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Abstract

This thesis contains a number of new results on a few different problems concerning connectivity
and separation in graphs, including algorithmic results and hardness results.

In Chapter 3, we study the INDEPENDENT FEEDBACK VERTEX SET problem — a variant
of the classic FEEDBACK VERTEX SET problem where, given a graph GG and an integer k, the
problem is to decide whether there exists a vertex set S C V(G) such that G\ S is a forest and
S is an independent set of size at most k. We present an O*((1 + ?)¥)-time FPT algorithm for
this problem, where ¢ < 1.619 is the golden ratio. Our algorithm improves the previous fastest
O*(4.1481%)-time algorithm of Agrawal et al. [3] and matches the running time of the algorithm
for FVS given by Kociumaka and Pilipczuk [81].

In Chapter 4, we study multi-budgeted variants of the classic minimum cut problem (MULTI-
BUDGETED CUT) and graph separation problems that turned out to be important in parameter-
ized complexity: SKEW MULTICUT and DIRECTED FEEDBACK ARC SET. In our generalization,
we assign colors 1,2, ..., £ to some edges and give separate budgets k1, ko, ..., kg for colors 1,2, ..., £.
For every color i € {1,...,£}, let E; be the set of edges of color i. The solution C' for the multi-
budgeted variant of a graph separation problem not only needs to satisfy the usual separation
requirements (i.e., be a cut, a skew multicut, or a directed feedback arc set, respectively), but
also needs to satisfy that |C' N E;| < k; for every ¢ € {1,...,¢}. Contrary to the classic min-
imum cut problem, the multi-budgeted variant turns out to be NP-hard even for £ = 2. We
propose an FPT algorithm parameterized by k = k1 + ... + k¢ and £ for MULTI-BUDGETED CUT,
and then extend our algorithm to MULTI-BUDGETED SKEW MULTICUT and MULTI-BUDGETED
DIRECTED FEEDBACK ARC SET.

In Chapter 5, we study TwoO DISJOINT SHORTEST PATHS PROBLEM (2-DSPP) with tran-
sition restrictions. Given a directed graph G = (V, E), a length function w : E — R>g and
two pairs of vertices (s1,t1),(s2,t2) in G, the DIRECTED TwO DISJOINT SHORTEST PATHS
PROBLEM (2-DSPP) asks to find two disjoint (vertex-disjoint or edge-disjoint) paths P, and
P, in G such that P; is a shortest path from s; to t; for ¢ = 1,2. Bérczi and Kobayashi showed
that 2-DSPP is polynomial-time solvable when every directed cycle has positive length [9]. We
show that 2-DSPP remains polynomial-time solvable when every directed cycle has positive
length even in the presence of a transition system. Here, a transition system allows to use only
prescribed pairs of incoming and outgoing edges as consecutive edges on the constructed paths.

In Chapter 6, we study the following variant of CLUSTER EDITING. We are given a graph
G = (V,E), a packing H of modification-disjoint induced P3s (no pair of P3s in H share an
edge or non-edge) and an integer £. The task is to decide whether G can be transformed into a
union of vertex-disjoint cliques by at most ¢ + |#H| modifications (edge deletions or insertions).
We show that this problem is NP-hard even when ¢ = 0 (in which case the problem asks to
turn G into a disjoint union of cliques by performing exactly one edge deletion or insertion per
element of H) and when each vertex is in at most 23 Pss of the packing. We also show that the
two-restricted version of this problem, where every vertex belongs to at most two P3s of H, can
be solved in O(n**+9M) time.

In Chapter 7, we study the problem METRIC DIMENSION. The METRIC DIMENSION problem
asks for a minimum-sized resolving set in a given (unweighted, undirected) graph G. Here, a
set S C V(G) is resolving if no two distinct vertices of G have the same distance vector to S.
The complexity of METRIC DIMENSION in graphs of bounded treewidth remained elusive in
the past years. Bonnet and Purohit [IPEC 2019] showed that the problem is W|[1|-hard under



treewidth parameterization. In this work, we strengthen their lower bound to show that METRIC
DIMENSION is NP-hard in graphs of treewidth 24.

2012 ACM Subject Classification: Graph algorithms analysis
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Abstract

Ponizsza rozprawa zawiera kilka nowych wynikéw, zaréwno algorytmicznych jak i podajacych
dolne ograniczenia, dotyczacych wybranych probleméw spojnosci i separacji w grafach.

W Rozdziale 3 rozwazamy problem INDEPENDENT FEEDBACK VERTEX SET — wariant
klasycznego problemu zbioru rozcyklajacego (FEEDBACK VERTEX SET) w ktorym, majac dany
graf G i liczbe catkowita k, pytamy, czy istnieje zbior S C V(G) taki, ze G\ S jest lasem a S jest
zbiorem niezaleznym wielkosci co najwyzej k. Pokazujemy algorytm parametryzowany (FPT)
dziatajacy w czasie O*((1 4 ¢?)F), gdzie ¢ < 1.619 to proporcja ztotego podziatu. Nasz wynik
poprawia uprzednio najszybszy algorytm Agrawal i innych [3], dziatajacy w czasie O*(4.1481%), i
dziala w tym samym asymptotycznym czasie co algorytm Kociumaki i Pilipczuka dla klasycznego
problemu zbioru rozcyklajacego [81].

W rozdziale 4 rozwazamy wielobudzetowe warianty klasycznego problemu minimalnego cie-
cia (MULTI-BUDGETED CUT) oraz centralnych probleméw zlozonosci parametryzowanej prob-
leméw separacji: SKEW MULTICUT oraz DIRECTED FEEDBACK ARC SET. W naszym wariancie,
nadajemy kolory 1,2, ..., ¢ niektérym krawedziom i podajemy oddzielne budzety ki, ks, ..., k¢ d-
la poszczegdlnych kolorow 1,2,...,¢. Dla kazdego koloru i € {1,...,¢}, przez E; oznaczamy
zbiér krawedzi koloru i. Rozwiazanie C wielobudzetowego wariantu rozwazanego problemu
nie tylko musi spelni¢ oryginalne warunki separacji (tj., by¢ cieciem, wielokierunkowym cie-
ciem, lub zbiorem rozcyklajacym), ale tez musi spelnia¢ warunek |C' N E;| < k; dla kazdego
koloru ¢ € {1,...,£}. W przeciwiefistwie do klasycznego problemu minimalnego ciecia, wariant
wielobudzetowy jest NP-trudny juz od przypadku ¢ = 2. Pokazujemy algorytmy FPT przy
parametryzacji przez k = ki + ... + ky i £ dla probleméw MULTI-BUDGETED CUT, MULTI-
BUDGETED SKEW MULTICUT i MULTI-BUDGETED DIRECTED FEEDBACK ARC SET.

W rozdziale 5 rozwazamy problem Two DISJOINT SHORTEST PATHS PROBLEM (2-DSPP)
z ograniczeniami przejs¢é. Majac dany graf skierowany G = (V, E) z dlugosciami krawedzi
w : E — R>( oraz dwie pary wierzchotkéw (si1,%1),(s2,t2) w G, w problemie DIRECTED TwoO
DISJOINT SHORTEST PATHS PROBLEM (2-DSPP) pytamy o dwie roztaczne (wierzchotkowo lub
krawedziowo) $ciezki Py i P, w G takie, ze P; jest najkrotsza Sciezka z s; do t; dlai = 1,2. Bérczi
i Kobayashi udowodnili, ze 2-DSPP jest rozwiazywalny w czasie wielomianowym jesli kazdy cykl
skierowany w G ma dodatnia dlugosé [9]. Pokazujemy, ze 2-DSPP pozostaje rozwiazywalny w
czasie wielomianowym (dalej przy zatozeniu, ze kazdy cykl ma dodatnia dtugosé) nawet, jesli do
problemu dodamy tzw. system przej$¢. System przejs$é to zestaw warunkow, ktore pary krawedzi
mozna uzy¢ bezposrednio po sobie w konstruowanych $ciezkach.

W rozdziale 6 rozwazamy nastepujacy wariant problemu CLUSTER EDITING. Dany jest
graf G = (V, F), rodzina H roztacznych edycyjnie indukowanych podgrafow Ps (tj. zadne dwa
podgrafy P3 w ‘H nie maja wspolnych dwoch lub trzech wierzchotkow) oraz liczba catkowita /.
Zadaniem jest przeksztalci¢c G graf, ktérego kazda spojna sktadowa jest klika, uzywajac co
najwyzej ¢ + |H| edycji (dodania lub usuniecia krawedzi). Pokazujemy, Ze ten p roblem jest
NP-trudny nawet dla ¢ = 0 (w ktérym to przypadku problem sprowadza sie do przeprowadzenia
jednej edycji w kazdym elemencie H) i gdy kazdy wierzchotek zawarty jest w co najwyzej 23
podgraféow Ps3 w rodzinie H. Pokazujemy rowniez, ze wariant, gdzie kazdy wierzchotek nalezy
do co najwyzej dwoch podgrafow Py w H, mozna rozwiaza¢ w czasie O(n?+0(1),

W rozdziale 7 badamy problem METRIC DIMENSION. Problem ten pyta o tzw. zbior
rozwiazujacy (ang. resolving set) w danym (nieskierowanym, niewazonym) grafie G. Zbior
S C V(G) nazywamy rozwigzujgcym jesli nie ma dwoch wierzchotkow G o tym samym wektorze
odlegtosci do zbioru S. Zlozonos¢ problemu METRIC DIMENSION w grafach o ograniczonej



szerokosci drzewowej byla otwartym problemem, kilkukrotnie wymienianym w ostatnich latach.
Bonnet i Purohit [IPEC 2019| pokazali, ze problem ten jest W[1]-trudny przy parametryzacji sze-
rokoscia drzewowa. Wzmacniamy ten wynik pokazujac, ze METRIC DIMENSION jest NP-trudny
w grafach o szerokosci drzewowej 24.
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Chapter 1

Introduction

Graph problems are ubiquitous in computer science. Graphs are one of the most natural models
that represent the networks in real-life world and have numerous applications in different dis-
ciplines. Computer scientists are perusing faster algorithms to solve graph problems, both in
practice and in theory. On the other side, there are many graph problems which are resistant to
efficient algorithms. NP-completeness theory provides some clue on these problems [30, 75, 55].
If a problem is shown to be in the class of NP-complete problems, any efficient or polynomial-
time algorithms for this problem imply that every NP-complete problem admits polynomial-time
algorithms. In other words, there are probably no efficient algorithms for this problem. Although
NP-hardness imply strong restrictions of algorithms for problems, people are still interested in
how fast a problem can be solved and where the limitations of algorithms are. Exact algo-
rithms for NP-hard problems focus mostly on reducing the exponential part of the running time
as much as possible [50]. Approximation algorithms for NP-hard (optimization) problems aim
to find efficient algorithms, classically polynomial-time algorithms at the cost of the optimal-
ity of the solution. Approximation algorithms try to find an approzimate solution such that
the distance between the approximate solution and the optimal solution is within a provable
guarantee [121, 122].

Recently parameterized algorithms for NP-hard problems have received a lot of attention,
which focus on both the input instance and the parameter. More formally, a parameterized
problem is a language L C ¥* x N, where ¥ is a fixed finite alphabet. An input instance of a
parameterized problem is of the form (z, k) € ¥* x N and k is called the parameter. If a param-
eterized problem can be solved in time bounded by f(k)|z|¢, where |z| is the size of the input
instance, k is the parameter, f : N — N is a computable function, and ¢ is a universal constant,
then we say this problem is fized-parameter tractable (FPT). If a parameterized problem can
be solved in time bounded by f(k)|z|7*®) where |z| is the size of the input instance, k is the
parameter and f : N — N is a computable function, then we say this problem can be solved in
XP time. A parameterized problem admits a kernel of size g(k) for some computable function g
if there is a polynomial-time procedure that reduces an arbitrary instance I of this problem with
parameter k to an equivalent instance I’ with size and parameter value bounded by g(k). We
refer to the following books for a deeper introduction to parameterized algorithms [42, 49, 31, 52|.

In this thesis, we study a few graph problems, mostly concerning connectivity and separation
in graphs.

1.1 Independent Feedback Vertex Set

The first problem is INDEPENDENT FEEDBACK VERTEX SET, which is a variant of the classic
FEEDBACK VERTEX SET problem. Given a graph G, a feedback vertex set of G is a set of vertices



S C V(G) such that G'\ S is a forest. The FEEDBACK VERTEX SET problem (FVS) asks to find
a feedback vertex set of the minimum size. This problem is a classic NP-hard problem which
has been studied extensively in many fields of complexity and algorithms [1]. In the context
of parameterized complexity of the FEEDBACK VERTEX SET problem, there is a long line of
work improving the upper bound of the FPT algorithm for the standard parameterization of the
solution size [15, 19, 21, 40, 41, 62, 73, 81, 69, 92| (i.e., the input consists of a graph G and a
parameter k, and the goal is to find a feedback vertex set of size at most k or show that no such
set exists). At the same time, many variants of FEEDBACK VERTEX SET received significant
attention, including SUBSET FVS [37, 70, 100], GRoupr FVS [34, 60, 70, 88|, or SIMULTANEOUS
FVS [109]. In this part, we focus on the parameterized version of the INDEPENDENT FEEDBACK
VERTEX SET problem (IF'VS). The formal definition of this problem is as follows.

INDEPENDENT FEEDBACK VERTEX SET (IFVS)
Input: An undirected graph G and an integer k.

Question: Is there a feedback vertex set S of size at most k£ such that no two vertices of S
are adjacent in G.

Misra et al. gave the first FPT algorithm running in time O(5*n°()) and an O(k?) kernel for
IFVS [108]. Agrawal et al. presented an improved FPT algorithm running in time O*(4.1481F)
for IF'V'S [3]. In this part, we propose a faster FPT algorithm.

Theorem 1. The INDEPENDENT FEEDBACK VERTEX SET problem, parameterized by the so-
lution size, can be solved in O*((1 + ¢?)*¥) < O*(3.619%) time, where p = 1+—2‘/5 < 1.619 is the
golden ratio.

We remark here that the exponential function of the time bound of Theorem 1 matches
the one of the algorithm of Kociumaka and Pilipczuk [81] for the classic FEEDBACK VERTEX
SET problem. Since FEEDBACK VERTEX SET trivially reduces to INDEPENDENT FEEDBACK
VERTEX SET (subdivide each edge once), any (deterministic) improvement to the base of the
exponential function of Theorem 1 would give a similar improvement for FEEDBACK VERTEX
SET. Although Iwata and Kobayashi already gave a faster FPT algorithm for FEEDBACK VER-
TEX SET problem [69], they use a totally different method which is involved in some sense. We
believe it still makes sense if one can show an algorithm for FEEDBACK VERTEX SET which is
faster than the algorithm of Kociumaka and Pilipczuk through some method different from the
one of Iwata and Kobayashi.

On the technical side, we follow the standard approach of iterative compression as in [3]
to reduce to a “disjoint” version of the problem. Here, our approach diverges from the one
of [3]. We follow a modified measure for the subsequent branching process, somewhat inspired
by the work of Kociumaka and Pilipczuk [81]. With a number of new notions (generalized W-
degree, potential nice vertices and tents) and some new reduction rules, we get a clean branching
algorithm for the “disjoint” version of the problem. This allows us to get an improved and also
simplified algorithm for the INDEPENDENT FEEDBACK VERTEX SET problem.

The proof of Theorem 1 is covered in Chapter 3.

1.2 Multi-budgeted cut

Graph separation problems are important topics in both theoretical area and applications. Al-
though the famous minimum cut problem is known to be polynomial-time solvable, many well-
known variants are NP-hard, which are intensively studied from the point of view of approxi-
mation [2, 20, 46, 57, 56, 74| and, what is more relevant here, parameterized complexity.



The notion of important separators, introduced by Marx [103], turned out to be funda-
mental for a number of graph separation problems such as MuULTIWAY CUT [103], DIRECTED
FEEDBACK VERTEX SET [23], or ALMOST 2-CNF SAT [114]. Further work, concerning mostly
undirected graphs, resulted in a wide range of involved algorithmic techniques: applications of
matroid techniques [90, 89|, shadow removal |28, 106|, randomized contractions 25|, LP-guided
branching [35, 61, 71, 67|, and treewidth reduction [105], among others.

From the above techniques, only the notion of important separators and the related tech-
nique of shadow removal generalizes to directed graphs, giving FPT algorithms for DIRECTED
FEEDBACK ARC SET (23], DIRECTED MULTIWAY CUT [28|, and DIRECTED SUBSET FEEDBACK
VERTEX SET [27]. As a result, the parameterized complexity of a number of important graph
separation problems in directed graphs remains open, and the quest to investigate them has been
put on by Marx in a survey from 2012 [104]. Since the publication of this survey, two negative
answers have been obtained. Pilipczuk and Wahlstrom showed that DIRECTED MULTICUT is
W|1]-hard even for four terminal pairs (leaving the case of three terminal pairs open) [112], while
Lokshtanov et al. [101] showed intractability of DIRECTED ODD CYCLE TRANSVERSAL.

Saurabh posed the question of parameterized complexity of a weighted variant of DIRECTED
FEEDBACK ARC SET during an open problem session at Recent Advancements in Parameterized
Complexity school (December 2017), where given a directed edge-weighted graph G, an integer
k, and a target weight w, the goal is to find a set X C F(G) such that G — X is acyclic and X is
of cardinality at most k and weight at most w. Consider a similar problem WEIGHTED st-CUT:
given a directed graph G with positive edge weights and two distinguished vertices s,t € V(G),
an integer k and a target weight w, decide if G admits an st-cut of cardinality at most k£ and
weight at most w. The parameterized complexity of this problem parameterized by k is open
even if G is restricted to be acyclic, while with this restriction the problem can easily be reduced
to DIRECTED FEEDBACK ARC SET (add an arc (¢, s) of prohibitively large weight).

The WEIGHTED st-CUT problem becomes similar to another directed graph cut problem,
identified in [26], namely CHAIN ¢-SAT. While this problem is originally formulated in CSP
language, the graph formulation is as follows: given a directed graph G with a partition of
edge set E(G) = PiW P, W...W P, such that each P; is an edge set of a simple path of
length at most ¢, an integer k, and two vertices s,t € V(G), find an st-cut C' C E(G) such
that [{i|C' N P; # 0} < k. This problem can easily be seen to be equivalent to minimum st-
cut problem (and thus polynomial-time solvable) for ¢ < 2, but is NP-hard for ¢ > 3 and its
parameterized complexity (with k as a parameter) remains an open problem.

Although the parameterized complexity of two aforementioned problems: weighted st-cut
problem (in general digraphs, not necessary acyclic ones) and CHAIN ¢-SAT are still open, we
make some progress towards answering this question. We define a multi-budgeted variant of a
number of cut problems (including the minimum cut problem) and show its fixed-parameter
tractability. In this variant, the edges of the graph are colored with ¢ colors, and the input
specifies separate budgets for each color. More formally, we primarily consider the following
problem.

MULTI-BUDGETED CUT

Input: A directed graph G, two disjoint sets of vertices X,Y C V(G), an integer ¢, and for
every i € {1,2,...,4} aset E; C F(G) and an integer k;.

Question: Is there a set of arcs C' C Ule FE; such that there is no directed X — Y path in
G\ C and for every i € [{], |C N E;| < k;.

We observe that MULTI-BUDGETED CUT for ¢ = 2 reduces to WEIGHTED st-CUT as follows.
Let (G, X,Y, E1, Ea, k1, k2) be a MULTI-BUDGETED CUT instance for £ = 2. First, observe that



we may assume that Ey N Fy = (), as we can replace every edge e € E1 N Fy with two copies
e1 € F1\ E2 and e € Fy \ E1. Second, construct an equivalent WEIGHTED st-CUT instance
(G',s,t, k,w) as follows. To construct G, first add two vertices s, t to G and edges {(s,z)|z € X}
and {(y,t)|y € Y} of prohibitively large weight. Assign also prohibitively large weight to every
edge e € E(G) \ (E1 U Ey). Assign weight (k1 + 1)k2 4+ 1 to every edge e € E;. For every edge
e € Ey, add k1 + 1 copies of e to G’ of weight 1 each. Finally, set k := (k1 + 1) - ko + k1 as the
cardinality bound and w := k1 ((k1 +1)k2+ 1) + (k1 + 1)k as the target weight. The equivalence
of the instances follows from the fact that the cardinality bound allows to pick in the solution
at most ks bundles of k1 + 1 copies of an edge of Es, while the weight bound allows to pick only
k1 edges of Ej.

Thus, MULTI-BUDGETED CUT for £ = 2 corresponds to the case of WEIGHTED st-CUT where
the weights are integral and both target cardinality and weight are bounded in parameter.! This
connection was our primary motivation to study the multi-budgeted variants of the cut problems.

Contrary to the classic minimum cut problem, we note that MULTI-BUDGETED CUT becomes
NP-hard for ¢ > 2. We show that MULTI-BUDGETED CUT is FPT when parameterized by
k = ki + ...+ k¢ and £. For this problem, our branching strategy is as follows. A standard
application of the Ford-Fulkerson algorithm gives a minimum XY-cut C of size A and \ edge-
disjoint X —Y paths Py, Ps, ..., Py. If C is a solution, then we are done. Similarly, if A\ > k, then
there is no solution. Otherwise, we branch which colors of the sought solution should appear on
each paths Pj; that is, for every ¢ € [¢] and j € [\], we guess if P; N E; contains an edge of the
sought solution, and in each guess assign infinite capacities to the edges of wrong color. If this
change increased the size of a maximum flow from X to Y, then we can charge the branching
step to this increase, as the size of the flow cannot exceed k. The critical insight is that if the
size of the minimum flow does not increase (i.e., Py, ..., P\ remains a maximum flow), then a
corresponding minimum cut is necessarily a solution. As a result, we obtain the following.

Theorem 2. MULTI-BUDGETED CUT admits an FPT algorithm with running time bound O(kag-

k-(IV(G)| + [EG)])) where k = Y, .

The charging of the branching step to a flow increase appears also in the classic argument for
bound of the number of important separators [23] (see also [32, Chapter 8|). This motivates us to
define multi-budgeted variants of DIRECTED FEEDBACK ARC SET and SKEW MULTICUT. We
observe that our branching algorithm can be merged with this procedure, yielding a bound (as a
function of k and ¢) and enumeration procedure of naturally defined multi-budgeted important
separators. This in turn allows us to generalize our FPT algorithm to MULTI-BUDGETED SKEW
MurricuT and MULTI-BUDGETED DIRECTED FEEDBACK ARC SET.

Theorem 3. MULTI-BUDGETED SKEW MULTICUT and MULTI-BUDGETED DIRECTED FEED-
BACK ARC SET admit FPT algorithms with running time bound 2°**110s:0) |V (G)| + | E(G)))
where k = Zle E;.

The proof of Theorem 2 is covered in Section 4.1 and Theorem 3 is covered in Section 4.2.

1.3 Two Disjoint Shortest Paths Problem with transition restric-
tions

Finding disjoint paths with specified endpoints in a given graph is a well-known problem in
graph theory and combinatorial optimization. Given a graph G = (V, E) and k vertex pairs

!For a reduction in the other direction, replace every arc e of weight w(e) with one copy of color 1 and w(e)
copies of color 2, and set budgets k1 = k and k2 = w.



(s1,t1), ..., (Sk, tg), the k DISJIOINT PATHS PROBLEM (k-DPP) asks whether there exist k pair-
wise vertex-disjoint (or edge-disjoint) paths Py, ...., Py such that P; starts from s; and ends at
t; for i = 1,...,k. If G is a digraph, k-DPP is NP-hard even when k = 2 [53]. k-DPP is
NP-complete if k is part of the input, even when G is a planar undirected graph [107]. Robert-
son and Seymour gave an O(n?)-time algorithm for k-DPP in general undirected graphs for
every constant k [115]. Later Kawarabayashi et al. gave an O(n?)-time algorithm for the same
problem [77]. Chudnovsky et al. showed that there is a polynomial time algorithm for k-
VERTEX-DISJOINT PATHS PROBLEM for every fixed k if G is a semicomplete digraph [29]. Here
a digraph is semicomplete if for all distinct vertices u, v, at least one of uv, vu is an edge.
Researchers also studied k-DPP from the view of parameterized complexity [33, 98, 116].

Cygan et al. gave an FPT algorithm parameterized by k with running time 22O(k2) %W for
k-VERTEX-DISJOINT PATHS PROBLEM when G is a directed planar graph [33]. Given a tree
decomposition of width at most w for the undirected graph G, k-DPP can be solved in time
20(wlogw) yi5ing dynamic programming techniques on tree decompositions [116], and Lokshtanov
et al. showed that there is no 2°(*1°8%) time algorithm for k-DPP assuming ETH [98)].

