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Abstract

The cutwidth of a graph G is the smallest integer k such that the vertices of G can be arranged in
a linear layout [vg, ..., v,] in such a way that, forevery i = 1,...,n — 1, there are at most k edges
with one endpoint in {vy, ..., v;} and the other in {v;41,..., vy }. In this paper we provide, for any

constant k, a linear time algorithm that for any input graph G, answers whether G has cutwidth at
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1. Introduction

Linear layouts (or vertex orderings) of graphs provide the framework for the definition
of several graph theoretic parameters with a wide range of applications [11]. The cutwidth
of a layout is the maximum number of edges connecting vertices on opposite sides of any
of the “gaps” between successive vertices in the linear layout. The cutwidth of a graph is
the minimum cutwidth over all possible layouts of its vertex set. Deciding whether, for
a given G and an integer k, cutwidth(G) < k, is an NP-complete problem known in the
literature as the MINIMUM CUT LINEAR ARRANGEMENT problem [14]. Cutwidth has
been extensively examined [8,10,12,13,15,17,22] and it is closely related with other graph
theoretic parameters like pathwidth, bandwidth, or modified bandwidth [4,8—10,15,16].

The results of this paper concern the fixed parameter tractability of cutwidth which is
closely related to immersion properties. Recall that a graph H is said to be immersed to
G if a graph isomorphic to H can be obtained from a subgraph of G by a series of lift
operations. A lift operation replaces two adjacent edges {a, b}, {b, c} by the edge {a, c}.
The main motivation of our research were the results of Robertson and Seymour in their
Graph minors series where, among others, they prove that any set of graphs contains a
finite number of immersion minimal elements (see [18]). As a consequence, we have that
for any class C of graphs the set of graphs not in C contains a finite set (we call it immersion
obstruction set of C) of immersion minimal elements. Therefore, we have the following
finite characterization for C: a graph G is in C iff none of the graphs in the immersion
obstruction set of C is immersed to G.Combining this observation with the fact that, for
any fixed H , there exists a polynomial time algorithm deciding, given G as input, whether a
H isimmersed to G (see [12,19]), we imply the existence of a polynomial time recognition
algorithm for any immersion-closed graph class.

Unfortunately, the result of Robertson and Seymour is non-constructive in the sense
that it does not provide any method of constructing the corresponding obstruction set.
Therefore, it only guarantees the existence of a polynomial time algorithm and does not
provide one. However, it gives a strong motivation towards identifying the corresponding
algorithms for a wide range of graph classes and parameters. So far, it appears that the most
popular class (see [12,13]) that is immersion-closed, is the class of graphs with cutwidth
bounded by a fixed constant. A direct consequence is that, for any fixed k, there exists a
polynomial time algorithm checking whether a graph has cutwidth at most k.

The first algorithm checking whether cutwidth is at most & was given by Makedon and
Sudborough in [10] where a O (n*~!) dynamic programming algorithm is described. This
time complexity has been considerably improved by Fellows and Langston in [13] where
they provide, for any fixed k, an algorithm that checks whether a graph has cutwidth at
most k in O(n?). Furthermore, using a technique introduced in [12] (see also [2]) the
bound can be further reduced to O (n?), while in [1] a general method is given to construct
a linear time algorithm that decides whether a given graph has cutwidth at most k, for
k constant. However the methodology in [1] gives only a decision algorithm: it does not
give any method to construct the corresponding layout. In this paper, we give an explicit
description, for any k > 1, of a linear time algorithm that checks whether an input graph
G has cutwidth at most k and, if this is the case, it further ouzputs a linear layout of G of
minimum cutwidth.
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At this point, we want to give an informal description of our algorithm. It starts com-
puting a “nice” path decomposition of bounded width of the input graph G (for a formal
definition see Section 2.1). The path decomposition allows the definition of an appropriate
sequence of subgraphs and the algorithm proceeds from left to right of the path decomposi-
tion. First, consider the following exponential algorithm, that builds the set of all layouts of
cutwidth at most k. The algorithm goes through the path decomposition from left to right,
at each point having in a data structure the set of all layouts of cutwidth at most k of the
subgraph induced by the vertices encountered so far. When a new vertex is encountered, we
try to insert it at all different spots in all the layouts in the data structure; from the layouts
we thus obtain, we keep those whose cutwidth is at most k. Clearly, this algorithm can use
exponential time, but solves the problem: G has cutwidth at most k, if and only if the data
structure contains at least one layout when the whole path decomposition is scanned (for a
more detailed analysis of this procedure, see [4]).

In order to decrease the running time of the algorithm, we modify it as follows. Instead
of storing entire layouts, we only store that information of the layout that is necessary to
determine whether inserting a vertex at some spot increases the cutwidth to more than k,
and to compute the same type of information for the new sequence again. Layouts which
have the same such structural information can be deemed to be equivalent, and need only
one object to have stored in the data structure. The key notion for this structural information
is the characteristic, used here in a similar fashion as in linear time algorithms for related
parameters, like pathwidth and treewidth in [5], linear-width in [7], and branchwidth in [6].
In a few words, a characteristic serves to filter the main data structure of a parameter to its
essential part, a part that can be constructed from node to node of a path decomposition.
Characteristics consist of the sequence in which the vertices in the current node of the
path decomposition appear in the layout, plus sequences of integers representing numbers
of edges crossing certain gaps in the layout. As we will see, the size of the information
encoded by a characteristic depends on the width of the path decomposition and, therefore,
it is constant for graphs with bounded pathwidth.

A consequence of our result is an algorithm that, for any k, is able to determine the im-
mersion obstruction set for the class of the graphs with cutwidth at most k. We mention that
optimal constructive results exist so far only for minor closed parameters such as treewidth
and pathwidth [3,5], agile search parameters [7], linear-width [7], and branch-width [6].
Besides the fact that our techniques are motivated by those used in the aforementioned
minor-closed parameters, in our knowledge, our results are the first concerning immersion-
closed parameters and we believe that our approach is applicable to other parameters as
well (e.g., MODIFIED CUTWIDTH, 2-D GRID LOAD FACTOR, or BINARY GRID LOAD
FACTOR —see [12]).

The paper is organized as follows. Section 2 contains the definitions of cutwidth and
pathwidth and several definitions and results on sequences of sequences, finishing with the
definition of characteristics. That way, we provide the theoretical framework for the analy-
sis of the algorithm. Section 3 describes the algorithm for deciding whether the cutwidth
of a graph is at most k and Section 4 presents the modification needed to compute also a
layout with small cutwidth when there is one. We conclude with some final remarks on
Section 5.
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2. Definitions and preliminary results

We proceed with a number of definitions and notations, dealing with finite sequences
(i.e., ordered sets) of a given finite set O. For our purposes, O can be a set of numbers,
sequences of numbers, vertices, or vertex sets. Let @ be a sequence of elements from O
with length r. We use the notation [wy, ..., w,] to represent w and we define w[i, j] as the
subsequence [w;, ..., ;] of w (in case j < i, the result is the empty subsequence [ ). We
also denote as w (i) the element of w indexed by i and by w[i] the sequence [w(i)].

Given a set S containing elements of O, we denote as w[S] the subsequence of w that
contains only the elements of w that are in S, respecting their relative positions in w. Given
two sequences !, a)z, defined on O, where o' = [w’i, e a)il_], i = 1,2, we define the
concatenation of ' and w? as

1 2 1 1 2 2
w W =[w],...,a)rl,a)],...,wrz].

Unless mentioned otherwise, we consider that the first element of a sequence w is indexed
by l,ie., 0 =o[l, |®|].

All the graphs of this paper are finite, undirected, and without loops or multiple edges
(our results can be straightforwardly generalized to the case where the last restriction is
altered). We denote the vertex (edge) set of a graph G by V(G) (E(G)) and setn = |V (G)].
As our graphs will not have multiple edges, we represent an edge e € E(G) by a two vertex
subset.

