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Abstract
Given a graph G and an integer b, BANDWIDTH asks whether there exists a bijection
from V(G) to {1, ..., |V(G)I|} such that maxy, yje£@G) Im(u) — 7w (v)| < b. Thisis a

classical NP-complete problem, known to remain NP-complete even on very restricted
classes of graphs, such as trees of maximum degree 3 and caterpillars of hair length
3. In the realm of parameterized complexity, these results imply that the problem
remains NP-hard on graphs of bounded pathwidth, while it is additionally known to
be W[1]-hard when parameterized by the tree-depth of the input graph. In contrast,
the problem does become FPT when parameterized by the vertex cover number. In
this paper we make progress in understanding the parameterized (in)tractability of
BANDWIDTH. We first show that it is FPT when parameterized by the cluster vertex
deletion number cvd plus the clique number w, thus significantly strengthening the
previously mentioned result for vertex cover number. On the other hand, we show that
BANDWIDTH is W[1]-hard when parameterized only by cvd. Our results develop and
generalize some of the methods of argumentation of the previous results and narrow
some of the complexity gaps.

Keywords Bandwidth - Clique number - Cluster vertex deletion number -
Parameterized complexity

1 Introduction

Given an undirected graph G and an integer b, BANDWIDTH asks whether there exists a
bijection 7 : V(G) — {1, ..., |V(G)|} of the vertices of G (called an ordering) such
that maxyy yjee(G)lm () — mw(v)| < b. The main motivation behind its study dates
back to over half a century; a closely related problem in the field of matrix theory was
first studied in the 1950’s, while in the 1960’s it was formulated as a graph problem,
finding applications in minimizing (average) absolute error in codes, and has been
extensively studied ever since [7, 12-14, 19, 20, 25, 33, 35].

An extended abstract of this work was presented at the 18th International Symposium on Parameterized
and Exact Computation (IPEC 2023) [32].
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BANDWIDTH is long known to be NP-complete [7, 49]; as a matter of fact, that is the
case even on very restricted classes of graphs, such as trees of maximum degree 3 [30],
caterpillars of hair length 3 [46], and cyclic caterpillars of hair length 1 [47]. Consider-
ing these NP-hardness results, in this paper we focus on the problem’s parameterized
complexity. When parameterized by the natural parameter b, BANDWIDTH is known
to be in XP [34, 50], whilst it is XNLP-complete even when the input graph is a tree
[3, 4], which implies W[¢]-hardness for all positive integers ¢. In fact, BANDWIDTH
cannot be solved in time f (b)n°® even on trees of pathwidth at most two unless the
Exponential Time Hypothesis fails [18], rendering the known 20®) b+ algorithm
essentially optimal [50]. Regarding structural parameterizations, the previously men-
tioned results imply that BANDWIDTH is para-NP-complete when parameterized by
the pathwidth or the treewidth plus the maximum degree of the input graph; the latter
implies NP-completeness also on graphs of constant tree-cut width [29]. Moreover, it
is known to be W[1]-hard parameterized by the tree-depth of the input graph [31]. In
contrast, the problem does become fixed-parameter tractable (FPT) when parameter-
ized by the vertex cover number [23], the neighborhood diversity [1], or the max-leaf
number [22].

In the last few years, a plethora of structural parameters have been introduced in
an attempt to precisely determine the limits of tractability of algorithmic problems
that are FPT parameterized by vertex cover number, yet become W[1]-hard when
parameterized by more general parameters, such as treewidth or clique-width. Some
of the most well-studied such parameters are vertex integrity [31], tree-depth [48],
twin cover number [27], cluster vertex deletion number [17], shrub-depth [28], neigh-
borhood diversity [41], and modular-width [26]. The tractability of BANDWIDTH with
respect to those parameters has remained largely unexplored, with the exception of
neighborhood diversity [1] and tree-depth [31].

Cluster vertex deletion number lies between clique-width and vertex cover number
(more precisely twin cover number) and is defined as the minimum size of a set
of vertices whose removal induces a cluster graph, i.e., a disjoint union of cliques.
Computing the cluster vertex deletion number of a graph is known to lie in FPT [5,
36, 51] and it was first considered as a structural parameter in [17], while it has been
used to show parameterized (in)tractability results in multiple occasions ever since [2,
6, 8,9, 39, 40, 44]. Notice that BANDWIDTH is trivial on cluster graphs; it suffices to
check whether the clique number is at most b + 1, as there exists an optimal ordering
that places the vertices of every clique consecutively, for some ordering of the cliques.
Therefore, its tractability when parameterized by the cluster vertex deletion number
of the input graph poses a very natural question.

Our contribution. In the current work, we present both tractability and intractabil-
ity results for BANDWIDTH when cluster vertex deletion number is a parameter of
the problem (see Fig. 1 for an overview of our results and the relationships between
the structural parameters mentioned). We first prove that BANDWIDTH is FPT when
parameterized by cvd + w, where cvd and w denote the cluster vertex deletion number
and clique number of the input graph respectively. This significantly strengthens the
tractability result for vertex cover number of [23], and follows the same idea of encod-
ing the problem as an integer linear program (ILP) of a small number of variables.
Solving said ILP, one can verify whether there exists any ordering 7 of the vertices of

@ Springer



Algorithmica

T
i -

shrub-depth
I '\ pathw1dth [46 T

||treewidth + A [30] ||

modular-width

cluster vertex tree- depth (31]
deletion number T T
[Theorem 16] vertex integrity
N 1 bandwidth [4]

cluster vertex
deletion number + w
[Theorem 2]

twin cover number

nelghborhood
diversity 1]

twm cover number 4F w

T

[vertex cover number [23]]

|

[max—leaf number [2 2]]

Fig. 1 Our results and hierarchy of some related structural graph parameters, where w and A denote the
clique number and the maximum degree of the input graph, respectively. Arrows between parameters
indicate generalization relations, that is, for any graph, if the parameter at the tail of an arrow is a constant
then the parameter at the head of the arrow is also a constant. The reverse does not hold in this figure.
The framed green, frameless orange, and double framed red rectangles indicate fixed-parameter tractable,
W/x]-hard, and NP-complete cases, respectively

G such that (a) |7 (v) — w(u)| < b for all {u, v} € E(G), and (b)  is “nice”, where
an ordering is nice if it has some specific properties. Proving that there exists a nice
ordering 7 that minimizes maxyy, v1e£(G) |7 (v) — 7 (u)| then yields the stated result.
A natural question that arises from the previous result is whether it is necessary for
both cvd and w to be parameters of the problem in order to assure fixed-parameter
tractability. Notice that BANDWIDTH is NP-complete even when o < 2, since that is
the case for trees. Therefore, we proceed by studying the problem’s tractability when
parameterized only by cvd. In this setting, we show that BANDWIDTH is W[1]-hard
via a reduction from UNARY BIN PACKING, thus positively answering the previous
question.
Related work. BANDWIDTH is one of the so-called graph layout problems (see the
survey of [15]). As far as the structural parameterized complexity of such problems is
concerned, Fellows, Lokshtanov, Misra, Rosamond, and Saurabh [23] were the first
to prove FPT results for a multitude of them when parameterized by the vertex cover
number of the input graph, making use of ILP formulations. Since then, not much
progress has been made on that front, with a notable exception being IMBALANCE,
which was shown to be FPT when parameterized by twin cover number plus w [45],
vertex integrity [31], or tree-cut width [29], while it belongs to XP when parame-
terized by twin cover [45]. MINIMUM LINEAR ARRANGEMENT is known to be FPT
parameterized by max-leaf number, or edge clique number of the input graph [21], as
well as by the vertex cover number [43]. Lastly, as far as CUTWIDTH is concerned, a
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200,00 time algorithm was presented in [11], improving over the ILP formulation
of [23], where vc denotes the vertex cover number.

Organization. In Sect.2 we discuss the general preliminaries, followed by the FPT-
algorithm in Sect. 3 and the hardness result in Sect. 4. Lastly, in Sect.5 we present the
conclusion as well as some directions for future research.

2 Preliminaries

Throughout the paper we use standard graph notation [16], and we assume familiarity
with the basic notions of parameterized complexity [10]. We assume that N is the set
of all non-negative integers. All graphs considered are undirected without loops. The
clique number of a graph G, denoted by w (G), is the size of its largest induced clique.
Forx,y e Z,let[x,yl={z € Z :x <z <y}, while [x] =[], x]. For Z; = [a;, b;],
we say that intervals 7y, ..., Zy partition interval Z = [a,b] if Z = Uie[k] Z; and
I;NI; = &, forany 1 <i < j < k. Additionally, let Z; < Z; if b; < a;. For a
function f: A — Band A’ C A, let f(A") = {f(a) € B : a € A’}. Moreover, let
max(f(A")) = max{f(a) : a € A’} and min(f(A’)) defined analogously.

Let G be a graph and 7 : V(G) — [n] an ordering of its vertices. We define the
stretch of anedge e = {u, v} € E(G) withregard to i as stretch, (e) = |w (1) —mw (v)].
We define the stretch of m to be the maximum stretch of the edges of G with regard
to m, i.e., stretch(;r) = max.cg(G) stretchy (e). The bandwidth of G, denoted bw(G),
is the minimum stretch over all its possible vertex orderings, while BANDWIDTH asks,
given a graph G and an integer b, whether bw(G) < b.

Remark 1 Note that the stretch of a vertex ordering is invariant under isomorphism,
which means in particular that stretch() = stretch(w o f) for any vertex ordering
m: V(G) — [nr] and any automorphism f: V(G) — V(G) of G.

A cluster deletion set of a graph G is a set § C V(G) such that every component
of G — S is aclique. If S is a cluster deletion set, we call the components of G — §
clusters. The cluster vertex deletion number of G, denoted cvd(G), is the size of its
minimum cluster deletion set.

The feasibility variant of integer linear programming (ILP) is to decide, given a set
X of variables and a set C of linear constraints (i.e., inequalities) over the variables in
X with integer coefficients, whether there is an assignment«r: X — Z of the variables
satisfying all constraints in C. It is known that the feasibility of an instance of (ILP)
can be tested in O(p>>P+°(P) . L) time, where p is the number of variables and L is
the size of the input [24, 38, 42]. In other words, computing the feasibility of an ILP
formula is FPT parameterized by the number of variables. Moreover, a solution can
be computed in the same time if it exists.
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3 An FPT-Algorithm Parameterized by Cluster Vertex Deletion
Number Plus Clique Number

In this section we prove that BANDWIDTH is FPT parameterized by the cluster ver-
tex deletion number plus the clique number of the input graph. We first state the
main theorem of this section, followed by a short discussion regarding the considered
parameterization and a high-level overview of our proof.