It is natural to generalize k-DPP to k-DSPP (k-DISJOINT SHORTEST PATHS PROBLEM)
with an exceptional requirement that every disjoint path is also a shortest one. More formally,
given a directed graph G = (V, E), a length function w : E — R>¢ and k pairs of vertices
((s1,t1), .., (S, k) in G, the k-DISJOINT SHORTEST PATHS PROBLEM asks to find & disjoint
(vertex-disjoint or edge-disjoint) paths P, ...., Py in G such that P; is a shortest path from s; to
t; for i = 1,..., k. Eilam-Tzoreff showed that 2-DSPP in an undirected graph is polynomial-time
solvable [43]. Bérczi and Kobayashi showed that 2-DSPP is NP-hard in general directed graph
but polynomial-time solvable when every directed cycle has positive length [9].

In routing problems on graphs, we sometimes need to express constraints on the permitted
walks that are stronger than what the standard graph model allows for. For example, in a
road network, there can be a crossroad where drivers are not allowed to turn left. In this case,
many walks in the underlying graph would denote routes that a driver is not allowed to use. To
overcome this limitation, Kotzig introduced forbidden-transition graphs in [83]. In a directed
graph G, a transition is an ordered pair of adjacent edges such that the head of the first edge is
the tail of the second edge. A transition system 7' is a set of transitions in G. We say that a path
P is T-compatible if every two consecutive edges of P form a transition of 7. For notational
clarity, it is sometimes useful to refer to the transitions T'(v) of a specific vertex v € V(G), that
is, T'(v) = {{e1,e2} € T | head(e;) = tail(e2) = v}.

In this thesis we generalize the polynomial-time algorithm of Bérczi and Kobayashi to graphs
with transition restrictions. Suppose that a prescribed transition system 7' = {T'(v) | v € V(G)}
is given, we study DIRECTED TwoO DISJOINT SHORTEST PATHS PROBLEM (2-DSPP) wiTH
TRANSITION RESTRICTIONS. The formal definition is as follows.

DIRECTED TwO DISJOINT SHORTEST PATHS PROBLEM (2-DSPP) WITH TRANSITION
RESTRICTIONS

Input: A directed graph G = (V, E) with transition system 7', a length function w : £ —
R>¢ and two pairs of vertices (s1,1),(s2,%2) in G.

Task: Find two disjoint (vertex-disjoint or edge-disjoint) paths P; and P in G such that for
both i = 1,2, path P; is a shortest path (even in the graph G' with no transition restrictions)
from s; to t; and P; is also T-compatible.

We show that finding two vertex-disjoint (edge-disjoint) T-compatible paths P, and P» in a
digraph G such that P; is a shortest path (even in the graph G with no transition restrictions)
from s; to t; for i« = 1,2 can be solved in polynomial time. Roughly speaking, we show that



transition restrictions are not a barrier for using the same strategy as that in [9]. Formally, we
show the following theorem.

Theorem 4. If the length of every directed cycle is positive, both edge-disjoint and vertex-disjoint
variants of 2-DSPP WITH TRANSITION RESTRICTIONS can be solved in polynomial time.

Corollary 1. If the length of every edge is positive, both edge-disjoint and vertex-disjoint variant
of 2-DSPP WITH TRANSITION RESTRICTIONS can be solved in polynomial time.

The proof of Theorem 4 is covered in Chapter 5.

1.4 Cluster Editing parameterized above modification-disjoint Ps-
packings

CORRELATION CLUSTERING is a well-known problem motivated by research in computational
biology [8] and machine learning [5]. This problem aims at partitioning data points into groups
or clusters according to their similarity. In this thesis, we study this problem from the view
of graph theory. A graph H is called a cluster graph if H is a union of vertex-disjoint cliques.
Given a graph G = (V, E), the CLUSTER EDITING problem asks for a cluster editing set S such
that GAS = (V, EAS) is a cluster graph. Here EAS is the symmetric difference of E and S,
ie. EAS = (E\S)U(S\ E). The optimization version of CLUSTER EDITING asks for a cluster
editing set of minimum size, which is shown to be NP-hard [117]. Given a natural number k and
a graph G = (V, E), the parameterized version of CLUSTER EDITING asks if there exists a cluster
editing set S such that |S| < k. A number of results were obtained for the parameterized version
of CLUSTER EDITING and some of its variants [11, 13, 14, 16, 38, 47, 59, 63, 64, 82, 113, 51].
The current fastest FPT algorithm runs in time O(1.62F +n +m) [11] and it admits a kernel of
2k vertices [18, 24].

The interest in CLUSTER EDITING is not merely theoretical. Indeed, parameterized tech-
niques are implemented in standard clustering tools [110, 123]. Although practitioners report
that in particular the parameterized data-reduction techniques are effective [13, 12|, the param-
eter k is not very small in several real-world data sets [10, 13, 120]. For instance, Bocker et
al. [10, Table 2| considered 26 graphs derived from biological data with 91 to 100 vertices on
which the average number of needed edits is 315, despite noting that the CLUSTER EDITING
model outperformed other clustering models.

A technique to deal with such large parameters is parameterization above lower bounds.
Herein, the parameter is of the form ¢ = k — h where h is a lower bound on the solution size,
usually computable in polynomial time, and £ is the excess of the solution size above the lower
bound. Research into parameterizations above lower bounds has been active and fruitful for
several parameterized problems, not only on the theory-side (see [102, 36, 58, 99, 85|, for example)
but also in practice, as algorithms based on that approach yielded quite efficient implementations
for VERTEX COVER [4| and among the most efficient ones for FEEDBACK VERTEX SET [68, 79|.
For CLUSTER EDITING we are aware of only one research work considering parameterizations
above lower bounds: Van Bevern, Froese, and Komusiewicz [120] studied edge-modification
problems parameterized above the lower bound from packings of forbidden induced subgraphs
and showed that CLUSTER EDITING parameterized by the excess above the size of a given
packing of wvertex-disjoint Pss is fixed-parameter tractable. Observe that a graph is a cluster
graph if and only if it does not contain any Ps, a path on three vertices, as an induced subgraph.
Consequently, one needs to perform at least one edge deletion or insertion per element of the
packing.
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As the Pss in the above packing are vertex-disjoint, the value by which the packing can
decrease the parameter is limited. In the previous example with 315 edits, subtracting the
resulting lower bound would reduce the parameter by at most 33. In their conclusion, van Bevern
et al. [120] asked whether CLUSTER EDITING is fixed-parameter tractable when parameterized
above a stronger lower bound, the size of a modification-disjoint packing of Pss. Here, a packing
H of induced Pss in G is modification-disjoint if every two Pss in H do not share edges or
non-edges, that is, they share at most one vertex. The formal problem definition is as follows.

CLUSTER EDITING ABOVE MODIFICATION-DISJOINT P3 PACKING (CEAMP)
Input: A graph G = (V, E), a packing H of modification-disjoint induced Pss of G, and a
non-negative integer /.

Question: Is there a cluster editing set, i.e. a set of vertex pairs S C (‘2/) so that GAS is a
union of disjoint cliques, with |S| — [H| < £7

We also say that a set S as above is a solution.

At Shonan Meeting no. 144 [72] Christian Komusiewicz re-iterated the question of van Bevern
et al. [120] and it was also asked in Vincent Froese’s dissertation [54|. In this thesis, we answer
this question negatively by showing the following.

Theorem 5. CLUSTER EDITING ABOVE MODIFICATION-DISJOINT P53 PACKING is NP-hard even
for £ =0 and when each vertex in the input graph is incident with at most 23 Pss of H.

In other words, given a graph G and a packing H of modification-disjoint Pss in G, it is NP-hard
to decide if one can delete or insert exactly one edge per element of H to obtain a cluster graph.

Our NP-hardness result implies that CEAMP is probably not FPT or even in XP unless
P = NP. This motivates us to study a more restrictive variant of CEAMP in which every
vertex is incident with at most 2 packed P3s. Call a modification-disjoint P3 packing two-
restricted if each vertex is in at most two packed P3s. The problem CLUSTER EDITING ABOVE
TWO-RESTRICTED MODIFICATION-DISJOINT P3 PACKING (CEATMP) is defined in the same
way as CEAMP except that the input packing H is two-restricted.

CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT P3 PACKING
(CEATMP)

Input: A graph G = (V, E), a packing H of modification-disjoint induced Pss of G such that
every vertex v € V(@) is incident with at most 2 P3s of H, and a nonnegative integer /.

Question: Is there a cluster editing set, i.e. a set of vertex pairs S C (‘2/) so that GAS is
a union of disjoint cliques, with |S| — |H| < ¢7

It turns out that the complexity of the problem indeed drops when making the packing
two-restricted.

Theorem 6. CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT P3; PACK-
ING can be solved in O(n?+tOM) time.

The main ingredient for the XP algorithm is the following theorem.

Theorem 7. CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT P3 PACK-
ING can be solved in polynomial time when £ = 0.

The proof of Theorem 5 is covered in Section 6.1 and the proofs of Theorem 6 and 7 are
covered in Section 6.2.
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1.5 Hardness of Metric Dimension in Graphs of Constant Treewidth

Let G be an unweighted and undirected graph and let S C V(G). For a vertex v € V(G), the
distance vector from v to S is the assignment S 3 w +— distg(v,w), where distg denotes the
distance in the graph G. The set S is resolving if a distance vector to .S uniquely determines the
source vertex; that is, no two vertices of G have the same distance vector to S. The METRIC
DIMENSION problem asks for a resolving set of minimum possible size; such a set is sometimes
called the metric basis of G. The formal definition of the decision version of METRIC DIMENSION
is as follows.

METRIC DIMENSION
Input: An undirected graph G and an integer k.

Question: s there a resolving set S C V(G) such that |S| < k?

METRIC DIMENSION has already been introduced in 1970s [65, 118]. Determining its com-
putational complexity turned out to be quite challenging. It is polynomial-time solvable on
trees [65, 118, 78|, outerplanar graphs [39], and chain graphs [48], but NP-hard for example on
planar graphs [39] or split graphs [45]. From the parameterized complexity point of view, the
FPT status of the METRIC DIMENSION parameterized by the solution size has been open for a
while and finally resolved in negative by Hartung and Nichterlein [66]. In the search of a tractable
structural parameterization, FPT algorithms has been shown for parameters: treelength plus
maximum degree [7], vertex cover number [66], max leaf number [44], and modular-width [7].

The above list misses probably the most important graph width measure, namely treewidth.
Determining the complexity of METRIC DIMENSION, parameterized by treewidth, remained
elusive in the last years, and has been asked a few times |7, 39, 44]. Bonnet and Purohit in a
paper presented at IPEC 2019 [17] showed that the problem is W[1]-hard, even with pathwidth
parameterization. In this work we strengthed their result by proving para-NP-hardness of this
parameterization.

Theorem 8. METRIC DIMENSION, restricted to graphs of treewidth at most 24, is NP-hard.

Theorem 8 brings us much closer to closing (unfortunately mostly in negative) the question
of the complexity of METRIC DIMENSION in graphs of bounded treewidth. The remaining gap
is to determine the exact treewidth value where the problem becomes hard: note that it is open
if METRIC DIMENSION is polynomial-time solvable on graphs of treewidth 2.

The proof of Theorem 8 is covered in Chapter 7.
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e Chapter 4 is based on Multi-budgeted Directed Cuts, which is a joint work with Stefan
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Chapter 2

Preliminaries

2.1 Graph Notation

2.1.1 Basic Definitions

A simple undirected graph is a pair G = (V, E), where V is the set of vertices and E C (‘2/) is
the set of edges. (‘2/) \ E is the set of non-edges. An undirected edge between two vertices u and
v will be denoted by uv where we put uv = vu. An undirected non-edge between two vertices x
and y will be denoted by xy, where we put xy = yx, and we will explicitly mention that zy is a
non-edge in case of confusion with the notation of an edge. If uv is an edge in the graph, we say
u and v are adjacent. We also use V(G) and E(G) to denote the vertex set and the edge set of
G respectively. G is a simple graph if there are no loops or multiple edges (parallel edges). If we
allow loops or multiple edges in G, then we call G a multigraph. We also use V(G) and E(G)
to denote the vertex set and the edge multiset of G respectively.

We denote a bipartite graph by B = (U, W, E), where U, W are the two parts of the vertex
set of B and F is the set of edges of B. We say that a bipartite graph is complete if for every
pair of vertices u € U and w € W, uw € E.

A simple directed graph is a pair G = (V, E), where V is the set of vertices and F is the set of
directed edges or arcs. If we allow loops or multiple edges (parallel edges) in G, then we call G a
directed multigraph. We also use V(G) and E(G) to denote the vertex set and the directed edge
multiset of G respectively. A directed edge e from u to v is denoted by uv, where u = tail(e) is
called the tail of e and v = head(e) is called the head of e.

For a non-empty subset of vertices X C V(G), we denote the induced subgraph of X by G[X].
For simplicity, we use G \ X to denote G[V(G) \ X|. A cliqgue Q in a graph G is a subgraph of
G in which any two distinct vertices are adjacent.

2.1.2 Neighborhoods and degrees

For a vertex v € V(G), we use N(v) = {u € V(G) : uwv € E(G)} to denote the neighborhood of
v. We define the closed neighborhood of v as N[v] = N(v)U{v}. In an undirected simple graph,
the degree of a vertex v is deg(v) = |N(v)|. For a vertex set X C V(G), the neighborhood of X
is N(X) = Uyex N(v) \ X. For a vertex set X C V(G) and v € V(G), we define X -degree of v
as the number of edges with one endpoint being v and the other lying in X, and we denote it
by degx (v). Note that the X-degree counts edges with multiplicities if the corresponding graph
is a multigraph. We say that two distinct vertices u, v’ are false twins if N[u] = N[u/].
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2.1.3 Paths and components

A path in G is a sequence (v1, €1, v2, €2, ..., € V1), where v;s are distinct vertices of G, e;s are
edges of G, and for every 1 < i < £, the vertices v; and v;41 are the two endpoints of the edge
e;. A cycle is a closed path in which no vertex occurs twice except the first and last vertex. For
a path P = (v1,e1,v9,€2,...,€p,0p41), sometimes we denote it as P = ej,eg,...,ep For two
directed paths P and @ with consecutive edges e, eb, ..., e]|DP| and, respectively, e, ed ..., ele
such that w = head(ef P|) = tail(e]) is the only vertex that P and @ have in common, by P-Q we
,ef@. Here |P|
and |@Q| denote the number of edges of paths P and @ respectively. Similarly for two undirected
paths P and () which have only one vertex in common, we denote the concatenation of paths P
and @ by P - Q. If there are three paths P;, P», P3 such that P; - P> - P3 = P, then we say that
Py, Py, P3 are subpaths of P. Note that we allow Pj, P, or P53 to be paths with one vertex.

In an undirected graph G, let G[X] be an induced subgraph of G. If for any two vertices
u,v € X, there is a path in G connecting u and v, then we say that G[X] is connected. We say
that G[X] is a connected component of G if X is inclusion-wise maximal and G[X] is connected.

denote the concatenation of paths P and Q, i.e., P-Q =€l b, ... ’61|DP|’ ef, el ...

2.1.4 General cuts and budget-respecting cuts

Let X and Y be two disjoint vertex sets in a directed graph G, an XY -cut of G is a set of edges
C such that every directed path from a vertex in X to a vertex in Y contains an edge of C.
A cut C is minimal if no proper subset of C is an XY -cut, and minimum if C is of minimum
possible cardinality. Let C' be an XY-cut and let R be the set of vertices reachable from X in
G\ C. We define 67 (R) = {(u,v) € E(G)|u € R and v ¢ R} and note that if C' is minimal,
then §*(R) = C. For two distinct (inclusion-wise) minimal XY-cuts Cy, Cy we say that C is
closer to Y than Cy if every vertex reachable from X in G — (5 is also reachable from X in
G — (. A classic submodularity argument implies that there is exactly one minimum XY-cut
closest to Y. For an XY-cut C, we say that C is important if C' is inclusion-wise minimal and
any inclusion-wise minimal XY-cut C” which is closer to Y than C' has strictly larger size than
C or such a cut C’ does not exist.

In our study for multi-budgeted problems, the directed graph G comes with sets E; C E(G)
for i € [¢] which we refer as colors. That is, an edge e is of color i if e € E;, and of no color if
e E(G)\ Ule E;. Note that an edge may have many colors, as we do not insist on the sets
F; being pairwise disjoint.

Let (G, X,Y, 4, (E;, k;)‘_,) be a MULTI-BUDGETED CUT instance and let C' be an XY-cut.
We say that C is budget-respecting if C C Ule E; and |C N E;| < k; for every i € [¢]. For a set
Z C E(G) we say that C is Z-respecting if C C Z. In such contexts, we often call Z the set of
deletable edges. An XY-cut C is a minimum Z-respecting cut if it is a Z-respecting XY -cut of
minimum possible cardinality among all Z-respecting XY -cuts.

We will invoke the classic Ford-Fulkerson algorithm in our FPT algorithms for multi-budgeted
problems. We encapsulate our use of the classic Ford-Fulkerson algorithm in the following
statement.

Theorem 9. Given a directed graph G, two disjoint sets X, Y C V(G), a set Z C E(G), and
an integer k, one can in O(k(|V(G)|+ |E(G)|)) time either find the following objects:

e A\ paths Py, Ps, ..., P\ such that every P; starts in X and ends in'Y , and every edge e € Z
appears on at most one path P;;

e a set B C Z consisting of all edges of G that participate in some minimum Z-respecting
XY -cut;
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e a minimum Z-respecting XY -cut C' of size A that is closest to Y among all minimum
Z -respecting XY -cuts;

or correctly conclude that there is no Z-respecting XY -cut of cardinality at most k.

Proof. Assing capacity 1 to every edge of Z and capacity +oo to every edge not in Z. Run
k + 1 rounds of the Ford-Fulkerson algorithm. If the final flow exceeded k, return that there is
no Z-respecting XY -cut of cardinality at most k. Otherwise, decompose the final flow into unit
flow paths Pp,..., P\ in a standard manner. For the set B, observe that B consists of exactly
those edges that are fully saturated in the flow network, and their reverse counterparts in the
residual network are not contained in a single strongly connected component of the residual
network (and thus can be discovered in linear time). Finally, observe that the sought cut C
consists of the last edge of B on every path P;. O

2.1.5 Cluster graph and Pss

A cligue @ in an undirected graph G is a subgraph of G in which any two distinct vertices
are adjacent. A cluster graph is an undirected graph in which every connected component is a
clique. A connected component in a cluster graph is called a cluster.

Let G’ be a cluster graph and let S be a cluster editing set S, that is, a set S C (‘2/) of vertex
pairs such that GAS = G'. We say that two cliques Q1 and Q2 of G are merged (in G') if they
belong to the same cluster in G’. We say that @1 and Q9 are separated (in G') if they belong
to two different clusters in G’. When mentioning the edges or non-edges between the vertices of
the clique @1 and the vertices of the clique ()2, we refer to the edges or non-edges between the
clique @)1 and the clique Q2 for short. Let £, € N. We denote a path with ¢ vertices by P, and
a cycle with r vertices by C,.

Let x,y, z be vertices in a graph G. We say that zyz is an induced P3 of G if zy,yz € E(Q)
and xz ¢ E(G). Vertex y is called the center of xyz. We say that vertices z, y, z belong to xyz or
x,y, z are incident with ryz. We also say that xyz is incident with the vertices x,y and z. Here
all P3s we mention are induced Pss; we sometimes skip the qualifier “induced” for convenience.

Given an instance (G, H,¢) of CEAMP, if zyz is a P53 in G and xyz € ‘H, we say that xyz is
packed, and we say that the edges zy, yz are covered by xyz and the non-edge xz is covered by
xyz. If an edge xy is covered by some P3 of H, we say that zy is a packed edge. Otherwise we
say that zy is a non-packed edge. If a non-edge uv is covered by some Pj of H, we say that uv
is a packed non-edge. Otherwise we say that uv is a non-packed non-edge. If none of the edges
of a path P is packed, we say that the path P is non-packed. If xyz is a P3 in G and @1, @2,
and Q)3 are pair-wise non-intersecting vertex sets of G, we say that xyz connects Q1 and Q3 via
Q2 if the center y of zyz belongs to ()2 and z, z belong to ()1 and )3, respectively.

We will use finite fields of prime order in the NP-hardness proof of CLUSTER EDITING ABOVE
MODIFICATION-DISJOINT P3 PACKING. Let p be some prime. By F, we denote the finite field
with the p elements 0,...,p — 1 with addition and multiplication modulo p. Let x € F,. Where
it is not ambiguous, —z and z~! will denote the additive and multiplicative inverse, respectively,
of z in F),.

2.2 Treewidth and Pathwidth

For an undirected graph G, a path decomposition of G is a sequence (X7, ..., X;) of subsets of
V(G), ie. X; C V(G) for i =1, ...,t, such that the following holds:

(i) for every edge uv € E(G), there exists an integer i € [t] such that u,v € X;.
(ii) for every v € V(G), if v € X; and v € X}, (i < k), then v € X for every i < j < k.
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The width of a path decomposition (X1, ..., X;) is defined as maxj<;<¢ | X;| — 1.
For an undirected graph G, a tree decomposition of G is a pair (7, 3) where T is a tree and
B:V(T) — 2V such that the following holds:

(i) for every v € V(G), the set {t € V(T) | v € B(t)} induces a nonempty connected subtree
of T, and

(i) for every uv € E(Q), there exists t € V(T) with u,v € S(t). That is, the function
assigns to every node t € V(7)) a subset 8(t) C V(G), often called a bag.

It is often convenient to root 7 at an arbitrary vertex. The width of a tree decomposition (7T, 3)
equals max,cy (1) |B(t)] — 1, and the treewidth of a graph is the minimum possible width of its
tree decomposition.

In this thesis, we will use the alternative characterization of pathwidth, i.e. the pathwidth of
a graph G equals the node search number of G minus one [80]. The node search number is defined
as follows. We can imagine that the edges of a graph G are tunnels which are contaminated by
a poisonous gas and we need to use some searchers to clean the gas. An edge is cleaned when
its two endpoints are occupied by searchers at the same time. However, a cleaned edge will be
recontaminated by the gas immediately if we remove a searcher guarding at one of its endpoints
and there is a contaminated path which allows the gas to come into this edge through the non-
guarded endpoint. We can put a searcher on any non-guarded vertex of the graph or remove
a searcher from a vertex of the graph (the removed searchers can be put on other non-guarded
vertices of the graph). The node search number is the minimum number of searchers required
to clean the whole graph G.

2.3 Other notations

We use N to denote the set of nonnegative integers. For an integer n, we denote [n] =
{1,2,...,n}. The O*-notation suppresses factors that are polynomial in the input size.
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Chapter 3

Independent Feedback Vertex Set

In this chapter, we present an FPT algorithm running in time (’)*(3.619’“) for INDEPENDENT
FEEDBACK VERTEX SET problem. Recall that INDEPENDENT FEEDBACK VERTEX SET prob-
lem is a variant of the classic FEEDBACK VERTEX SET problem where, given a graph G and an
integer k, the task is to decide whether there exists a vertex set S C V(G) such that G\ S'is a
forest and S is an independent set of size at most k.

Organization of this chapter. In Section 3.1, we present the top-level procedure of the
algorithm and introduce the problem DISJOINT INDEPENDENT FEEDBACK VERTEX SET, which
is the main subproblem to be solved by the algorithm. In Section 3.2, we give the reduction rules
for DISJOINT INDEPENDENT FEEDBACK VERTEX SET. In Section 3.3, we give the branching
rules for DISJOINT INDEPENDENT FEEDBACK VERTEX SET, thus completing the algorithm for
DiSJOINT INDEPENDENT FEEDBACK VERTEX SET.

3.1 Disjoint Independent Feedback Vertex Set

Given an instance (G, k), we first invoke the O*((1 + ¢?)¥)-time FPT algorithm for the classic
FEEDBACK VERTEX SET problem [81]. If the algorithm returns NO, we conclude that there is
no independent feedback vertex set of size at most k since an independent feedback vertex set is
also a feedback vertex set. Otherwise, the algorithm returns a feedback vertex set Z such that
|Z] < k. Obviously, F = G\ Z is a forest.