Let G be a graph and S € V(G). We call the graph (S, E(G) N {{x,y} | x,y € S}
the subgraph of G induced by S and we denote it by G[S]. For any e € E(G), we set
G —e=(V(G), E(G) —{e}) and for any N € V(G) and u ¢ V(G), the graph G +" N
is obtained by adding to G the new vertex u and the edges {{u, v} | v € N}. We denote
by E¢(S) the set of edges of G that have an endpoint in S; we also set Eg(v) = Eg({v})
for any vertex v. If E C E(G) then we denote as V(E) the set of all the endpoints of
the edges in E, i.e., we set V(E) = |J, .y e. The neighborhood of a vertex v in graph G
is the set of vertices in G that are adjacent to v in G and we denote it as Ng(v), i.e.,
Ng(v) = V(Eg(v)) — {v}.If | is a sequence of vertices, we denote the set of its vertices
as V(). If x e V() then we set] — x =I[V(l) — {x}]. If | is a sequence of all the vertices
of G without repetitions, then we will call it vertex ordering or layout of G.If [ is a vertex
ordering of G, the rank of a vertex u € V(l) is its position in the ordering, and we denote
it by rank; (u).

2.1. Pathwidth

A path decomposition of a graph G is defined as a sequence X = [X1, ..., X,] of sub-
sets of V (G) satisfying the following properties.

D Uii<i<r Xi SV(G).
(2) YwueE© Jiigisr (v, u} € X;.
(3) Yveve) Fijai<i<r Yhighgr VEXp i< h <.
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We call the sets X1, ..., X, the nodes of the path decomposition X. The width of X is
equal to max;<;<-{|1X;| — 1} and the pathwidth of a graph G is the minimum width over
all path decompositions of G. We say that a path decomposition X = [X7, ..., X,] is nice
if [ Xq1]=1andV;2<igx| [(X; — X;—1) U(X;—1 — X;)| = 1. The following lemma follows
directly from the definitions.

Lemma 1. For some constant k, given a path decomposition of a graph G that has width at
most k and O (|V (G)|) nodes, one can find a nice path decomposition of G that has width
at most k and has at most 2|V (G)| nodes in O (|V (G)|) time.

We distinguish the three types of nodes in a nice path decomposition X = {X7y, ..., X,}.
We say that X; is an introduce node if |X; — X;_1| = 1, while X; is a forget node if
|Xi—1 — X;| = 1.1t is easy to observe that any node X;,i > 2, of a nice path decomposition
is either an introduce or a forget node. We call the first node X of X, start node (recall that
|X1] = 1). Notice that if the last node X, is a forget node, the node can be removed and we
still have a path decomposition. Hence we may assume that X, is an introduce node.

Finally, for each node in the path decomposition we associate a graph G;, 1 <i <r,
as follows. We define V; = Uj,lgjgi X; and G; = G[V;]. Notice that if X;,i > 1,1s an
introduce node then V (G;_1) # V(G;),and we will call the unique vertex in X; — X;_1 the
introduced vertex of G;. Notice that if X;,i > 1, is a forget node then V(G;_1) = V(Gj),
and we will call the unique vertex in X;_| — X; the forgotten vertex of G;.

2.2. Curwidth
The cutwidth of a graph G with n vertices is defined as follows. Let [ = [vy, ..., v,]
be a layout of V(G). Fori =1,...,n — 1, we define the cut at position i, denoted by

61, (i), as the set of crossover edges of G that have one endpoint in [[1,i] and one in
lli+1,nl,ie., 0, c()=Ec(I[1,i]) N Eg([i + 1, n]). The cutwidth of a layout | of V (G)
is max;, 1<i<n—1{10,6 (D)|}. The cutwidth of a graph is the minimum cutwidth over all the
vertex orderings of V (G). It is easy to see the following (see also [10]).

Lemma 2. For any graph G, cutwidth(G) > pathwidth(G).

Ifl =[vy,...,v,]is a vertex ordering of a graph G, we set

Q. =[I01, [|6r.cD]].-...[|6r.c(n — D]]. [0]].

The above sequence keeps information on the sequence of cuts at different positions of
a layout. We also assume that the indices of the elements of Qg ; start from O and finish
onn,ie., Qg =Qg,[0,n]. Moreover, in what follows, we will assume that the indices of
any sequence of sequences will start from 0. Clearly, Qg ; is a sequence of sequences of
numbers each containing only one element. We insist on the, somewhat overloaded, defin-
ition of Qg ; in order to make its notation compatible with the definition of characteristics
in Section 2.4 (for an example of Qg ;, see Fig. 1).
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g b o@o
a b ¢ d e f g

Qe =[O, 3, B [, B, B, [, o]

Fig. 1. An examples of a graph G, a layout and the sequence Qg ;.

2.3. Sequences of integers

We denote as S the set of all finite sequences of non-negative integers. For any sequence

A =|ajy,...,aa] € S and any integer t > 0 we set A+ =[a; +¢,...,a4 + ], and
max A = max;g;g|a|a;- Also, if A =[ay,...,a;] and B =[by, ..., b;] are two equal-
size sequences of non-negative integers, we define A + B = [a; + by, ...,a, + b,/ ]. If

A,BeSand A=laj,...,a|l, we say that B C A if B is a subsequence of A obtained
after applying a number of times (possibly none) the following operations.

(i) Ifforsomei,1 <i<|A|l—1,a; =aj4+1,thenset A < A[l,i]- A[i +2,|A]].
(ii) If the sequence contains two elements a; and a; such that j —i > 2 and
Vii<k<j @i <ap <ajorViicx<ja =>ar>aj,thenset A < A[l,i]- A[j], |All.

We define the compression T(A) of a sequence A € S, as the unique minimum length
element of {B | B C A}. For example,
T([57 59 67 7’ 71 77 77 4’ 47 37 5’ 41 67 87 2’ 91 37 47 67 79 27 7’ 51 47 47 6’ 4])
=1[5,7,3,8,2,9,2,7,4].
We call a sequence A typical if A€ S and t(A) = A.
The following lemma is a direct consequences of the definitions.

Lemma 3. Fori =1,2,let A;, B; such that A; € B;. Then,

(1) Ay-AE By - By, and
(2) if |[A1l = |Az| and |B1| = | Bz| then T (A1 + A2) = T(B1 + B2).

The following results have been proved in [5] (Lemmata 3.3 and 3.5 respectively).
Lemma 4. If A € S and max A < k, then t(A) contains at most 2k — 1 elements.

Lemma 5. The number of different typical sequences consisting of integers in {0, 1, ..., n}
is at most %22”.

Notice that B = t(A) is a subsequence [a;,, ..., aip ] of A=ay, ..., a4l such that for
any j,1<j <|B|—1eithera;; <min{a;;+1,...,a;;,,—1} and max{a;; 11, ...,ai;,, -1} <
dij,, OF aj; = maX{aijJr], ey aiHl,l} and min{aijJr], ""aiHrl} 24, In general we
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may have more than one such subsequence. We fix one of them and define the function
Ba:{l,....[t(A)} — {1,...,|A|} where B4(j) =i, is one of the possible original posi-
tions in A of the jth element in t(A). Consider the sequence of the previous example

A = [57 57 6’ 77 77 7’ 7’ 41 47 37 51 4? 67 8’ 21 97 374’ 67 77 2’ 71 5947 4’ 61 4]7

then we have

Ba(l) =1, Ba(2) =6 (or4or5or7), Ba(3) =10,
Ba(4) =14, Ba(5) =15, Ba(6) =16,
Ba(1) =21, Pa(8) =22, Ba(9) =27.

The following lemma is a direct consequence of the definition of .

Lemma 6. Let A be any sequence in S. Then, for any i, 1 < i < |t(A)|, we have

T(A[Ba(@), Ba(i + D)) = [A(Ba(@), A(Ba(i + D)].

Analogously, we define the function ﬂA H{l,...,]A|l} = {1,...,7t(A)} such that
ﬁA (j) is the unique i such that B4 (i) = j.

For any A € S, we define o(A) in the same way as t(A) with the difference that only
operation (i) is considered, i.e., we remove repetitions of a number on successive positions
in the sequence. If now A is a typical sequence, we define the set of extensions of A as

EA)={AeS|a(A)=A}.

We call a sequence A dense if A € E(t(A)). If A is dense then all the sequences in
E(A) are dense. Finally, notice also that if A is dense and B C A then B € £(7(A)). For
example, the sequences [5,7,7,7,4,8,8,8,8] and [1,7,2,6,4,4,4,4,4] are dense.