Theorem 2 BANDWIDTH is fixed-parameter tractable when parameterized by cvd + w,
where cvd and w denote the cluster vertex deletion number and clique number of the
input graph respectively.

Parameterization by cvd 4+ w. Given a graph G and an integer k, it is known that one
can compute a cluster deletion set of G of size at most k in time 29® @M or correctly
determine that no such set exists [5, 36, 51]. Notice that one can use this algorithm in
order to determine, for a graph G and an integer k, whether cvd(G)+w(G) < k intime
200, 00), (1) run the previously mentioned algorithm fori = 1, ..., min{cvd(G), k}
to compute a minimum cluster deletion set S of size |S| = cvd(G), provided such a
set exists, (ii) compute @ (G) by guessing the subset §” C § which is the intersection
of a maximum clique with S, and then consider for each cluster C of G — S the graph
induced by the vertices of C and S’; the considered maximum clique is then composed
of S’ as well as the vertices of a cluster C that are adjacent to all the vertices of S’.
Proof overview. Our proof is a generalization of the FPT result for vertex cover
number from [23]. The general idea for obtaining an ILP encoding of BANDWIDTH
given a vertex cover S is to augment S by a small number (dependent only on the
vertex cover number) of representative vertices of every neighborhood-type. It can be
easily seen that we can modify any ordering 7 in such a way that the leftmost and
rightmost neighbor of any vertex in S is contained in this augmented set S’ without
increasing the stretch. For any ordering o of S’ we can decide whether we can extend
o to an ordering of V(G) of stretch at most » by encoding how vertices of certain
neighborhood-types are distributed into the gaps between the vertices of S’ into an
ILP. By ensuring that we distribute the vertices in such a way that the leftmost and
rightmost neighbor of any vertex in S is contained in S’ we can bound the stretch of
every edge by using one linear constraint for every edge in G[S'].

In our setting we can use the vertex cover approach to bound the stretch of all edges
incident to the deletion set. To gain control over the stretch of edges within clusters, we
show that we can convert any ordering into a nice one without increasing the stretch.
Here niceness intuitively means, that we can order the vertices in between any two
vertices of S’ in such a way that vertices of the same type appear consecutively, where
the type now depends on the isomorphism-type of the cluster union the deletion set.
This will allow us to bound the stretch of such edges by a linear constraint as well.

3.1 Types and Buckets

Throughout this subsection we let G be a graph and S a cluster deletion set of G of
size k. For any vertex v € V(G — §), let Ng(v) = N(v) N S be its S-neighborhood.
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In the following we define types of clusters. Cluster-types capture the isomophism-
type of the union of a cluster with the deletion set S. As clusters of the same size are
isomorphic, our notion of type only needs to capture how the vertices of the cluster
interact with the deletion set. In particular, we define cluster-types to be vectors such
that each entry specifies the number of vertices in the cluster which have a particular
S-neighborhood; in that case, two clusters are of the same cluster-type if and only if
they agree on the number of their vertices with S-neighborhood N, for all N C S.
We define this formally as follows. Let K € N2 be the set of non-negative integer
vectors x with 2% entries for which ||k ||} < @(G). ! We assume that the entries of the
vectors in /C are indexed by the subsets of S. We say that a cluster C has cluster-type
k € Kif|[{v e V(C) : Ns(v) = N}| = (k) forevery N C § where (x)y denotes
the entry of « corresponding to N. We further let #«x denote the number of clusters of
cluster-type k in G. We say that a set C of clusters is representative if it consists of
min{2|S], #«} distinct clusters of type « for every cluster-type «. We further say that
aset S’ is an extended deletion set if S' = S U oo V(C) for a representative set C
of clusters.

Lemma 3 For every extended deletion set S’ there is an ordering w: V(G) — [n]
such that stretch(;r) = bw(G) and for every s € S, the set S’ contains vertices v’

and v},,,, where (v . ) = min(z(N(s))) and w(v},,,) = max(w(N(s))), i.e.,mAiS'I}

min max
contains the leftmost and rightmost neighbor of s.

Proof Let S’ be an extended deletion set, where ' = S U |Jpcc V(C) for some
representative cluster set C, and 7 an ordering of V (G) such that stretch(7) = bw(G).
Notice that since [{v]. , v, s € S}| < 2|S|, it follows that there are at most 2|S|
vertices among them not belonging to S and belonging to clusters of the same cluster-
type.

Lets € Sandsupposethatv® € {v). . vy . }doesnotbelongtoS’.LetC ¢ C denote
the cluster of G — S’ that contains v*, and assume that it is of cluster-type k. In that case,
it follows that #« > 2|S| and that there exists a cluster C’ € C of cluster-type «, such
that V(C') N{vl,, Viax © 5 € S} = @. Exchanging the vertices of C with vertices of
C’ respecting their S-neighborhood yields an automorphism f: V(G) — V(G). For
7' = 7 o f, it holds that stretch(z") = bw(G) due to Remark 1, while v* € §’. By
repeatedly applying the previous argument, the statement follows. O

We say that an ordering 7w: V(G) — [n] is S’-extremal if the second property in
Lemma 3 is satisfied for 7.

Observation 4 Since there are at most w(G)2!51(®) different cluster-types, it holds
that the size of any extended deletion set S is at most |S| +2|S|w(G) - w(G)2!5I*(©),

Let C be arepresentative set of clusters, S’ = SU(J cec V (C) the extended deletion
set containing vertices from C and S, and kK’ = |S’|. A bucket distribution of S’ is a
partition B = (By, ..., By) of the vertices of G — §’. Fix a bucket distribution
B = (B, ..., By) of S’. We call the subsets B; buckets of B.

! Here [I-]l1 denotes the 1-norm, i.e., the sum of the absolute values of the entries.
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Having fixed a bucket distribution, we define a more refined notion of types of
clusters. In this refined notion, which we call distribution-type, we specify how many
vertices of a cluster with a particular S-neighborhood are contained in a particular
bucket. We define this formally in the following. Let 7 C N2XK+D pe the set of
matrices T with |||} < w(G). We assume that the rows of matrices are indexed with
subsets of S and the columns with [0, k"]. We say that a cluster C ¢ C has distribution-
typet € TinBif [{v e V(C)N B; : Ns(v) = N}| = (t)n,; forevery N C S and
every i € [0, k']. For every k € K, let 7, € 7T denote the set of distribution-types t
such that 3, o 41 (T)n.i = (K)y forevery N C S, i.e., the set of T € T such that
any cluster of distribution-type t has cluster-type «.

Observation 5 The number of distribution-types is at most w(G)ZIS"(‘S/lH) for any
extended deletion set S'.

Leto: 8" — [k'] be an ordering of the vertices of S’. We say that a vertex ordering
7: V(G) — [n]is compatible with o if for any s1, s, € S’ itholds that 7w (s1) < 7(s2)
if and only if o(s1) < o(sp2). We say that a vertex ordering 7w: V(G) — [n] is
compatible with o and B if 7 is compatible with o and By = {v € V(G) : n(v) <
(o'}, By = {v € V(G) : n(v) > 7(6~ (k")) and B; = {v € V(G) :
7(o7'(0) <) < (e i + 1))} fori e [k — 1].

3.2 Nice Orderings

Throughout this subsection we let G be a graph and S a cluster deletion set of G.
Furthermore, for this subsection we let C be a representative set of clusters, S’ =
S U Ucee V(C) the extended deletion set containing vertices from C and S, and
k' = |S’|. Additionally, we fix a bucket distribution B = (By, ..., By/) of S’ and an
ordering o : 8" — [K'].

To obtain our nice ordering we use a series of exchange arguments that will not
increase the stretch. We call an ordering nice if it has Properties (I1y), (I12), and (I13).
We will first give some intuition regarding the properties, before defining them for-
mally.

Assume that 7: V(G) — [n] is an optimal ordering minimizing the number of
edges of maximum stretch and assume that 7 is compatible with o and B. Furthermore,
letv € V(C) be a vertex which is contained in an edge of maximum stretch with regard
to 7 and the cluster C containing v is distributed over more than one bucket. In this
case, v must be either the leftmost or the rightmost vertex of C. Assuming v € B;
is the leftmost vertex of C (the other case is analogous), we can observe that every
vertex v’ € B; appearing further to the right than v must have a neighbor contained
in a bucket to the right of B; and no neighbor to the left of v. Otherwise, we can
reduce the stretch of the edge containing v without increasing the stretch of any edge
incident to v’ (and hence reducing the number of edges of maximum stretch without
increasing the maximum stretch) by exchanging v and v’. Therefore, we can assume
that each bucket is partitioned into a left, a middle, and a right part and every vertex
having neighbors only to the buckets to the left (respectively, right) of B; appears in
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the left (respectively, right) part. Additionally, this allows us to assume that within
each bucket the vertices of one cluster appear consecutively (Property (I1y)).

Now assume that {v, w} is an edge of maximum stretch as before (v appears left
of w in 77) and {v/, w’} is another edge such that v" appears in the same bucket as v
and w’ in the same bucket as w. If v" appears before v then w’ has to appear before w
as {v, w} is of maximum stretch. On the other hand, if v appears after v then w’ must
appear after w as otherwise exchanging w and w’ either reduces the number of edges
of maximum stretch or reduces the maximum stretch itself. Hence, we can assume
that the relative order of the leftmost vertices of a set of clusters is the same as the
relative order of the rightmost vertices of the same clusters (Property (I1>)).

Lastly, assume that C and C’ are clusters of type t € 7 which are not contained in
just one bucket and appear next to each other (in their leftmost bucket). Assume By is
the bucket containing the leftmost vertex of C and C’ and B, the bucket containing the
rightmost vertex of C and C’. We can essentially exchange V (C) N By with V(C" )N By
and at the same time V (C) N B, with V(C’) N B, if certain properties about the size of
these sets hold. This allows us to order the buckets in such a way, that clusters whose
intersection with the leftmost (rightmost, respectively) bucket they intersect is of the
same size, appear consecutively (Property (I13)).