Suppose there is a solution S for the input instance (G, k). The algorithm branches into
212 directions, guessing a subset Z’ of Z such that SN Z = Z'. Let W = Z\ Z'. If G[Z']
is not an independent set or G[W] is not a forest, the algorithm rejects this guess. Hence, we
can assume that G[Z’] is an independent set and G[Z \ Z’] is a forest. Let R = N(Z') N F.
Since the solution S is an independent set and Z’ C S, we have RN S = (). Then the algorithm
tries to find an independent feedback vertex set S C F for G \ Z’ such that "N R = () and
|S’| < k —|Z'|. Following [3], we call this subproblem DISJOINT INDEPENDENT FEEDBACK
VERTEX SET (DIS-IFVS for short). We give a faster FPT algorithm for DIS-IFVS in the next
section. The algorithm tries every possible Z’ C Z and solves the corresponding subproblem of
DIS-IFVS. If the algorithm finds a YES instance of DIS-IFVS, then it returns YES for the
instance (G, k) of IFVS. Otherwise, if the algorithm tries every possible Z' C Z and obtains
a NO answer for every corresponding instance of DIS-IFVS;, it reports that (G, k) is a NO
instance.

We give the formal definition of DiSJOINT INDEPENDENT FEEDBACK VERTEX SET as fol-
lows.
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DisJOINT INDEPENDENT FEEDBACK VERTEX SET
Input: An undirected (multi)graph G, a feedback vertex set W of G, R C V(G) \ W, and
an integer k.

Question: Is there an independent feedback vertex set X C V(G) \ (W U R) for G such
that | X| < k?

Let FF = V(G \ W). Obviously, G[F] is a forest since W is a feedback vertex set of G. A
vertex v € F'\ R is a nice vertez if degy, (v) = 2 and v has no neighbors in F'. A vertex v € F\ R
is a tent if degy, (v) = 3 and v has no neighbors in F'.

As mentioned earlier, we rely on a measure different from the one in [3]. The measure p of

an instance (G, W, R, k) is defined as
p=k+p—(m+7).

Here, p represents the number of connected components of G[W], i is the number of nice vertices
in F'\ R and 7 is the number of tents in F'\ R.

We remark that the distinction between sets W and R is purely for the sake of complexity of
the algorithm. The set of feasible solutions to a DISJOINT INDEPENDENT FEEDBACK VERTEX
SET instance (G, W, R, k) would be the same if we move vertices from R to W. However, the
notions of tents, nice vertices, and the measure u strongly depends on the distinction between
the sets W and R. The algorithm maintains this distinction to ensure the promised running
time bound.

Our main technical result is the following.

Lemma 1. A DISJOINT INDEPENDENT FEEDBACK VERTEX SET instance I with measure pi

1+5
2

can be solved in time O*(t), where ¢ = is the golden ratio.

Theorem 1 follows by standard analysis as in [3]:

Proof of Theorem 1. The algorithm for FVS of [81] runs in time O*((1 + ¢?)¥). In a branch
with a set Z’ C Z the routine for DIS-IFVSS is passed an instance with both W = Z \ Z’ and
the parameter bounded by k — |Z'|, and hence with measure bounded by 2(k — |Z’|). Since
the algorithm for DIS-IF'VS runs in time O*(p*), the total running time of its applications is

bounded by
k

> (k) O (§251) = 0" (L + ) < O (3.619%).

- 2
=0

This completes the proof. ]

The remainder of this section is devoted to the proof of Lemma 1. We start with showing
that p is nonnegative on YES instances.

Lemma 2. Let I = (G,W,R,k) be a YES instance of DISJOINT FEEDBACK VERTEX SET.
Then p > 0.

Proof. Let X be a solution to the instance I. Thus G’ = G\ X is a forest. Let N C V(G)\(WUR)
be the set of nice vertices and 7' C V(G) \ (W U R) be the set of tents. Since X N W = (), we
have that H := GIW U (N \ X)U(T\ X)] is a forest. Now we contract each component in H[WV]
into a single vertex and get a forest H. Since there are at most p+ |N \ X |+ |T"\ X| vertices in
H, there are at most p+ [N\ X| 4 |T'\ X| — 1 edges in H. According to the definition of tents
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and nice vertices, (N UT) \ X is an independent set. Moreover, since the degree of any vertex
in N\ X and T\ X is 2 and 3, respectively, we get the following inequality:

2N\ X| 43T\ X| < |E(H)| < p+ [N\ X| + [T\ X| - L.

It follows that:
N\ X| [T\ X] < [N\ X[+ 2T\ X < p.

Hence, as | X| < k,
N+ 1T < p+ k.

Asaresult, u=p+k—(n+7)>0. O

A small comment is in place. Our measure p is different from the one of [3]: u/ = 2k +
p — (n+ 27). The change in the measure is one of the critical insights in this result: while
it sometimes leads to weaker branching vectors as compared to [3], the “starting value” in an
application in the above proof of Theorem 1 is 2(k — |Z’|), not 3(k — |Z’|) as in [3]. Thus, to
obtain the promised running time bound, we are fine with branching vectors of the form (1, 2);
that is, we are fine with branching steps in two directions, where in one direction the measure
drops by at least one, and in the other direction by at least two. The change in the measure
is similar to the one that happened in the work of Kociumaka and Pilipczuk for FEEDBACK
VERTEX SET [81], as compared to a previous champion of Cao, Chen, and Liu [19].

We introduce now some definitions that will help us streamline later arguments. Let (G, W, R, k)
be an instance of DIS-IFVS and let F = V(G) \ W. We say that u € F'\ R is a potential nice
verter or P-nice if u is of degree 2 and exactly one of its incident edges has a second endpoint in
W. For a vertex v in G[F], we define the nice degree of v, denoted by Ndeg(v), as the number
of P-nice neighbors of v. A generalized degree of v is Gdegy,(v) = Ndeg(v) + degy, (v). We say
that uw € F'\ R is a potential tent or P-tent if Gdegy, (u) = 2 and deg(u) = 3. For a vertex v in
F, we define the tent degree of v, denoted by Tdeg(v), as the number of neighbors of v that are
P-tents.

3.2 Reduction Rules for DIS-IFVS

Now we introduce some reduction rules for DIS-IFVS. We always apply the applicable reduction
rule of the lowest number. First, let us introduce five reduction rules from |[3].

Reduction Rule 1: Delete any vertex of degree at most one.

Reduction Rule 2: Let u, v be two adjacent vertices of degree two in G \ W which are not
nice vertices in F. Besides, u is adjacent to x while v is adjacent to y (z and y could be the
same vertex). If neither u nor v is in R or both are in R, then delete one vertex in {u,v}
arbitrarily and connect the neighbors of the deleted vertex with a new edge. If exactly one of
wand v isin R, say v € R, then delete v and add an edge between its neighbors (i.e., an edge uy).

Reduction Rule 3: If £ < 0 or i < 0, return that the input instance is a NO instance.

Reduction Rule 4: If there is a vertex v € R such that v has two incident edges with the sec-
ond endpoints in the same component of W, then return that the input instance is a NO instance.

Reduction Rule 5: If there is a vertex v € F'\ R such that v has at least two incident edges
with the second endpoints in the same component of W, then remove v from G and add all
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vertices in "N N(v) to R. In this case, k decreases by one.

It is not difficult to verify the safeness of Reduction Rules 1 — 5 as shown in [3]. But when
analyzing Reduction Rules 1 and 5, we need to be careful since we use a different measure
uw="k+p—(n+ 7). In Reduction Rule 1, if one deletes a neighbor w of a tent or a nice vertex
v, then v stops being a tent or a nice vertex (n + 7 could decrease by one), but also {w} stops
being a connected component of G[W] (decreasing p by one). For Reduction Rule 5, it may
happen that v is a tent or a nice vertex, and its deletion decreases i + 7 by one. However, the
removal of v also decreases k by one. Thus p does not increase.

Now we introduce two new reduction rules.

Reduction Rule 6: If there is a vertex v € R such that Gdegy,(v) > 1 or Tdeg(v) > 1, then
remove v from R and add v to W.

Figure 3.1: Reduction Rule 6

Reduction Rule 7: If there is a vertex v € F'\ R such that every neighbor w € N(v)\ (W UR)
is of degree 2, and at least one such neighbor exists, then put N(v) \ (W U R) into R.

‘\ N
— q
P

Figure 3.2: Reduction Rule 7

N\V4

We first show their safeness.

Claim 1. Reduction Rules 6 and 7 are safe.
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Proof. The safeness of Reduction Rule 6 is straightforward. For the safeness of Reduction Rule
7, suppose that (G, W, R, k) is an input instance. Let v be the vertex satisfying the condition of
Reduction Rule 7 and (G, W, RU(N (v)NF), k) be the instance obtained after applying Reduction
Rule 7. We claim that (G, W, R, k) is a YES instance if and only if (G, W, RU (N (v) N F),k) is
a YES instance. The “if” direction is straightforward, since we only increased the set R.

For the “only if” direction, let X be a solution of size at most k to the instance (G, W, R, k).
If XN N(v) =0, then X is also a solution to (G, W, RU(N(v)NF), k). Otherwise, we construct
a vertex set X’ = (X U{v})\ (N(v)NF). Obviously | X’'| < k. We will show that X’ is a solution
to (G,W,RU (N(v) N F),k). Clearly, it is disjoint with W U RU N((v) N F) and independent,
as it is disjoint with N(v). To show that X' is a feedback vertex set in G, observe that since
every vertex w € N(v) \ (W U R) is of degree 2, every cycle passing through w in G passes also
through v. O

Since Reduction Rule 7 only moves vertices to R, its application does not change the measure;
note that the neighbors of a vertex affected by Reduction Rule 7 can be neither a nice vertex
nor a tent. However, the situation is not that easy for Reduction Rule 6, and we need to show
that its application does not increase p. To this end, we show a number of generic observations
on how the measure u changes if we modify a neighbor of a P-nice vertex or a P-tent.

Observation 1. Let v € F be a vertex with a P-nice neighbor w. Consider the operation of
moving v to W. Then, the vertex w becomes nice and 1 goes up at least by one.

Observation 2. Let v € F be a vertex with a P-tent neighbor w such that v is not P-nice.
Consider the operation of putting v in a solution: deleting it from G and putting N(v) N F into
R. Then the application of reduction rules on w and its (possible) other neighbors in F decreases
by at least one.

Proof. The operation moves w to R and decreases its degree to 2. Since w is a P-tent and v is not
a P-nice vertex, every neighbor u € (N(w)NF)\{v} is a P-nice vertex. Consequently, Reduction
Rule 2 reduces (N[w] N F) \ {v} to a single vertex w’, which is in R if (N(w) N F)\ {v} C
R. Furthermore, deg(w’) = degy (w’') = 2. If w’ has both neighbors in the same connected
component of G[W], then either Reduction Rule 4 rejects the instance or Reduction Rule 5
decreases k by one. Otherwise, if w’ € R, Reduction Rule 6 moves w’ to W, decreasing p by one.
If w" ¢ R, then w’ becomes a nice vertex, increasing 1 by one. Thus, in all cases, p decreases by
at least one. O

Observation 3. Let v € F be a vertex with a P-tent neighbor w such that v is not P-nice.
Consider the operation of moving v into W. Then the application of reduction rules on w and
its (possible) other neighbors in F decrease p by at least one.

Proof. Since w is a P-tent and v is not P-nice, every neighbor u € (N(w) N F) \ {v} is P-nice.
Consider such a vertex u; note that u € F'\ R by the definition of P-nice. Reduction Rule 7 is
applicable to w; this rule would move u to R and then Reduction Rule 6 would move u to W.
Along this process, Reduction Rule 4 or 5 can be triggered on w, either rejecting the instance
or decreasing k by one. Otherwise, if w € R, Reduction Rule 6 moves w to W, decreasing p by
two. Finally, in the last case we are left with w € F'\ R with degy, (w) = deg(w) = 3, that is,
w becomes a tent and increases 7 by one. Thus, in all cases, p decreases by at least one. O

Armed with the above observations(see Fig. 3.3), we can now show that Reduction Rule 6
on its own does not increase the measure.

Claim 2. An application of Reduction Rule 6 does not increase the measure.
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Figure 3.3: Observation 1-3

Proof. If v is a tent or a nice vertex, then n or 7 decreases by one but p decreases by at least one
because Reduction Rule 4 or 5 is not applicable. In this case, u does not increase. If v is neither
a tent nor a nice vertex and degy,(v) > 1, p does not increase, and 7 and 7 do not decrease. In
this case, p does not increase.

We are left with the case degy,(v) = 0, and then p increases by one. If Gdegy, (v) > 1 but
degy (v) = 0, we have a P-nice neighbor w of v. Then, after v is moved to W, Observation 1
asserts that future application of reduction rules on w cause a measure decrease of at least one,
offsetting the increase of p. Otherwise, Tdeg(v) > 1, and we have a neighbor w of v that is a
P-tent. Then, after v is moved to W, Observation 3 asserts that future application of reduction
rules on w and its possible neighbors in F' cause measure decrease of at least one. This finishes
the proof. O

3.3 Branching for DIS-IFVS

Now we are ready to introduce the branching algorithm. We assume that all reduction rules
have been applied exhaustively. As a branching pivot, we pick a vertex v € F' that is neither a
nice vertex, nor a tent, nor a P-nice vertex, and satisfies one of the following three cases:

Case A: Gdegy, (v) > 3.
Case B: Gdegy,(v) > 1 and Tdeg(v) > 1.
Case C: Tdeg(v) > 2.

In case of more than one vertices of F' satisfying one of the above cases, we prefer to pick a
vertex v that satisfies an earlier case.

First, note that the non-applicability of Reduction Rule 6 implies that the chosen branching
pivot v does not lie in R.
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No matter which case the chosen branching pivot v satisfies, we branch into two cases. In
one case we include v into the solution: we delete v from the graph, include N(v) N F into R,
and decrease k by one. In the other case, we move v to W.

We now show that in each of the cases, the branching gives a branching vector (1,2) or better
with respect to the measure u. That is, in one of the branches the measure drops by at least
one, and in the other by at least two.

Case A: Gdegy,(v) > 3.

(i) Branch where v is deleted and all vertices in N(v) N F are added to R. k decreases by 1,
p stays the same, and n and p does not decrease as v is neither a nice vertex nor a tent.
Thus, p decreases by at least one.

(ii) Branch where v is moved from F' to W. p decreases by degy, (v) — 1 (which may be —1
if degyy(v) = 0) and 7 increases by Ndeg(v). Since Gdegy, (v) = degy, (v) + Ndeg(v) > 3
and 7 does not decrease, u decreases by at least two.

Case B: Gdegy,(v) > 1 and Tdeg(v) > 1.

(i) Branch where v is deleted and all vertices in N(v) N F are added to R. First, k decreases
by one. Furthermore, v has a P-tent neighbor w and Observation 2 asserts that future
applications of reduction rules on w and its remaining neighbors in F' decrease the measure
by at least one. Thus, in total y decreases by at least two.

(ii) Branch where v is moved from F' to W. For every P-tent neighbor w of v, Observation 3
asserts that the application of reduction rules to w and its remaining neighbors in F' cause
a measure decrease of at least 1. If degy,(v) > 1, then moving v to W does not increase
p, and we are done. Otherwise, if degy, (v) = 0, moving v to W increases p by 1 but the
assumption Gdegy,(v) > 1 implies that there also exists a P-nice neighbor w of v. For
every such P-nice neighbor w of v, Observation 1 asserts that the future application of
reduction rules on w and its remaining neighbors in F' cause measure drop by at least 1.
Consequently, in this case we also have a measure drop of at least 1.

Case C: Tdeg(v) > 2.

(i) Branch where v is deleted and all vertices in N(v) N F' are added to R. First, k decreases
by one. Furthermore, for every P-tent neighbor w of v, Observation 2 asserts that the
application of reduction rules on w and its remaining neighbors in F' cause measure drop
by at least one. Since Tdeg(v) > 2, together with the decrease of k we have a total measure
decrease of at least 3.

(ii) Branch where v is moved from F' to W. The move itself may increase p by one. For every
P-tent neighbor w of v, Observation 3 asserts that the future application of reduction
rules on w and its remaining neighbors in F' cause measure drop by at least 1. Since
Tdeg(v) > 2, in total we have a measure decrease by at least 1.

We are left with analyzing what happens if no vertex of I satisfies any of the three cases for
the choice of the branching pivot. As in [3|, we rely on the following base case.

Lemma 3 (|3]). Let (G,W, R, k) be an instance of DIS-IFVS where every vertex in V(G)\ W
1s either a nice verter or a tent. Then we can find an independent feedback vertex set X C
V(G)\ (W UR) for G of the minimum size in polynomial time.

Lemma 3 follows from the observation by Cao et al. [19] and the fact that all nice vertices
and tents form an independent set.
We show the following.
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Lemma 4. If no reduction rule can be applied and every vertex of F' does not satisfy any of the
cases for the choice of the branching pivot, then the remaining instance of DIS-IFVS can be
solved in polynomaial time.

Proof. We claim that every vertex in F' of the remaining graph G is either a tent or a nice vertex;
the claim then follows by Lemma 3.

For contradiction, suppose that there is a connected component D of G[F] that is not a
singleton with a tent or a nice vertex. Since no vertex of D falls into Case A, Gdegy, (v) < 2 for
every v € D; in particular, every leaf (a vertex in F' that has only exactly one neighbor in F')
v € D satisfies degy (v) € {1,2}. Root the tree G[D] at an arbitrary vertex, and consider a leaf
v € D that is furthest from the root in G[D] and, among such leaves, choose one maximizing
degy (v). Note that v ¢ R as otherwise Reduction Rule 6 would move v to W.

First, assume degy, (v) = 2. Since v is a leaf of D and is not nice, v has exactly one neighbor
u € D, and v is a P-tent. Hence, Tdeg(u) > 1. If deg(u) = 2, then Reduction Rule 7 applies to v
if u ¢ R and once u is in R, then Reduction Rule 6 applies to u, making v a tent. Consequently,
deg(u) > 3. However, by the choice of v, degy,(u) > 1 or u is adjacent to another leaf v’ of D.
However, this implies that Gdegy (u) > 1 (if degy (u) > 1 or v exists and degy, (v') = 1) or
Tdeg(u) > 2 (if v’ exists and degy, (v') = 2), and Case B or C applies to u.

Second, assume degy,(v) = 1, and again let u be the unique neighbor of v in G[D]. If
deg(u) = 2, then Reduction Rule 2 is applicable. By the choice of v, every other leaf v" adjacent
to w also satisfies degy, (v') = 1; that is, every child of u is P-nice as u ¢ R. If Gdegy,(u) > 3,
then Case A applies to u. Hence, deg(u) = 3 and Gdegy, (u) = 2: u has a parent = in G[D]
and either one more child v’ that is P-nice or a neighbor in W. In particular, u is a P-tent, and
Tdeg(z) > 1.

If deg(x) = 2, then Reduction Rule 7 would apply to u and move v to R, and consequently
Reduction Rule 6 would move v to W. If Gdegy,(z) > 1, then Case B applies to . Hence, = has
another child «’ that is not P-nice. By the choice of v, the connected component of G[D] \ {z}
containing v’ is a star with «’ as a center. Furthermore, every child w of «’ is P-nice (i.e.,
degy (w) = 1). Since Case A is not applicable to «/, we have Gdegy, (u') < 2. If deg(v') = 2,
then either «’ is P-nice (if degy(u') = 1) or Reduction Rule 2 is applicable to ' and its child
(if degyy (u') = 0). We infer that deg(u’) = 3 and Gdegy (u’') = 2; in particular, v is a P-tent.
Hence, Tdeg(x) > 2 and case C applies to x. This completes the proof of the lemma. O

Every step of the reduction rules and branching can be executed in polynomial time. In
every case of branching, the branching vector is (1,2). Thus we get the following recurrence:
T(pw) =T(p—1)+T(u—2). As a result, the running time of the algorithm for DIS-IFVS is
O*(p?*). This concludes the proof of Lemma 1 and thus of the whole Theorem 1.
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Chapter 4

Multi-budgeted Directed Cuts

In this chapter, we give an FPT algorithm parameterized by k = Elek:,- and ¢ for the MULTI-
BUDGETED CUT problem and show some of its applications. Recall that the MULTI-BUDGETED
CUT problem is a generalization of the classic MINIMUM CUT problem. In MULTI-BUDGETED
CUT problem, we assign colors 1,2, ....¢ to some edges and give separate budgets k1, ko, ..., k¢
for colors 1,2,...,0. For every color i € {1,...,4}, let E; be the set of edges of color i. The
solution C for MULTI-BUDGETED CUT not only needs to be a cut satisfying the usual separation
requirements, but also needs to satisfy that |C'NE;| < k; for every i € {1, ...,¢}. Contrary to the
classic minimum cut problem, the MULTI-BUDGETED CUT problem is NP-hard even for ¢ = 2.
The DIRECTED FEEDBACK ARC SET problem is a classic problem that played major role in
the development of parameterized complexity. In this problem, given a directed graph G and an
integer k, the problem is to decide if there exists an arc set .S of size at most k such that G — S
has no directed cycles. In a similar way we define the problem MULTI-BUDGETED DIRECTED
FEEDBACK ARC SET as follows.

MULTI-BUDGETED DIRECTED FEEDBACK ARC SET
Input: A directed graph G, an integer ¢, and for every i € {1,2,...,¢} a set E; C E(G)
and an integer k;.

Question: Is there a set of arcs S C Ule E; such that there is no directed cycle in G — S
and for every ¢ € [(], |S N E;| < k;.

The first FPT algorithm for the DIRECTED FEEDBACK ARC SET problem is given by Chen et
al. [23]. In their algorithm, they use iterative compression and reduce the DIRECTED FEEDBACK
ARC SET compression problem to the SKEW EDGE MULTICUT problem. They propose a pushing
lemma for SKEW EDGE MULTICUT and solve SKEW EDGE MULTICUT through enumerating
important cuts. We show that for the multi-budgeted variant, a similar strategy enumerating
multi-budgeted important cuts works. Formally, the MULTI-BUDGETED SKEW EDGE MULTICUT
problem is defined as follows.

MULTI-BUDGETED SKEW EDGE MULTICUT

Input: A directed graph G, an integer ¢, for every i € {1,2,...,¢} aset E; C F(G) and an
integer k;, and a sequence (s;,t;)?_; of terminal pairs.

Question: Is there a set of arcs C C Ule E; such that there is no directed path from s; to
tj for any i > j in G — C and for every i € [{], |[C N E(7)| < k;?
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Organization of this chapter. In Section 4.1, we show the NP-hardness of MULTI-BUDGETED
CcUT problem when £ > 2 and give an FPT algorithm for the MULTI-BUDGETED CUT problem pa-
rameterized by k = Zleki and ¢. In Section 4.2, we give FPT algorithms for the multi-budgeted
versions of SKEW EDGE MULTICUT and FEEDBACK ARC SET parameterized by k = Zlek‘i and
L.

4.1 Multi-budgeted cut

4.1.1 NP-hardness of MULTI-BUDGETED CUT

Although it is well-known that the minimum cut problem is polynomial-time solvable, we prove
that the MULTI-BUDGETED CUT problem is NP-hard for £ > 2.

Lemma 5. MULTI-BUDGETED CUT problem is NP-hard for every £ > 2.

Proof. We prove this lemma by making a reduction from constrained minimum vertex cover
problem on bipartite graphs (MIN-CBVC), which is proved to be NP-hard by Chen and Kanj
[22]. In the MIN-CBVC problem the input consists of a bipartite graph G = (U W L, E) and
integers ky, kr; the goal is to find a vertex cover X C U U L such that | X N U| < ky and
IXNL|<kp.

Given an instance (G, ky, kr) of MIN-CBVC, where G = (U U L, F) is a bipartite graph,
we construct an instance (G, X, Y, ¢, (E;, k;){_,) of MULTI-BUDGETED CUT as follows. We take
V(G') = V(G)U{s,t}, where s and t are two new vertices, and set X = {s} and Y = {¢}. Then
for each vertex u € U, we add an arc (s, u) with color 1 to G" and for each vertex v € L, we add
an arc (v,t) with color 2 to G’. For each undirected edge (u,v) € E(G) such that v € U and
v € L, we add an arc (u,v) with no color. Let F; be the set of arcs of color 1 in G’ and E3 be
the set of arcs of color 2in G’. Let E; = () for i = 3, ...,¢. Let Z = E;U E5 be the deletable arcs.
Let the budgets of the MULTI-BUDGETED CUT instance be k1 = ky, ko = kr, k3 =0, ...,k = 0.
This completes the construction.

