimed bounds on n and m
hold. By the connection between profile and interval graphs [3] we have m <
pri(G) < n —1+ k. Thus, n < 12k + 6 implies m < 13k + 5. Therefore, it
suffices to prove that n < 12k + 6.

Case 1: G has no bridges of order at least k + 2. If G is bridgeless, then by
Theorem 3, we have n — 1+ k > prf(G) > % and, thus, n < 2k + 1. Hence,
we may assume that G has bridges.

For a bridge zy of G let G[V,7¥] and G[V,;Y] denote the connectivity com-
ponents of G — xy with z € V¥ and y € V7Y If we have [V¥| = [VY] for a
bridge zy, then n < 2k 4 2 since otherwise xy would have order at least k + 2.
Hence assume [V;7¥| # [V;7¥| for all bridges zy of G.

Consider the oriented tree T" whose vertices are the bridgeless components of
G and whose arcs are the bridges zy of G, oriented from z to y if [V;7¥| > [V7Y].
Since T is an acyclic digraph, T' contains a vertex s of in-degree 0. Let S denote
the bridgeless component of G corresponding to s. Let P be a connectivity
component of G — V(S). If P is nontrivial, P has a vertex z such that P — z
is connected and z is not incident to the bridge between P and S. If P is
trivial, let z = V(P). Let a be an optimal ordering of G. By Lemma 3,
n—1+k > prf, (G) > prf, (G —2)+d(z) > prf(G — z) + 1. Thus, prf(G — z) <
|V(G—z)|—1+k. Similarly, we can see that prf(G—V (P)) < |[V(G-V(P))|-1+k
and, moreover,

prf(S) < |S] -1+ k. (4)

Therefore, as in the first paragraph of Case 1, we obtain |V (5)| < 2k + 1.

Let G1,Ga,...,G, be the connectivity components of G — V(S) and let
[V(G;)| < |[V(Git1)| for each i@ = 1,2,...,7 — 1. Let ¢ be the number of
trivial components of G — V(S). Since we have assumed that Kernelization
Rule 1 cannot be applied, it follows that ¢t < [V(S)| < 2k + 1. By Lemma 5,
Z:f |[V(G;)| < 2k +t. By the definition of S and the fact that every bridge of
G is of order at most k + 1, we have |V(G,_1)| < |V(G,)| < k + 1. Thus,

V(G| <2k+1+2k+t+2(k+1) <8k+4.

Case 2: G has some bridges of order at least k + 2. Let C;, i = 1,...,1,
denote the bridgeless components of G such that at least one vertex in C; is
incident with a bridge of order at least k + 2. We put X = |J'_, V(C)).

Suppose that there is a component C; incident with three or more bridges
of order at least k + 2. Then, we may assume that there are three bridges
ea, €3, e4 of order at least k+ 2 that connect a subgraph F; of G with subgraphs
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Fy, F3, Fy, respectively, and V = U?Zl V(F;). Let a be an optimal ordering of G.
Assume without loss of generality that a=1(1) € V(Fy) and a~1(n) € V(Fy).
Let @ = V(F») and note that G — @ is connected. Therefore Lemmas 1 and 2(i)
imply prf(G) = prf, (G, Q)-+prL, (G, V-Q) > |Q~1+([V|-|Q|~1)+|Q| > n+k,
a contradiction. Since G is connected, it follows that G[X] is connected. Thus,
G[X] is a chain and we may assume that C; and C;;1 are linked by a bridge b;
for each i = 1,2,...,t — 1. Notice that each b; is of order at least k + 2 in G.
Let G1,Gs, ..., G, be the connectivity components of G — X. Observe that
each G; (1 < i <) is linked with exactly one C; (1 < j <t) with a bridge e;;.
The bridge e;; must be of order less than k + 2, since otherwise V/(G;) N X # 0.
Hence
V(G| <k+1 (5)

follows for all ¢ € {1,...,r}. For each j, let IG(j) be the set of indices i such
that G is linked to Cj.

Let N={1<i<¢t:|V(Cy)|>1}and T ={1<i<t:|V(C)| =1}
For i € T let x; denote the single vertex in C;. Similarly, let N/ = {1 <
i <r:|V(G) >1tand TV = {1 <i <r:|V(Gy)| =1} Let H; =
GlUiera) V(Gi) U V(C))] for each j = 1,2,...,t. By Theorem 4, we may
assume that there exists an optimal ordering § such that G(h;) < G(h;) for all
i < j,hi € V(H;), hj € V(Hj). Let v = By (a)—x. Clearly, v is a special ordering
of the chain G[X], i.e., v(c;) < v(¢;) for all i < j, ¢; € V(Cy), ¢; € V(C}).