To state Properties (IT1), (IT2), and (IT3) formally we use the following notation.
For a distribution-type t € 7 and i € [0, k'], we write 7; to denote the column of t
which is indexed by i. We define LB(7) to be the largest index i € [0, k'] such that
lzjlli = Oforany j € [0,i—1],i.e., B; is the leftmost bucket containing vertices from
clusters of type t. We define RB(t) analogously to be the minimum index i € [0, k']
such that ||7;|l; = O for any j € [i + 1, k']. Additionally, we let #L(7) be || 7LB(r)l1
and #R(7) be || TrB(r) |1 For every £ < r € [0, k'] and every ny, ng € [0, w(G)], we
define

TErnLnr) — (e T :LB(t) = £, RB(r) = r, #L(1) = nz, #R(1) = ng}.

Definition 6 (Property (IT;)) We say that an S’-extremal ordering 7 : V(G) — [n]

which is compatible with o and B has Property (I1}) if for every i € [0, k']

1. the vertices of V(C) N B; appear consecutively in 7 for every cluster C ¢ C,

2. we can partition the interval 7 (B;) into three (possibly empty) intervals I, < I}, <
1 i such that for every T € 7 and every cluster C of distribution-type ©

- mw(V(C) N B;) € I, if LB(7) # i and RB(7) =1,

- a(V(C)NB;) C Ii if LB(t) =i and RB(7) # i,

- n(V(C)NB;) C II’;,I ifeither LB(7) # i and RB(t) # i,or LB(t) = RB(7) =
i.

Notice that while / I’é contains the leftmost ordered vertices of B;, we use the index R
since those vertices are the rightmost vertices of their corresponding cliques. Analo-
gously, we use I; for the rightmost ordered vertices of B;.

Lemma 7 Given an S’'-extremal ordering 7w : V(G) — [n] which is compatible with
o and B, there exists an S'-extremal ordering w': V(G) — [n] with stretch(z’) <
stretch(;7) which is compatible with o and B and has Property (I11).
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Proof Let w: V(G) — [n] be an §’-extremal ordering of V(G) which is compatible
with o and B. For every i € [0, k'], let R; C B; contain the vertices that belong to
the clusters of distribution-type t, for which it holds that LB(t) # i and RB(7) =i.
Additionally, let L; € B; contain the vertices that belong to the clusters of distribution-
type 7, for whichitholds that LB(7r) = i and RB(7) # i.Lastly,let M; = B;\(L;UR;),
i.e., M; contains the vertices of B; that belong to the clusters of distribution-type t,
for which it holds that either LB(7) # i and RB(7) # 7, or LB(7z) = RB(7) = 1.

le an i € [0, k'], and for every cluster C with V(C) N B; # @, let vmm and
vmle denote its leftmost and rlghtmost vertex in B; on ordering 7, i.e., n(vfnn) =
min(z(V(C) N B;)) and n(vmax) = max(w(V(C) N B;)).

We first define an ordering of the vertices of R;. Let Cy, ..., C¢ denote the cliques of
G — S’ thathave vertices in R;, where max( (V(C;)NR;)) < max(w (V(Cjr1)NR;)),
for all j € [€ — 1]. Then, define 7g, : R; — [|R;]] as follows:

= g, (V(C1) N Ri) = [ICi]], ‘ ‘
~ forall j € [2, €] letwg, (V(C))NR:) = [X4—| [V(CONRil+1, X V(€N
Rill,

where the ordering of the vertices of clique C; in 7, is the same as in 7, thus vﬁgx’
denotes the rightmost vertex of C; in mg;.

Next, we define an ordering of the vertices of L;. Let Cq, ..., C, denote the cliques
of G — §’ that have vertices in L;, where min(zr(V(C;) N L;)) < min(m(V(Cj41) N
L;)),forall j € [¢£ — 1]. Then, define 7ry,: L; — [|L;|] as follows:

- L, (V(C) N L) =[IC1],

— forall j € [2, r],letrr, (V(C)HNL) = [X)Z IV(CONL+1, Y]_, V(€N
L],

where the ordering of the vertices of clique C; in 7y, is the same as in 7, thus vrim
denotes the leftmost vertex of C; in 7y,.

Intuitively, ordering g, (respectively, my;) is obtained by “sliding” all the non-
rightmost (respectively, non-leftmost) vertices of cliques next to the rightmost
(respectively, leftmost) vertex of the corresponding clique.

Lastly, define ordering 7wy, : M; — [|M;|] such that for every clique having vertices
in M;, its vertices appear consecutively in myy,, for some arbitrary ordering of the
cliques.

Consider the ordering #": V(G) — [|V(G)]], such that 7'(s) = m(s), for all
s € §', while for every i € [0, k'] and every v € B;, it holds that

- 7'(v) =i+ Yy |Bj| + 7wk, (v),if v € Ry,
_n(v)_t+zj 0|B | + |Ri| + 7y, (v), if v € M;,
—n(v)_t+Zj 0|B |+ |R;| + M| + 7, (v),if v e L;.

Let C and C> be cliques such that V(C1)NR; # @ while V(Cz)ﬂL # . Notice that
max(7’(V(Cy) N B)) = 7’ (&L, while 7/ (vSL) < n(vmdx) since for any vertex
v € B; such that 7' (v) < 7 (vﬁgx’) it holds that 7 (v) < JT(vma ) In an analogous

way, it follows that min(zr’'(V(C2) N B;)) = n'(v<:), while 7(v<2') < 7/ ($2D),
Ca,i

2!y < 7r/(v), itholds that 7 v$2) < 7 (v).

since for any vertex v € B; such that /(v min
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It holds that 7’ has Property (I1;), it is compatible with o and B, and since 7
is S’-extremal, that is also the case for z’. It remains to argue that stretch(z’) <
stretch (7). First, notice that since 7’ is §’-extremal, it suffices to argue about the
edges belonging to cliques of G — §’. Let C be a cluster of distribution-type 7, and let
e = {vriillll ,v5:021 € E(C) denote the edge of E(C) of maximum stretch on ordering
7, for some iy, ip € [0, k']. If all the vertices of C are contained in a single bucket,
then it holds that i; = i =1i,1i.e., V(C) C B; for some i € [0, k']. Since the vertices
of C appear consecutively in 7/, it follows that stretch,/(e¢) = |C| — 1, which is
minimum. Alternatively, notice that e is the edge of E(C) of maximum stretch also in

7', while vyl € Liy and vl € Riy. Then, stretchr/(e) = /(o) — 7' (i) <
(Uit — ﬂ(vii:ll) = stretchy; (e) follows. O

Definition 8 (Property (I1)) We say that an S’-extremal ordering w: V(G) — [n]
which is compatible with o and 5 has Property (I13) if for any two distribution-types
7,7’ € T and any two clusters C and C’ of distribution-type 7 and t’ respectively, the
following holds.

— If either LB(7) = LB(t’) or RB(r) = RB(¢'), then for any v € V(C) N BLp(x),
vV e V(ICHN Bip@y, w € V(C) N BrB(z), w e V(CHN Brp(r/) we have that
7(v) < 7 (V') if and only if 7 (w) < 7 (w').

Lemma9 Given an S’-extremal ordering 7w: V(G) — [n] which is compatible with
o and B, there exists an S’-extremal ordering w': V(G) — [n] with stretch(z) <
stretch(7r) which is compatible with o and BB and has Properties (I11) and (I13).

Proof Let w: V(G) — [n] be an §’-extremal ordering of V (G) which is compatible
with ¢ and B. By Lemma 7 we can assume that 7 has Property (IT;). For every
clique C, let v$; and v§,, denote its leftmost and rightmost vertex in ordering 7, i.e.,

rr(vgm) = min(7(V(C))) and n(vgm) = max(w(V (C))).

Fix an £ € [0, k'] and let C and C’ be two clusters of distribution-type t and t’
respectively, such that

- LB(r) =LB(7)) = ¢,

- m(V(C")NBy) = [max(r(V(C)NBy)) +1, max(w (V(C)NBy)) +|V(CHN Bell,
i.e., the vertices of V(C’) N By appear right after the vertices of V(C) N By in the
ordering ,

— w(V(C") N Brp(r)) < 7(V(C) N Bry(1))-

Notice that it holds that RB(t) # £ and RB(t’) # £, since otherwise 7 does not have
Property (ITy). Let mc.cr: V(G) — [|V(G)|] be the ordering obtained by “sliding”
the vertices of V(C’) N B, to the left of the vertices of V(C) N By, i.e.,

— e (V) =7(W), forall v ¢ (V(C)U V(C")) N By,
— e (V) = m(v) — #L(7), forall v € V(C') N By,
- e () = w(v) + #L(7'), forallv € V(C) N By,

where the ordering of the vertices in every clique C remains as in m, thus for vgin
and v, it holds that 7o/ (vS,) = min(rcoc (V(C))) and meoc(vGy) =

max(rcc(V(C))). Notice that due to Property (IT;), for all vertices v for which
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Teoc (V) # m(v),itholds that w (v) € If. It holds that ¢ ., ¢ has Property (ITy), itis
compatible with o and B, and since 7 is S’-extremal, that is also the case for mc ¢’
We argue that stretch(wc..¢) < stretch(sr). Notice that it suffices to argue about
the stretches of edges in E(C) U E(C’). Lete = {vgin, vglax} and ' = {vg;n, vg;x}
denote the edge of maximum stretch (in both orderings = and w¢.,¢/) of E(C) and
E(C’) respectively. Since n(vgﬂn) < ﬂCeC'(Ugﬁn), while n(vgax) = nCQC/(vgax),
it follows that stretchy._ ., (e) < stretchy (e). As for e', it holds that nCQC/(vg;n) =
n(vgin), while JTC(_)C/(U%X) < n(vgax), therefore stretchﬂCQC, (¢) < stretchy (e)
follows.

In an analogous way, one can prove that for any pair of clusters C and C’ of

distribution-type t and 7’ respectively, where

— RB(r) = RB(t’) = r and
— the vertices of V(C’) N B, appear right after the vertices of V(C) N B,

there exists an §’-extremal ordering that has Property (IT;), it is compatible with o
and B, is of no bigger stretch, reorders only vertices v for which 7 (v) € I}, and the
vertices of V(C) N BLp(r) appear before those of V(C') N Bip().

By exhaustively applying both arguments, and due to the transitivity of <, the
statement follows. O

Lastly, we want the buckets to be ordered by distribution-types which will enable
us to express the stretch within clusters by linear constraints. To achieve this, we
define two orderings of distribution-types, dictating in which order (in a nice, optimal
vertex ordering) cliques of a certain type will appear within a bucket. First, let 7, Ié =
U cewoin, T8 and define the ordering p;: 7 — [|74]] in the following

ny . npelw(G)]
way. For any t € TWHnLnr) ¢/ e TWIn0mk) we have that p; (t) < p; (') if either

e ¢ </t or

e {={,np >ngandn) <n’or

o {=1{,np >ng,n, =nfandng < ny or

o {=1{,np <ng,n;, <npandng >n} or

o (=t np >ng,ny >np,ng=npand v <jex T’ or
o {=1{ np <ngp,n <np,np =n) and v <jex 7.