Notice that for any typical sequence A, if B € £(A), B(i) # B(i + 1), and ﬂgl(i) =7,
then the subsequence B[i, i + 1] represents the jth number change in B.

The results in the following two lemmata are direct consequences of the definitions of

Band g1

Lemma 7. Let A be a sequence in S, and B € £(t(A)) then, for any i, 1 <i <|B|,

(1) A(Ba(B3' () = B(j),
(2 B()#BG+D=3"G+1D=65"()+1,and
(3) BG)=BG+D=6"G+1)=85"().

Let A=[ai,...,a,]and B =[by,..., by,] be two sequences in S. We say that A <
if iy =ry and Vigigr ai < bi. In general we say that A < B if there exist exten-
sions A € £(A), and Be &(B) such that A < B. For example if A =[1,7,2,6,4] and
B =1[5,7,4,8] thenA<BbecauseB—[5 7,7,7,4,8,8,8,8] is an extension of B,
A= [1,7,2,6,4,4,4,4,4]is an extension of A, andA<B

The following lemma corresponds to Corollary 3.11 of [5].

Lemma 8. If A and B are two sequences then A < B if and only if T(A) < T(B).
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The following lemma follows directly from Lemmas 8 and 3.13 of [5].

Lemma 9. Let A and B be two integer sequences where |A| = |B| and letY = A+ B. Let
Ao < A and By < B. Then there exists two sequences Aj € E(Ao) and B € £(By) where
T(Ag+ By) < t(Y).

The following three lemmata establish basic properties of typical sequences. They fol-
low directly from the definitions.

Lemma 10. Given R € S, if we set A = t(R) then, for any m, 1 < m < |A|, there exists
ani, 1 <i <|R| such that A[1,m]=t(A[l,i]) and A[m, |A|]=t(R[i, |R|]).

Lemma 11. Let Ay, Ay be two typical sequences where Ay < Ay. Then, for any m,
1 <my < |Ay], there exists an mp, 1 < my < |Az|, such that Ax[1,mp] < A[1,m] and
Az[ma, [A2|] < Ai[my, |Ar]].

Lemma 12. Let A;, B;, i = 1, 2, be four typical sequences where A; < B;,i =1,2. Then
T(A1-Ay) <Tt(B] - B)).

The next result reveals a property of typical sequences that is crucial for the correctness
of our algorithm.

Lemma 13. Given R € S, if we set A = t(R) then, for any r, 1 <r < |R|, there exists an
integer i, 1 <i < |A|, such that A[1,i] < t(R[1,r]) and Ali, |A|] < T(R[r, |R]]).

Proof. In the case where, for any r, there exists an integer i, 1 < i < |A|, such that
A[l,i]=t(R[1,r]) and A[i, |A|] = t(R[r,|R|]) we have a stronger version of the re-
quired and we are done.

Otherwise, for any r, 1 <r < |R|,letk and [, 1 <k <r <[ < |R|, be the indices of
the two local extremes closest to r (i.e., R[k, /] is a maximal monotone subsequence). Let
j= ﬁ;l(k), 1 < j < |A], be the local maximum of A corresponding to R (k). Observe
that A[1, j]=t(R[1,k]) and A[j + 1, |A|] = t(R[I, |R]]). Furthermore, as A is a typical
sequence, we have that A(j) # A(j + 1) and therefore, R(k) # R(l).

Let us show that, in case R(k) > R(/), the lemma holds taking i = j + 1. When R(k) >
R(I) we have that A(j) = R(k) and that A[j+ 1] = R[l] < R[k+ 1, r]. Therefore, A[j, j +
1] < ©(R[k,r]) and A[j + 1] < t(R[r,1]). Using the fact that A[1, j] = t(R[1, k]) and
Lemma 12, we get

AlL, j+ 1=t (A[L, j1- A[j + 11) < (v (R[1,k]) - T(R[k + 1,71))
=7(R[1,k]- R[k + 1,r]) =T(R[1,r]).
Now using the fact that A[j + 1, |A|] = t(R[l, |R]|]) and Lemma 12, we get

Alj+ LA =7(AL +11- A[j + 1, |A]]) < (= (R[r 11) - T(R[L, |RI]))
=t(R[r,1]- R[L, |R]]) = (R[r, IR]]).
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In the case where R(k) < R(l) a symmetric argument shows that A[l, j] < (R[], |R]]
and A[j, |A|] < t(R[r, |R]]), so the lemma holds taking i = j. O

As an example illustrating Lemma 13, we consider the sequences
R=1[2,6,7,8,5,4,3,5,2,4,6,4,4] and A=1t(R)=12,8,2,6,4].

If we choose r =7, we have that j =2,k =4, and [ = 9. Notice that,

[2,8]=17([2,6,7,8]),
[8,2] < 7([8,5,4,3]),
[2]<r(3 5, 2)
[2,6,4] =1[2,4,6,4,4],
[2,8,2] < 7([2.6,7,8,5,4,3]),
[2,6,4] < 7([3,5,2,4,6,4,4]).

Now we extend the definitions to sequences of typical sequences. Suppose now that
A =[Ap,..., A/ ] and B = [By, ..., B,] are two sequences of typical sequences (recall
that such sequences are indexed starting by 0). We say that A < B if V; o<, <, A; < B;. For
any integer t we set A+t =[Ag +1,..., Aja| + t] and max(A) = max; o<ig|A|{max A;}.
Finally, for any sequence of typical sequences A we set T(A) =t (A0) - --- - A(JA])). As
an example,

7([15.2.8,11.14.9.31. [31.[3.9.2.5.31]) = (5. 2.8.1,4.9.3.3.3,9.2,5. 3))
=[5,2,8,1,9,2,5,3].

Given two typical sequences A, B and an integer j, 1 < j < |t(A - B)|, we define

.} ©,Bap(j)) if Ba.p(j) <Al
8(A’B’])_{(l,ﬂA.B(j)—|A|) otherwise.

As an example we have that if A =[1,3,2] and B =[8, 5, 9], we have that t(A - B) =
[1,9],6(A,B,1)=(0,1),and 6(A, B,2) = (1, 3). Function é will be used in Section 4.

24. Characteristics

We now define the notion of characteristic of a vertex ordering of a graph with respect
to a small subset of its vertices. Characteristics will serve as key-tools for our algorithm.
Several other versions of characteristics have been used for the computation of other pa-
rameters like pathwidth and treewidth [5], linear-width [7], and branchwidth [20]. As
mentioned before, a characteristic serves to filter the main data structure of a parameter
to its essential part, a part that is able to be constructed from node to node of the path de-
composition. Moreover, the information encoded by a characteristic certifies the existence
of small cutwidth layouts, furthermore it depends only on the width of the path decompo-
sition and, therefore, its size is bounded by a fixed constant w.
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Procedure Com(/, R, §).

Input: A characteristic (/, R) and a set S of elements in [ = [vq, ..., U\ll]'
Output: A characteristic (A, A).

: A < I[S] and assume the notation A = (Vi vigs -+ v,-p].

: A< [tR[0,i] —1]), T R[i},ip = 1]),..., T(Rlip—1.ip — 1D, TRip, [ID].
: Output (A, A).

: End.

AW N -

Fig. 2. Procedure Com.

We call a characteristic any pair (A, A) where A is a layout of a graph and A is a
sequence of typical sequences in S such that [A| = |A| 4 1. Notice that for any graph G
and any vertex ordering / of V (G) the pair (/, Qg,;) is a characteristic.

To give an example of a characteristic, consider the pair

([a’ b’ c’ d? e]’ [[0? 3]7 [4]? [39 77 2]7 [3]7 [87 1’ 3]’ [3’ 89 47 6]])'
We also use a different notation for characteristics, e.g.:
[0,3]a[4]1b[3,7,2]c[3]1d[8,1,3]e][3,8,4,6].

The procedure Com, described in Fig. 2, defines the compression of a characteristic rela-
tive to a subset of vertices. Intuitively, it compresses the concatenations of the sequences of
R delimited by the positions of the elements of S (recall that the indices of the sequences
of R start from 0).