Now we show that (G, ky,kr) is a yes instance if and only if (G', X, Y, k1, ko, ..., k) is a
yes instance. Suppose (G, ky,kr) is a yes instance. Then there exists a vertex cover U’ U L’
of G such that U' C U, L' C L, |U'| < ky and |L'| < ki. Let C1 = {(s,u)lu € U’} and
Cy = {(v,t)|v € L'}. We claim that C; U Cy is a solution for (G, X,Y, k1, ks, ..., k¢). Obviously
|C1] < ki1, |Ca| < ko and C'is Z-respecting. For contradiction, suppose that there is a directed
path su/v't in G'\ (C1 U C2). It follows that u/ ¢ U’ and v’ ¢ L'. Thus there is an edge u'v’
which is not covered by U’ U L’ in G, contradicting that U’ U L’ is a vertex cover of G.

Suppose that (G', X, Y, k1, ka, ..., k¢) is a yes instance. Then there is a Z-respecting budget-
respecting st-cut C' = C7 U C5 such that Cy is a set of arcs of color 1 of size at most ki and Cy
is a set of arcs of color 2 of size at most ky. Obviously any arc between U and V in G’ is not in
the solution because they are not deletable. Let U’ = {u|(s,u) € C1} and L' = {v|(v,t) € Ca}.
We get that U' C U, L' C L, |[U'| < k; = ky and |L'| < ko = k. We claim that U' U L' is
a solution for (G, ky, k). For contradiction, suppose that there is an edge u/v’ not covered by
U'U L' Tt follows that su’v't is a directed path in G'\ C, contradicting that C = C; U Cs is a
solution for (G, X, Y, ¢, (E;, k;)¢_,). This completes the proof. O

4.1.2 FPT algorithm for MULTI-BUDGETED CUT

We now give an FPT algorithm parameterized by k& = Elek:i and ¢ for the MULTI-BUDGETED
cuT problem. We follow a branching strategy that recursively reduces a set Z of deletable edges.
That is, we start with Z = Ule E; (so that every solution is initially Z-respecting) and in each
recursive step, we look for a Z-respecting solution and reduce the set Z in a branching step.
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Consider a recursive call where we look for a Z-respecting solution to the input MULTI-
BUDGETED CUT instance (G, X,Y,/, (F;, k;)_,). That is, we look for a Z-respecting budget-
respecting cut. We apply Theorem 9 to it. If it returns that there is no Z-respecting XY -cut,
we terminate the current branch, as there is no solution. Otherwise, we obtain the paths
Py, Py, ..., Py, the set B (which we will not use in this section), and the cut C.

If C is budget-respecting, then it is a solution and we can return it. Otherwise, we perform
the following branching step. We iterate over all tuples (Ay, ..., A¢) such that for every i € [{],
A; C [\ and |A;| < k;. A; represents the subset of paths Pj, ..., P, on which at least one edge
of color i is in the solution for each ¢ € [¢]. For those edges of color ¢ which are on the paths
not indicated by A;, they are not in the solution. Thus we can safely delete them from Z. More
formally, for every i € [¢] and j € [A]\ A;, we remove from Z all edges of E(P;) N E;. We recurse
on the reduced set Z. A pseudocode is available in Figure 6.2.

MultiBudgetedCut(G, X, Y, ¢, (E;, k:)¢_,)

Input: A directed graph G, two disjoint set of vertices X,Y C V(G), an integer ¢, for every i € [{]
a set E; C E(G) and an integer k.

Output: an XY cut C C Ule E; such that for every i € [¢], |C N E;| < k; if it exists, otherwise
return NO.

1. 2=, B
2. return Solve(Z);

Solve(Z)
a. apply Theorem 9 to (G, X,Y,k, Z) where k = Zle ki, obtaining objects (P;)¢_;, B, and C, or
an answer NO;
b. if the answer NO is obtained, then return NO;
c. if C is budget-respecting, then return C;
d. for each (A, ..., A¢) such that for every ¢ in [¢], A; C [A] and |A;| < k; do
dl1 Z:= Z;
d.2 for each i € [{] do
for each j € [\] \ A; do

Z =7\ (E;NE(P)));
d.3 D = Solve(Z);
d.4 if D #NO then return D;
e. return NO;

Figure 4.1: FPT algorithm for MULTI-BUDGETED CUT

Theorem 10. The algorithm in Figure 6.2 for MULTI-BUDGETED CUT is correct and runs in
time O(2%* . k- ([V(Q)| + |E(Q)|)) where k = SL_ k.

Proof. We prove the correctness of the algorithm by showing that it returns a solution if and
only if the input instance is a yes-instance. The "only if" direction is obvious, as the algorithm
returns only Z-respecting budget-respecting XY -cuts and Z C Ule FE; in each recursive call.
We prove the correctness for the "if" direction. Let Cy be a solution, that is, a budget-
respecting XY-cut. In the initial call to Solve, Cy is Z-respecting. It suffices to inductively
show that in each call to Solve such that Cy is Z-respecting, either the call returns a solution,
or Cy is Z—respecting for at least one of the subcalls. Since Cy is Z-respecting, the appli-
cation of Theorem 9 returns objects (PZ-)Z’-\:l, B, and C. If C is budget-respecting, then the
algorithm returns it and we are done. Otherwise, consider the branch (Aj, As, ..., As) where
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A; = {j|E(P;) N Cy # 0}. Since Cp is budget-respecting, Co C Z, and no edge of Z appears
on more than one path P;, we have |A;] < k; for every i € [¢]. Thus, (A1, As,..., A) is a
branch considered by the algorithm. In this branch, the algorithm refines the set Z to Z. By
the definition of A;, for every i € [¢] and j € [A]\ 4;, we have CoNE;NE(P;) = (). Consequently,
Cy is E-respecting and we are done.

For the time bound, the following observation is crucial.

Claim 3. Consider one recursive call Solve(Z) where the application of Theorem 9 in line a
returned objects (P;)X_,, B, and C. Assume that in some recursive subcall Solve(Z) invoked in
line d.3 (Figure 6.2), the subsequent application of Theorem 9 in line a of the subcall returned a
cut of the same size, that is, the algorithm of Theorem 9 returned a cut C of size X =\ Then
the cut C is budget-respecting and, consequently, is returned in line ¢ of the subcall.

Proof. Since ]C| =JAis a Z—respectmg XY-cut, 7 C Z, and every edge e € Z appears on at
most one path P;, we have that C consists of exactly one edge of Z on every path P;, that is,
C ={e1,e,...,ex} and ej € E(Pj)ﬂZ for every j € [\]. (Le., the paths (P])j:1 still correspond
to a maximum flow from X to Y with edges of A being of unit capacity and edges outside 7
of infinite capacity.) If e; € E; for some j € [A] and ¢ € [¢], then by the construction of set
Z, we have j € A;. Consequently, Hijlej € Ei}| < |A;| < ks for every i € [], and thus C is
budget-respecting. g

Claim 3 implies that the depth of the search tree is bounded by k, as the algorithm terminates
when A exceeds k. At every step, there are at most (2*)¢ < (2%)¢ different tuples (Aq, ..., Ay)
to consider. Consequently, there are (’)(2(]“_1)’“) nodes of the search tree that enter the loop in
line d and (9(2’“26) nodes that invoke the algorithm of Theorem 9. As a result, the running time

of the algorithm is Q2% . k- (|V(G)| + |E(G)])). -

4.2 Multi-budgeted important separators with applications

Similar to the concept of important separators proposed by Marx [103] (see also [32, Chapter
8]), we define multi-budgeted important separators as follows.

Definition 1. Let (G, X,Y, 4, (E;, k;)‘_,) be a MULTI-BUDGETED CUT instance and let Z C
Ule E; be a set of deletable edges. Let C1,Co be two minimal Z-respecting budget-respecting
XY -cuts. We say that C7 dominates Cy if

1. every vertex reachable from X in G — Csy is also reachable from X in G — Cy;
2. for every i € [{], |C1 N E;| <|Can Ey.

We say that C is an important Z-respecting budget-respecting XY -cut if C is a minimal Z-
respecting budget-respecting XY -cut and no other minimal Z-respecting budget-respecting XY -
cut dominates C. C is an important budget-respecting XY-cut if it is an important Z-
respecting budget-respecting XY-cut for Z = Ule E;.

Chen et al. [23] showed an enumeration procedure for (classic) important separators using
similar charging scheme as the one of the previous section. Our main result in this section is a
merge of the arguments from the previous section with the arguments of Chen et al., yielding
the following theorem.

Theorem 11. Let (G, X,Y, ¢, (E;, ki)le) be a MULTI-BUDGETED CUT instance, let Z C Ule E;
be a set of deletable edges, and denote k = Zle ki. Then one can in 20F¢10s(k0)(|V(@)| 4
|E(G)|) time enumerate a family of minimal Z-respecting budget-respecting XY -cuts of size
20(k*Llog(k0) that contains all important ones.
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Theorem 3 follows from Theorem 11 via an analogous arguments as in [23]. In this section
we focus on the proof of Theorem 11.

Proof of Theorem 11. Consider the recursive algorithm presented in Figure 6.4. The recur-
sive procedure ImportantCut takes as an input a MULTI-BUDGETED CUT instance I =
(G, X,Y, ¢, (El-,k:z-)f:l) and a set Z C Ule E;, with the goal to enumerate all important Z-
respecting budget-respecting XY-cuts. Note that the procedure may output some more Z-
respecting budget-respecting XY -cuts; we need only to ensure that

1. it outputs all important ones,
2. it outputs 20(k*¢log (kL)) cuts, and
3. it runs within the desired time.

The procedure first invokes the algorithm of Theorem 9 on (G, X,Y,k, Z), where k = Zle ki.
If the call returned that there is no Z-respecting XY-cut of size at most k, we can return an
empty set. Otherwise, let (Pj)?:p B, and C be the computed objects. We perform a branching
step, with each branch labelled with a tuple (Aj, Aa,..., Ay) where A; C [A] and |4;| < k;
for every i € [(]. A branch (Ay, As,...,Ay) is supposed to capture important cuts Cy with
{7ICoN BN E(P;)NE; # 0} C A; for every i € [(]; that is, for every i € [¢] and j € [A] we guess
if Cp contains a bottleneck edge of color i on path P;. All this information (i.e., paths P;, the
set B, the cut C, and the sets A;) are passed to an auxiliary procedure Enum.

The procedure Enum shrinks the set Z according to sets A;. More formally, for every i € [{]
and j € [A]\ 4; we delete from Z all edges from BN E; N E(Pj), obtaining a set Z C Z. At this
point, we check if the reduction of the set Z to 7 increased the size of minimum Z-respecting
XY-cut by invoking Theorem 9 on (G, X, Y,k,Z\) and obtaining objects (ﬁj)j.:l,é,@ or a
negative answer. If the size of the minimum cut increased, that is, 2> A, we recurse with the
original procedure ImportantCut. Otherwise, we add one cut to S, namely C. Furthermore,
we try to shrink one of the sets A; by one and recurse; that is, for every i € [¢] and every j € A;,
we recurse with the procedure Enum on sets A}, where A = A4; \ {j} and A}, = A, for every
i e [0\ {i}.

Let us first analyse the size of the search tree. A call to ImportantCut invokes at most
M < 2kt calls to Enum. Each call to Enum either falls back to ImportantCut if > )\ or
branches into Zle |A;| < k€ recursive calls to itself. In each recursive call, the sum Zle | Al
decreases by one. Consequently, the initial call to Enum results in at most (k:Z)M recursive calls,
each potentially falling back to ImportantCut. Since each recursive call to ImportantCut
uses strictly larger value of A, which cannot grow larger than k, the total size of the recursion
tree is 20(*¢los(k0))  Fach recursive call to Enum adds at most one set to S , while each recursive
call to ImportantCut and Enum runs in time O(2% - k- (|[V(G)| + |E(G)]|)). The promised
size of the family S and the running time bound follows. It remains to show correctness, that
is, that every important Z-respecting budget-respecting XY -cut is contained in S returned by
a call to ImportantCut (7, 7).

We prove by induction on the size of the recursion tree that (1) every call to Important-
Cut(I, Z) enumerates all important Z-respecting budget-respecting X'Y'-cuts, and (2) every call
to Enum(/, (Pj);‘:l, B,C,Z,(A;)!_,) enumerates all important Z-respecting budget-respecting
XY-cuts Cy with the property that {j|E; N E(P;) N BN Cy # 0} C A; for every i € [(].

The inductive step for a call ImportantCut(/, 7) is straightforward. Let us fix an arbitrary
important Z-respecting budget-respecting XY -cut Cy. Since Cy is budget-respecting, Cy is a
Z-respecting cut of size at most k, and thus the initial call to Theorem 9 cannot return NO.
Consider the tuple (A1, Aa, ..., Ag) where for every i € [{], {j|E(P;)NE;NBNCy} = A;. Since
Cy is budget-respecting and the paths P; do not share an edge of Z, we have that |A4;| < k;
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ImportantCut(I, Z)

Input: A MULTI-BUDGETED CUT instance I = (G, X, Y, ¢, (E;, ki)—1) and a set Z C Ule E;.
Output: a family S of minimal Z-respecting budget-respecting XY -cuts that contains all important
ones.

1. S:=0;

2. apply the algorithm of Theorem 9 to (G, X,Y,k, Z) with k = Zle ki, obtaining either objects
(P):, B, and C, or an answer NO;

3. if an answer NO is obtained, then return S;

4. for each (A1, ..., A;) such that for every i in [{], A; C [\] and |A;| < k; do

41 S:=SUEnum(l,(P;))=,B,C, Z,(A:)i)

5. return S

Enum(I, Z, (P;)}=1, B, C, (Ai)i=1)

Input: A MULTI-BUDGETED CUT instance I = (G, X,Y, £, (Ei, ki)f_1), a set Z C Ule E;, a family
(Pj)?-:l of paths from X to Y such that every edge of Z appears on at most one path Pj, a set
B consisting of all edges that participate in some minimum Z-respecting XY-cut, a minimum Z-
respecting XY-cut C closest to Y, and sets A; C [A] of size at most k; for every i € [/]

Output: a family S of minimal Z-respecting budget-respecting XY -cuts that contains all cuts Co
that are important Z-respecting budget respecting XY-cuts and satisfy {j|E(P;) N BN Co N E; #
0} C A; for every i € [4].

a. 7 = Z;
b. for each i € [{] do
for each j € [A\]\ A; do
Z .= Z\ (BN E; N E(P;));
c. apply the algorithm of Theorem 9 to (G, X, Y, k, 2), obtaining either objects (ﬁi)?:h E, and C
or an answer NO;
d. if X\ exists and A > A, then R
d.1 S :=SU ImportantCut(l, 2);
e. else if \ exists and equals A, then
el S§:=8SU{C};
e.2 for eachi € [(] do
for each j € A; do
Aj = A; \{j} and A}, := Ay for every i’ € [{] \ {3}
S:=SUEnum(l, Z, (P;))1, B,C, (A){_)).
f. return S

Figure 4.2: FPT algorithm for enumerating important multi-budgeted Z-respecting XY -cuts
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for every i € [¢] and the algorithm considers this tuple in one of the branches. Then, from the
inductive hypothesis, the corresponding call to Enum returns a set containing Cj.

Consider now a call to Enum(/, (P; )] 1, B,C, Z,(A;)f_)) and an important Z-respecting
budget-respecting XY-cuts Cy with the property that {j|E; N E(P;)) N BN CO # (0} C A; for
every ¢ € [f]. By the construction of Z and the above assumption, Cj is Z- respecting. In
particular, the call to the algorithm of Theorem 9 cannot return NO. Hence, in the case when
z > A, Cy is enumerated by the recursive call to ImportantCut and we are done. Assume then
A=A

For i € [{], let A; = {j|E; N E(P;) N BN Cy# 0}. Since Z C Z but the sizes of minimum
Z-respecting and Z\—respecting XY-cuts are the same, we have B C B. Consequently, A\Z C A;
for every i € [/].

Assume there exists i € [¢] such that A\Z C A;and let j € A; \ g@ Consider then the branch
(z', j) of the Enum procedure, that is, the recursive call with A} = A; \ {j} and A}, = A, for

€ [f]\ {i}. Observe that we have {j|Ey N E(P;)NBNCy # 0} C Al, for every ¢’ € [¢] and, by
the inductive hypothesis, the corresponding call to Enum enumerates Cy. Hence, we are left
only with the case A; = A;, that is, A; = {j|E; N E(P;) N BN Cy # 0} for every i € [(].

We claim that in this case Cy = C. Assume otherwise. Since ]C’ | = X=Xand ZC 7, C
contains exactly one edge on every path P;. Also, C C B by the definition of the set B. Since
C is the minimum Z- respectlng XY-cut that is closest to Y, C = {e1,e2,...,ex} where e; is
the last (closest to Y') edge of B on the path P; for every j € [A].

Let Ry and R be the set of vertices reachable from X in G — Cy and G — 6, respectively.
Let D be a minimal XY-cut contained in 67(Ry U R). (Note that 67 (Ry U R) is an XY -cut
because X C Ry U R and Y N (Ry UR) = 0.) Then since D C CoUC C Z, D is Z-respecting.
By definition, every vertex reachable from X in G — Ry is also reachable from X in G — D.

We claim that D is budget-respecting and, furthermore, dominates Cy. Fix a color i € [{];
our goal is to prove that [D N E;| < |Co N E;|. To this end, we charge every edge of color i in
D\ Cj to a distinct edge of color i in Cy \ D. Since D C CpU C’ we have that D\ Cp C C’ that
is, an edge of D\ Cy of color i is an edge e; for some j € [A] with e; € E; and e; € D\ Cp.

Recall that we are working in the case A; = {j|E; N E(P;)N BNCy # 0}. Since e; € ccz,
we have that j € A;. Hence, there exists e;- € E;NE(P;)N Bn Cy. By the definition of 6, ej is
the last (closest to Y) edge of B on P;. Since e; ¢ Cy, € # e; and ¢ lies on the subpath of P;
between X and the tail of e;. This entire subpath is contained in R and, hence, e;- ¢ D.

We charge e; to €}. Since e} € E(P;) N E;N BN (Cy \ D), for distinct j, the edges ) are

distinct as the paths P] do not Share an edge belonging to Z and BCZcC2Z. Consequently,
|D N E;| <|CynN E;|. This finishes the proof that D dominates Cp.

Since Cjy is important, we have D = (. In particular, R C Ry. On the other hand, for every
J € [A] we have that e; € cczZczc Ule E;. In particular, there exists ¢ € [¢] such that
ej € E; and j € A;. Hence, we also have E; N E(P;) N BN Cy + . But the entire subpath of
Pj from X to the tail of e; lies in RC Ry, while ¢j is the last edge of B on P;. Hence, ¢; € Cp.
Since the choice of j is arbitrary, c C (). Since C is an XY-cut and Cy is minimal, C= Cy as
claimed.

This finishes the proof of Theorem 11. O

Next we show the applications of multi-budgeted important separators to the problem-
s MULTI-BUDGETED SKEW MULTICUT and MULTI-BUDGETED DIRECTED FEEDBACK ARC
SET. We start by observing a direct corollary of the maximality criterium in the definition of
important budget-respecting separators.
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Lemma 6. Given an instance (G, X,Y,/, (Ei,k’i)f:l) of MULTI-BUDGETED CUT, for every
minimal budget-respecting XY -cut C there ewists an important budget-respecting XY -cut C’
that dominates C.

Similar to the pushing lemma for SKEW EDGE MULTICUT [23], we propose a pushing lemma
for the multi-budgeted variant.

Lemma 7. Every yes-instance I = (G, ¥, (Ei,ki)le,(si,ti)gzl) of SKEW EDGE MULTICUT
admits a solution that contains an important budget-respecting XY -cut for X = {sq} and Y =
{tl,tQ, .. ,tq}.

Proof. Let C be a solution to I. Let X = {s4}, Y = {t1,..., %4}, and R be the set of vertices
reachable from s, in G — C. Since C is a solution, 67 (R) C C is a budget-respecting XY -cut;
let D C §T(R) be a minimal one. By Lemma 6, there exists an important budget-respecting
XY-cut D* dominating D. Let R* be the set of vertices reachable from s; in G — D*. We claim
that C* := (C'\ D) U D* is a solution to I as well.

Suppose for contradiction that there is a directed path P from s; to t; for some ¢ > j in
G — C*. If P contains one vertex of R*, it contradicts that D* is an XY -cut because P must
contain one edge of D*. Thus P is disjoint from R*. Since R C R*, P is disjoint from R, and
hence P is disjoint from D. Since P is not cut by C* = (C'\ D) U D*, P is not cut by C'\ D. It
follows that P is not cut by C' = (C'\ D) U D, contradicting that C' is a solution.

To complete the proof, note that for every i < [¢] we have |D* N E;| < |D N E;| since D’
dominates D, and hence |C* N E;| < |C' N E;|. Consequently, C* is budget-respecting. O

Lemma 7 yields the following branching strategy.

Theorem 12. There is an FPT algorithm for MULTI-BUDGETED SKEW EDGE MuLTICUT
running in time 20%*s®k0) . (|V(Q)| + |E(G))).

Proof. 1If k; < 0 for some i € [{], then we can answer NO. Otherwise, if ¢ = 0, then we can
answer YES. Otherwise, perform a depth-first search from s,. If no terminal ¢; has been reached,
delete the visited vertices together with t,, decrease ¢ by one and restart the algorithm. Since
this operation can be performed in time linear in the size of the deleted part of the graph, in
total it takes linear time.

Otherwise, proceed as follows. By Lemma 7 if the input instance is a yes-instance, there
is a solution C* which contains an important budget-respecting sq{t1,%2,...,ts}-cut. By The-
orem 11, we can enumerate in time 20*+*/108(k0)(|V(@)| + |E(G)|) a set of minimal budget-
respecting XY -cuts S of size 20(k*tlog(k0)) that contains all important ones. We invoke this
enumeration, and branch on the choice of important budget-respecting sq{t1, t2, ..., ¢y }-cut con-
tained in the sought solution. In a branch where a cut D is chosen, we delete D from the graph
and decrease each budget k; by |DNE;|. Since at least one terminal ¢; is reachable from s, in ev-
ery branch the cut D is nonempty and thus k = Zle k; decreases by at least one. Consequently,
the depth of the recursion is bounded by k. The running time bound follows. O

We now use the algorithm of Theorem 12 to give an algorithm for MULTI-BUDGETED DI-
RECTED FEEDBACK ARC SET, completing the proof of Theorem 3.

Theiorem 13. MULTI-BUDGETED DIRECTED FEEDBACK ARC SET can be solved in time
20K los(R0) (1 (G)| + | E(G))).

Proof. Let I = (G, ¢, (E;, ki)le) be an input instance. We start by applying the algorithm of

Chen et al. [23] for the classic DIRECTED FEEDBACK ARC SET on G with parameter k = Zle.
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If the call returned that there is no solution, we can safetely return NO. Otherwise, let W be
the set of tails of the arcs of the returned solution; clearly |W| < k and G — W is acyclic.

Suppose [ is a yes-instance and there is a solution S. Then G — S is a directed acyclic graph,
admiting a topological ordering of V' (G). This ordering indices a permutation of the vertices in
W. In our algorithm, we branch on every permutation of the vertices in W, ensuring that at least
one of the permutation is the same as the permutation induced by the topological ordering of
G—S. Let wy, ..., wyy| be an arbitrary permutation of the vertices in W. We construct a graph G’
as follows. For each i € [|WW]], we replace every vertex w; with two vertices s;, t;, every edge (w;, a)
with (s;,a) of the same color and every edge (b, w;) with (b,t;) of the same color. Then we add
a directed edge (t;, s;) for each i € [|[W|] with no color. In this manner, we construct a MULTI-
BUDGETED SKEW EDGE MULTICUT instance I’ = (G', £, (E!, k;)'_,, (si,ti)m) corresponding
to the permutation wy, ..., wyyy|.

We claim that the input instance I of MULTI-BUDGETED DIRECTED FEEDBACK ARC SET
is a yes-instance if and only if there exists one permutation ws,...,wy of W such that the
corresponding MULTI-BUDGETED SKEW EDGE MULTICUT instance I’ is a yes-instance. For the
"only if direction", let S be a solution to I. We have a topological ordering of V(G), inducing
an ordering wy, ..., wyy| on W. For this ordering, let I’ be the corresponding instance of MULTI-
BUDGETED SKEW EDGE MULTICUT. According to the way we construct G’, every edge in S
has a corresponding edge in G’. Let S’ be the set of the corresponding edges of edges in S. We
claim that S’ is a solution for I’. Obviously S’ is budget-respecting. Suppose for contradiction
that there is a directed path P from s; to t; for some ¢ > j in G' — S’. If i = j, then the
corresponding edges of P form a directed cycle passing through w; in G — S, a contradiction.
Suppose that i > j. If P goes through some edge in {(¢;, s;)|¢ € [[W]]}, then there must be a
subpath of P’ from sy to tj; such that ¢ > j' and P’ contains no edges in {(t;,s;)|i € [|[W]]}.
Then the corresponding edges of P’ is a directed path from w; to wj, contradicting that w; is
later than w; in the topological ordering of V(G) after removing S.