Here <jex refers to the lexicographic order on matrices in 7 where we read the
entries by lines top to bottom. However, we can replace this by any total ordering
(<iex is an arbitrary choice).

Moreover, let 7} = |J ,epsiny, 79720 and define the ordering A;: 7} —

ny ngelo(G)]

[I7/ 11 by letting A; () < A;(z') forany © € TErnLne) ¢/ ¢ T @r'nn) if either

—r<r'or
—r=r"and p; (1) < pi (7).

Remark 10 Note that we can compute all p; and A; in time quadratic in the size of 7.

Definition 11 (Property (I13)) We say that an S’-extremal ordering 7 : V(G) — [n]
which is compatible with o and B has Property (I13) if for every i € [0, k'] we can
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partition the interval 7 (B;) into (possibly empty) intervals

T (A
R L

J,(;’I)<-~-<J <J54<J£i’1)<--~<.l
such that for every distribution-type 7 € T and every cluster C of type t and every
J e lTgll, j € U711,

o 7(V(C)NB) € Jy" if pi(r) = j and
o (V)N B) S I it (o) = j.

Lemma 12 Given an §’-extremal ordering 7w : V(G) — [n] which is compatible with
o and B, there exists an S'-extremal ordering 7’ V(G) — [n] with stretch(z’) <
stretch(77) which is compatible with o and B and has Properties (I11), (I1y), and (I13).

Proof Let w: V(G) — [n] be an S'-extremal ordering which is compatible with o
and B. By Lemma 9 we can assume that 7 has Properties (IT{) and (IT;). For every
i €[0,k'Tlet II"e < II’IVI < 12 be the partition of 7 (B;) as in Property (IT). Since 7
has Property (I1,) it holds that for any fixed i € [0, k'] we can partition the interval
I;e into intervals II(;’O) < e < II(;’I_I) such that 7 (V(C) N B;) C I;;’j) if C is of
distribution-type 7, RB(r) = i, and LB(tr) = j. Equivalently, we can partition / 2
into intervals 1Y < ... < 195 such that 7 (vV(C) N B) < 107 if C s of
distribution-type 7, LB(r) =i, and RB(7) = j.

Fix any £ < r € [0,k] and let 7, " be two distribution-types with LB(t) =
LB(z’) = £ and RB(r) = RB(7’) = r. We further let C be a cluster of distribution-
type T and C’ a cluster of distribution-type t’. We say that C directly precedes C’ if
a(V(C)NBy) < a(V(CHNBy)and 7(V(C) N By) Un(V(C') N By) is an interval.
Note that if 7 (V (C) N By) U (V(C’) N By) is an interval then so is 7 (V(C) N B,) U
7 (V(C")N B,), due to Property (IT). Moreover, note that 7 (V (C) N B;) is an interval
for every clique C and i € [0, k'] as 7 has Property (I1;). If C directly precedes C’
we define a new ordering mc.c: V(G) — [r] which corresponds to exchanging C
and C’ in By and B, as follows.

Tcoc (V) = () —#L(7) forv € V(C') N By,

e (V) =7 () +#L(z") forv € V(C) N By,

Tcoc (V) = m(v) —#R(z) forv € V(C) N B,,

Tcec' (V) = 7 (v) + #R (') forv € V(C) N B,, and

e (v) = 7w (v) for any vertex v ¢ (V(C) U V(C')) N (B¢ U By).

Claim 13 identifies when exchanging C and C’ cannot increase the stretch.

Claim 13 If one of the following holds, then stretch(wc.,¢’) < stretch(ir).

1. #L(1) < #R(7) and #L(¢') > #R(7)).
2. #L(7) > #R(1), #L(7/) > #R(7’), and #R(7) > #R(7).
3. #L(7) < #R(1), #L(7/) < #R(7), and #L(7) < #L(7').
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Exchange Exchange
V(C’ )N By V(C")N By V(C)n B, v(cHn
Exchange Exchange Exchange Exchange
v(c)nB, V(C) ﬁB/c V(C )N B, VC’)FWB V(C NnNB V C')ﬂBz v(Cc)nB, V(C')NB,

Fig.2 Exchange arguments used in Claim 13

Proof First note that stretch;(e) = stretchy._ ., (e) for any edge e ¢ E(C) U
E(C"). Let vgin (respectively, vy, dx) denote the leftmost (respectively, rightmost)
vertex of V(C) with regard to m¢c.,¢, that is, n(vmm) = min(mrcoc (V(C)))
and n(vmax) = max(mc o (V(C))). Define vmm and vmax analogously. Note that

7S, = min(r(V(0))), 7(v5y) = max(w(V(C))), 7(vs,,) = min(x(V(C"))),
and n(vmax) = max (7 (V(C"))) as the order of vertices within C and C’ is the same in

m and in w7, 7. Note that stretch, coc! (e) < stretchﬂCQ ¢ ({vmm, max}) for any edge
e € E(C)andstretchy,. (') < stretchy ., (€ D foranyedgee’ € E(C').

Hence, we only consider the stretch of the two edges {vmm, v$, ) and {vmm, m;X}

Consider how the stretch of the edge {vC. | vE, } is affected by the exchange of C
and C’. Prior to the exchange, all #L(z’) vertices of V(C’) N By contributed to the
stretch of {vmm, v$ ) while after the exchange they do not. On the other hand, after
the exchange of C and C’ all #R(z’) vertices in V(C’) N B, contribute to the stretch
of {vmm, v$..} but prior to the exchange they did not. Other than that, the stretch of
€., vS,) is not affected by the exchange (see Fig.2 for an illustration). Hence,

the difference between the stretch of {v$, . vS,,} before and after the exchange is
#L(7) — #R(7'). In a very similar way, we can determine the difference between the

stretch of edges before and after the exchange of C and C’ to obtain the following:
vmax}) =#L(1") — #R(7),
mm’ vmdx}) = #R(7) — #L(7),
(iii) stretch, ({v D = #R(z) — #R(7'), and
(iv) stretch, ({vmm, rnax}) D =#L(z/) — #L(7).
Assuming #L(t) < #R(7) and #L(z') > #R(z’), Equalities (i) and (ii) imply
that stretch(rco.¢r) < stretch(). Assuming #L(7) > #R(7), #L(z") > #R(7'), and
#R(7) > #R(7/) we obtain the statement using Equalities (i) and (iii). Lastly, assuming
#L(7) < #R(7), #L(7') < #R(7'), and #L(7) < #L(z') we get the desired bound on
the stretch using Equalities (ii) and (iv). For an illustration of the different cases see
Fig.2. O

min’ max

() stretch, ({v€
(i) stretch, ({v

mm g max}) stretchy. ., ({0,

) —stretchy._ ., ({

m1n ’

1’1'111’1 ’ max }

v
v¢
Umdx H— stretchﬂCQC, ({v
v

mm min’ Umdx

stretch,; Corc! ({vmm, ax

We now successively exchange clusters C of distribution-type T with clusters C’
of distribution-type t’ for any 7, v’ € 7 with LB(r) = LB(z’) = £ and RB(7) =
RB(z’) = r whenever C is directly preceding C’ and p;(t') < p¢(t). Call the resulting
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ordering " and note that in each step, the stretch does not increase by Claim 13 and
hence stretch(r’) < stretch(sr). Furthermore, since any exchange maintains B, the
ordering 7’ is compatible with ¢ and B. Even more so, the exchanges maintain the
partition of intervals I,(;’O) < I(’ =D I I(’ i+ < < Izi’k/). By our
exchange strategy we obtain a partition of II(Q ) foreveryi € [0, k'1,¢ € [0,i—1]into
T&inLnr) guch that 7 (V(C)NB;) €
if C is of type . Similarly, for every i € [0, k'], r € [i + 1, k'] we obtain a
partition of 7" npngeloGy TR such
that 7(V(C)N B;) € J g’k" @) if C is of type t. Furthermore, the exchange strategy

guaranties that J$ < 78 and 707 < 7 fore < 0, r <1 O

intervals J4 " for every € |
J(i,ﬂi(f))
R

np,nr€lw(G)]

into intervals J, g’k" ) for everyt €

3.3 ILP Formulation

Throughout this subsection we let G be a graph and S a cluster deletion set of G with
k = |S|. Furthermore, for the remainder of this subsection we fix C to be a representa-
tive set of clusters, S’ = SU UC <c V (C) the extended deletion set containing vertices
from C and S, and k' = |5'|.

For every ordering o : S’ — [k’], we will use an ILP to determine whether there is
an §’-extremal ordering 77 : V(G) — [n] of stretch at most b which is compatible with
o. The ILP has two variables x;, y; for every distribution-type t € 7. The variable
x; expresses how many clusters of G — S’ have distribution-type 7 in an optimal S’-
extremal ordering compatible with o. The variable y; is an indicator variable which
is 1 if and only if x; > 0 and O otherwise. We further use z; for i € [0, k'] in our ILP
formulation as a placeholder for the expression ) . .7 (x¢ - ||7;[|1) which expresses the
number of vertices in bucket i. For an assignment «: {x;, y; : T € 7} — N of the
variables of our ILP, we write «(z;) to stand for the expression Zt e (a(xo) - lwill).

We further need the leftmost and rightmost neighbor of any vertex of S in S’, thus
define vmm o vfndx - € S such that (r(vmln ») = min(o (N (s))) and 0(vmlx 5) =
max (o (N (s))) for every ordering o : S’ — [k’ ] and 5 € S. Note that by choosing S
to be minimum, we can assume that S contains no vertex with no neighbors in G — S
and hence vy, - and vy, , are well-defined.

For a fixed ordermg o: S — [k'], we can now formulate our set of linear con-
straints. The first three constraints ensure that we choose the number of clusters that
have a certain distribution-type in a feasible way. That is, (T1) ensures that the quanti-
ties of distribution-types corresponding to an assignment of the variables x, correspond
to a valid choice of allocating each available cluster in the input graph G a distribution-
type. As for (T2), itensures that vy ;- is indeed the leftmost neighbor of s while vy,
is the rightmost neighbor of s for every s € S by ensuring that any distribution-type
placing a neighbor of s in a bucket left of vy, , or right of vy,,, , does not occur.
Finally, (T3) guarantees that y, indeed indicates whether or not distribution- -type T is
used in the solution.
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(T1) Forevery k € K,

#x = min{#«, 2k} + Z Xz.
e,

(T2) For every s € S and every t € 7 for which ty; > 0 for some N > s and
i € [07 U(vs ) - 1] ) [O'(vs )a k/]’

min,o max,o
xr =0.