The compression of the previous example of characteristic to the set S = {a, c} is the
characteristic

[0,3]a[4,3,7,2]¢[3,8,1,8,4,6].

Let us start by defining a characteristics associated to a vertex ordering of a graph.
Given a graph G with n vertices, a vertex ordering [ of G and S € V(G), the
S-characteristic of | is Cs(G,l) = Com(l,Qg,1, S). Notice that, from the definition of
the S-characteristic of a vertex ordering / of a graph G we have Cy()(G,[) = (I, Qg.1),
taking into account that Com(l, Qg 1, V(G)) = (I, Qg.1).

As an example we mention that, for the graph and ordering / given in Fig. 5, taking
N = {b, e, g}, the characteristics Cy (G, /) and CyG)-n (G, ) are:

[0,3]b13,4,3]e[3,2] g [0], [Ola [3]c[4]d[3] f [2,0].

Given the S-characteristics (A’, A?),i =1, 2, of two different vertex orderings /1 and [,
of G we say that (A', A') < (A2, A?) when A! =A% and A! < A2,

The following result is an easy consequence of the definition of compression and the
obvious fact that for a sequence of typical sequences A, if A = t(R), then A + 1 =
T(R+1).

Lemma 14. Given a graph G, a vertex ordering | of G, and a vertex subset S. Assume
that Cs(G,1) = (A, A). For any two vertices a, b of S, let i = rank;(a), i’ = rank; (a),
j =rank;(b), and j' = rank; (b), then we have
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(AL = 1] (Al j = 1]+ 1) - A[,1A1])
=Com(l, Qg [1,i — 11+ (Qgli, j — 11+ 1) - Q[ j. 1Qc.il]. S).

Given a graph G and a vertex subset S, we say that a characteristic (A, A) is a
S-characteristic when (A, A) = Cs(l, G) for some ordering [ of the vertices of G.

3. A decision algorithm for cutwidth

In this section, we give for any pair of integer constants k, w, an algorithm that, given
a graph G and a nice path decomposition X = [X1, ..., X, ] of width at most w, decides
whether G has cutwidth at most k.

Using now Lemma 5 and working in a similar way as in the proof of Lemma 3.1 in [5]
we can prove that for any i, the number of X;-characteristics of G; depends only on k
and w.

Lemma 15. Let G be a graph and let X = [X1, ..., X;] be a nice path decomposition of
G with width at most w. Let X;, 1 <i <r, be some node in X. The number of different
X;-characteristics of all possible vertex orderings of G; = G[Ulj= 1 X j1 with cutwidth at
most k, is bounded by (w + 1)!(%22")’”“.

Proof. Let (1, A) be a X;-characteristic of some vertex ordering of G;. Clearly, V(1) = X;
and, as | X;| < w + 1, there are at most (w + 1)! ways to choose A. For each one of them,
there are < w + 1 typical sequences in A to be chosen. From Lemma 5, there are at most
%22]‘ different ways to choose each of these sequences and the lemma follows. O

Finally, we introduce the latest component of our algorithm. Assume from now on that
w and k are fixed constants and that we have a graph G and that X =[Xy,..., X;] is
a nice path decomposition of G, with width at most w. A full set of characteristics for
G is a set F'S(i) of X;-characteristics of vertex orderings of the graph G; with cutwidth
at most k, such that for each vertex ordering / of G; with cutwidth at most &, there is a
vertex ordering /' of G; such that Cx,(G;,!") < Cx,(G;,l) and Cx,(G;,l') € FS(i), i.e.,
the X;-characteristic of /’ is in FS(i). The following lemma can be derived directly from
the definitions.

Lemma 16. A full set of characteristics for the graph G; is non-empty if and only if the
cutwidth of G; is at most k. If some full set of characteristics for G; is non-empty, then any
full set of characteristics for G; is non-empty.

An important consequence of Lemma 16 is that the cutwidth of G is at most k, if and
only if any full set of characteristics of G, = G is non-empty. The general lines of the
algorithm Check-Cutwidth are given in Fig. 3. In what follows, we complement the schema
showing how to compute a full set of characteristics at a node X; in O (1) time, when a full
set of characteristics for G;_1 is given (i > 2). Therefore the algorithm Check-Cutwidth
finishes in O (n) time.
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Algorithm Check-Cutwidth(G, X, k).

Input: A graph G, a path decomposition X of G with width w, and an integer k.
Output: Whether cutwidth(G) < k.

: Compute a full set F| of X|-characteristics for G1.

: Foranyi, 1 <i <r,compute a full set of X;-characteristics F; for G; using F;_1 and X;’s type.
: If Fy # ¢ then output “cutwidth(G) < k7, otherwise output “cutwidth(G) > k.

End.

B W=

Fig. 3. Algorithm Check-Cutwidth.

3.1. A full set for a start node

We first give a full set of characteristics for G 1. Clearly, G consists only of the unique
vertex in X1 = {xgurt} and a full set of characteristics is {[xgart], [[0], [0]]}.

3.2. A full set for an introduce node

We will now consider the case where X; is an introduce node. The procedure Ins,
depicted in Fig. 4, is the basis to compute a X;-characteristic after the insertion of the
introduced vertex and the additional edges that appear in G; at some point j of a layout for
Gi_1.

The following lemma is a direct consequence of the definitions of Qg,;, Q¢ ;7 and the
insertion procedure. Recall that the sequences in Qg,; and Qg 7 are sequences consisting
of only one element counting the number of “crossing edges” in the “gaps” of [ and I’
respectively.

Lemma 17. Let G be a graph, let | be a layout of G, and let y be an integer where 0 <y <
[1|.If G' = G +* N for some N C V(G) and u ¢ V(G), then Ins(G,u, V(G), N,1,Qg.,
v, 1) is the V(G')-characteristic of the layout I’ =I[1,y] - [u] - l[y + 1,|I]] of G, that
is Ins(G,u, V(G),N,1,Qqg.1, v, 1) =", Q¢ 1), where Ins is the procedure described in
Fig. 4.

Procedure Ins(G,u, S, N, 1, A, j, m).

Input: A graph G,avertex u ¢ V(G),twosets Sand N, N C S C V(G),a S-characteristic (A, A) of some layout
of G, an integer j,0 < j < |A|, and an integer m, 1 <m < |A(j)].
Output: An (S U {u})-characteristic (', A’) of some vertex ordering of G’ = G +* N where 0 <y < |I|.

Assume that A = [uy, ..., upl,and A[N]=[u;, ..., uj 1.

1: (Insertion of u) Set A’ = A[1, j]-[u]-A[j + 1, p] and A’ = A[0, j — 1] [A()[1, m]] - [AG)[m, |A()I]] -
Alj+1,p].

2: (Insertion of the edges from u) for h =1 to o do
@) If j, < jthenset A’ < A'[0, j, — 1]1- (A'[jp, j1+ 1) -A'[j +1,p+1].
(i) If j, > j+1thenset A < A'[0, j1- (A'[j + 1, jp)l+ 1) -A'ljn +1,p+1].

3: Output (A, A).

4: End.

Fig. 4. Procedure Ins.
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QG’,Z” = [[0]7 [3]7 [6]> [5]7 [6]7 [5]7 [4]’ [3]7 [0”

Fig. 5. Examples of Lemma 17 where G is the graph depicted in Fig. 1, G’ = G +* N,l =[a,b,c.d, e, f, gl,
and N = {b, e, g}. Layouts I and I”" correspond to y =4 and y = 1 respectively.

In Fig. 5 we give two examples illustrating Lemma 17 for y = 4 (see layout /’) and
y =1 (see layout ["').

The following lemma supports the correctness of the output of the procedure Ins and
constitutes the main tool for the construction of a full set of characteristics for an introduce
node.

Lemma 18. Let G be a graph, N C S be two subsets of V(G), | be a vertex ordering of
G, (A, A) =Cs(,Qq.) be the S-characteristic of | and G' = G +"* N where u ¢ V(G).
Then the following hold.

(i) Forany j,0< j<|A|,and m, 1 <m < |A(j)|, there exists an integer y,0 <y < ||,
such that

Ins(G,u, S, N, A, A, j,m)=Com(Ins(G,u, V(G),N,l,Qg,y,1), SU{u}).