For the "if direction", suppose that S’ is a solution for I’ and w, ..., wyyy| is the corresponding
ordering of W. Let S be the set of edges consisting of the corresponding edges of S’. We claim
that S is the solution for I. Obviously S is budget-respecting. Suppose that there is a cycle @
in G — §. Since W is a feedback vertex set for G, @) must go through at least one vertex in W.
Suppose that @ goes through a vertex in W, namely w;. Then we can find a path from s; to ¢;
in G’ — 5’, contradicting that S’ is a solution to I’.

This finishes the proof of the lemma and of the whole Theorem 3. O
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Chapter 5

Two Disjoint Shortest Paths Problem
with transition restrictions

In this chapter, we present polynomial-time algorithms for vertex-disjoint and edge-disjoint cases
of 2-DSPP WITH TRANSITION RESTRICTIONS when every directed cycle has positive length.
Recall that in a directed graph G, a transition is an ordered pair of adjacent edges such that
the head of the first edge is equal to the tail of the second edge. A transition system 7T is a set
of transitions in G. We say that a path P is T-compatible if every two consecutive edges of P
form a transition of 7. Given a directed graph G = (V, E), a length function w : E — R>q, two
pairs of vertices (s1,t1),(s2,t2) in G and a prescribed transition system 7', the 2-DSPP wITH
TRANSITION RESTRICTIONS asks to find two disjoint (vertex-disjoint or edge-disjoint) paths P;
and P, in G such that P; is a shortest path (even without transition restrictions) from s; to t;
and P; is also T-compatible for i = 1, 2.

Organization of this chapter. In Section 5.1, we present a polynomial-time algorithm for
edge-disjoint case of 2-DSPP WITH TRANSITION RESTRICTIONS when every directed cycle has
positive length. In Section 5.2, we present a polynomial-time algorithm for vertex-disjoint case
of 2-DSPP WITH TRANSITION RESTRICTIONS when every directed cycle has positive length..

Additional notions for this chapter. We define E; to be the set of edges that appear in
some shortest path (without transition restrictions) from s; to ¢; for ¢ = 1,2. By this definition,
an s;-t; path is a shortest T-compatible s;-t; path if and only if it consists of edges of F; and is also
T-compatible for i = 1,2. Thus the edge-disjoint (vertex-disjoint) 2-DSPP WITH TRANSITION
RESTRICTIONS is equivalent to finding two edge-disjoint (vertex-disjoint) T-compatible paths P;
and P such that P; is from s; to t;, E(P;) C E; and P; satisfies the transition restrictions for
i = 1,2. Each set F; can be computed in polynomial time using the method from the paper
of Bérczi and Kobayashi [9]. First, we compute the distance d;(v) from s; to v for i = 1,2,
using Dijkstra’s algorithm. Let & = {wv | d;(v) — di(u) = w(uv)}. Then E; = {uv € & |
there exists a path from v to t; in &;}.

For a set F of directed edges, let F be the set of edges obtained by reversing all edges of F,
that is, F' = {vu | uv € F}. For a directed edge e = uv, let € = vu denote the edge obtained by
reversing e.
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5.1 Edge-disjoint case of 2DSPP

We show that the edge-disjoint case of 2-DSPP WITH TRANSITION RESTRICTIONS can be solved
in polynomial time. We use the method of Bérczi and Kobayashi [9], which reduces the problem
of EDGE DisjoINT 2-DSPP to finding a path in a graph G constructed from the input graph
G. Based on that, we just need to delete edges of G which correspond to forbidden transitions
of G with respect to T and it suffices to find the path in the remaining subgraph of G.

We repeat the procedure of Bérczi and Kobayashi |9] briefly here for consistency. Let G be
a graph (without transition systems 7T') such that the length of every dicycle in G is positive.
First, we compute E; for i = 1,2. Then we create four new vertices s}, sh,t],t,, create four
edges s)s1, shsa, t1t], tath of length O respectively, and add s}s;, t;t; to E; for i = 1,2. Let
Ey = E1NEy, Ef = E1\ Ey, E5 = E2\ Ey. We remove all edges of E(G) \ (E1 U E»), contract all
edges of Fy and reverse all edges of Ej. Finally we get a new graph G* = (V*, E* = Ef U E}).
Let Vo C V be the set of vertices that are newly created after contracting Ey. For v € Vp, we
use G, to denote the subgraph of G — (E(G) \ (E1 U E»)) induced by the vertices corresponding
to v before contracting. For an edge e € E*, let f(e) € E(G) be the edge corresponding to e
before the contracting and reversing operations.

The following two lemmas show that G, is acyclic for every v € Vj and G* is acyclic.

Lemma 8. [9] The edge set E; forms no dicycle in G fori=1,2.

Lemma 9. [9/ In the graph G, suppose that C is a dicycle in Ey U Ey. Then E1 N E(C) C Ey

and Eo N (C’)QEl

Then we define a new digraph G whose vertex set is W = E} x E}. There is a directed edge
from (e, e2) to (€},eh) if one of three cases holds.

(i) e1 = €} and headg+(e2) = tailg~(ey) = v. There is no path from headg«(e1) to v in G*.
Moreover, if v € Vj, then G, contains a path from tailg(ef) to headg(ez).
(ii) eg = €, and headg«(e1) = tailg«(€}) = v. There is no path from headg«(e2) to v in G*.
Moreover, if v € Vp, then G, contains a path from headg(eq) to tailg(e)).
(iii) headg+(e2) = tailg«(e)) = headg(e1) = tailg«(e}) = v. If v € V), then G, contain-
s two edge-disjoint paths from headg(e1) to tailg(e]) and from tailg(e)) to headg(ez)
respectively.

Finally the following lemma reduces the edge-disjoint version of 2-DSPP to finding a path
in G from (s)s1,thta) to (t1t), s2s5). Note that s;,t; € V(G) might be the endpoints of edges of
Ey for i = 1,2. In this case, although we might contract the edges incident to s;,¢; € V(G) and
replace these vertices with new vertices. Therefore, we slightly abuse the notation and use s;
and ¢; to denote the vertex adjacent to s, and ¢, respectively in G* for ¢ = 1,2, for the sake of
simplicity.

Lemma 10. [9] There is a directed path in G from (sys1,thte) to (t1t), s2sh) if and only if G
has two edge-disjoint paths Py and Ps such that P; is from s} to t; and P; C E; fori=1,2.

To solve the edge-disjoint version of DIRECTED TwO DISJOINT SHORTEST PATHS PROBLEM
(2-DSPP) WITH TRANSITION RESTRICTIONS, we will show that it suffices to delete the edges
in G which correspond to forbidden transitions of G and find a path in the remaining graph
of G from (s]s1,thts) to (t1t], s285). For every edge in G, we check whether it corresponds to
forbidden transitions according to the following three cases and delete the edge if it corresponds
to forbidden transitions. Suppose the edge is from some vertex (ej,es) € W to another vertex

(€],€5) e W.
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e The edge is of type (i), i.e., e; = €} and headg-(e2) = tailg«(e)) = v. If v € Vp, let G* be
the subgraph of G consisting of all edges of G,, together with f(e2) and f(e}). In this case,
if there is no T-compatible paths in G* from tailg(f(e})) to headg(f(e2)), then remove
the edge from G. If v ¢ Vi and {e},e3} ¢ T(v), then remove the edge from G.

e The edge is of type (ii), i.e., ea = €}, and headg+(e1) = tailg«(e}) = v. If v € Vp, let G*
be the subgraph of G consisting of all edges of G, together with f(e1) and f(e}). In this
case, if v € Vp and there is no T-compatible path in G* from tailg(f(e1)) to headg(f(€})),
then remove the edge from G. If v ¢ V) and {e1, €]} ¢ Tz(v), then remove the edge from
g.

e The edge is of type (iii), i.e., headg(e2) = tailg+(e}) = headg=(e1) = tailg=(e}) = v. Ifv €

V0, let G* be the subgraph of G consisting of all edges of G,, together with f(e1), f(€}), f(e2)

and f(e}). In this case, if G* does not contain two T-compatible edge-disjoint paths such

that one path is from tailg(f(e1)) to headg(f(e})) and the other path is from tailg(f(€}))
to headg(f(e2)), then remove the edge from G. If v ¢ Vjy and {ey, €} } ¢ Ta(v) orif v ¢ Vp

and {e},e3} ¢ T (v), then remove the edge from G.

We need to check whether there exists a T-compatible path between two given vertices in
a (direced) forbidden-transition graph. Szeider shows a dichotomy of NP-complete and linear-
time solvable for the problem of finding a T-compatible path between two given vertices of an
(undirected) graph [119]. In contrast, the following lemma shows that in a directed acyclic
graph, we can find a T-compatible path between two given vertices in polynomial time.

Lemma 11. In a directed acyclic graph G = (V, E) with transition system T, we can compute
if there is a directed T-compatible path P from s to t for s,t € V(G) in polynomial time.

Proof. We construct a directed graph G as follows. First create two vertices sg,to. Then for
every edge e € F(G), create a vertex v.. For any two edges e,e’ € E(G), create an edge
veve if ee! € E(Tg(v)) for some v € V(G). Finally, create edges sove for every e € E(G)
such that tailg(e) = s and create edges vety for every ¢/ € E(G) such that headg(e’) = t.
We claim that we can find a directed path P’ from sg to to in G if and only if there is a
directed T-compatible path P from s to t in G. For the “if” direction, suppose that there is
such a path P = ey, es,...,¢p in G, where ey, ..., ey are the consecutive edges of P. Then we
can obviously get the path P’ = sgve,, Ve, Vey, - - - s Ve,to by the definition of G. For the “only
if” direction, suppose that there is a directed path P’ = 50Ve;, > Vey, Veiys - - - 2 Ve, 10 in G. Then
P =e¢;,,€iy,...,6, is a directed T-compatible walk from s to ¢ in G. Since G is acyclic, P is
also a path. This completes the proof of the claim. We can build the graph G in O(|E|?)-time
and find an st path in G using DFS in O(|E|?) time. Thus the lemma holds. O

For v € V, by Lemma 8, there is no dicycle in G,,. Moreover, observe that we cannot have a
vertex in V(G)\V(G,) adjacent to more than one edge from E(G*)\ E(G,), so G* is also acyclic.
So we can decide whether or not to remove the edges of type (i) or (ii) from G in polynomial
time according to lemma 11. For the edges of type (iii), we need to compute if there are two
edge-disjoint T-compatible paths in a directed acyclic graph. We show that it can be done in
polynomial time and the algorithm is an adaption of the algorithm of finding two vertex-disjoint
paths in DAG by Perl and Shiloach [111].

Lemma 12. In a directed acyclic graph G = (V, E) with transition system T, we can solve the
edge-disjoint version of 2-DSPP WITH TRANSITION RESTRICTIONS in polynomial time.

Proof. First we modify the graph G as follows. We create four vertices s/, 5, ¢}, t5 and update
V(G) as V(G) < V(G) U {s], sh,t],th}. We create four edges {s)s1, shsa, t1t], tath} and update
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E(G) as E(GQ) < E(G) U {s]s1, shsa, t1t], tath}. Also, for i = 1,2, we update T(s;) as
Ta(si) < Ta(si) U{{e, €'} | e = sis; and tailg(e') = s;},

and we update T (t;) as
To(t;) < Ta(t) U {{e, €'} | € = t;t; and headg(e) = t;}.

For every vertex v € V(G), define the level £(v) as the length of a longest directed path in G
starting from v. Since G is acyclic, this can be computed by repeatedly removing a vertex of G.
Then we create a graph G as follows. Let the vertex set of G be V(G) = {(e1,e2) | e1,e2 €
E(G) and e; # e3}. For every (eq, e2), (¢}, ¢h) € V(G), create an edge from (eq, e2) to (¢}, €h) if
one of the following cases holds:

(1) eq =€, ¢(headg(e2)) > L(headg(er)), {e2, €5} € T (headg(e2)).
(2) e2 = ey, £(headg(e1)) > f(headc(e ) {e1,e1} € T (headg(er)).
(3) e1 =€) = t1t}, L(headg(e2)) < £(t)), {e2, €5} € Tz(headi(e2)).
(4) e2 = b = toth, L(headg(er)) < £(thy), {e1,€)} € T(headg(er)).

We claim that there are two T-compatible edge-disjoint paths P; and P, in G such that P; is
from & to t; for i = 1,2 if and only if there is a path P from (s)s1, shsa) to (t1t},t2t)) in G.

(“only if” direction) Let P1 = el e and € = sy, el = 4t). Let Py =
e9,el, .. eg+ and € = shsg, €8 = toth. Foranyi € {0,1,...,p+1},j € {0,1,...,q+1} such
that (i, ) #(p+1,qg+1), one of the following four cases must hold.

e i <pandj < g, f(headg(e})) < K(headg(e%)) and there is an edge in G from (eﬁ,eg) to

(ela €%+1)'
e i<pandj<g, {(headg(e!)) > £(headg(e})) and there is an edge in G from (e}, €l) to
(e, ).

o i=p+1andj < g, f(headg(ey)) < £(t]) and there is an edge in G from (£ ed) to

1 1
@ o), | ~

e j=q+1andi < p, l(headg(e})) < £(t,) and there is an edge in G from (el,egH) to
(€z+1 eq+1)
1 262 )
As a result, there is a path P from (s)s1, shs2) to (tit),tath) in G. This finishes the proof for
“only if” direction.

(“if” direction): Suppose that there exists a path P from (s}s1,shss) to (t1t},tath) in G.

Let P = (ef,€9), (e}, ed), ..., (], ) such that (s]s1,shs2) = (ef,€9) and (€], eh) = (t1t], tath).
We construct two edge-disjoint T—compatible paths P;, P, as follows. First we initialize P, =
el, Py = 62 Then for ¢ =0, . — 1, we update P; and P» according to the following cases:

e, eb) to (e ebth) is of type (1). Then Py < Py - eb™.
et eb) to (€} 41 ,es™) is of type (2). Then Py + Py - et
el,eb) to (e ﬁ“ eb™) is of type (3). Then Py + Py -ebth.
e, eb) to (i, ebth) is of type (4). Then Pj ¢ Py - ”‘1.

Suppose that the edge from
Suppose that the edge from
Suppose that the edge from
Suppose that the edge from

Py

By the definition of edges of G, we get that P; and P are two T' -compatible edge-disjoint paths
in G such that P; is from s} to ¢} for i = 1,2. We can construct a graph G in O(|E|3) time and
find a path from (s}s1, shs2) to (t1t],tath) in O(|E|?) time. Thus the lemma holds. O

Thus we can also decide whether or not to remove an edge of type (iii) from G in polynomial
time and let G be the remaining subgraph of G. The following lemma shows that we can
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reduce edge-disjoint version of 2-DSPP WITH TRANSITION RESTRICTIONS to finding a path
from (s)s1,thta) to (t1t), s2s5) in G.

Lemma 13. There is a directed path in G from (sys1,thts) to (tith, sash) if and only if G has
two edge-disjoint T-compatible paths Py and Py such that P; is from s, to t; and P; C E; for
i=1,2.

Proof. (“if” direction) Suppose that G has two edge-disjoint T-compatible paths P; and P, such
that P; is from s} to ¢, and P; C E; for ¢ = 1,2. E(P;) \ Ey forms a directed path P; in G*
from s} to t|. E(Py) \ Eg forms a directed path P§ in G* from t} to sj. Let P; =€V, el, ..., el
and €9 = sis1, el = 111, Let Py = €9 el,....ed™ and €] = thto, €4t = so5). It follows that
et € BEf fori = 0,1,...,p+ 1 and eg € E5 for j =0,1,...,¢ + 1. By the proof of Lemma 10
(interested readers could refer to the proof of Lemma 8 in [9]), there is a directed path P
in G from (s)s1,thta) to (t1t],s2s5) such that every edge of P is of one of the three types:
(i) from (ei,el) to (eh,el™) (i € {0,....,p + 1}, € {0,...,q}); (ii) from (e}, e3) to (e ed)
(i €{0,...,p},j € {0, ...,q + 1}); (iii) from (e}, €}) to (e, ed™) ((i € {0, ...,p}, 7 € {0,...,q})).
Since P; and P» are T-compatible, by the rules we construct G , we can see that all edges of P
in G remains in Q . This completes the proof for “if direction”.

(“only if” direction) Suppose that there is a directed path P from (e, e9) = (s}s1,tht2) to
(ef,eh) = (t1th, sash) in G that goes through (e9,€9), (el €d), ..., (e],e}) consecutively. Since G
is a subgraph of G, by Lemma 10, there exists two edge-disjoint paths P, and P, in G such that
P; is from s} to t; and P; C E; for i = 1,2 in G. Moreover, again from the proof of Lemma 10,
it follows that e} € E(Py) and €} € E(P,). By the rule we construct G, for an edge from (e}, eb)
to (eﬁ“,ezjl) (i € {0,...,r —1}), there is a T-compatible subpath of P from tailg(f(ezi)) to
headg(f (ezfl)) if e # e or there is a T-compatible subpath of Py from tailg(f(e5™)) to
headg(f(eb)) if e # ebt. Tt follows that Py and Py are also T-compatible. This finishes the
proof for “only if” direction. O

Since Q is a subgraph of G and G contains at most |E \2 vertices, we can detect a path in Q
in polynomial time. Thus Lemma 13 shows that we can solve edge-disjoint version of 2-DSPP
WITH TRANSITION RESTRICTIONS in polynomial time assuming that every cycle in the input
graph has positive length.

5.2 Vertex-disjoint case of 2DSPP

When computing vertex-disjoint version of 2-DSPP in the paper of Bérczi and Kobayashi [9],
they create a new digraph Gg as follows: for every vertex v € V create two vertices v and v™.
Create an edge v~ v with w(v~v") = 0. Create an edge utv™ if there is an edge uv in G and
let w(u™v™) = w(uv). Thus VERTEX-DISJOINT 2-DSPP in G is reduced to edge-disjoint variant
of 2-DSPP in G5. However, this method does not work in the forbidden-transitions setting
because part of the information of transitions will be lost after creating the new graph Go.

In order to keep the information of transitions, we first modify G as follows. We compute
the set £y and Ey of G. Remove all edges of E(G) \ (E1 U Ey) from E(G) and all isolated
vertices from V(G). When removing the edges or vertices we update the transition system
accordingly. Then create four new vertices s}, sh,t},t5 and four edges s|s1, shsa, t1t], tot)
all with length 0. Add sis; and t;t; to E; for ¢ = 1,2. Thus a shortest path from s; to t;
corresponds to a shortest path from s/ to ¢; starting with the edge s}s; and ending with the edge
tit;. We update Tz(s;) by adding {{e, e’} | e = s.s; and tailg(e’) = s;} to it for i = 1,2. Let
Ta(ti) = {{e, €'} | headg(e) = t; and ¢’ = ¢t} for i =1, 2.
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Then we create a graph G’ as follows. For every vertex v € V(G) \ {s}, s5,t],t,}, create
two vertices v and v~. We also create four vertices s}, sh,t},t5 in G’ and create four edges
)8y, shsy , tith, t5th in G’ all with length 0. For every vertex v € V(G) \ {s}, sh,t],t5}, let
in1(v),...,in., (v) be the incoming edges of v. Then create r, parallel edges ei(v),...,er, (V)
with tailgs(ej(v)) = v~ and headg/(e;(v)) = vt in G’ for j = 1,...,7, such that each of
the edges is of length 0. If there is an edge uv = in,(v) in G for some p € [ry] and w,v ¢
{s], 5, t],th}, create an edge iny(v™) = utv™ in G’ and let w(uTv™) = w(uv). Next, we define
the transition system for G’ as follows. T (v™) = {{inj(v7),e;(v)} | j € [rv]}. For every
e,/ € (E1 U Ey) \ {t1t],tath} C E(G) such that e = uv = iny(v),e = vw (let é = vTw™),
if {e,e'} € Tg(v), then {ey(v),é} € Te/(v™). In particular, let e; = ¢ t; for i = 1,2. If
e = ut; = iny(t;) € E(G) for some q € [ry,], then {ey(t;),e;} € To(t]).

We also need to compute the set of edges E] that exist in some shortest path (without
transitions) from s} to ¢; for i = 1,2. By this definition, obviously ss;,s; sttt/ t; € E!
fori=1,2.

Lemma 14. For u,v € V(G) \ {s, sh,t},t5}, uwv € E; if and only if utv™ € E! fori = 1,2.
Moreover, if some incoming edge of v~ belongs to E., then all of the parallel edges v~ vT belong
to E; fori=1,2.

Proof. Suppose that P, = si,w,...,u,v,...,t1 is a shortest path from s; to t; in G. We
claim that P] = s,s7,s7,w™,wh, ... u",ut,v=,vF .. t],t], ¢ is a shortest path from s}
to t§ in G’. For contradiction, suppose the claim is not true. Then we can find a path
Py = s’l,sf,sf,wf,wf,...,w;,w;,tf,tf,t'l in G’ such that w(FP)) < w(P]) = w(Py). Then
there is a path Py = s1, w1, ..., wp, 1 in G such that w(Py) = w(P)) < w(Py), contradicting that
P, is a shortest path from s; to ¢;.

Suppose that P| = s},s7,s7,w™,wh,...,u", ut+,v",v", ..., t],t],#; is a shortest path from
sy to t} in G'. We claim that P; = s1,w, ..., u,v,...,t; is a shortest path from s; to ¢; in G. For
contradiction, suppose that the claim is not true. Then there exists a path Py = sjw;...wet; in G
such that w(Py) < w(P;) = w(P{). Thus there is a path P} = s}, s7, s, w,wi, ...,w, ,w/ ¢, tF, ¢
in G’ such that w(P)) = w(Fy) < w(P]), contradicting that Py is a shortest path from s} to ¢}
in G'.

Similarly we can show that P, = sg,w, ..., u, v, ..., to is a shortest path from s9 to to in G if
and only if Pj = sh, 55,55, w™,w,...,u",ut v vt . 5,5 ) is a shortest path from s} to
th in G'. It follows that for u,v € V(G) \ {s}, sh,t},th}, uv € E; if and only if utv™ € E! for
i=1,2.

For i = 1,2, as w(v~v™) = 0, we have that d;(v") = d;(v™) + w(v~v™). Since some ingoing
edge of v~ belongs to E!, there is a v™t; path in E/. It follows that there is also a v*¢; path in
E!. By the definition of E!, all of the parallel edges v~ v™ belong to E!. O

It’s not hard to verify that Lemma 8 and Lemma 9 also apply to G’, but we will also state
them here for clarity.

Lemma 15. [9] The edge set E! forms no dicycle in G’ for i = 1,2.

Lemma 16. [9] In the graph G', suppose that C is a dicycle in E} UE?. Then E{NE(C) C E}
and E,NE(C) C Ef.

Let E{, = E] N E}, EY = E} \ E{, E5 = E4 \ E{. We contract all edges of E{, and get a graph
G" = (V" E"). For an edge e € E”, let f(e) € E(G’) denote the edge corresponding to e before
the contracting operations. We need to compute the new transition system of G” as follows. Let
Vg € V" be the set of vertices that are newly created after contracting Ej. For v € V{j, we use
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G, to denote the subgraph of G' — (E(G’) \ (E] U EY)) induced by the vertices corresponding
to v before contracting. For every u € V(G")\ Vg, if f(e)f(€e') € T (u) then {e,e’'} € Ten(u).
Let v € Vj and headgr(e) = tailgr(€’) = v. If there is a T-compatible path in the subgraph of
G’ consisting of all edges of G together with f(e) and f(€’) from tailg/ (f(e)) to headg (f(€')),
then {e, e’} € Tgn(v). By Lemma 15, there is no dicycle in G). Moreover, the subgraph of G’
consisting of all edges of G together with f(e) and f(e’) is also acyclic. So we can compute
T (v) for every v € Vj in polynomial time according to Lemma 11. Since E} N E3 = (), then
we can reverse all edges of Ej (the lengths of edges unchanged) with Ej unchanged. We get a
new graph G* = (V*, E*), such that V* = V" and E* = Ef U Ej.