Similarly to (4), we can prove that prf (G[X]) < |X]|— 1+ k. Now by
Lemma 4, Y, v [V(C;)| < 3k. Lemma 5 yields that [N’| < k4 2. Since none of
the Kernelization Rules 1 and 2 can be applied, for each ¢ € T, x; is linked by a
bridge ;1 (;) to at least one nontrivial G (;y, where (i) # 7(i") whenever i # 4’.
Hence, |T'| < k+2. Thus, |X| =3,y [V(Ci)|+|T| < 3k+(k+2) = 4k+2. Using
(5) and Lemma 5, we have that >_!_, |V(G;)| < 2(k+1)+2k+|T"| = 4k+2+|T"|.

Let Y = {J;_, V(G;). Since Kernelization Rule 1 cannot be applied, every
vertex in X is adjacent with at most one G; with ¢ € T”. Hence |T'| < |X| <
4k + 2. Consequently |Y| < 2(4k 4+ 2) = 8k +4. Hence n = |X| + Y] <
4k + 2 + 8k + 4 = 12k + 6 follows. O

It is not too difficult to see how Theorem 1 can be extended to the following
theorem. As the proof of Theorem 7 is very similar to that of Theorem 1 we
will only outline the proof.

Theorem 7. Let G = (V,E,p) be a connected weighted graph with n vertices
and m edges as considered at the beginning of this section. The cost of adding
an edge e = wv to G is p(u) - p(v). If k is a non-negative integer, then we can
decide, in time O(nm3k(k + 1)!), whether we can add edges of total cost (i.e.
the sum of the costs of all edges added) at most k +n — 1 —m, such that the
result is an interval graph.

Proof. Note that if p(u) = 1 for all u € V(G), then this theorem is equivalent
to Theorem 1. In Theorem 1 we have shown that the running time of a search
tree algorithm is O(H?i;7n+2a(j)), where a(j) = 35 if j > 5 and otherwise
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a(j) = 15. This also holds for the weighted case as we can add at most as many
edges as we did in the search tree in Theorem 1. So the depth of the search tree
is not greater in the weighted case than in the unweighted one. O

Corollary 1. The problem PAVGYV can be solved in time O(|V |2+ k23%(k+1)!).

Proof. We can apply the two kernelization rules as long as it is possible or we
have concluded that prf(G) > |V| — 1 + k. This will take time O(|V|?). Assume
that prf(G) < |V| — 1+ k. Then, by Theorem 6, the remaining graph H has at
most 12k + 6 vertices and 13k + 5 edges. Applying Theorem 7 to H, we obtain
the required running time. O

Remark 1. Of the two algorithms we obtained, one of complezity O(nm3* (k +
1)!) and the other of complexity O(n? + k?3%(k 4 1)!), the second algorithm is
far more efficient.

5 Vertex Average Profile Problem

In this final section we consider the problem Vertex Average Profile (VAP);
see section 1.2. Serna and Thilikos [19] asked whether VAP is fixed-parameter
tractable. The following result, announced in [12] without a proof, implies that
VAP is not fixed-parameter tractable unless P = NP.

Theorem 8. Let k > 2 be a fixed integer. Then it is NP-complete to decide
whether pri(H) < k|V(H)| for a graph H.

Proof. Let G be a graph and let r be an integer. We know that it is NP-complete
to decide whether prf(G) < r. Let n = |V(G)|. Let k be a fixed integer, k > 2.
Define G’ as follows (i and j will be chosen later): G’ contains k copies of G,
Jj isolated vertices and a clique with 7 vertices (all of these subgraphs of G’ are
vertex disjoint). We have n’ = [V(G’)| = kn+i+j. Observe that prf(K;) = (3).
By the definition of G/, k- prf(G) = prf(G’) — prf(K;) = prf(G’) — (;) Therefore,
prf(G) < r if and only if prf(G") < kr + (;) If there is a positive integer i such
that kr + (;) = kn' and the number of vertices in G’ is bounded from above by
a polynomial in n, then G’ provides a reduction from to VAP with the fixed k.
Observe that kr + (;) > k(kn + ) for i = 2kn. Thus, by setting ¢ = 2kn and
j=r+ %(;) — kn — 1, we ensure that G’ exists and the number of vertices in
G’ is bounded from above by a polynomial in n. O
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