(ii) Foranyy,0 <y <|l|, there exist two integers j,0 < j < |Al,andm, 1 <m < |A(j)],
such that

Ins(G,u, S, N, A, A, j,m)<Com(Ins(G,u, V(G),N,[,Qg,,y, 1), SU{u}).

Proof. Let us start by proving part (i). Recall that (A, A) = Com(l, Qg S). Let [ =
[vi,..., vyl and A = [v;, ..., vip]. From the definition of the procedure Com we have
that Vj, o<ngp A(h) = ©(Qg,ilin, in+1 — 11) (for convenience, we set ip = 0). It is now
easy to verify that

A0, j — 11=[7(Qg.[0,i1 — 11), 7(Qg.li1.i2 — 1), ...,
t(Qq.lij-1,ij —11)], (1)
A() =7(Qqlij,ij+1 — 11), 2
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Alj+ 1. p1=[t(Qq.lij+1.ij42 — 1), ... T(Qg.ilip-1.ip — 11).

t(Qa.i[ip. I1])]- 3
Applying now Lemma 10 to (2), we have that there exists y,i; <y <ij41, such that
A, ml=7(Qlij. 1), 4
A [m, [A(D|] = (Qly.ij+1 — 1) (5)
Observe that,as i; <y <ij41, the following hold
I, y1ST= 211, j1, (6)
Iy + L IU]IS1=ALj + 1, p]. ()

Let (A, A’) and (I’,R) be the characteristics constructed by step 1 of the procedures
Ins(G,u,S,N, 1A, j,m) and Ins(G,u,V(G),N,[,Qg.,,y,1) respectively. We will
prove now that (A, A’) = Com((/’, R), S). Notice first that A" = A[1, j]- [u] - A[j + 1, |pl]
and I’ =I[1, y]-[u]-I[y + 1, |l|]. Using now (6) and (7), it follows that A’ =I'[S U {u}] =

[vi,,..., Vijs Uy Vijypsenns vip]. Notice now that
A’ =AJ0, j — 11-[A()IL, m]] - [A()[m, |AG)|]] - AL + 1, ], ®)
R=Q:,[0,ij —11-Qq.lij. ¥1- Qa.ly.ij+1 — 11+ Qau[ij+1, II1]. )
Taking now in mind (9) and the fact that A’ = [viy,. ., Vijs Uy Vijyysoees vip], Wwe can con-

clude that the sequence of typical sequences in the output of Com(/, R, S U {u}) is

[1(Qc.10.i1 —11),....7(Qqlij—1.ij — 11), T(Qc.ilij. ¥1).
t(Qaaly.ij+1 — 1), ... 7(Qa.[ip. I11])]- (10)

Using now (1), (3), (4), and (5) we have that the sequence of typical sequences in (10) is
equal to A’ in the form it is presented in (8).

So far, we have seen that (/, A”) = Com((/’, R), SU{u}). In what follows we will prove
that this relation is invariant under the transformations applied to (A’, A’) and (I, R) during
step 2 of the insertion procedure.

Notice that during step 2, no vertex is introduced, only new edges are taken into account
and added, therefore the respective vertex orderings do not change. We will use the nota-
tion (1, A(h)) and (!, R(h)) for the contents of A and R at the end of the Ath execution of
the loop in step 2 of Ins(G, u, S, N, A, A, j,m) and Ins(G,u, V(G), N,[,Qg,,v,1) re-
spectively. And for convenience we set (A, A') = (A', A©) and (I’,R) = (I, R©®). To see
that for any 2 (', A®) = Com((I’, R™), S U {u}) we proceed by induction.

Suppose that (A', A®) = Com(!’,R® S U {u}) for any h, 0 < h < &. It remains to
prove that (\', A®)) = Com(l’,R®, S U {u}).

Assume that ) =I[NNV({[1,y]D]and ur =[N NV ({[y + 1, |l|])]. Then we have

rank; (v) =ranky (v), forve V(uy),
rank;(v) 4+ 1 =ranky (v), forv e V(uy),
rank; (v) =rank,/(v), forve V(u),
rank; (v) + 1 =rank,/(v), forve V(uy),
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ranky (u) =y + 1,
rank, (u) =j + 1,
A=y 12,
A=y [ul - po.
Assume that the vertex to be taken from N in this step has rank jz in/ and rank & in A. In
the case that j: < j we have that
R® =REV(0, jy — 11- (RE Vg, y1+1) - RE D[y + 1,11+ 1], (1)
A® =AETD0, 5 —11- (A Ve, j1+1) - AT+ 1,0+ 11, 12
As jg =ranky (u), y + 1 =rank, (), § =ranky(u ) and j + 1 =ranky/ (u . ), Lemma 14
implies that (1), A®)) = Com(1¢~D,R®), S U {u}). In the case j: > j + 1 we have that
R® =RED[0,y1- (R Vy + 1, jel) -REPje + 1,101+ 1], (13)
A® =AED0,j1- (A +1,61+1) - AC P+ 1, p 410, (14)
As y + 1 =ranky(u), jg + 1 =ranky(uj), j + 1 =ranky (u),and § + 1 = rankk/(ujé),
Lemma 14 implies that A&, A®) = com(¢—D RE, S U {u}) and this completes the
proof of (i). The arguments to prove (ii) are exactly the same as in the proof of (i) with
the difference that now weaker versions of (1), (3), (4), and (5) are required. As (A, A) =
Com(l, Qg,1, S), we can assume again that [ = [vy, ..., vyl and A = [v;, ..., viﬂ]. From
the definition procedure Com there exists j, 0 < j < |pl, such that i; <y <i;41 (for

convenience, we set ip =0 and i,4| = |/| 4+ 1). Notice now that for this choice of j, (1)-
(3) hold and (1) and (3) can be rewritten in the following weaker form.

A0, j — 11 < [t(Qg.110, i1 — 11), T(Qg lit. iz — 1), .. .,

t(Qa.lij-1,ij —11)], (15)
Alj + 1, p) < [1(Qoulij+1.ij42 = 1), ... (Qqulip—1.ip — 1),
©(Qa.i[ip, I11])]- (16)
From Lemma 13 there exists an integer m, 1 <m < A(j), where
A, m] < 7(Qlij, 1), 17
A [m. |AD|] < (Qly.ij41 —11). (18)

Notice that (15), (16), (17), and (18) are the same as (1), (3), (4), and (5) with the differ-
ence that “=" has been replaced by “<”. From this fact, using the same proof as in case
(1), it follows that Ins(G, u, S, N, A, A, j,m) < Com(Ins(G, u, V(G),N,1,Qg.i,y,1),SU
{u)). O

As an example for Lemma 18, we consider the graphs G and G’ and their vertex or-
derings [, 1’ and I” as depicted in Fig. 5. If we set S = N U {d} = {b, d, e, g} we have that
Cs(G,I) = (A, A) is the characteristic [0, 3] b [3,4]d [3] e [3, 2] g [0]. Notice that in ', if
j=2and m =1,Lemma 18(i) gives y = 4. Moreover, in ", if y = 1, Lemma 18(ii) gives
j=0andm=2.
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We will now prove some monotonicity properties of the insertion procedure.

Lemma 19. Let (A, A;), i = 1,2, be two characteristics of a graph G where (A, Ap) <
(A, A}). Let N, S be subsets of V(G) and let G' = G +" N for some u ¢ V(G) Then for
any j,0< j <|Ayl], and any my, 1 <my < |A1(j)|, there exists my, 1 < < A2,
such that

Ins(G,u,S,N,A, Ay, j,m) <Ins(G,u,S, N, X\, Ay, j,mp).

Proof. As (A, A3) < (A, Ay), for any j, we have Az(j) < A1(j). Therefore, Lemma 11
implies that there exists mo, 1 < mo < |A2(j)|, such that

Ay(DIL,mal <A (HIL,mi] and Ay (j)[ma, [A2()]] < Air(D[m1. |[A1()]]-
Moreover, ¥; o<i<j—1 A2(i) < A1(i) and V; j11<i<p A2(i) < A1(i). Therefore, if
Al =A[0,j — 11-[A(DIL mid] - [Ai (D [m1. | A (D] - Al + 1 o],

for i = 1,2, then A}, < A|. Observe that, A and A/ are the sequences of typical
sequences created after step 1 of the computation of Ins(G,u, S, N,A, Ay, j,m;) and
Ins(G,u, S, N, A, Ay, j, mp) respectively. Moreover, the vertex orderings constructed after
step 1 of Ins(G, u, S, N, X, Ay, j,my) and Ins(G, u, S, N, X, Ay, j, my) are both identical
and we denote them A’. It now remains to prove that after step 2, A, < A/|. We proceed by
induction.