Then we also need to compute the new transition systems of G*. If e,g € Ef and {e, g} €
T (v) for some v € V7’ then {e, g} € Tg+(v). If e, g € E3 and {e, g} € Tgn(v) for some v € V',
then {g, e} € Tg+(v). Here we use €, g € E5 to denote the reverse of e, g respectively.

Claim 4. After reversing the edges of E3, there is no dicycle in G*.

Proof. Suppose for contradiction that there is a dicycle ¢’ in G*. By Lemma 15, EC) ¢
Ef,E(C) € Ej. It follows that E(C)N Ef # 0 and E(C) N E5 # (). Then by Lemma 16, E(C)
should have been contracted in G”, contradicting that C is a dicycle in G*.

O

We define a new digraph G as follows. Let W = Ej x Ej be its vertex set. For (eq, e3), (¢}, €}) €
W, there is a directed edge from (e1, e2) to (€], €)) if one of three cases hold.

(i) e1 = €}, headg-(e2) = tailg=(e}) = v and {e2,e5} € Tg-(v). There is no path from
headg+(e1) to v in G*.

(i) e2 = €}, headg«(e1) = tailg«(e]) = v and {e1,e|} € Tg=(v). There is no path from
headg-(e2) to v in G*.

(iii) headg+(e2) = tailg=(e}) = headg=(e1) = tailg=(€]) = v and {e1, €]}, {e2, €4} € T+ (v).
Furthermore, if v € Vp, let G* be the subgraph of G’ consisting of all edges of G}, together
with f(e1), f(€}), f(e2) and f(e}). Then G* contains two T-compatible vertex-disjoint
paths such that one path is from tailg/(f(e1)) to headgr(f(e])) and the other path is from
tailas (/(e})) to heade (f(e3)).

In the third case above, we claim that v must belong to V{j. Suppose for contradiction that
v ¢ Vy. Clearly, v ¢ {s], s, t|,t5}, as in must be both, head and tail of some edges. So there are
two remaining cases. The first case is that v = u~ for some u € V(G). Then all outgoing edges
of u~ in G” are parallel edges, that is, headg (e2) = headgr (€)). Then €} and ey form a cycle in
G*, contradicting that G* is acyclic. The second case is that v = u™ for some u € V(G). Then
all ingoing edges of u™ in G” are parallel edges, that is, tailgr(e}) = tailgr(e1). Then e; and e
form a cycle in G*, contradicting that G* is acyclic. Thus v must belong to V. Then we need
to solve the vertex-disjoint version of 2-DSPP WITH TRANSITION RESTRICTIONS in the acyclic
graph G! U {ey,¢},,€,}. The following lemma shows that we can do it in polynomial time.
The algorithm is an adaption of the algorithm of finding two vertex-disjoint paths in DAG given
by Perl and Shiloach [111].

Lemma 17. In a directed acyclic graph G = (V, E) with transition system T, we can solve the
vertex-disjoint version of 2-DSPP WITH TRANSITION RESTRICTIONS in polynomial time.

Proof. First we modify the graph G as follows. We create four vertices s, s5,t},t, and update
V(Q) as V(G) < V(G) U {s], sh, t],th}. We create four edges {s)s1, s552, t1t], toth} and update
E(G) as E(G) < E(G) U {s]s1, shs2,t1t], tath}. Also, for i = 1,2, we update T (s;) as

Ta(si) < Ta(si) U{{e, €'} | e = sis; and tailg(e’) = s;},
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and we update T(t;) as
To(ti) + Ta(t) U{{e, e} | ¢ = t;t; and headg(e) = t;}.

For every vertex v € V(G), define the level ¢(v) as the length of a longest directed path in G
starting from v. This can be computed by repeatedly removing a vertex of G. Then we create
a graph G as follows. Let the vertex set of G be V(G) = {(e1, e2) | e1,e2 € E(G) and €] # ey }.
For every (ey, es), (€}, ¢h) € V(G), create an edge from (e, e2) to (€}, €h) if one of the following
cases holds:

(1) e; = €}, l(headg(ez)) > l(headg(er)), {ea2,eh} € Ta(headg(e2)), headg(e)) # tailg(er)
and headg(efy) # headg(er).

(2) e2 = €h, l(headg(e1)) > l(headg(ez)), {e1,€)} € Ta(headg(er)), headg(e)) # tailg(e2)
and headg(e]) # headg(e2).

(3) e1 =€} = t1th, L(headg(e2)) < £(t)), {e2,€h} € Tz(headi(e2)).

(4) e2 = b = tath, L(headg(er)) < £(ty), {e1, €]} € T(headg(er)).

We claim that there are two T-compatible vertex-disjoint paths P; and P, in G such that P; is
from s/ to t; for i = 1,2 if and only if there is a path P from (s}s1, shs2) to (t1t],tath) in G.

(“only if” direction) Let P1 = el el and € = s, el = 4t). Let Py =
e9,ed, ... egH and € = 5282,62 = toth. For any i € {0,1,...,p+1},5 € {0,1,...,¢ + 1},
such that (i,5) # (p+1,¢+ 1), one of the following four cases must hold.

e i <pandj<gq, f(headg(el)) < E(headg(e%)), then there is an edge in G from (e}, eg) to
(61’ €%+1)'

e i <pandj<gq, f(headg(e})) > f(headg(eg)), then there is an edge in G from (e}, eg) to
(eit!, el). A .

e i=p+1andj<gq, f(heada(el)) < £(t,), then there is an edge in G from (21! €l) to
(eerl ]+1).

1 6
e j=q+1and i< p, f(headg(e!)) < £(t}), then there is an edge in G from (el,egH) to

(e, e5™).

As a result, there is a path P from (s)sy,shs9) to (tit],tath) in G. This finishes the proof for
“only if” direction.

(“if” direction): Suppose that there exists a path P from (s}s1,shss) to (tit),tath) in G.

Let P = (e),€9), (ef,ed),..., (e, eh), such that (€7, e9) = (s]s1,55s2) and (e, eh) = (t1t], tath).
We construct two vertex- disjoint T-compatible paths P;, P, as follows. First we initialize P =
el, Py = eQ Then for ¢ =0, . — 1, we update P; and P, according to the following cases:

e Suppose that the edge from (e}, eb) to (i, e5t!) is of type (1). Then Py + Py - ey

e Suppose that the edge from (e, eb) to (e} o+l ,e5th) is of type (2). Then Py < Py - et

e Suppose that the edge from (e}, ¢e) to (€} ”1 eb™) is of type (3). Then Py < P - ’2+1.

e Suppose that the edge from (e, eb) to (e} Hl eb™) is of type (4). Then Py + P; - ettt

By the definition of edges of G, we get that P, and P» are two T-compatible vertex-disjoint
paths in G such that P; is from s} to ¢} for i = 1,2. We can construct a graph G in O(|E|?) time
and find a path from (s}s1, shs2) to (t1t],tath) in O(|E|?) time. Thus the lemma holds. O

By the results above, we can construct G in polynomial time. Now we show that we can
solve the vertex-disjoint version of 2-DSPP WITH TRANSITION RESTRICTIONS in G by finding
a path in G from (s}s7,thts) to (tt), s5 sh). Note that s; ,¢” € V(G’) might be the endpoints

of edges of E|) for i = 1,2. In this case, although we might contract the edges incident to
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~,tF € V(G') and replace these vertices with new vertices, we slightly abuse s;”, t;r to denote

z ()
the vertex adjacent to s}, t; respectively in G* for ¢ = 1,2 for the sake of simplicity.

Lemma 18. There is a directed path in G from (s}sy,thts) to (t{t), s5 sb) if and only if G’ has
two vertex-disjoint T-compatible paths Py and Ps such that P; is from s to t; and P; C E! for
i=1,2.

Proof. (“if” direction) Suppose that G’ has two vertex-disjoint T-compatible paths P; and Py
such that P; is from s/ to ¢, and P; C E/ for i = 1, 2. Recall that we contract the edges of Ej in G’
and reverse the edges of F5 in G” to get G*. So by the definition of transition systems of G” and
G*, the set E(P;) \ E forms a directed T-compatible path P} in G* from s to t’l, and the set

E(P,) \ E} forms a directed T-compatible path Py in G* from t} to sy. Let Pj = €, e}, .. L ebtt
and € = 5’151 T =t Let Py = e€9,el, ..., el and €9 = thtd €4 = s5sh. Tt follows
that e} € Ef for i = 0,1,...,p+ 1 and eg € E; for j=0,1,....,q+ 1. Slnce G* is acyclic, for
any ¢ = 0,1,...,p+ 1 and for any 7 = 0,1,...,qg + 1, at least one of the following three cases
holds.

(1) There is no directed path from headg+(e}) to headg*(e‘%) in G*.
(2) There is no directed path from headg+(e}) to headg«(e!) in G*.
(3) headg-(€}) = headg+(e}).

By the definition of G, the following statements hold.

e If (1) holds and j # g + 1, then G has an edge from (63,6%) to (et %H)
e If (2) holds and i # p + 1, then G has an edge from (e}, ¢e}) to (e ed).
e If (3) holds, then G has an edge from (e}, e}) to (eit?, el ™).

We can see that if i = p+1 then (1) holds and if j = ¢+ 1 then (2) holds. As a result, there is an
edge from (el,el) to (e, e), (ef,ed™) or (et el ™) in G if (i,5) # (p+ 1,q + 1). It follows
that starting from (e!, 62) with ¢ = 0,j = 0, we can find a directed path ending at (ej P+ egH)
through increasing ¢ by 1, increasing j by 1 or increasing both ¢ and j by 1 1terat1vely This

concludes the proof for “if direction”.

(“only if” direction) Suppose that there is a directed path from (e¥,e9) = (s}s,thts) to
(ef,eh) = (tt],s585) in G that goes through (ef,e3), (el,ed), ..., (e}, eh) consecutively. We
construct two T-compatible paths Py, P, in G’ as follows. First we initialize P, = e(l), P, = eg.
Then for ¢ =0, ..., — 1, we update P; and P, according to the following three cases:

e Suppose that the edge from (e}, eb) to (it eb™) is of type (i), namely ef = et

headg-(eb) = tailg-(e4™) = v and {3, e”l} € Te+(v). There is no path from headg- (e})
to v in G*. If v € V{, let @Q be the T-compatible path in the subgraph of G’ Cons18t1ng
of all edges of G, together with f(ez) and f(eb™) from tailg/(f(e5t)) to headc (f (€} 4)).

Then Py + f(ebt) - Q\ {f(€), f(e5t))} - Py. Otherwise, if v ¢ VJ, Py < f(e H'1) - Pa.

e Suppose that the edge from (ei,eb) to (it eb™) is of type (ii), namely e = e5™,
headg-(e}) = tailg= (™) = v and {e}, e/} € Tig+(v). There is no path from headg-(eb)
tovin G*. If v € Vo’, let @ be the T-compatible path in the subgraph of G’ consisting
of all edges of G’ together with f(e}) and f(eit!) from tailg/(f(€)) to headg (f(e ’H)).
Then Py < Py -Q\ {f(e}), f(e™)} - f(ei™). Otherwise, if v & Vg, Py + Py - f(e™).

e Suppose that the edge from (e}, eb) to (e, ebt1) is of type (iii), namely headg*(ei) =
tailg: (™) = headg-(eb) = tailg=(e "H) = v and {e},el™!} € Tg-(v),{eh, b} €
Te+(v). If v € Vj, let G° be the subgraph of G’ consisting of all edges of G/ togeth-
er with f(e1), f(€,), f(e2) and f(e}). There are two T-compatible vertex-disjoint paths
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in G*, namely @ from tailg/(f(e})) to headg/(f(eiﬂ)) and Qo from tailG/(f(eéJrl)) to
headgr(f(e4)). Then Pr <= Pr-Qu\ {f(e}), f(er™)} - f(ei™!) and Py« f(e5!) - Qo \
{f(ed), f(est1)} - Po. Otherwise, if v ¢ VJ, then Py < Py - f(eit) and Py + f(e5™) - Pa.
As a result, we construct two vertex-disjoint T-compatible paths P, and P, such that P; is from
si to t; and P; C E! for ¢ = 1,2. This finishes the proof for “only if” direction. O

Since G contains O(|E|?) edges, we can detect a path in G in polynomial time. Thus Lem-
ma 18 shows that the vertex version of 2-DSPP WITH TRANSITION RESTRICTIONS can be solved
in polynomial time assuming that every cycle in the input graph has positive length.
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Chapter 6

Cluster Editing parameterized above
modification-disjoint P3-packings

In this chapter, we show the NP-hardness of CLUSTER EDITING ABOVE MODIFICATION-DISJOINT
P; PACKING (CEAMP) when ¢ = 0 and give an XP algorithm for CLUSTER EDITING ABOVE
TWO-RESTRICTED MODIFICATION-DISJOINT P3 PACKING (CEATMP). Recall that CEAMP is
a variant of CLUSTER EDITING. In CEAMP, we are given a graph G = (V| E), a packing H
of modification-disjoint induced Pss (no pair of P3s in H share an edge or non-edge) and an
integer £. The task is to decide whether G can be transformed into a union of vertex-disjoint
cliques by at most ¢ 4+ |#H| modifications (edge deletions or insertions). CEATMP is a variant
of CEAMP where every vertex of the input graph belongs to at most two Pss of the packing H.

Organization of this chapter. In Section 6.1, we present an NP-hardness reduction from 3-
SAT to CEAMP when ¢ = 0. In Section 4.2, we give a polynomial-time algorithm for CEATMP
when ¢ = 0 and show an XP algorithm for CEATMP.

6.1 NP-hardness for tight modification-disjoint packings

In this section, we prove Theorem 5 by showing a reduction from the NP-hard problem of
deciding satisfiability of 3-CNF formulas. Given a 3-CNF formula ®, we construct a graph
G = (V, F) with a modification-disjoint packing H of induced Pss such that ® has a satisfying
assignment if and only if G has a cluster editing set .S which consists of exactly one vertex pair
of each P3 in H. In other words, the CEAMP instance (G, H,0) is a yes-instance. We assume
that every clause of ® has exactly 3 literals of pair-wise different variables as we can preprocess
the formula to achieve this in polynomial time otherwise. Similarly, we can assume that every
variable of ® appears at least twice. In the following, we let m denote the number of clauses

in ®, denote the clauses of ® by I'g,...,I;,_1, let n be the number of variables, and denote
the variables of ® by xg,...,x,—1. Furthermore, we let m; denote the number of clauses that
contain the variable z;, 7 =0,...,n — 1.

6.1.1 Construction

Before giving the hardness proof, it is instructive to determine some easy and difficult cases when
solving CEAMP with ¢ = 0. This will give us an intuition about the underlying combinatorial
problem that we need to solve.

Let (G, H,0) be an instance of CEAMP. It is helpful to consider the subgraph Gy of G that
contains only those edges of G that are not contained in any Ps in H. Suppose that (G, H,0) has
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Figure 6.1: Four proto-clusters A through E and two Pss in the underlying graph and in the
Ps-packing that connects A to C' via B and C to FE via D, respectively. The dashed edge between
B and D means that there is a dividing non-edge between B and D.

a solution S and let G4, be the associated cluster graph. Observe that each connected component
of Gy is part of a single cluster in Gs,. Let us hence call the connected components of Gy
proto-clusters. Our task in finding Gg is indeed to find a vertex partition P which is coarser
than the vertex partition given by the proto-clusters, and satisfies certain further conditions.
The additional conditions herein are given by the Pss in G and also by the non-edges of G which
are not contained in any P; in H—Ilet us call such non-edges dividing. A dividing non-edge
between two proto-clusters implies that these proto-clusters cannot be together in a cluster in
Gsol- Hence, we are searching for a vertex partition P as above subject to the constraints that
certain proto-cluster pairs end up in different parts.

The constraints on P given by P3s in G can be distinguished based on the intersection of
the Pss with the proto-clusters. We only want to highlight two situations that are most relevant
for the hardness construction. The first situation is when a Pz, name it P, intersects with three
proto-clusters D1, Do, and Ds, each in exactly one vertex and with center vertex in Ds. The
corresponding constraint on P is that either D; and D2 are merged or Dy and D3 are merged
into one cluster. We can satisfy such constraints easily, in the absence of further constraints, by
merging all proto-clusters into one large cluster. However, together with the constraints from
dividing non-edges a difficult picture emerges. Consider Fig. 6.1. Proto-clusters B and D cannot
be merged into one cluster because of a dividing non-edge. However, there is a path in G from
B to D via vertices of C. Hence, either B and C' are in different clusters in Gs, or C' and D
are. If B and C are in different clusters, then since we have only budget one for the Ps involving
A, B, and C, it follows that A and B are merged into one cluster in Gsy. It is not hard to
imagine that such behavior can be very non-local and in fact two different generalizations of this
behavior form the basis for the variable and clause gadget in our hardness reduction.

The second case is when there is a P3 in G and also in the packing H that has an edge
contained in one proto-cluster A and the remaining vertex in a different proto-cluster B. Call
this Py P. Intuitively, regardless of whether A and B are merged into one cluster in Gy, P can
be edited without excess cost over H to accommodate this choice. In our hardness reduction, a
main difficulty will be to pad subconstructions with Pss in the packing H, so that we are able
to find a solution with zero excess edits. For this we will heavily use P3s of the form that we
just described.

6.1.2 Construction

Our basic building blocks will be proto-clusters. A proto-cluster is a subgraph that is connected
through edges that are not contained in any Ps in the constructed packing H. The proto-clusters
then have to be joined into larger clusters in a way that represents a satisfying assignment to
®. The variable gadget basically consists of an even-length cycle of proto-clusters, connected by
Pss so that either odd or even pairs of proto-clusters on the cycle have to be merged. These two
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options represent a truth assignment. The construction of the variable gadget is more involved
than a simple cycle of proto-clusters, however, because of the connection to the clause gadgets:
We need to ensure that all vertex pairs between certain proto-clusters of a variable and clause
gadget are covered by P3s in H, so to be able to merge these clusters in the completeness proof.
The way in which we cover these vertex pairs imposes some constraints on the construction of
the variable gadgets, making the gadgets more complicated.

Variable Gadget

As mentioned, a variable will be represented by a cycle of proto-clusters such that any solution
needs to merge either each odd or each even pair of consecutive proto-clusters. These two options
represent the truth value assigned to the variable. In order to enable both associated solutions
with zero edits above the packing lower bound, we build an associated packing of Pss such that
all vertex pairs between consecutive proto-clusters are covered by a P53 in the packing. Since
we later on need to connect the variable gadgets to the clause gadgets, each proto-cluster will
contain five vertices, giving us enough attachment points for later.

Recall that m; denotes the number of clauses that contain the variable x;, ¢ = 0,1,...,n—1.
For each variable x;, ¢ = 0,1,...,n — 1, we create 4m,; vertex-disjoint cliques with 5 vertices
each, namely Ké, e 7Ké7imi—1' In each K;, 7 =0,1,...,4m; — 1, the Vertices are vi 01 24
For each 7 =0,2,...,4m; — 2, we create P3s connecting K]Z:, K]Jrl and K7 5 as we explaln below
(here we identify K§ as K7, ).

Throughout the construction, the cliques we have just introduced will remain proto-clusters,
that is, they contain a spanning tree of edges that are not covered by Pss in the packing H. We
now add pairwise modification-disjoint P3s so as to cover all edges between the cliques K]Z we
have just introduced. Recall that F5 is the finite field of the integers modulo 5. We take three
consecutive cliques and add Pss with one vertex in each of the three cliques. To do this without
overlapping two Pss, we think about the cliques’ vertices as elements of F5 and add a Ps for
each possible arithmetic progression. That is, in each added Ps the difference of the first two
elements of the Pj is equal to the difference of the second two elements. In this way, each vertex
pair is contained in a single P3 since the third element is uniquely defined by the arithmetic
progression.

Formally, for every triple of elements p, q,r € F5 satisfying the equality ¢ — p = r — g over
F5, we add to'thg graph the edges v§7pv§+17q and v§+17qv§+2’r and we add to the packing H the
P; giyen by v},pp} 41,4 +2 Note that in this manner the clique K7, becomes fully adjacent
to KJZ and to K}H while K]’»Jr1 stays anti-adjacent to all other cliques K]?,.

Observe that the Pss given by V5 pV541 gVi o, for 7 =0,2,...,4m; — 2 such that ¢ — p =
r — ¢ are pairwise modification-disjoint: For each j = 0,2,...,4m; — 2, an arbitrary edge just
introduced between Kl and Kj+1 has the form {Ui p? §+1 q} for some p, q € F5. It belongs tp the
unique P given by v% v}y 0., ., where r = 2¢— p- Slmllarly, an arbitrary edge {’U]_H ¢ Vjt2, N
for qr € F5 belongs to the unique P53 given by v] 2g—rVi+1,q ]+2r and an arbltrary non-edge

{v] s V42, t for p,r € F5 belongs to the unique Ps given by v}, J+1( 4o Where 27 !

p+r)2-1Y
is the multiplicative inverse of 2 over Fs, that is, 27! = 3.
After this construction, we set the modification-disjoint packing of the variable gadget to be

Hyar = { P given by vé’pv§+17qv§+2’r |i=0,...,n—1;7=0,2,...,4m;—2; p,q,r € F5; and g—p = r—q}.

This finishes the first stage of the construction. Notice that the cliques KJZ form a cyclic structure.
Intuitively, every second pair of cliques needs to be merged into one cluster by any solution due
to the P3s we have introduced, and we will see that the two resulting solutions are in fact
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Figure 6.2: Skeleton of a clause gadget I'y = (x4, V-V —z.). The white circles represent cliques.
The blue dotted lines inside Q3 and Qg indicate that Q(li, Qfl, Qg and Qé are in one connected
component. A pair of incident brown thick lines indicates a set of four transferring Pss used to
connect a clause gadget to a variable gadget. The cycles made from cliques and gray thick lines
represent variable gadgets, where a dashed gray line indicates an omitted part of the cycle. The
cycle for variable z, is shown completely, where we assume that m, = 3, that is, variable z, is
in three clauses. Labels T and F on thick gray edges indicate the pairs of cliques that shall be
merged into one cluster if the variable is to be set to true or false, respectively.

the only ones. The truth values of the variable are then represented as follows. For every
variable z;, i = 0,...,n — 1, if KJZ and Kyi‘+1 are merged for j = 0,...,4m; — 2, then this
represents the situation that we assign false to the variable x;. If KJZ 41 and Kj’ 4o are merged for
j=0,...,4m; —2, then this represents variable x; being true. We will make minor modifications
to the variable gadgets and H,,, in the following section, so as to transmit the choice of truth
value to the clause gadgets.

Skeleton of the Clause Gadget

In order to introduce the construction of the clause gadget, we first give a description of the
skeleton of the clause gadget. The skeleton is a subgraph of the final construction that allows
us to prove the soundness. The final construction is given in the succeeding sections. We give
a picture of the skeleton in Fig. 6.2. The basic idea is as follows: A clause 'y is represented by
four proto-clusters (cliques), @4, i = 1,...,4, as in Fig. 6.2. The proto-clusters are connected
by a path P containing vertices of Q}i, Qé, Qg, and Qé in that order. However, between chl
and Qé there is a dividing non-edge, a non-edge that is not contained in any Pj3 in the packing,
meaning that every solution has to cut the path P by deleting all edges between Q}i and Qz, or
between Qg and Qg, or between Qg and Qé. We use this three-way choice to force the solution
to select a variable that satisfies the clause I'y.
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Main Gadget Formally, for each variable x;, i = 0,1,...,n — 1, we fix an arbitrary ordering
of the clauses that contain x;. If a clause I'; contains x;, let 7 (4,5) € {0,...,m; — 1} denote
the position of the clause I'; in this ordering. Let initially Him = (). For each clause I'y
(d=0,...,m—1) proceed as follows. We first introduce four cliques chl’ Qg, Qfl and Qé. Let I'y
contain the variables x4, xp and z.. We introduce the cliques T}, Té’ and Ty, called transferring
cliques. All of the cliques introduced are pairwise vertex disjoint and can be of different sizes.
We will give the exact sizes later.
Next, we introduce the following Pss:

e Introduce two Pss, Pj and Pg, both connecting 7§ and Q?l via Qé, such that PC} and PC%
share the same vertex in Q}i.

e Introduce two Pjs, Pj’ and P;}, both connecting Tg and Q3 via Qfl, such that Pj’ and P;ll
share the same vertex in Qg.

e Introduce two Pss, Pd5 and P¢, both connecting T3 and Qg via Q%, such that Pg‘? and Pg
share the same vertex in Qg.