(T3) x;-(1—y;)=0and (1 —x;)-y; <Oforeverytr € 7.

The purpose of all remaining constraints is to ensure that for the assignment of
variables, which essentially corresponds to choosing a bucket distribution 13, there is
an S’-extremal ordering 7w : V(G) — [n] which is compatible with o and B for which
stretch(rr) < b. (DS) expresses that the stretch of edges in G[S’] is bounded by b.

(DS) Forevery s, s’ € S’ with {s, s’} € E(G), o(s) < a(s'),

bzoG)—a®+ Y u

i€lo(s),o(s")—1]

The last three constraints deal with bounding the stretch of edges within clusters.
For this we assume that the S’-extremal ordering which is consistent with o and B is
nice, i.e., has Properties (ITy), (IT»), and (I13). The first constraint (C1) is necessary
to bound the stretch of clusters that are fully contained in one bucket. To bound the
stretch of clusters contained in multiple buckets, we have one constraint for every
distribution-type t € TErnL.ng) for any { < r € [0,k'], np,ng € [w(G)]. By
Property (I13) we know that there are intervals J 2@,)»[(1’)) containing all vertices from
B, N V(C) and J,({’p’(f)) containing all vertices B, N V(C) for every cluster C of
distribution-type t. The trick now is to observe that if n; > np then the first cluster
appearing in J 2“‘(”) observes the maximum stretch while if n;, < np it is the last
clique. Using this we can express with constraints (C2) and (C3) that the stretch of
every cluster of distribution-type 7 is bounded by b.

CD b>w(G) - 1.
(C2) Forevery £ <r €[0,k'],n; > ng € [w(G)],and T € T & "L1R)|

bi}%( Z #L(I/).xr/+zzi+(r_£)
ver; (e @1 T0) t<i<r
+ Z #R(t/) “X¢ +RR — 1)

e ([pr(—11)
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(C3) Forevery £ <r € [0,k'],ny <ng € [w(G)],and t € TEr LR,

bzyr~<nL+ Z #L(7)) - xp + Zzi—f-(r—ﬁ)

ven;! (W(ﬂﬂ,\?’fu) t<i<r

+ Z #R(7)  xp — 1).

wepr ! (11.0:(0)1)

Lemma 14 For any ordering o: S’ — [k'], there is an S'-extremal ordering
w: V(G) — [n] of stretch at most b which is compatible with o if and only if the
system of linear equation (T1, T2, T3, DS, CI, C2, C3) for o admits a solution.

Proof Towards showing the forward direction, assume that there is an S’-extremal
ordering w: V(G) — [n] which is compatible with ¢ and stretch(wr) < b. Let
B = (By, ..., By) be the bucket distribution associated to r, i.e., By = {v € V(G) :
7(v) < 7@ ')}, By = {v € V(G) : 7(v) > w(c~"(k))}, and B; = {v €
V(G): (o~ i) <) <7(c™ (G + 1)) fori e [K' —1]. By Lemma 12 there is
an §’-extremal ordering 7": V(G) — [n] with stretch(r’) < stretch(w) < b which
is compatible with o and B and has Properties (IT}), (IT»), and (IT3).

We now describe how to obtain an assignment «: {x;, y; : T € 7} — N which
yields a solution to the system of linear equations (T1, T2, T3, DS, C1, C2, C3). For
every T € 7 we set a(x;) to be the number of clusters in G — S’ that have distribution-
type T in B while we set a(y;) = 0 if @(x;) = 0 and a(y;) = 1 otherwise. We will
argue in the following that this yields the desired solution.

Firstly, (T1) is satisfied since min{#«, 2k} is counting the clusters of cluster-type «
that are in C while by choice of a(x;) the sum ), eT. a(x;) is counting all clusters
of cluster-type « that are not contained in C.

If (T2) was not satisfied then there is s € S, N 2 s,i € [0, O‘(vfnin,a) — 11U
[0 (Vpax.o)s k'], and T € 7 such that ty; > 0 and «(x;) > 0. Hence there is a
cluster C of distribution-type t. Because 7 ; > O there is a vertex ¢ € V(C) which
is adjacent to s such that ¢ € B;. But since i € [0, O—(U;ﬁn,a) — 11U [0 (Vyax.0) k']
we get that either 7 (¢) < min(zw (N (s) N S")) or 7(c) > max(mw(N(s) N S’")), which
is a contradiction since 7 is S’-extremal. Hence (T2) is satisfied.

Furthermore, the constraint (T3) is clearly satisfied.

To show that (DS) is satisfied first observe that 7'(s) = o (s) + >_ic[0.0(5)—1] %
for every s € S’ where z; = |B;|, that is the position of s in o plus the size of
all the buckets in between elements of S’ that appear before s in o. Hence for any
s,s' € S with {s,s’} € E(G) and o(s) < o(s’) it holds that stretch,/({s, s'}) =
lo(s) —o(s))] + Zie[a(s),a(s’)—l] zi. Since stretch(x”) < b this immediately implies
(DS) is satisfied.

Next observe that (C1) is trivially satisfied as for any graph the bandwidth must be
at least its clique number.

To prove (C2) is satisfied we use the nice ordering properties of . Let J 1(3"1) <

i, | TE : i i |7} ..
< JI(;‘ ) Jy < Jé”l) < o< Jéll b be the partition of 7'(B;) for
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which we have Property (I13). Fix some £ < r € [0,k'], np < ng € [w(G)], and
T € T&rnLnR) If there is no cluster of distribution-type 7 then a(x;) = a(y;) = 0
and (C2) is satisfied. Hence assume that there is at least one cluster of distribution-
type t. For every cluster C of distribution-type T we let vmm, m ax € V(C) be the
vertlces such that T (vc ) < 7w'lv) <7 (vmax) for every v € V(C). Note that

mm € By and vmaX € B, as C has distribution-type t and LB(r) = ¢, RB(r) = r.

We let C be the cluster of distribution-type t for which 7’ (vgm) <7 (vgm) for
any other cluster C’ of distribution-type 7. We now let X be the set of all vertices
v € V(G) such that & (vc ) < 7'(v) < 7'(E,,). By choice of C we know

min max

that J ze e(®) C X as this includes all vertices V(C’) N By for every cluster C’ of
distribution-type t. Additionally, J zl’] ) C Xforall j € [Ae(7) + 1, ITfl] according

to the ordering of intervals J; €9 Since IJp (&, )‘“(r/))| #L(t")x, we conclude that
[XNBe| > ’E)»_l([)»z(‘[) | )#L(r ) - x. On the other hand, X N B, contains every

interval J 1({”) for which i € [1, p,(7) — 1] since these are all intervals of bucket » pre-

ceding J{*™. Additionally, XN B, contains the n ¢ vertices belonging to V (C)N B .

Hence, [ X N B, | > Zr/epfl([l,p,(t)—l]) #R(7') - xp + ng. Finally, X\ (B¢ U B;) con-

sists of precisely the buckets and vertices from S’ residing in between By and B,.. This
further gives us [ X\(B¢ U B,)| = Y ,_; ., zi + (r — £). Since {vmm, max} € E(G)
and stretch /({vmm, max}) = | X| — 1 < b the constraint (C2) is satisfied.

Validity of constraint (C3) can be shown with a symmetrlc argument in which
we choose C to be the cluster with 77/ (v5,,) > 7 (vmax) for any other cluster C’ of
distribution-type t and then mirror the roles of the left and right bucket. This concludes
the proof that we indeed find a solution of the system of linear equations (T1, T2, T3,
DS, C1, C2, C3).

Towards showing the backwards direction, assume that the ILP admits a solution
and let @: {x;,y; : T € T} — N be an assignment to the variables satisfying all
constraints. We define an ordering 7 : V(G) — [n] in the following way. For every
k € K we pick arbitrarily a partition (P ).¢7, of the set of clusters of type x excluding
clusters in C such that | P;| = a(x;). This is possible because (T1) is satisfied. We now
pick a bucket distribution B = (By, ..., By’) of S’ as follows. For every t € 7 and
every C € Pr we pick arbitrarily 7y ; vertices v of C with Ng(v) = N and add them
to bucket i for every i € [0, k’]. This is possible since any clique allocated to P; for
some T € 7, has cluster-type « and therefore contains precisely ky = » ;c(o.1] TN.i
vertices v with Ng(v) = N by definition of 7. Clearly, every C € P; has distribution-
type T in the bucket-distribution B. We now obtain = by choosing an arbitrary ordering
which is compatible with o and B, i.e., we order the vertices of S’ as prescribed by o
and place vertices in B; in between vertex o Yi)and o' + 1) while ordering the
vertices in every B; arbitrarily.

We first argue that the ordering 7 is S’-extremal. Recall that, for s € S, vmm , and
U}ax.o denote the leftmost and rightmost neighbor of s € S'in &', i.e., (7(vmm o) =
min(o (N (s) N S")) and o(vmlx ) = max(o(N(s) N S’)). Assume that 7 is not §'-
extremal and let v € V(G)\S’ be a vertex such that for some s € § either 7 (v) =

min(m (N(s))) or m(v) = max(w (N (s))), which implies that either 7 (v) < zr(vmln o)
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or 7w (v) > (v« o) respectively. Let C be the cluster containing v, 7 the distribution-
type of Cin B,and i € [0, k'] for which v € B;. By definition the existence of v and C
of distribution-type = implies that Ty4(,),; > 0 and a(x;) > 0. Since (T2) is satisfied
it follows that i € [o (vmm o) a(vrmlX ») — 1]. Consequently, 7r(vmm o) < m(v) <
7T (Vpax,o) SINCE TT 8 compatlble with o and B which yields a contradiction.

Note that the ordering 7w does not necessarily have stretch() < b. Butby Lemma 12
we can obtain an §’-extremal ordering 7’: V(G) — [n] which is compatible with
o and B and has Properties (IT;), (IT3), and (TT3). We claim that 7’ satisfies that
stretch(;r’) < b and hence is the desired ordering.