Fori =1,2 let A(h) denote the value of A} after the hth execution of the loop in step
2 of the computation oflns(G u, S, N,x, A;, j,m;),i=1,2,and setA —A’ Suppose
that A(h) A(h) for any h,0 < h < &. It remains to prove that A(E) A(E). Assume that
the vertex of N considered in this step has rank jz in/ and & in )J . We examine only the
case where jg < j as the case where je > j + 1 is analogous. By induction hypothesis

A;E_l) < Aig_l) , therefore

ASV10, je — 11< A% V0, ji — 11, (19)
AS Ve, 1< A Ve, 1, (20)
AS TV o+ 11< AV p 410 Q1)

Clearly, (20) is equivalent to
—1), . . 1. .

AS e, 14+ 1< A DL, j1+ 1. 22)

Taking into account that, fori =1, 2,
—1 . —Dr. . -y

AS=ASTV10, e — 11 (A e, j14+ 1) - AV p 10,

we conclude A(f) < Aig) as a consequence of (19), (22),and (21). O
We now give an algorithm (algorithm Introduce-Node) given in Fig. 6 that, for any

introduce node X;, computes a full set of characteristics for the graph G;, given a full

set of characteristics for the graph G;_;. Now we prove the correctness of the previous
algorithm.
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Algorithm Introduce-Node.

Input: A full set of characteristics FS(i — 1) for G;_1.
Output: A full set of characteristics FS(i) for G;.

1: Initialize FS(i) = and set p = |X; 1], {u} = X; — X;_1,and N = Ng, ().
2: For any X;_-characteristic (A, A) € FS(i — 1) do
3: for j=0to pdo
4 for m =1to |A(j)| do
5 Let W, A") =1Ins(G;,u, X;—1, N, A, A, j,m).
If max(A”) <k, then set FS(i) < FS(Gi) U {(A/, A)}.
Output FS(i).
End.

;2

Fi

=

g. 6. The algorithm to compute a full set of characteristics for an introduce node.

Lemma 20. Given a nice path decomposition X = [X1, ..., X,] of a graph G. If X; is
an introduce node and FS(i — 1) is a full set of characteristics for the graph Gi_| =
G[Ulgjgi—l X ], then the set FS(i) constructed by the Introduce-Node algorithm is a full
set of characteristics for the graph G; = G[Ulgjgi X;].

Proof. We prove first that FS(i) is a set of X;-characteristics for the graph G;. We show
that for any (A, A’) € FS(i) there exists a vertex ordering I’ of G; where (A',A’) =
Cx,(G;,l"). Clearly, as (', A”) was constructed by the algorithm Introduce-Node, there
must be a characteristic (A, A) € FS(i — 1) and two integers j, 0 < j < |A|, and m,
1 <m <]JA(j)], such that

(M, A)=Ins(Gi—1,u, Xi—1, N, 1, A, j,m). (23)
As (A, A) is a X;_j-characteristic for G;_1, there exists a vertex ordering / of G;_ of
cutwidth at most k where (A, A) = Cx, ,(G;—1,1). From part (i) in Lemma 18, we have
that there exists an integer y, 0 < y < |/|, such that

Ins(Gi—1,u, X;—1,N, A, A, j,m)

= Com(Ins(Gi—1,u, V(Gi—1), N, 1,Qq,_, 1. v, 1), Xi—1 U {u}). 24)

From Lemma 17, we have that Ins(G;—1,u, V(G;-1), N,1,Qg,_,.1, v, 1) is the V(G;)-
characteristic of [ =1(1, y) - [u] - I(y + 1, |I]) and therefore,

Com(Ins(Gi—1,u, V(Gi—1), N.1,Qq,_ 1,7, 1), Xi) =Com(I', Qg 1, Xi).  (25)

Combining now (23), (24), and (25), we have that (', A’) = Com(!’, Q¢', Xi) =
Cx,(G;,l"). It remains to prove that FS(i) is a full set of characteristics for G;. Let I/
be a vertex ordering of G; with cutwidth at most k. Let us show that there exists a ver-
tex ordering I, of G; such that Cx, (G;, 1) < Cx,(G;,!") and Cx, (G;,[}) € FS(i). Setting
y =ranky (u) — 1 and I =U'[1,y]-I'[y + 2, |l|], from Lemma 17, we have that

|nS(Gi_1, u, V(Gi—l)s N, lv QG,;],la Vs 1) = (l/s QG,‘,[’)

and therefore,



18 D.M. Thilikos et al. / Journal of Algorithms 56 (2005) 1-24

Com(Ins(Gi—1,u, V(Gi—1), N,1,Qq,_,.1.v. 1), Xi)
=Com(l,QG,.,lr,X,~)=CX[.(Gi,l/). (26)
Set now (A, A) = Cy, (G;,!). From part (ii) of Lemma 18 we have that there are values j
and m,0 < j <|A and 1 <m < |A()j)], such that
Ins(Gi—1,u, Xi—1, N, A, A, j,m)
< Com(Ins(Gi—1,u, V(Gi—1), N.1,Qq,_ 1. v, 1), Xi—1 U {u}). 27

As FS(i — 1) is a full set of characteristics, there exists a vertex ordering /, of V(G;_1) for
which

Cx, (Gi—1,l)<Cx, (Gi—1,1) and Cx, (Gi_1,ly) € FS@i—1).
Let (A«, Ax) = Cx,_,(Gi-1,ls). From Lemma 19, we have that there exists a m, such that
InS(Gi_l, l/i, Xl‘—l? Nv )\,*, A*? js m*) < InS(Gi—13 Ll, Xi—ls N, )‘«a A» j’ m) (28)
From part (i) of Lemma 18, there exists yy, 0 < yx < |l«|, such that
Com(InS(Gl—lv u, V(Gl—l)’ Ns l*v QGi71,1*9 y*s 1)9 Xl)
:InS(Gi_],M,Xi_],N,)\.*,A*,j,m*). (29)
Defining l; =LJ[1, yi] - [u] - L[y« + 1, |1]] and applying Lemma 17 we have that
(1. Q6,.11) =Ins(Gi—1,u, V(Gi—1), N, 14, QG,_,.1,- V. 1)
and therefore,
Cx; (Gi’ l;) = Com(l;, QGiJ;’ Xi)
= Com(lnS(Gi—l3 uv V(Gi—l)v N’ l*v QGi,I,l*s V*’ 1)’ Xl) (30)

From (29) and (30) we have that Cyx,(G;,I}) = Ins(Gi—1,u, Xi—1, N, ks, Ax, j, my).
Since (Qg,_,,!x) € FS(i — 1) we obtain Cx,(G;,[,) € FS(i). Finally, combining rela-
tions (26)—(30) we conclude that Cx, (G;,I}) < Cx,(G;,l"). O

3.3. A full set for a forget node

We now consider the case where X; is a forget node. We provide an algorithm that given
a full set of characteristics FS(i — 1) for X;_1, computes a full set of characteristics FS(i)
for X;. We start by defining the deletion procedure Del (see Fig. 7) that operates inversely
to the insertion procedure Ins.

The following lemma is a direct consequence of the definitions of the procedures Com
and Del.

Lemma 21. Let (I, R) be a characteristic of a given graph G and let V. C V (1). Then, for
anyv € V,Com(l,R,V — {v}) =Del(Com(/,R, V), v).

Observe that Lemma 21 provides an alternative recursive definition of the procedure
Com, based on the procedure Del.
The following monotonicity result is a direct consequence of Lemma 12.
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Procedure Del(G, v, S, A, A).

Input: A graph G, a vertex v, aset S C V(G) an S-characteristic (A, A), where v € V (1),
of some vertex ordering of G.
Output: An S-characteristic (A, A”).