All the Pss Pé are pairwise vertex-disjoint except for the pairs sharing the center (as explicitly
mentioned in the description). We add each Pj for i = 1,...,6 to Hia. We call the Pss of Hyra
transferring P3s.

Connection to the Variable Gadgets Next we connect the transferring cliques Ty, Tg,
and T to the variable gadgets of x,, 3, and z., respectively. To avoid additional notation,
we only explain the procedure for T and x,, the other pairs are connected analogously. We
connect T to the variable gadget of z, by a set of four modification-disjoint P3s as shown in
Fig. 6.3 and explained formally below. The centers of these P3s are in Kffﬂ(a’ FRE For each
of these four P3s, exactly one endpoint is an arbitrary distinct vertex in Tj which is different
from the endpoints of the P3s connecting T to Q}i; we denote these endpoints as w1, wa, w3, wy.
The other endpoint is in K Zﬂ(% d)+2 if x, appears positively in I'y and the other endpoint is in
Kffﬁ(m d) otherwise. The precise centers and endpoints in the cliques Kffﬁ(m )42 OF sz(a, ) e
specified below. Since these newly introduced Pss use edges that belong to some Pss in Hyar
that were introduced while constructing the variable gadgets, we will remove such P3s in the
variable gadget from H,,,, remove their corresponding edges from the graph, and add some new
Ps3s to Hyar as described below. As a result, the clique KZW(% d)41 Ay no longer be fully adjacent
to Kffw(a’ a) Or sz(a, 42" We will however maintain the invariant that each vertex pair between
Ké‘fﬂ(&d)ﬂ and Kz(fw(@d) or KZﬂ(a,d)+2 is covered by a Pj in the packing and that all the Pss of
Hyar are pairwise modification-disjoint.
Formally, if x, appears positively in I'y, we denote:

v1 = vZﬂ(a,d)—i—l,O v2 = vZﬂ(a,d)—f—l,l

U3 = UZTr(a,d)—i-Q,l U4 = UZyr(a,d)+2,2

Us = vZTr(a,d),O V6 = UZw(a,d),l

vr = UZﬂ'(a,d),?) vg = Ufllﬂ(a,d),él'

If x, appears negatively in I'g, we swap the roles of Kgﬂ(a’d) and KZW(a,d)—i-Q’ that is:

U1 = UZw(a,d)—H,O v2 = UZw(md)-‘rl,l

U3 = Ugﬂ(a,d),l Vs = Ugw(a,d)ﬁ

Us = Uzn(a,d)w,o V6 = UZﬂ(a,d)+2,1

vr = UZn(a,d)+2,3 Ug = Uécllw(a,d)+2,4‘
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K;llﬂ(a,d)

Figure 6.3: Connection of a clause gadget with a variable gadget for a variable x, which appears
positively in the clause. White ellipses represent cliques. The vertices in the cliques in the
variable gadget are ordered from top to bottom according to the elements of F5 which they
represent. For example, the topmost vertex in KZﬂ'(a, d) is vgﬂ(& 4.0 (corresponding to 0 € F5)
and the bottom-most is vzﬂ(a’ )4 (corresponding to 4 € F5). The gray lines adjacent to cliques in
the variable gadget represent some of the Pss that were introduced into the variable gadgets in
the beginning. (Some gray lines are super-seeded by edges of other colors.) The Pss represented
by the gray lines have the associated arithmetic progression “+07, that is, g —p=7r—q =0
in the definition of the P3s. The Pss for the remaining arithmetic progressions are omitted for
clarity. In colors red, black, green, and blue we show the P3s that connect the transferring clique
T3 with the variable gadget of variable x,. Herein, dotted lines are non-edges and solid lines
are edges. Note that these connecting P3s supplant some of the edges of previously present Pss
in the variable gadget—the previously present Pss are then removed. For example the green Ps
replaces the edge vovs of the Ps given by vgvovs that was previously present. To maintain that
each vertex pair between consecutive cliques in the variable gadget is covered by some Ps in the
packing, we add the brown Pjs.
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As shown in Fig. 6.3, we remove P3s given by wvgvivs, Urv1vy4, VU203, U5U204 from Hy,e and we
remove their corresponding edges from the graph. Then we add the Pss given by vsvgve and
vivrvg to the graph and to Hyar. Finally, we connect T via K Ar(asd)+1 by adding the Pss given
by wyv1vs, wavvy, w3vevs, and w4vivy to the graph and to Hia. Note that, indeed, each vertex
pair between K r(asd)+1 and Kj_ a.d) and between K (ad)+1 and K7 Tr(ad)+2 remains covered by
a Pj in the packlng after replacmg all P3s. This finishes the construction of the skeleton of the
clause gadgets.

The intuitive idea behind the connection to the variable gadget and how it is used in the
soundness proof is as follows. Recall from above that we need to delete at least one of three
sets of edges in the solution, namely the edges between chl and Qg, the edges between QZ and
Qg, or the edges between Q?l and Qfl. Assume that the edges between Qé and Q?i are deleted
and the variable z, appears positively in the clause I'y as in Fig. 6.2. Because of the constraints
imposed by the Pss P1 and PC%, cliques T and QL 4 have to be merged in the final cluster graph.
Since K¢ (asd)+1 cannot be merged with Qd (there are no edges between Qd and K 47T(a d)+17 and

4

no P3s connecting Q? 4 and KJ r(ad) +1) we have to separate T3 from K Tr(ad)+1° Then, the Pss
connecting 77 with K 4ﬂ(a 0)+2 force K¢ tr(ayd)+1 and K to merge. This means xz, is true
and it satlsﬁes the clause I'y.

The Pss added so far are indeed sufficient to conduct a soundness proof of the above reduction:
They ensure that there exists a satisfying assignment to the input formula provided that there
exists an appropriate cluster editing set. However, the completeness is much more difficult: We
need to add some more “padding” Pss to the packing (and edges to the graph between the cliques
that can be potentially merged) to ensure that a satisfying assignment can always be translated
into a cluster-editing set. In other words, if two cliques have the potential to be merged or
separated, because of the constraint that ¢ = 0, every edited edge or non-edge between the
vertices of the two cliques must belong to exactly one Ps in the packing H. The goal of the next
two sections is to develop a methodology of padding such cliques with Pss in the packing. The
padding will rely on the special structure of P3s that we have established above in the clause
gadget and connection between clause and variable gadget.

47r(a d)+2

Merging Model of the Clause Gadget

In the sections above, we have defined all proto-clusters of the final constructed graph: As we will
see in the correctness proof, each clique will be a proto-cluster in the end. Thus, all solutions will
construct a cluster graph whose clusters represent a coarser partition than the partition given by
the proto-clusters, or cliques. What remains is to ensure that the proto-clusters indeed can be
merged as required to construct a solution from a satisfying assignment to ® in the completeness
proof. To do this, we pad the proto-clusters with Pss (in the graph and packing H). To simplify
this task we now divide the set of proto-clusters into five levels Lg, ..., Lsy. Then, we will go
through the levels in increasing order and add padding Pss from proto-clusters the current level
to the proto-clusters of all lower levels if necessary.

There are two issues that we need to deal with when introducing the padding Pss. For the
padding, we will use a number-theoretic tool that we introduce in the following part which has
the limitation that, when padding a proto-cluster D with Pss to some sequence D1, ..., Dy of
proto-clusters of lower level, we need to increase the number of vertices in D to be roughly
237 1 |D;|. Hence, first, we need to make sure that the number of levels is constant since the
number of size increases of proto-clusters compounds exponentially with the number of levels.
Second, we aim for the property that each vertex is only in a constant number of Pss in H and
thus, we need to ensure that the number s of lower-level proto-clusters and their size is constant.

To achieve the above goals, we introduce an auxiliary undirected graph H, the merging
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Figure 6.4: Merging model of a clause I'y = (2, V =2 V —2¢). The number i € {0,1,2,3,4}
beside a vertex v denotes that v € L;. The placement of vertices corresponds to the placement
of the cliques in Fig. 6.2. For example, the two vertices on level 1 on the top correspond to chl
and Qfl. We assume that m, = 3.

model, which will further guide the padding process. The merging model has as vertices the
cliques that were introduced before and an edge between two cliques if we want it to be possible
that they are merged by a solution. Formally,

V(H) ::{K}|i:0,1,...,n—1andij,l,...,éLmi—l}U
{Q(th?va?l?Qg’d:(Ll?7m_1}U

{T¢ | variable z, occurs in clause I's},

and the edge set, F(H), is defined as follows. See also Fig. 6.4. First, it shall be possible to
merge the cliques in the variable gadget in a cyclic fashion,! that is, we add

{{K;aK;+1}|i=0,17---,n—1aﬂdeO,l,...,zlmi_l}

to E(H). Second, it shall be possible to merge transferring cliques of clause gadget to any of
the relevant cliques of the associated variable gadget, that is, we add to E(H) the set

{1, iﬂ(i,d)}, {1, Kiﬂ(i’d)ﬂ}, {1, Kiw@d)w} | variable z; occurs in clause I'y}.

Third, it shall be possible to merge subsets of {QJ}, @3, @3, Q4}, and hence we add to E(H) the
set

{{Qa Q3 {Qa, Qa} Q7 Q) {Q3, Qa}, {Qe, Qa} | d=0,1,...,m — 1}.

Indeed, we have already ensured that this is possible. The edges introduced in the first step purely serve to
reinforce the intuition of the merging model.

54



Finally, it shall be possible to merge the transferring cliques to subsets of {Qb,Qfl,Qz,Qg}.
Hence, we add to E(H) the set

{{T%, Qk} | if variable z; occurs in T'y and T is adjacent in G to Q% with k € {1,4}} U
(T, Q3}, {T%, QLY | if variable x; occurs in I'y and T% is adjacent in G to Q3}.

Note that this construction is slightly asymmetric (see Fig. 6.4). This finishes the definition of
the merging model H.

Now we define the levels Ly to L4 such that orienting the edges in H from higher to lower
level gives an acyclic orientation when ignoring the edges in level Ly.

Ly contains all cliques in variable gadgets.

L1 contains Q}i and Qf‘i foreach d =0,...,m — 1.
Lo contains Qg foreach d=0,...,m — 1.

L3 contains Q2 for each d =0,...,m — 1.

L, contains all transferring cliques.

Observe that, apart from edges in L, all edges in H are between vertices of different levels and,
indeed, ignoring edges in Lg, there are no cycles in G when orienting edges from higher to lower
level. In the following section, we will look at each clique R in levels L; and higher and add Pss
to the packing H so as to cover all vertex pairs containing a vertex of R and a out-neighbor of

Rin H.

Implementation of the Clause Gadget

In this section, we first introduce a number-theoretical construction (see Lemma 19) that serves
as a basic building block for “padding” Pss in the packing. Then we use this construction to
perform the actual padding of Pss.

The abstract process of padding P3s works as follows. It takes as input a clique R in H
(represented by W in the below Lemma 19), and a set of cliques that are out-neighbors of
R in H (represented by V). Furthermore, it receives a set of vertex pairs between R and its
out-neighbors that have previously been covered (represented by F'). The goal is then to find a
packing of P3s that cover all vertex pairs except the previously covered pairs. The previously
covered vertex pairs have some special structure that we carefully selected so as to make covering
of all remaining vertex pairs possible in a general way: The construction so far was carried out
in such a way that the connected components induced by previously covered vertex pairs are
Pgs or Cgs.

In Lemma 19 we will indeed pack triangles instead of Pss because this is more convenient in
the proof. We will replace the triangles by Pss afterwards: Recall the intuition that Pss in the
packing ‘H which have exactly one endpoint in one clique 7" and their remaining two vertices in
another clique R can accommodate both merging R and T or separating R and T" without excess
edits. Hence, we will replace the triangles by such Pss. Recall that we aim for each clique to be
a proto-cluster in the final construction, that is, each clique contains a spanning tree of edges
which are not contained in Pss in H. Since putting the above kind of Pss into the packing H
allows in principle to delete edges within R, we need to ensure that R remains a proto-cluster.
We achieve this via the connectedness property in Lemma 19.

Number-Theoretic Padding Tool.

Lemma 19. Let p be a prime number with p > 2. Let B = (V,W, E) be a complete bipartite
graph such that |V| = p and |[W| = 2p. Let F C E be a set of edges such that each connected
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Figure 6.5: Left: The labels of a Cg in (V UW, F). Right: The triangles in 7'}27 covering a Csg.

component of (V. UW, F) is a either a singleton, a P3 with a center in 'V, or a Cg. Then there
exists an edge-disjoint triangle packing T in (V UW,(E \ F) U (V;/)) which covers E\ F such
that every triangle in T contains exactly one vertex of V' and the graph (W, (v;/) \ E(UT)) is
connected. Moreover, each vertex v € VU W s in at most p triangles of T, it is in at most
p— 1 triangles if v is in a connected component of (VUW, F) that is a Ps, and in at most p — 2
triangles if v is in connected component of (V U W, F) that is a Cs.

Proof. First, we divide W into two parts Wi and Ws of equal sizes such that if two vertices
w,w’ € W are connected to the same vertex v € V by edges in F, then w and w’ are in
different parts. Note that this is easy for a connected component of (V U W, F) if it is a
P;. For a connected component of (V U W, F) which is a Cg, this is also doable as shown
in Fig. 6.5, where w;, wiy1, w2, w3 belong to Wi, wj,w;, |, w; o, wi, 5 belong to Wa, and
Vi, Vit+1, Vi+2, Vi+3 belong to V.

We now label the vertices by elements from the finite field IF,, of size p (recall that [F,, consists
of the elements {0,1,...,p — 1} with addition and multiplication modulo p). To each vertex
v € V, each vertex w € Wy, and each vertex w’ € Wa, we will assign a unique label v;, wj, and
wy,, respectively, with i, j, k € F,. In other words, we construct three bijections that map F), to
V', Wy, and Wy, respectively.

First, we label the vertices from the connected components of (VUW, F') (and some singleton
vertices) by going through the connected components one-by-one. For each yet-unlabeled con-
nected component of (V U W, F) that is a Ps given by wvw’ such that v € Vw € Wi, w' € Wo,
we label vertex w as wj, vertex v as v; and vertex w’ as w’; for the smallest j from I, which
is not yet used in the labeling of vertices of V. For each yet-unlabeled connected component C
in (VUW, F) that is a Cs we proceed as follows. By the way we have divided vertices from W
into W1 and Wy, we can assign, to each such connected component C, four vertices which have
degree zero in (VUW, F): two in Wj and two in Wa; see also Fig. 6.5. We thus label the vertices
in C and the four degree-zero vertices assigned to C as in Fig. 6.5, for the smallest integer 4
from F,, such that 4,7 + 1,7 + 2 and 7 4 3 are not used in the labeling of vertices of V.

Second, we label the remaining unlabeled vertices that are not in the connected components
of (VUW,F). For an unlabeled vertex w € Wy, label it as wy for an arbitrary integer k from
IF,, which is not used in the labeling of vertices in W;. Similarly, for an unlabeled vertex v € V,
we label it as vy, for an arbitrary integer h from IF,, which is not used in the labeling of vertices
in V and for an unlabeled vertex w' € Wa, we label it as w), for an arbitrary integer s from I,
which is not used in the labeling of vertices in Ws. After the labeling, the vertices in V, W7 and
Wy are vi,...,vp-1, wi,...,wp—1 and wy,...,w,_;, respectively.
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We now proceed to constructing the packing 7. First, let

W
Ta1 = {wvw | wow is a triangle in (VU W, E'U < 5 >) such that u € V,v € W;,w € Wa}, and
Teover = {viwjwy, € Tay | i,j,k € Fp and j —i =k — j over Fp}.

In the following, for any triangle packing 7, by E(7) we will denote the union of the edge sets
of the triangles in 7.

We claim that the triangles in Tcover are edge-disjoint and cover all edges of E. Consider an
arbitrary edge v;w; € E between V' and Wi for 4,5 € F,. According to the definition of 7cover,
each triangle u@-ij; € Teover that covers edge v;w; satisfies = 2j — i (over ). Since F,, is a
field, there is thus exactly one such triangle. Similarly, each edge vyw) € E between V and W
for some h, k € ), is covered by the unique triangle th(h+k)_2—lw;€ € Teover- Finally, each edge
wswy between Wq and Wa is covered by the unique triangle vos_¢wsw) € Teover- Thus the claim
holds.

Let

ThH = {vpwpw}, € T | vertices wp, vy, wy, induce a P3 in (V U W, F)}, and

2 / / / /
T = {VhWh1Wh 95 Vh1Wh1Why 15 Vht2Whi2Whygs Vh+3Whe2Whyy € Tall |
: / / . .
vertices vy, Wy, | 9, Vh42, Wht-25 Vht3; W41, Vht1, Whe1 induce a Cg in (VU W, F)}.

Observe that 7h, 72 C Teover- For example, if we put Vh43Whi2W) | = viwjwy, then it follows
that j —i = p—1=k—j over [, that is, vh+3wh+2wg+1 satisfies the conditions in the definition
of Teover. Moreover, 7'}17 U 7'1% covers all edges of F. Furthermore, each edge in the edge set
E(tHUTE) of 7HUTE is either in F or between Wy and Wa. (See also Fig. 6.5.) Thus, E\ F has
an empty intersection with E(7h U T2). Let T = Teover \ (74 U 72). It follows that 7 covers all
edges of E'\ F. It remains only to show that 7 satisfies the connectedness condition. Since Tcover
does not cover any edge of (VI2/1) or (VgQ), it follows that (W7, (142/1) \ E(7)) and (W, (MQQ) \ E(7))
are cliques. Now observe that 74 U 72 contains at most |V| = p edges of (VQV), while Wy x Wy is
of size p?> > p. Thus in the graph (W, (VQV) \ E(7)) there is at least one edge {w1,ws} such that
wy € Wy and wy € Wy. As a result, (W, (VQV) \ E(7)) is connected. Finally, observe that each
vertex v € V.U W is in at most p triangles in Teover. If v is in a Py of (V U W, F'), then at least
one of these triangles is removed from Tcover to obtain 7. If v is in a Cg of (V U W, F), then at
least two of the triangles in Tcover that contain v are removed to obtain 7. This concludes the
proof. O

The following corollary is slightly easier to apply than Lemma 19.

Corollary 2. Let p be a prime and let B = (V,W, E) be a complete bipartite graph with |V| <
p,|W| =2p. Let F C E be a nonempty set of edges such that every connected component of
(VUW, F) is a either a Ps with a center in V or a Cs. Then there exists an edge-disjoint triangle
packing T in (VUW,E\ FU (V;/)) which covers E '\ F such that every triangle in T contains
exactly one vertex of V- and (W, (V;) \ E(7)) is connected. FEach vertexv € VUW is in at most
p triangles of T, at most p — 1 if v is in a connected component of (V UW, F) that is a Ps, and
at most p — 2 if v is in connected component of (V UW, F) that is a Cg.

Proof. Add extra p — |V| dummy vertices to V, obtaining a complete bipartite graph B’ =
(V',W, E), apply Lemma 19 to B’, p, and F, obtaining a packing 7/, and return a sub-packing
7 C 7/ containing only triangles with vertices in B. Since every triangle in 7/ contains exactly
one vertex of V', 7 satisfies all the required properties. ]
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Concluding the Construction. Equipped with Lemma 19 and Corollary 2, we can finish
the construction of the clause gadgets and indeed the whole instance (G, #,0) of CEAMP. We
now specify the exact size of each clique introduced above and add padding Pss to G and H
so as to cover all vertex pairs between cliques that are adjacent in the merging model H. Put
initially the set Hp,g of padding P3s to be Hpag = 0. We start with levels 0 and 1. We do not
change the sizes of any clique on these two levels. That is, as shown in the variable gadget, there
are five vertices in every clique of level 0, and there is one vertex in every clique of level 1. Note
that no cliques of levels 0 and 1 are adjacent in the merging model H, that is, no two of them
need to be merged in the solution. Hence, it is not necessary to add padding Pss within these
levels.

Now we turn each level ¢, ¢ > 2, in order of increasing i. For each clique @ of level i, we
apply Corollary 2 in the following scenario. Let V' be the union of all cliques of levels j < ¢ that
are out-neighbors of @ in the merging model H. Let p be the smallest prime with p > |V| and
2p > |Q)|. Introduce 2p — |@Q| new vertices, put them into @), and make @ a clique. Put W = Q
and let £ = {{u,v} | u € V,u € W}. Let F be the set of vertex pairs that each contain one
vertex of W and one of V and that each are contained in the transferring Pss (the Pss in Hira)
between W and V. Note that Hi.; contains each edge that has been introduced into G so far
and that is between two cliques of which one is of level at least two.

We claim that Corollary 2 is applicable to p, graph B = (V, W, E), and F. To see this, we
need to show that each connected component in (V U W, F) is either a P3 with center in V' or
a Cg. Indeed, if @ is not a transferring clique, that is, Q = Qil for some d € {0,1,...,m — 1}
and j € {1,2,3,4}, then each connected component in (V U W, F') consists of two edges of two
different transferring Pss with the same center in V', as claimed (see also Fig. 6.4). If @ is a
transferring clique, then each connected component of (V U W, F') consists either of two edges
of two different transferring P3s with the same center in some QZI C V for some j € {1,3,4},
or of some vertex pairs of transferring Pss between (Q and the cliques of a variable gadget. In
the first case, the claim clearly holds. In the second case, observe that the edges and non-edges
between V and W in the transferring Pss are each incident with one of w1, we, w3, w4 and one of
v1, V2, V3, v4 as defined when connecting variable and clause gadgets. These edges and nonedges
indeed induce a Cg given by vjwivswsvowavgwavy (see also Fig. 6.3). Thus, Corollary 2 applies.

Corollary 2 gives us an edge-disjoint triangle packing 7 in (VUW, E\ FU (Vg)) which covers all
edges of F'\ F such that (¥, ( )\ E(7)) is connected. Every triangle vwjws € T has one vertex
v € V and two vertices w1, wy € W. For every triangle vwiws € 7, we add a P3 to G by using
exactly two edges of the triangle in G; more precisely, we put {v,w;}, {wi, w2} € E(G),vws ¢
E(G), and then add the P; of G given by vwiwsa into Hpaq. Finally, let H = Hyar U Hira U Hpad-
Note that H is a modification-disjoint packing of Pss: This is by construction for Hyar UH1ra and,
by Corollary 2, no P3 in Hpag shares a vertex pair with any P3 in Hyar U Hira. This concludes
the construction of the CEAMP instance (G, H,0).

To see that the construction takes polynomial time and to see that indeed each vertex is
in some constant number of P3s in H, let us now derive the precise sizes of each clique in the
construction. Recall that the cliques on level 0 are exactly those in the variable gadgets, and these
have exactly five vertices each. The cliques on level 1 are Q) and Qé for d € {0,1,...,m — 1},
and they have 1 vertex each. On level 2 we have the cliques @3, d € {0,1,...,m — 1}, and since
the only out-neighbor in H of Qz is Qfl, our procedure sets p = 2 and thus Qz has 4 vertices. On
level 3 there are the cliques @2, d € {0, 1,. — 1}, and we set p =7 as |[QLUQ3U Q)| = 6.
Thus clique Qd has 14 vertices. For the chque T“, we set p =17 as |Qd U K47T(a oY K“ﬂ(a d)+1Y
K¢ Ar(a,d) +2\ = 16. So the clique T§ has 2 - 17 = 34 vertices. Similarly, Tj has 34 vertices as well.
For the clique T%, we set p = 23, as Q3UQLU Klll)rr(b,d) U Kzﬂ(b d+1Y K47r b.d) 4ol =20. Thus Tb
is a clique of size 2 - 23 = 46. By the bounds on the number of trlangles in the packing, each
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vertex is in at most 23 Pss of H. It also follows that construction takes overall polynomial time.

6.1.3 Correctness

We now prove the correctness of the reduction given in Section 6.1.2

Completeness

Now we show how to translate a satisfying assignment of ® into a cluster editing set of size |H]|
for the constructed instance.

Lemma 20. If the input formula ® is satisfiable, then the constructed instance (G, H,¢ = 0) is
a yes-instance.

Proof. Assume that there is a satisfying assignment « of the formula ®. Recall that n is the
number of variables of ® and m is the number of clauses of ®. Instead of building the solution
directly, we build a partition P of V(G) into clusters. Then, we argue that the number of
edges between clusters and the number of non-edges inside clusters is at most |#|. Thus, the
partition P will induce a solution with the required number of edge edits.