To argue that stretch(r’) < b we first consider any edge ¢ = {v, s} for which
v € V(G) and s € S. Consider the case that w'(v) < 7/(s) (the other case can be
argued in a symmetric way). Since 7’ is §’-extremal and v is adjacent to s we know

that 7 (vmln ») < m'(v). Hence

stretch,y/ (e) < stretchy (v, o s} = 10/(5) — o (Wi )+ > zi <b,

ie[a(v;‘mﬂ),o(s)—l]

where the last inequality is due to (DS).

Now consider any edge ¢ = {u, w} € E(G) such that u, w ¢ §’. Since &’ 2 S,
where S is a cluster deletion set, there is a cluster C in G — S’ such that u, w €
V(C). Assume t € 7 is the distribution-type of C and additionally let £ = LB(1),
r = RB(7), np = #L(t), and ng = #R(71). We let vmm, vmax € V(C) be the two
vertices with 7 (vgm) <a'(v)<m (vmax) for every v € V(C). Since stretch,/(e) <
stretch,;/ ({vmm, max}) it is sufficient to show that stretch,,/ ({vmm, max}) < b. First
assume that ¢ = r, which implies that every vertex of C is contained in the same
bucket. Due to Property (1'[1) it follows that all vertices of C appear consecutively
in v/, therefore stretch,;/ ({vmm, ma,(}) < |C|—=1 < w(G) —1 < b, where the last
inequality follows from (C1).

Now consider the case where £ < r. We use Property (I13) to obtain a bound on the

X . ,]-,' . .
stretch. Therefore, for every i € [0, k'] let Jlg’l) <. < ]1(;" gD _ Ji < Jéz,l) <
i | T} .. .
J(l 7LD be the partition of '(B;) as in Property (IT3). We let X be the set of

all vertices v € V(G) such that & (vgm) <a'(v)<mw (vmdx)
We first assume that n;, > ng. Let Y be the set of vertices v such that v € V(C’)

for some cluster C’ of type t and 7/ (v) < 7’ (vgm) Since 7’ has Property (I1) we

know that there is a set of clusters Cy such that Y = UC’eCy V(C"YN By. Since 7/ has
Property (IT;) we observe that X N Jéz’)“(r)) = Jg’)”‘(r))\(uc,ecy(V(C’) N Bg))
while X N J{" ™ = Ugree, (V(C') N B,) U (V(C) N B,). We further know that

X\(Jé“l(r))UJI({’[)’(T))) consists of precisely the vertices in Jée’i) foreveryi > A(7),
the vertices in B; for £ <i < r,the vertices {s € S’ : £ < o(s) < r}, as well as the
vertices in J I({’l) for every i < p,(t). We conclude that

X = (122,/\[(1)) \ U wvHhn Bg)) U U JZ“)

C'eCy i€l (D)+174 )
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Ul Bulses t<o@) <r}

l<i<r

v U JED G J (viehnB)u(ve)ns,).
i€ll,pr(r)—1] C’eCy

To determine the size of X note that Jée’)”[(t/)) =#L(1t") - a(xy) and JI({"O’(T/)) =
#R(1) - a(x,/). Hence we obtain

stretch, ({6, , vS. ) = |X| -1
= Y HE) k) - Y n
ver; (D177 1) C'eCy
+ Z azi)+@r—20
l<i<r
+ > #R() - a(e) + Y np+ng—1
tep ! ([l,pr(r)fu) C'eCy
< Y HE) o+ Y a@) -0
t/ele([)‘é(f),\ﬁl]) l<i<r
+ > #RE)-atw) +r—1
vep ! (ILpr(0)-11)
<b,

where the first inequality follows due to the assumption that n; > ng (thus
Yoo cCy NR— Yoo ccy L < 0) and the lastinequality follows due to (C2) asar(y;) = 1
(as there exists some cluster of distribution-type 7).

In the case that n; < ng we can conclude that stretchﬂr({vgin, vfflax}) <bbya
symmetric argument. Hence stretch(sr”) < b concluding the proof of the statement. O

Using Lemma 14 we obtain an FPT-algorithm which computes S, #« for every
cluster-type «, and arbitrary picks an extended deletion set S’. Then, for every ordering
o: 8§ — [k'], the algorithm verifies whether the ILP admits a solution in which case
the input is a YES-instance of BANDWIDTH.

Proof of Theorem 2 Let (G, b) be an instance of BANDWIDTH, and let S € V(G) be
a cluster deletion set of G of size |S| = cvd(G) = k (such a set can be computed
in time 1.8115,0M using the algorithm of [51]). Notice that one can compute #x
for every cluster-type « € K in polynomial time, by checking the S-neighborhood of
every vertex in every clique of G — S. Moreover, the size of every clique of G — S
is at most w(G). Let ' = SU UCeC C be an extended deletion set of G, for some
representative clique set C. Due to Observation 5 and Remark 10, one can compute A;
and p; for i € [0, |S’|] in time FPT in cvd(G) + w(G). Due to Lemma 3, there exists
an S’-extremal ordering 7 of V(G) such that stretch(sr) = bw(G). Notice that 7 is
§’-extremal and compatible with o, for some ordering o of §’.
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Fix an ordering o : 8’ — [|S’|] of §’. Due to Lemma 14, one can verify whether
there exists an S’-extremal ordering of V (G) compatible with o of stretch at most b
by solving the ILP. Notice that there are exactly |S’|! different orderings o, thus one
can decide whether bw(G) < b by solving an ILP for each such ordering.

Due to Observation 5 as well as the formulation of the ILP, it follows that both the
number of ILPs solved as well as the number of variables of the ILPs are bounded
by a function of cvd(G) + @ (G). Since ILP is FPT parameterized by the number of
variables, it follows that BANDWIDTH is FPT parameterized by cvd(G) + w(G). O

Remark 15 Using a minimization ILP, we can in fact construct an ordering of minimum
stretch (and not just argue about the existence of an ordering of stretch at most b),
since all the exchange arguments of Sect. 3.2 are constructive.

4 W[1]-Hardness Parameterized by Cluster Vertex Deletion Number

In this section we prove that BANDWIDTH is W[1]-hard when parameterized by the
cluster vertex deletion number of the input graph. In order to do so, we present a
parameterized reduction from UNARY BIN PACKING parameterized by the number
of bins, which is well-known to be W[1]-hard [37].

UNARY BIN PACKING

Instance: A multiset A = {ay, ..., a,} of integers in unary, as well as
k € N.
Goal: Determine whether there is a partition of [n] into k subsets

Ti, ..., Iy, such that for all i € [k], ZjeI,- aj = Zje[n] aj/k.

Before we present the details of the construction, we first give some high-level
intuition. For an instance (A, k) of UNARY BIN PACKING we want to construct an
equivalentinstance (G, b) of BANDWIDTH, such thatcvd(G) = f (k) for some function
f - Roughly, the graph G consists of cliques representing the items of the UNARY BIN
PACKING instance and cliques that act as delimiters separating the items contained
in some bucket from the items contained in the next bucket. However, in order to
guarantee that the entirety of every item clique is placed in between two consecutive
delimiter cliques and that the values of the items in between two delimiter cliques
add up to B (the capacity of the bins in the UNARY BIN PACKING instance (A, k)),
some extra structure is needed. First we introduce two cliques of size b + 1 that will
be used as boundaries. By making each item clique and each delimiter clique of the
graph adjacent to some vertex in both of the boundary cliques, it follows that in any
ordering of stretch at most b, all item cliques and all delimiter cliques of the graph
will be positioned in between the two boundary cliques.

As the size of the deletion set cannot depend on the number or values of the items,
item cliques cannot be incident to individual deletion set vertices. This makes it tricky
to enforce that every vertex of an item clique is contained in between the same two
delimiter cliques as a majority of the item cliques would not be incident to any edge of
maximum stretch and therefore allow them a lot of freedom of movement. In order to

@ Springer



Algorithmica

X0 e} % Yt
B+14 : f

O
X!t od

3B -1
. ' R :
2B{ -
/ : B B

X2 y?

2 $Q

0 e 0

2B{ - . toB
¥ Rk :

LN
N
5

Xk (% X% yk
o

O Yk+1

Fig.3 Part of G, showing only the boundary and the delimiter cliques. Rectangles denote cliques, brackets
denote number of vertices, and black vertices compose a cluster deletion set

cope with this issue, we introduce a perfect copy of the delimiter and item cliques, as
well as edges between the original cliques and their copies resulting in them becoming
twice as big consisting of a left part, the original vertices, and a right part, the copy
vertices. The left part of all cliques will be connected to the left boundary clique and
will therefore appear to the left of the right parts. The right part will be connected to
the right hand boundary cliques. The item cliques will now be kept in place by having
maximum stretch between the vertices of the left part and the vertices of the right part.

Theorem 16 BANDWIDTH is W[ 1 J-hard when parameterized by the cluster vertex dele-
tion number of the input graph.

Construction. Let (A, k) be an instance of UNARY BIN PACKING, where A =
{ai,...,ay}. Moreover, let B = jemn @j/k be the capacity of every bin, where
B € N, since otherwise this would have been a trivial instance. Setb = 2kB + B — 1.
We will construct an equivalent instance (G, b) of BANDWIDTH as follows.

Boundary cliques. First, we create two cliques X and Y, referred to as boundary

cliques, where V(X) = {x1,...,xup+p} and V(Y) = {y1, ..., yap+B}. We con-
sider the following partition of the vertices of X: let X0 = {xi, .. ., Xp41} and
for every i € [k — 1] we denote the set {x2;p_p+2,...,X2ip+B+1} by X', while
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Fig.4 Rectangles denote cliques. Black vertices compose a cluster deletion set

X% = {xokB—B42, ..., xup+B). Note that |X°| = B + 1, |X¥| = 2B — 1, and
| X i| = 2B, for all i € [k — 1]. Moreover, we partition the vertices of Y in a similar
but slightly asymmetric way: let Y' = {yi, ..., y3p_1} and for every i € [2, k] we
denote the set {y2ip—pB, ..., Y2iB+B—1} by Y, while Y*t! = {y2kB+B}- Note that
Y| =3B —1,|Y**!| =1, and |Y!| = 2B, forall i € [2, k].

Delimiter cliques. For every i € [k] we create a clique on vertex set {E’i, R Z’é, r{,
. ,rg} of size 2B. We denote the set {Ei, . ,Z%} by L and the set {r{, e r}}} by
R'. Moreover, let L = | Jf_, L' and R = [ J*_, R'. We add the following edges:
Foreveryi € [k], x € U’;:i X/, we add the edge {Ei ,x}.