Assume that A =[uy,...,up] and j = rank, (v).
1: V<2, j—D-A(+1,p0).
2: A" < A0, j —2]-[t(AGG = D) - AGD]- AL + 1, p).
3: Output (A, A).
4: End.

Fig. 7. Procedure Del.

Lemma 22. Let (I;,R;),i = 1,2, be two characteristic of a given graph G. If (I3,Ry) <
(I1,Ry), then for any u € V(ly), Del(l2, Ry, u) < Del(l1, Ry, u).

Now we can give an algorithm (algorithm Forget-Node given in Fig. 8) that, for any
forget node X;, computes a full set of characteristics for the graph G;, given a full set of
characteristics for the graph G;_1.

Lemma 23. If FS(i — 1) is a full set of X;_1-characteristics then the set FS(i) constructed
by the Forget-Node algorithm is a full set of X;-characteristics for G;.

Proof. Let u € X;_; be the forgotten vertex. As G; = G;_; we will use the unifying
notation G for both of them. We start proving that FS(i) is a set of X;-characteristics
for G. We need to prove that, for any (A, A’) € FS(i), there exists a vertex ordering [ of G
where

Cx, (1. G) =Com(l,Qz ;. Xi) = (X, A).
As (A, A’) has been constructed by the procedure Forget-Node there must exists a X;_1-
characteristic (A, A) € FS(i — 1) such that

(A, A") =Del(x, A, u). 31
As (A, A) € FS(i — 1), there exists a vertex ordering [/ of G such that

(A, A) =Com(, Qg ;> Xi—1) (32)

Algorithm Forget-Node.

Input: A full set of characteristics FS(i — 1) for G;_.
Output: A full set of characteristics FS(i) for G;.

: Initialize FS(i) = ¥ and let u be the forget vertex of G;.
: Forany (A,A) € FS(i — 1) do

FS(i) < FS(i) U {Del(A, A, u)}.

: Output FS(@i).

5: End.

B W=

Fig. 8. The algorithm to compute a full set of characteristics for a forget node.
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and therefore, from (31) and (32) we have
(»,A") =Del(Com(l, Qg ;. Xi—1). u) (33)

and using (33) and Lemma 21 we have that Cx; (I, G) = Com(l, Qg Xi) = (V' A)).
We will now prove that FS(i) is a full set of X;-characteristics for G. Let ] be a vertex

ordering of G of cutwidth at most k. We will show that there exists a vertex ordering [, of
G such that

Cx,(G,1,) <Cx,(G,l) and Cx,(G,L) € FSG).
From Lemma 21 we have that
Cx,(G.1) = Com(l, Qg ;. X;) = Del(Com(l, Qg ;. Xi—1). u). (34)

As FS(i — 1) is a full set of characteristics, there exists a vertex ordering /, of V(@) such
that Cx,_,(G,ly) € FS(i — 1) and Cx,_, (G, 1) < Cx,_,(G,I) or, equivalently,

Com(ls, Qg 1, » Xi—1) < Com(l, Qg ;> Xi—1). (35)
Using now Lemma 22 we can rewrite (35) as follows.

Del(Com(l+, Qg ;.. Xi—1). u) < Del(Com(l, Qg ;. Xi—1). u). (36)
Applying again Lemma 21 we have that

Cx,(G.1.) = Com(l, Qg .. Xi) = Del(Com(l,, Qg 1. Xi—1). u). (37)
Combining now (34), (36), and (37), we have that Cy; (6, lx) < Cx; (6, [). Finally as

Cx,_,(G.1y) = Com(ls, Q... Xi—1) € FS(i — 1),

the output of Del(Com(l,, Qg’l*, Xi_1),u) will be one of the characteristics included in
FS(i). And we conclude Cy;, (@, ly)ye FS@G). O

4. Computing a vertex ordering

Suppose now that, given a path decomposition X = [X1, ..., X,] of G with bounded
width, after running the algorithm Check-Cutwidth, described in the previous section, we
know that a graph G has cutwidth at most k, i.e., the computed set FS(r) is not empty. We
describe now a way to further construct a vertex ordering of G with cutwidth at most k,
and the modifications and additions needed to perform to the algorithm Check-Cutwidth,
we refer to the extended algorithm as Layout-Cutwidth. By observing the execution of
the Check-Cutwidth algorithm, it follows that there exist a sequence of characteristics,
(A, A1), (A2, A2), ..., (A, Ay), that we call a witness path, such that

(1) (A1, A1) = ([xstart], [[0], [0]]) is the unique characteristic of the unique vertex ordering
of Gy.
(2) (A,, A,) is some characteristic in FS(r), and
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(3) forany h, 1 < h <n— 1, the characteristic (A,+1, Ap4+1) Was constructed after a call
of either Introduce-Node or Forget-Node with input (A, Ap).

Let us show how to compute a layout with cutwidth at most &, in linear time, given a
witness path

()"l’ Al)? ()"29 A2)1 L] ()\‘rv Ar)-

Forany h,1 < h <r,letl, be a vertex ordering such that Cx, (G, l) = (A, Ap). Assume
that

_ [0 h
lh_[vl,...,vllhl] and
_ h h h_ [ hJ h,j
Ah—[Ao’“-’A\Ah\] whereAj_[a1 ""’aIAhI]'
Notice that any element afl,;j of Ag s AIhA; | is determined by a pair (j, m) of indices

where 0 < j < |Ay| and 1 <m < |Aj|. We denote as P, the set containing all these pairs.

Let k be the minimum number such that 2 < k < r and X, is an introduce node (k is
well defined as X, is an introduce node and h < r = |X|). We set {u"} = X; — X}, and
N, =Ng, (u"). Now we define amapping ¢y : Pp, — {0, 1, ..., |l|}} such that ¢ (j, m) =
y implies that

Ins(Gp.u", X, Ni, A Ap, j.m)

= Com(lns(Gh, ul, V(Gp), Ny, ln, QG V> 1), Xh). (38)
Our definition is recursive. We assume that for some 2,1 < h <r—1,1;, and ¢ are known.
We will show that [;, 11, ¢5+1 can be defined recursively and computed in O (1) time.

We first examine the case where (Ay4+1, Ap4+1) was computed after a call of Introduce-
Node. This means that x = & + 1 and that {u"} = X;41 — X, and N; = Ng,,, (u").
Clearly, (Ap41, Aps1) = Ins(Gp, u, Xp, Ni, An, Ay, j,m) for some choice of j and m
where 0 < j < |Ap] and 1 < m < |A(J)]. From (38) and the proof of Lemma 20, we derive
the following:

If y = ¢y(j,m), then by setting I = Ix[1,y] - [u"] - lnly + 1,1lnl], we get
Cxpi1 (Gp1s lpt1) = 1, Ant1).

If we now take in mind the rearrangement of the indices occuring during step 1 of the
procedure Ins as it is applied on (A4, Ay) and (I, Qg,,.1,) to (38) we have that

Py ={0,1),.... (0, |Ag)} U U{G -1 D,....(j — 1.]A"_,])}
U{G Do Gom) J UG+ LD, (+ 1 AR = m 4 1)}
U{G+2.0..... (G +2.]A% Do
UL(Anl+1,1), - (1A + 1, ] Afy, )
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and, we can define ¢y, as

dn(v, §) ifv<j+1,
_Jr+l1 ifv=j+1land& =1,
Prit(ViE) =4 o G mtE—1)+1 ifv=j+landé > 1,
dn(v—1,86)+1 ifv>j+1

and, therefore the required condition holds.
Suppose now that (A,+1, Aj41) was computed after a call of Forget-Node. Assume

Ap=1[v1, ..., V), ..., U,

where v; is the forgotten vertex. Clearly, the new vertex ordering /54 is the same as /.
Taking now in mind the outputs of Del(Aj, Ay, v;) and Del(ls, Qg, 1,, v;), the new index
set is

P ={0,1),..., (0, |Ag)Ju---U{G =2, D,.... (i —2.]4" )}
U{G =1L D,....(j— L |t(An(G = D - An(D) )}

U{G D G |AS U U (1A =10 1), o (1AL = 1 AT, D)
and the function ¢, is obtained by setting
én(v, §) ifv<j—1,

P10, 8) = (i —1+o.9) ifv=j—1,
opv+1,6—-1 ifv>j—1

where (o, ¥) =8((Ap(j — 1), An(j)), §)). Clearly, the function ¢ verifies the required
conditions.

If at each time a new characteristic is computed, we set up a pointer to the characteristic
it was constructed from, we obviously have a suitable structure for constructing also a
witness path in linear time. We will also maintain a data structure associating the position
(determined by the pair (j, m)) of each element am /" of a typical sequence Ah of Ay, with
the value y = ¢, (an”), 0 < y|l;|. Furthermore, from the definitions, ;4 and dn4+1 can
be computed in O (1) time from /;, and ¢p,. Therefore, as /1 = [xgart] and ¢1(0, 1) =0 and
¢1(1,1) =1, we are able to construct in time linear in | X|, a vertex ordering [ =/ such
that Cx, (G,,I,) € FS(r).

Notice that, because of Lemma 15, the algorithms Introduce-Node and Forget-Node run
in O (1) time when k and w are fixed. We summarize the results of the previous subsections
in the following.

Theorem 24. For all k, w > 1, the Layout-Cutwidth algorithm, with input a graph G and
a path decomposition X = [X1, ..., X,] of G with width at most w, computes whether the
cutwidth of G is at most k and, if so, constructs a vertex ordering of G with cutwidth at
most k,in O (n +r) time.

According to the results in [7] and [3], one can construct, for any k, a linear time algo-
rithm that decides whether the pathwidth of a graph is at most k and, in case of a positive
answer, outputs the corresponding path decomposition. Combining this fact with Lemma 2
and Theorem 24, we derive the following:
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Theorem 25. For all k > 0, it is possible to construct an algorithm, that given a graph G,
computes whether the cutwidth of G is at most k and, if so, constructs a vertex ordering of
G with minimum cutwidth in O (n) time.

5. Final remarks

It is known (e.g., see [9]) that graphs with maximum degree bounded by A and path-
width bounded by w have cutwidth bounded by w A. Therefore, our result implies a linear
time algorithm for computing the cutwidth for graphs where both maximum degree and
pathwidth are bounded by a constant.

Moreover, one can easily observe that, in the more general case where pathwidth(G) is
at most w and the maximum degree of G is at most 8 - logn, for some g > 0, Lemma 15
bounds the number of different characteristics by O ((w + 1)!(§)w+1n2ﬁ ww+D) The com-
plexity of the algorithm Introduce-Node is O (w3w!(3)w+!n2fw@+D+1) a5 step 2 requires
O((w+ 1)!(§)w+1n2ﬁw(‘”+l)) repetitions, step 3 requires O (w) repetitions, step 4 requires
O (n) repetitions, and the call of the procedure Ins in step 5 requires O (w) steps. Similarly,
the complexity of the algorithm Forget-Node is O (w2w!(%)w+1n2ﬂ ww+1)y Therefore, we
can conclude that for any constants w and § there exists a polynomial time algorithm (i.e.,
O(w3w!(%)“’“nzﬂw(w“)Jr2 logn)) that outputs a minimum cutwidth linear layout of any
graph G with maximum degree 8 - logn, 8 > 0 and pathwidth < w, w > 0.

In the second part of this work [21] we provide a polynomial time algorithm that outputs
a minimum cutwidth linear layout of any graph G where the maximum degree and the
treewidth are fixed constants. The algorithm uses as subroutines the algorithms Introduce-
Node and Forget-Node and its analysis is based on the definitions and the results of this
paper. For an analogous result concerning the computation of pathwidth for graphs with
bounded degree, see Section 7 of [5].

Acknowledgment

We wish to thank one of the anonymous referees for his detailed comments and remarks
that helped us improving the overall presentation of this work.

References

[1] K. Abrahamson, M. Fellows, Finite automata, bounded treewidth and well-quasiordering, in: Graph Struc-
ture Theory, Seattle, WA, 1991, in: Contemp. Math., vol. 147, Amer. Math. Soc., Providence, RI, 1993,
pp- 539-563.

[2] H.L. Bodlaender, Improved self-reduction algorithms for graphs with bounded treewidth, Discrete Appl.
Math. 54 (2-3) (1994) 101-115.

[3] H.L. Bodlaender, A linear-time algorithm for finding tree-decompositions of small treewidth, SIAM J. Com-
put. 25 (6) (1996) 1305-1317.

[4] H.L. Bodlaender, M.R. Fellows, D.M. Thilikos, Starting with nondeterminism: the systematic derivation of
linear-time graph layout algorithms, in: Proc. 26th International Symposium on Mathematical Foundations



24 D.M. Thilikos et al. / Journal of Algorithms 56 (2005) 1-24

of Computer Science, MFCS, 2003, in: Lecture Notes in Comput. Sci., vol. 2747, Springer-Verlag, 2003,
pp. 239-248.

[5] H.L. Bodlaender, T. Kloks, Efficient and constructive algorithms for the pathwidth and treewidth of graphs,
J. Algorithms 21 (1996) 358-402.

[6] H.L. Bodlaender, D.M. Thilikos, Constructive linear time algorithms for branchwidth, in: Automata Lan-
guages and Programming, Bologna, 1997, in: Lecture Notes in Comput. Sci., vol. 1256, Springer-Verlag,
Berlin, 1997, pp. 627-637.

[7]1 H.L. Bodlaender, D.M. Thilikos, Computing small search numbers in linear time, Technical Report UU-CS-
1998-05, Department of Computer Science, Utrecht University, 1998.

[8] FR.K. Chung, On the cutwidth and the topological bandwidth of a tree, SIAM J. Algebraic Discrete Meth-
ods 6 (2) (1985) 268-277.

[9]1 FR K. Chung, P.D. Seymour, Graphs with small bandwidth and cutwidth, Discrete Math. 75 (1-3) (1989)
113-119.

[10] M.J. Chung, F. Makedon, I.H. Sudborough, J. Turner, Polynomial time algorithms for the MIN CUT problem
on degree restricted trees, SIAM J. Comput. 14 (1) (1985) 158-177.

[11] J. Diaz, J. Petit, M. Serna, A survey on graph layout problems, ACM Comput. Surveys 34 (3) (2002) 313—
356.

[12] M.R. Fellows, M.A. Langston, On well-partial-order theory and its application to combinatorial problems
of VLSI design, SIAM J. Discrete Math. 5 (1) (1992) 117-126.

[13] M.R. Fellows, M.A. Langston, On search, decision, and the efficiency of polynomial-time algorithms,
J. Comput. System Sci. 49 (3) (1994) 769-779.

[14] M.R. Garey, D.S. Johnson, Computers and Intractability. A Guide to the Theory of NP-Completeness, Free-
man, San Francisco, CA, 1979.

[15] E. Korach, N. Solel, Tree-width, path-width, and cutwidth, Discrete Appl. Math. 43 (1) (1993) 97-101.

[16] FE.S. Makedon, C.H. Papadimitriou, I.H. Sudborough, Topological bandwidth, SIAM J. Algebraic Discrete
Methods 6 (3) (1985) 418-444.

[17] B. Monien, I.H. Sudborough, Min cut is NP-complete for edge weighted trees, Theoret. Comput. Sci. 58
(1-3) (1988) 209-229.

[18] N. Robertson, P.D. Seymour, Graph minors. XXII. The Nash—Wiliams immersion conjecture. J. Combin.
Theory Ser. B, in press.

[19] N. Robertson, P.D. Seymour, Graph minors. XIII. The disjoint paths problem, J. Combin. Theory
Ser. B 63 (1) (1995) 65-110.

[20] D.M. Thilikos, H.L. Bodlaender, Constructive linear time algorithms for branchwidth, Technical Report
UU-CS-2000-38, Department of Computer Science, Utrecht University, 2000.

[21] D.M. Thilikos, M. Serna, H.L. Bodlaender, Cutwidth II: Algorithms for partial w-trees of bounded degree,
J. Algorithms 56 (1) (2005) 25-49.

[22] M. Yannakakis, A polynomial algorithm for the min-cut linear arrangement of trees, J. ACM 32 (4) (1985)
950-988.