Foreveryi € [k — 1], ¢ € L, we add the edge {x2ip+B+1, £}. Moreover, we add

an edge between x2¢p+4 p and every vertex of LK. ‘
Foreveryi € [k], y € Uljz1 Y/, we add the edge {rj, y}.

— Foreveryi € [2,k], r € R', we add the edge {y2ip—p, r}. Moreover, we add an
edge between y; and every vertex of R!.
For an illustration of the boundary and delimiter cliques, see Fig. 3.
iR .

Item cliques. For element a; € A, we construct a clique A’ on vertex set {a}’L, a;

Jj € lail} of size 2a;. We denote the set of vertices {a;’L 1 j € [ai]} by AL and
the set of vertices {aj.’R . j € [a;]} by ALR. We add edges {xip43,a)} for every
ae Uie[k] AL and edges {y1, a} for every a € Uie[k] AR For an illustration, see
Fig.4.

This concludes the construction of G. Figure 5 illustrates an example of an ordering
of stretch b obtained by a YES-instance of UNARY BIN PACKING. In the following,
we prove the equivalence of (G, b) to the initial instance of UNARY BIN PACKING.

Lemma 17 If (A, k) is a YES-instance of UNARY BIN PACKING, then (G, D) is a
YES-instance of BANDWIDTH.

Proof Let (71, ..., Z) be a partition of [n], where ZjeI,— aj = B, foralli € [k]. For
alli € [k], setS; = Uz, AL and 8! = Ujer, AJ-R_Notice that |S;| = |S!| = B,
since |A/L| = |ATR| = a;.
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Fig. 5 For the instance ({a1, a3, a3}, 2) of UNARY BIN PACKING with a; = 1, a3 = 2, and a3 = 1 the
figure shows the graph G from the corresponding instance (G, 9) of BANDWIDTH. Here the ordering of the
vertices of G with stretch 9 corresponds to the solution of ({ay, a2, a3}, 2) in which aq, a3 are placed in
the first bin and a3 in the second

For i € [k], we define ng,: S; — [|S;]] to be an arbitrary ordering of S; and

: 8! — [|S]]] to be an arbitrary ordering of .. In order to define the ordering of

the vertices of the graph 7 : V(G) — [|V(G)]], we will make use of these orderings.
In particular, define 7 as follows:

— First, let w(x;) = i for all x; € V(X).
— Forevery i € [k], let

- 7(v) =2kB+ B+ (i — )2B + 75, (v) for every v € Si, . .
n(ﬂ’j) =2kB+2B+ (i —1)2B + j =2kB +2iB + j, for every E’j el
w(v) =4kB 4+ B+ (i — 1)2B + 75 (v) forevery v € S/,
- n(r;'.) =4kB+ 2B+ (i — 1)2B + j = 4kB + 2iB + j, for every rj € R

— Lastly, let m(y;) = 6kB + B +i forall y; € V(Y).

On a high level, we place first the vertices of X, then the vertices of Sy, followed
by the vertices of L', then of S, and so on. After the vertices of L*, we proceed in
an analogous way, by placing the vertices of S/, followed by the vertices of R!, then
of Sé, and so on. After the vertices of R¥, we place the vertices of Y. The ordering of
the vertices within X, Y, L', and R' is dictated by their index, whereas the ordering
of §; and ] is dictated by their corresponding ordering 75, and 7 s See Fig.5 for
an 111ustrat10n of the ordering by means of a small example instance 'of UNARY BIN
PACKING.

It remains to show that stretch,; (¢) < b =2kB + B — 1 forall e € E(G). In order
to do so, we will consider all the possible cases regarding the endpoints of e.

We first consider the edges e € E(X)U E(Y). Notice that the vertices of each of the
cliques X and Y have been placed consecutively in 7, thus any edge e € E(X)UE(Y)
has stretch at most equal to the size of these cliques minus one, therefore stretch,; (e) <
2kB+ B —1=5b.

Now we consider the edges e = {x, £}, where x € V(X) and { € L. Notice that
w(x) < m(£). Suppose that x € X' for i € [k], and set xmm and xmax such that
Jr(xmm) = min(w (X ’)) and n(xmax) = max(r(X?)). Notice that it holds xmm =
X2ip—p+2. Moreover x},. = X2;p+p+1 if i # k, otherwise xﬁlax = X2kB+B, and
7 (xk ) > 2i B+Bforalli € [k]follows. Notice thatif x # x!,, thenmax(r (N (x)N
L)) = JT(E’) since then N(x) NL = {EJ j € [i]}. In that case, it holds that
wl)—m(x) < n(é’) w(xl.)=2kB+2iB+1—2iB—B+2) =2kB+B—1=b.

min
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max?
NX)NL = Ulj=1 L7 In that case, it holds that 7 (£) — 7 (x) < n(Z‘é) —n(x) <
2kB+2iB+ B — 2iB+ B) =2kB < b.

Next we consider the edges e = {y,r}, where y € V(Y) and r € R. Notice
that 7(r) < m(y). Suppose that y € Y for i e [k], and set yélax and yfnin such
that 7 (yl,) = max(m(¥Y’)) and 7(y.. ) = min((¥")). Notice that it holds that
yl"nax = y2iB+B—1. Moreover, yfnin = yip—p if i # 1, otherwise yrlnin = y1, and
n(yl,) < 6kB+ B +2iB — Bforalli e [k] follows. Notice that if y # y’, .
then min(7(N(y) N R)) = n(rg), since N(y) N R = {ré . j € [i,k]}. In that
case, it holds that 7 (y) — 7(r) < w(yi) — 7(ry) = 6kB+ B +2iB+B —1—
(4kB +2iB + B) = 2kB + B — 1 = b. Alternatively, if y = yfnin, then notice that
min(z (N (y)NR)) = 7 (r}), since then N (y)NR = [ J5_; R/. Inthat case, it holds that
T(y)—n(r) < n(y)—n(r{) < 6kB+B+2iB—B—(4kB+2iB+1) =2kB—1 < b.

Now we consider the edges e = {u, v} where u,v € L' U R* for some i € [k].
Notice that the single edge of maximum stretch out of those edges is {¢} , r}; }, therefore
stretch (¢) < 7 (rfy)—m(¢}) = 4kB+2iB+B—(2kB+2iB+1) = 2kB+B—1 = b.

Lastly, consider the edges that are incident to the vertices of A’ for some j € [n].
We consider three cases.

First, assume that both u, v € V (A7). Then, notice that there exists i € [k] such that
AJL C S and AVR C S}. In that case, stretch, (e) < max(n(S})) — min(w (S;)). It
holds thatmax(n(S})) = n(r{)—l = 4k B+2i B, while min(7(S;)) = n(ﬁlgl)+1 =
2kB +2iB — B+ 1ifi # 1 and min(w(S1)) = 2kB + B + 1 otherwise, i.e.,
min(7(S;)) = 2kB + 2iB — B + 1 for all i € [k]. Consequently, it holds that
stretch, (¢) <4kB +2iB — 2kB+2iB—B+1)=2kB+ B —1=5b.

For the second case, assume that ¢ = {u, xokp+p}, Where u € AJL for some
Jj € [n]. Notice that then w(xtp+p) < m(u), while w(u) < JT(Z’{) — 1 = 4kB,
therefore stretch, (¢) = w(u) — w(xokp+p) < 4kB — (2kB + B) =2kB — B < b.

Finally, assume that e = {u, y1}, where u € AJR for some j € [n]. Notice
that then 7(u) < m(y1), while w(u) > n(ﬁll‘;) + 1 = 4kB + B + 1, therefore
stretch, (e) = mw(y;) —n(u) <6kB+B+1—(4kB+ B+ 1) =2kB < b.

Since it holds that stretch; (¢) < b for all ¢ € E(G), it follows that (G, b) is a
YES-instance of BANDWIDTH. O

Alternatively, if x = x’ . then notice that max(r (N (x) N L)) = n(ﬂ%), since then

Lemma 18 If (G, b) is a YES-instance of BANDWIDTH, then (A, k) is a YES-instance
of UNARY BIN PACKING.

Proof Let w: V(G) — [|V(G)|] be an ordering of the vertices of G such that
stretch, (e) < b, for all e € E(G). We first prove that the vertices of X and Y
appear at the start and the end of the ordering respectively, or vice versa.
Claim 19 One of the following holds:
— either 7(V(X)) = [b + 1] and 7 (V(Y)) = [IV(G)| — b, [V (G)]],
—orn(V(Y))=[b+ 1]and n(V (X)) = [|V(G)| — b, [V(G)]].

Proof First, observe that since X (respectively, Y) is a clique of size b + 1, if its
vertices were not occupying b + 1 consecutive positions in m, there would exist an
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Fig.6 Layout of x0, ..., Xk, Y., Yk+1in 7, as derived in Claim 20

edge of stretch more than b, which is a contradiction. Consequently, the vertices of X
(respectively, Y) occupy b + 1 consecutive positions in 7.

Now, assume that the vertices of Z € {X, Y} appear neither at the start nor at the
end of the ordering 7. Then, there exist vertices placed in the ordering = both before
and after the positions occupied by the vertices of Z. Notice that G' = G — V(Z) is
connected, and let vy, vy € V(G’) such that {vi, v2} € E(G") and 7 (vq) < 7 (2) <
(va), forevery z € V(Z). Since |V (Z)| = b+ 1, it follows that w (v2) — 7 (v1) > b,
which is a contradiction. O

As a consequence of Claim 19, it follows that the remaining |V (G)| —2(b+ 1) =
2kB +2Y "' ,a; = 4kB vertices of the delimiter and item cliques are positioned
between the vertices of the boundary cliques in 7. Without loss of generality, assume
that the first case of Claim 19 holds, thus the vertices of X appear at the start and the
vertices of Y at the end of ordering 7 (if that is not the case, all arguments made in
the following for 7 hold for the reverse ordering 7' (x) = |V(G)| + 1 — w(x) and
hence the statement follows using a symmetric argument). Next, we will prove that
the vertices of X, X', X2, ..., X  and of Y!, ..., Y¥, Y**1 appear sequentially in
7, as depicted in Fig. 6. Moreover, we will specify the positions of vertices Z’i and ré,
fori e [k].

Claim 20 Regarding the vertices of X and Y, the following hold:

m(X%) =[B+1],

— forevery i € [k], 7(X") = [w), w¥ +|X'| — 1], where w} = B+ 1+ (i —
1)2B+1=2iB— B +2,

- n(Y"Y=[6kB+ B +1,6kB +4B — 1],

foreveryi € 2,k + 1],71(Yi) = [wlY, wiy—i- |Yi| — 1], where wiy = 6kB +4B —

14+G—2)2B+1=6kB+2iB.

Additionally, for all i € [k], it holds that

— m(¢}) =min(w (L)) =2kB+B+B+2B-(i—1)+1=2kB +2iB+1and
- w(rh) = max(w(R')) =2kB + B +2kB +i-2B = 4kB +2iB + B.

Proof Let for vy, v; € V(G), gr (v, v2) = |7 (v)) — w(v2)| + 1 denote the number
of vertices positioned between 7 (v1) and 7 (v) including v; and v,. Notice that if
e = {v1, v2} € E(G), then g, (v1, 12) < b.—i— 1, since stretch; (e) < b. ‘

Fix some i e [k]. Moreover, let x/. be the vertex such that m(x/, )
min (7w (N (Z’i) N V(X))), ie., xﬁlin denotes the leftmost positioned neighbor of Z‘i.
Analogously, let y/ . be the vertex such that 7 (y!,,) = max((N(rip) NV (Y))), i.e.,
yﬁnax denotes the rightmost positioned neighbor of rg.

Notice that for Eil it holds that N (Z’i) NV(X) = U];:i X/, therefore E"l has exactly

(k —i + 1)2B — 1 neighbors belonging to X. On the other hand, for rg it holds
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that N(ri) N V(Y) = Ui—1 Y/, therefore ri has exactly 3B — 1 + (i — 1)2B =
2i B + B — 1 neighbors belonging to Y. Consequently, it holds that g (xmm, yn[1 ax) =
(k—i+12B—-1+4+2iB+B—-1+4kB = 6kB+3B—-2=30b+1) -2
Furthermore, g, (xmm, ymax) < gr (xmm, E’ Y+ gL r B) + g (r} B ymax) 2, since
at least two vertlces namely 2’ and r} B> are counted more than once. Since the edges
e1 = (X} Z’ 1 62 = (¢, rB} and 5 = {rB, ymax} are present in G, it follows that
gr(xli ) + gn (€], 1) + gz (r, vi) —2 < 3(b + 1) — 2. Hence, it follows
that gx (xjyins €1) = &z (€1, 7) = gx(rg Yina) = b + 1, while gz (i, Vina) =
3(b + 1) — 2, thus only vertices £} and rj; are counted twice in the previous sum.

Consequently, it holds that ”(U?:i X/)y =[2kB+ B —| U.];:i XJ|+1,2kB + B,
whilen(U§-=1 Y') =[6kB+B+1,6kB+B+1+] Uijzl Yi|—1],i.e., the vertices of
N (£}) N V(X) appear in the rightmost positions occupied by the vertices of X, while
the vertices of N (r é) NV (Y) appear in the leftmost positions occupied by the vertices
of Y. Having determined rr(xmm) and rr(ymax) as well as that rr(@’) — rr(xmm) =
rr(ymax) n(rB) = b, the values ofn(ﬁl ) andrr(rB) follow. Since JT(I‘B) 71(6’ )=0»b
and the vertices of L' U R’ form a clique, it follows that 7 (¢}) = min(z (L)) and
rr(rg) = max(rr(R")); if that were not the case, then there would exist an edge of
stretch larger than b.

Lastly, since N(¢)) N V(X) = (NE@TH N V(X)) U X!, and N¢ETHnv(y) =
(N(rlig) NV (Y)) UYit! the vertices of X! and Y’ are positioned as in Fig. 6. O

Next, we prove that all vertices of L' (respectively, R') appear before the vertices
of Li*! (respectively, R'*1).

Claim 21 Fori € [k] and j € [B], it holds that
- () < n(z;) <7 () +1X'| and

- w(rh) — Y| < n(r;i) <m(rh).

Proof Fix some i € [k]. Set x = xpjp+p+1 if i # k and x = xp;p4p otherwise.
Additionally, set y = ysip—p if i # 1 and y = y; otherwise. Notice that x € X!
while y € Y/, Let xmm and ymax be vertices such that yr(xmm) = min(w (N (E’ )
and n(ymdx) = max(n(N(rB))) Due to Claim 20, it holds that n(xmm) <mkx) <
( mm)—i—|Xl|—1 Whl]en(ymax)_|yl|+l <7T(y)<7r(ymax) ) )
Let j € [B]. We will prove that rr(@’j) < 71(6’) + | X'| as well as m(ry) — Y] <
n(r}), since the other inequalities follow from Claim 20.
For the first inequality, notice that {x, Zi } € E(G), therefore it holds that n(ﬂj») —

7 (x) < b. Moreover, due to Claim 20 it holds that JT(Z ) — n(x ) = b. In that case,
it follows that

min

7)) < b+ m(x)
=7 (€}) — 7w (xXjyin) + 7(x)
< () = 7 (i) + 7 Ciggin) + 1X7| = 1
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=) +|X'|—1.

As for the second inequality, notice that {y, r§} € E(G), therefore it holds that

7(y) — n(r;'.) < b. Moreover, due to Claim 20 it holds that 7 (y},,) — 7 (r%) = b. In
that case,

T(rh) = 7(y) — b
= 7(y) — T (Vpnay) + 7 ()
> 7 (Vi) = 1V 1+ 1 = 7 Oan) + 7 ()
=70y — Y| +1,

and the statement follows. O

In the following, we will refer to the vertex placed at position 2k B + B as £0, while
we will additionally refer to Z’f as rg. Notice that, due to Claims 20 and 21, it follows
that the vertices of the item cliques are positioned in the following way:

— B vertices are placed between positions n(ﬁ?) and n(ﬂ}),

— B vertices are placed between positions n(é’i) and n(ﬂ’f“), foreveryi € [k — 1],
since B — 1 out of the 2B — 1 free positions are occupied by vertices of L',

— B vertices are placed between positions 7{(6’1‘ ) and n(r}:g), since 2(B — 1) out of
the 3B — 2 free positions are occupied by vertices of L* and R,

— B vertices are placed between positions n(rg) and n(r?l), foreveryi € [k —1],
since B — 1 out of the 2B — 1 free positions are occupied by vertices of R'.

Set §; = {a € Ujem ATt + 7@ < m@) < 7)), while S| = {a €
Uje[n] AR n(rjg_l) < m(a) < n(r%)}, for every i € [k]. Notice that for every
a€Ujem ATR 7%y < m(a); if that were not the case, then min( (Y1) — 7 (a) >
6kB+B+1—(4kB+1) = 2kB+ B > b, while {a, y;} € E(G) and y; € Y, which
is a contradiction. Consequently, sets S; partition U’;z 1 A7 while sets S; partition
U= AJ-R Next,define Z; = {j € [n] : SiNAJ"L £ &} to be the set of indices of the
items of the UNARY BIN PACKING instance for which vertices of the corresponding
item clique are present in S;.

Claim 22 Foranyi € [k], itholds that §; = .7, A7 F as wellas S] = 7, A7 F.

Proof We will prove the statement by induction on i € [k]. Let i € [k] and suppose
that the statement holds for all z € [1,i — 1] (notice that this is trivially true when
i = 1). We will show that the statement also holds for i.

First, itholds that Z; NZ, = @ forall z € [1, i — 1], as for any such z, if j € Z, then
A/l C S, due to the induction hypothesis, therefore A/-X N'S; = @, which implies
that j ¢ Z;.

We now argue that | J jeT, AR S;. Fix an arbitrary j € Z;. In that case, there
exists a € AL NS with w(a) < m(€)). Additionally, for all z € [1,i — 1] it
holds that j ¢ T, since Z; N T, = @, thus A/-R N S, = & due to the induction
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hypothesis. Moreover, recall that for every a’ € A/:R it holds that 7(a’) > 7 (),
thus 7 (a’) > rr(r%_l) follows. Assume there exists a’ € A/R such that 7(a’) >
7(ry). Then, n(a’) — n(a) > nw(ry) — w(¢}) = 2kB + B — 1 = b, which is a
contradiction since e = {a,a’} € E(G), thus stretch;(e) < b. Consequently, it
follows that A/-R C S] for any j € I7;, thus UjeI,- AlR C S}, which implies that
lUjez, AL = |Ujez, AJR) <|S!| = B.

Notice that, by the definition of Z;, it holds that | J ;7. A/l 2 S, which implies
that | ez AVR| = | U ez, AVE = [Si| = B.

Since we have shown both that S; C UjeI,- AlL while |S;| = | UjeI,— AJL| and
that §; 2 U7, AJR while |S]| = | Ujez, AJ-R|, the claim follows. o

We argue that (Z1, ..., Zy) certifies that (A, k) is a YES-instance of UNARY BIN
PACKING. Claim 22 implies that Z; NZ; = @ forall 1 <i < j < k. Additionally,
for every j € [n], there exists i € [k] such that j € 7;, since, as already argued,
sets Sp, .. ., Sk partition set Ul}:l ASL, Consequently, (Z1, .. ., Zy) partitions [r]. It
remains to show that jeT, 4j = B for all i € [k]. In order to do so, notice that
aj = |A/L|, for all j € [n]. Moreover, |S;| = B, while due to Claim 22 it holds that
S = UjeI,- AJ-L forall i € [k]. Consequently,

Zaj=Z|AJ’L|=}U AJ’L :|SI|=B,
J€L; J€Z; J€L;
and the statement follows. O

Lemma 23 It holds that cvd(G) = O(k).

Proof Let S = {xokp+B} U {x2ip+B+1:1 € [k =11} U{yi1} U{ysip-p :i € [2,k]} U
{€1,rp : i € [k]}. It holds that |S| = 4k = O(k), while G — S is a collection of
cliques, therefore cvd(G) = O(k) follows. m]

5 Conclusion

In the current work we extend our understanding of BANDWIDTH in the setting of
parameterized complexity. In particular, we have shown that the problem is FPT when
parameterized by the cluster vertex deletion number cvd plus the clique number w of
the input graph, becomes W[1]-hard when parameterized solely by cvd.

The most natural research direction would be to explore the tractability of the
problem when parameterized by twin cover, modular-width, or vertex integrity, given
the lack of any relevant FPT/XP algorithms or hardness results. As a matter of fact,
it is not even known whether the problem is in XP when parameterized by cvd or
tree-depth.

Finally, most tractability results for the various structural parameters rely on some
ILP formulation. This raises the question of whether any other kind of approach is
applicable, as is the case for CUTWIDTH[11].
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