The basic building blocks of our vertex partition P are the cliques in V(H). We will never
separate such a clique during building P, that is, P corresponds to a partition of V(H). We
build P by taking initially P = V(H) and then successively merging clusters in P, which means
to take the clusters out of P and replace them by their union. Since there are no non-edges
inside any of the cliques in V(H), below it suffices to consider edges and non-edges between
pairs of cliques in V(H) to determine the number of edits in the solution corresponding to P.

We start with the variable gadgets. Consider each variable z;, i = 0,1,...,n—1. Call a pair
of cliques K;, K]’ 41 in ;s variable gadget even if j is even and odd otherwise (indices are taken
modulo 4m;). If a(z;) = true, then merge each odd pair. If o(z;) = false, then merge each even
pair. We will not merge any further pair of cliques contained in variable gadgets.

Now consider each clause I'y, d = 0,...,m — 1, in some arbitrary order. Let z,, x3, and
z. be the variables in I'j. We use the same notation as when defining the clause gadgets. See
Fig. 6.2 for the skeleton of the clause gadget of I'y, up to variables appearing positively instead
of negatively or vice versa. We choose an arbitrary variable that satisfies I'y. The basic idea is
to cut (that is, to not merge) the transferring clique and the cliques in the satisfying variable’s
gadget, cutting some edges of the transferring Pss. This is will induce at most one edit for each
transferring Ps since the remaining edge in a transferring P will be part of a cluster in P. Then
we cut from the clause gadget all transferring cliques belonging to variables that have not been
chosen. Since we do not spend edits inside of transferring P3s in this way, this allows us to
merge the transferring cliques to the variable gadgets regardless of whether the variable was set
to true or false.

Formally, we perform the following merges in P.

If we have chosen z, from the variables satisfying the clause I'y:

e Merge T with chl
e Merge the cliques QZ, Q‘Z’l and Qé.

If we have chosen xy:

e Merge the cliques Q(li, Q?l
e Merge the cliques Tcll’ , Q?p and Qg.
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If we have chosen x..:

e Merge TS with QJ.
e Merge the cliques Q}l, Qz and Q3~

Finally, let 8 € {a,b,c} be the index of the chosen variable that satisfies I'y. For both v €
{a,b,c} \ {8} do the following. If a(x) = true, then merge T, with the cluster of P consisting
of Kzﬂ(%d)ﬂ and Kzﬂ(%d)ﬂ. If () = false, then merge 7)) with the cluster of P consisting of
sz(% a1 and K, )~ This concludes the definition of the vertex partition P. Let us denote
the corresponding Cﬁuster editing set by S. That is, S contains all edges in G between clusters
of P and all non-edges within clusters of P.

We claim that (c1) each edit in S is contained in a P3 of H and (c2) every Ps of H is edited
at most once by S. Note that the claim implies that S is a solution to (G, H,0). We first prove
part (cl) of the claim. Note that each edit in S is between two cliques in V(H). There are
three types of edits in H: within a variable gadget, between a clause and a variable gadget, and
within a clause gadget.

Consider first the edits contained in the variable gadget of an arbitrary variable x;. Observe
that each such edit is contained in an odd or an even pair of z’s gadget. Such an edit is contained
in a P3 in ‘H, because, by construction of the variable gadgets, all edges and non-edges between
the cliques of an odd or an even pair are covered by Pss in H.

For the edits in S which are not contained in variable gadgets, observe that between each
pair of cliques in a single level Ly, s > 0, there are no edges in G. Whenever we merge two or
more clusters during the construction of P, we either merge a clique on level L, to two cliques
on level Ly or we merge cliques on pairwise different levels. Hence, each edit e € S which is
not in a variable gadget is between two cliques on different levels. Moreover, observe that the
cliques containing the endpoints of e are adjacent in V(H). Thus, by the way we have defined
Hpad via Corollary 2, there is a Py in H,q containing e. We have thus shown that claim (cl)
holds.

For part (c2) of the claim, we first observe the following. Each P3 in H that intersects only
two cliques in V(H) contains at most one edit of S. Let P be such a P3 and let Dy, D2 be the
two cliques in V(H) that intersect P. Note that Hya does not contain Pss that intersect only
two cliques in V' (H) and thus either P € Hyar or P € Hpag. In both cases, there is exactly one
edge and one non-edge of P between D1 and Do: This is clear if P € Hpag. If P € Hyar then
P was introduced when connecting a clause gadget to a variable gadget. In the notation used
there, either P = vsvgvy or P = viv7vg, both of which have the required form. Thus, as D7 and
Dy are either merged or not in P, there is at most one edit in P.

To prove (c2) it remains to consider Pss in H that intersect three cliques in V(H). Let P
be such a P3. Note that P ¢ Hp,q. If P € Hyar, then it connects KJ’ to KJ"»Jr2 via K}H for some
even j and some variable index i € {0,1,...,n — 1}. Since we merge either all odd or all even
pairs in x;’s variable gadget to obtain P, indeed exactly one edge of P is edited, as claimed. If
P € Hyra, then we distinguish two cases.

First, P does not contain a vertex of some variable-gadget clique. Then, P connects some
clique @ to some transferring clique Tg via QZ’. According to the construction of P, either TC‘E
and le are in different clusters of P and le and Q7 are merged, or Tg and Qfl/ are merged and
Q7 and Q7 are in different clusters of P. In both cases, there is at most one edit of S in P.

Second, P contains a vertex of some variable-gadget clique. Then, by construction of G and
‘H, path P indeed contains two vertices of two variable-gadget cliques, say Kj’ and KJ’ 41 and
one vertex of a transferring clique, say T7;. Assume that variable x; appears positively in clause
I'g4, the other case is analogous. Then the center of P is KJ’ and moreover j is odd. If x; was
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not chosen among the variables satisfying clause I'y when constructing P, then Té and K; is in
the same cluster Q of P. Furthermore KJZ 41 is either in a cluster different from @ or also in Q.
In both cases, there is at most one edit from S in P. If x; was chosen among the the variables
satisfying clause I'y when constructing P, then Té is in a cluster in P which is different from the
one(s) containing K; and K; ;. However, since z; satisfies I'q, we have a(z;) = true and thus
KJZ and K§+1 are merged (recall that j is odd).

Thus, indeed, the claim holds, finishing the proof. O

Soundness

Before we show how to translate a cluster editing set of size |H| for the constructed instance
into a satisfying assignment of ®, we make some structural observations.

Recall the definition of a proto-cluster, a connected component of the subgraph of G whose
edge set contains precisely those edges of G which are not contained in any Ps in H.

Lemma 21. V(H) is precisely the set of proto-clusters of G and H.

Proof. By construction, all edges in G between two cliques in V(H) are in a P3 in H. Thus
each proto-cluster is contained in some clique in V(H). We claim that each clique C' € V(H)
contains a spanning tree of edges which are not contained in a Ps in H. If C € Ly, then this is
clear; such a C contains only a single vertex and a trivial spanning tree. If C' € Ly, then there
are only two P3s in ‘H that contain edges of C': The one given by vsvgve and the one given by
v1v7vg as shown in Fig. 6.3 when connecting variable and clause gadgets. Since |C| = 5, indeed
C contains the required spanning tree. If C' € L; for ¢ > 2, then by the connectedness property
of Corollary 2, C' has the required spanning tree. O

Observe that each solution S to (G,H,0) cannot remove any edge from G which is not
contained in a P3 in H. Thus, since V(H) is a vertex partition of G, each solution S generates
a cluster graph GAS whose clusters induce a coarser vertex partition than V(H). This leads to
the following.

Observation 4. For each solution S to (G,H,0), each cluster in GAS is a disjoint union of
cliques in V(H).

In the following it will also be useful to define the notion of a dividing non-edge, which is a
non-edge which is not contained in any Ps in H. Using this and the above structural observations,
we are now ready to prove the soundness of the construction.

Lemma 22. [f the constructed instance (G, H,{ = 0) is a yes-instance, then the formula ® is
satisfiable.

Proof. Suppose that there exists a set of vertex pairs S C (‘2/) so that GAS is a union of vertex-
disjoint cliques and |S| — |H| = 0. In other words, there exists a solution that transforms G into
a cluster graph G’ by editing exactly one edge or non-edge of every P3 of H. We will show that
there exists a satisfying assignment «: {zg, z1,...,zn—1} — {true, false} for the formula ®.

By Observation 4, the set of clusters in G’ induces a partition of the cliques in V(H). Call
two cliques in V(H) merged if they are in the same cluster in G’ and divided otherwise.

We aim to define the assignment «. For this we need the following observation on the
solution. Consider variable x; and the cliques K;, 7=0,1,...,4m; — 1, in x;’s variable gadget.
Call a pair K;:, K}H even if j is even (where j + 1 is taken modulo 4m;) and call this pair odd
otherwise. We claim that either (i) each even pair is merged and each odd pair is divided, or (ii)
each odd pair is merged and each even pair is divided (and not both). Note that, for each even
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7, pair K Ki j+1 1s merged or pair Kt 410 K; 1o 1s merged, because there is a P3 in G containing
vertices in these cliques with center in K7 ;. To show the claim, it is thus enough to show that

not both an odd pair and an even pair is merged.

For the sake of contradiction, suppose that an odd pair is merged and an even pair is
merged. Then, there exists an index j € {0,1,...,4m; — 1} and a cluster C' in G’ such that
K3, K, K j+2 © C, where here and below the 1nd1ces are taken modulo 4m;. Observe that
there are no edges between Kj ¢ and K 4o in G. If j is odd, then all of these non-edges are
dividing, that is, they are not contalned in any P3 in ‘H. All of these non-edges are thus in S.
This is a contradiction to the fact that S contains at most |#H| vertex pairs. Thus, j is even.

We now show that for each & € NU{0}, pair KJ+1+2]€’ K]i.+2+2k is merged by induction on k.
Clearly, for k = 0, this holds by supposition If £ > 0 then, by construction, there are dividing
non-edges between Kt Fr2k—1 and Combining this with the fact that K?

2kt jH1+2(k—1)
KJ+2k ; and K ]+2+2(k 1y = j+2k are merged by inductive assumption, 1‘t follows that K* ok
and K° itokt1 are divided. Since there is a P3 in G connecting KJ+2k, KJ?JF%H, and K° it2kt2

Ki

it follows that K* 2kt

with center in K* o are merged, as required.

J+2k+1> J+2k+1°

It now follows in particular that K]? 1 and K5 ¢ are merged (recall that indices are taken

modulo 4m;). Since by assumption also K5 ¢ and K j+1 are merged we have that K Z,, K and

: J+10
K;-, 4o are contained in the same cluster in G’ for some odd j'. As already argued, this leads to
a contradiction. Thus the claim holds.

We define the assignment « as follows. For each variable z;,7 = 0,1,...,n—1, if in G’ all even

pairs KQJ, K2y+1’ =0,1...,m; — 1, are merged, then «(x;) = false. Otherwise a(z;) = true.

We now show that « satisfies ®. Consider an arbitrary clause I'y of ® containing the three
variables z,, xp, and x.. We use the same notation as when defining the clause gadget and its
connection to the variable gadget. Since there are dividing non-edges between cliques Q}l and
Qﬁ, cliques Q}i and Qé must end up in different clusters in G’. In other words, Q}i and Qé
are divided. Observe that there is a path in G consisting of vertices in le, Q?l, Q?l, and Qé
in this sequence. Since each of these four cliques is a proto-cluster (see Lemma 21), in order
to divide Q} and Q3, one of the following three cases must happen in the solution S: (i) The
edges between Qil and Qz are deleted. In other words, Qil and Qz are divided. (ii) Qg and Q?l
are divided. (iii) Q3 and Q% are divided. We now show that case (i), (i), and (iii) imply that
variable x4, p, and z., respectively, is set by « so as to satisfy I'y. We only give the proof
showing that case (i) implies that x, is set accordingly. The other cases are analogous.

Assume that case (i) holds. Then, by the constraints imposed by the two transferrlng Pss P}
and Pd, cliques T}y and Q} 4 are merged. Since there are dividing non-edges between K 47T(a d)+1

and Q}l, it follows that Kffﬁ(a d)+1 and Qé are divided. Consider the case that x, appears
positively in I'y. Then, when connecting the variable gadget of z, to the clause gadget of 'y we
have introduced into G a P53 connecting T} K47r(a d)+10 and K47r(a )42 with center in KZﬂ(a d)+1
(for example, the P3 given by wivivs). Since T and K47r(a d)+1 e divided, thus K 47T(a d)+1
and K¢ tr(a,d)+2 € merged. There is thus at least one odd pair in x,’s variable gadget that is
merged and thus a(z,) = true. The case where z, appears negatively in I'y is similar: We have
introduced into G a Ps connecting T, sz(a d)+10 and K r(ad) with center in K¢ Ir(ad)+1 (for
example, the P3 given by wivivs). It follows that K¢ Ur(asd)+17 and K¢ tr(a,d) A€ merged, showing
that at least one even pair is merged in z,’s variable gadget. Thus, a(z,) = false.

Thus each clause I'y is satisfied, finishing the proof. O
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Algorithm 1: Solve CEATMP.

Input: An instance (G, H,¥¢) of CEATMP.

Output: Whether (G, H, ) is a yes-instance..

foreach ¢, =0,1,...,¢ do

2 foreach ¢, =0,1,...,¢—{, do

3 foreach set S, of ¢, vertex pairs {u,v} € (V(2G)) such that

VP eH: {u,v}NV(P) <1do

4 Gy +— GAS4

foreach set Hy of £y distinct P3s in H do

foreach set Sy containing for each P € Hy at least two vertex pairs in
V(P) do

if |Sy| + |Sp| < |Hp| + ¢ then

Gb < GGASB

H < H\ Hyp

10 if Gy has a cluster-editing set with |H'| edits then /* Using
Theorem 15 */

11 L accept and halt

[uny

12 reject

6.2 XP-algorithm for 2-restricted packings

In this section, we study CEAMP in the special setting where every vertex is incident with at
most two Pss of the packing H. More precisely, we consider the following variant of CEAMP.

CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT P3 PACKING
(CEATMP)

Input: A graph G = (V, E), a packing H of modification-disjoint induced Pss of G such
that every vertex v € V(G) is incident with at most 2 P3s of H, and a nonnegative integer /.
Question: Is there a cluster editing set, i.e. a set of vertex pairs S C (‘2/) so that GAS is
a union of disjoint cliques, with |S| — |H| < £7

We give a polynomial-time algorithm to solve CEATMP when £ is a fixed constant, in
contrast with the NP-hardness of the general version of CEAMP when ¢ = 0.

Theorem 14 (Restated). CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT
P35 PACKING parameterized by the number £ of excess edits is in XP. It can be solved in O(n”*o(l))
time, where n is the number of vertices in the input graph.

The main tool in proving Theorem 14 is a polynomial-time algorithm for the case where
£=0:

Theorem 15 (Restated). CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT
P53 PACKING can be solved in polynomial time when £ = 0, that is, when no excess edits are al-
lowed.

The proof of Theorem 15 will be given in 6.2.2. With this tool in hand, we can show
Theorem 14.
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Proof of Theorem 14. Let (G,H,¢) be an instance of CEATMP. The algorithm is given in
Theorem 1. Essentially, it guesses (by trying all possibilities) the number, £, of excess edits
that are not contained in any P3 in H and guesses the concrete edits to be made (Lines 1-4).
Then it guesses the P3s in H that harbor the remaining excess edits and it guesses how these Pss
are resolved (Lines 5-9). Then it checks whether the remaining instance has a cluster-editing set
without excess edits over the remaining P3 packing H' using the algorithm from Theorem 15.

For the running time, observe that there are at most n*% choices for S,. Since each vertex
is in at most two Pss in H and each Pj covers exactly three vertices, we have 3|H| < 2n and
thus there are in total at most n Pss in H. Thus, there are O(n’) choices for H;. Since there
are four possibilities to select a set of at least two vertex-pairs in the vertex set of a Pj, there
are O(4%) possibilities for S, in Line 6. Hence, overall the running time is O (4%n2fat6+00) <
O(n2£+0(1))_

It remains to prove the correctness. If the algorithm accepts, then there is a cluster-editing
set Sy for Gy, with |H/| edits. Since Sy is contained in the vertex sets of the Pss in H’, set Sy is
disjoint from S, and Sp. Thus, GAS* is a cluster graph where S* = S, U S, U Sy. Moreover,
|S*| < |H'| + [Hp| + € = |H| + ¢, and thus, (G, H,¢) is a yes-instance.

Conversely, if (G,H,{) is a yes-instance, then there is a cluster-editing set S* of G with
|S*| < |H|+£. Let S} be the subset of S* that contains precisely those edits in S* that are not
contained in Pss of H. In one of the iterations of Algorithm 1, ¢, = |S| and S, = S;. Now
let H; be the subset of H that contains precisely those P3s P such that S* contains at least
two edits in V(P). Observe that |Hy| < ¢ —£,. Thus, in one of the iterations of Algorithm 1,
we have ¢, = |H;| and H, = Hj. Moreover, in one of the iterations S, = S, where Sj is
the subset of S* that contains precisely those edits that are contained in the Pss in Hp. Let
S = S*\ (S USE). Since each edit in Sg is contained in a unique P3 in H \ Hj, we have
|Sal +|Ss| = |S5| + [SE| < [Hy| + € = [Hp| + €. Thus, in that iteration the algorithm proceeds to
the if-condition in Line 10. Again since each edit in S§ is contained in a unique P3 in H \ H;,
this set witnesses that (Gp, H',0) is a yes-instance and thus the algorithm accepts. Hence, the
algorithm is correct. O

6.2.1 Reduction Rules for 2-restricted P;-packings

In this section we give reduction rules for CEATMP when ¢ = 0. Again, we use the term
proto-clusters to denote the connected components of the graph obtained by removing the edges
of all packed Pss. We say a proto-cluster C is isolated from a proto-cluster D if there are no
edges between C' and D. Since £ = 0 and the P3s of H are modification-disjoint, we have the
following observation.

Observation 5. A solution S to an instance of CEATMP must edit exactly one edge or non-
edge of every Ps3 of H, and no non-packed edges or non-packed non-edges can be edited by S.

The intuition behind the polynomial-time algorithm is, with the constraint that every vertex
v € V(G) is incident with at most two packed P3s, we cannot freely merge or separate two large
proto-clusters without excess edits as in the NP-hardness proof of Section 6.1, since the triangles
formed by the packed P3s cannot cover every vertex pair between two large proto-clusters. Thus
we can separate the large proto-clusters and deal with them separately. After some reduction
rules, we show that the instance can be reduced to an instance of 2-SAT, which is well-known
to be polynomial-time solvable.

We classify the Pss of H into four types. For an induced Ps xyz € H, if x,y belong to
one proto-cluster and z belongs to another proto-cluster, or symmetrically y, z belong to one
proto-cluster and = belongs to another proto-cluster, then zyz is a type-a Ps; if x,z belong
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to one proto-cluster and y belongs to another proto-cluster, then zyz is a type-8 Ps; if x,y, z
belong to three distinct proto-clusters respectively, then xyz is a type-v Ps; if x,y, z belong to
one proto-cluster then xyz is a type-d P3. Note that none of the reduction rules increases or
decreases the parameter ¢. By removing the corresponding packed P3 from H, we mean that if
a packed Pj is edited by the reduction rules, then remove it from H.

Reduction Rule 1. For any proto-cluster C, if there are two vertices u,v € V(C) such that
uv 1S a non-packed non-edge, i.e. uv is not covered by any Ps of H, then return NO.

Lemma 23. Reduction Rule 1 is safe.

Proof. Given an instance (G,H,¢ = 0) of CEATMP satisfying the condition of Reduction
Rule 1, suppose for contradiction that there is a solution S to this instance. Since u,v belong
to the same proto-cluster, there is a non-packed path P from u to v. By Observation 5, uv ¢ S
and none of the edges of P is edited by S. Thus GAS is not a cluster graph, contradicting that
the instance has a solution. This completes the proof for the lemma. O

The second reduction rule handles type-8 and type-0 Pss.

Reduction Rule 2. If there is a type-8 or type-d Ps xyz € H, insert an edge to xz and remove
zyz from H.

Lemma 24. Reduction Rule 2 is safe.

Proof. Suppose that the given instance of CEATMP is (G, H,¢ = 0) such that there exists a
type-8 Ps zyz in G. After inserting an edge to xz and removing xyz from H, we get an instance
(G',H',£ =0). We claim that (G,H,¢ = 0) is a YES-instance if and only if (G',H',£ =0) is a
YES-instance. On one hand, suppose that (G',H,¢ = 0) is a YES-instance and S’ is a cluster
editing set of G’ such that |S’| = |H'|. Obviously, S’ U{zz} is a cluster editing set for G and
|S” U{zz}| = |H|. On the other hand, suppose that (G,H,¢ = 0) is a YES-instance and S
is a cluster editing set of G such that |S| = |H|. We show that xz € S and S\ {zz} is the
solution for (G',H’,¢ = 0). For contradiction, suppose this is not true. Then either zy € S or
yz € S holds. Without loss of generality we assume that zy € S. Suppose that after deleting
xy from G and removing zyz from H, we get an instance (G”,H”,¢ = 0). Since x, z belong to
one proto-cluster of G, there is a non-packed path P from z to z in G. Thus z, z belong to one
proto-cluster. Since zyz is removed from H, zz becomes a non-packed non-edge. By Reduction
Rule 1, (G”,H",£ = 0) is a NO-instance, contradicting that S is a solution to (G, H,¢ = 0).

A very similar analysis applies to the case that xyz € H is a type-d P3. This completes the
proof for the lemma. O

After applying Reduction Rules 1 and 2 exhaustively, if the algorithm did not return NO,
then there is no type-8 or type-d Pss in the instance. Next reduction rule applies to the case in
which there is both a non-packed non-edge and a packed edge between two proto-clusters.

Reduction Rule 3. For any two proto-clusters A and B, if there is a non-packed non-edge
uv such that uw € V(A) and v € V(B), and there is a packed edge vy such that v € V(A) and
y € V(B), then delete xy and remove the corresponding packed Py from H.

Lemma 25. Reduction Rule 3 is safe.

Proof. Suppose that we have applied Reduction Rules 1 and 2 exhaustively. Since the algorithm
did not return NO, there are no type-3 Pss in the instance. Thus zy is covered by either a
type-y Ps or a type-a Ps.
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Given an instance (G, H,¢ = 0) of CEATMP satisfying the condition of Reduction Rule 3
with zy covered by a type-y Ps zyz (without loss of generality, we do not analyse the symmetrical
case of yxz'), we get an instance (G',H',¢ = 0) of CEATMP after deleting zy and removing
xyz from H. We claim that (G, H,¢ = 0) is a YES-instance if and only if (G',H',¢ = 0) is
a YES-instance. For completeness, assume that (G',H’,¢ = 0) is a YES-instance and S’ is a
cluster editing set of size |H'| for G’. Then obviously S’ U {zy} is a solution to (G, H,¢ = 0).
For soundness, assume that (G, H,¢ = 0) is a YES-instance and S is a cluster editing set of size
|H| for G. We claim that xy € S. Suppose for contradiction that zy ¢ S. Then xy becomes a
non-packed edge in GAS. Since u,x € V(A) and v,y € V(B), there is a non-packed path Py
from u to x and a non-packed path Pp from v to y in G. By Observation 5, the edges of P4 and
Pp are not edited by S and wv ¢ S. Thus there is a non-packed path from u to v. Since uv is
a non-packed non-edge in GAS, GAS is not a cluster graph, contradicting that S is a solution
to (G, H,l=0).

A very similar analysis applies to the case in which zy is covered by a type-a Ps xyz (or the
symmetrical case of yzz’). This concludes the proof for the lemma. O

Reduction Rule 4. If there is a connected component C in the graph of size at most 6, then
do brute force on C to check if there is a cluster editing set F' for C such that |F| is equal to the
number of packed Pss incident with a vertex of C. If there is such a cluster editing set F, then
perform the operations of F' to C and remove the corresponding packed Pss from H. Otherwise,
if there is no such cluster editing set F', return NO.

Lemma 26. Reduction Rule 4 is safe.

Proof. Given an instance (G, H,¢ = 0) of CEATMP such that there is a connected component
C in the graph of size at most 6, suppose that there is a cluster editing set F' for C satisfying
the condition of Reduction Rule 4. After performing the operations of F', we get an instance
(G',H',¢ = 0) of CEATMP. We claim that (G,H,¢ = 0) is a YES-instance if and only if
(G',H',¢ = 0) is a YES-instance. On one hand, assume that (G’,H’,¢ = 0) has a solution
S’. Obviously, S’ U F is a cluster editing set for G and S’ U F| = |H|. On the other hand,
assume that (G, H, ¢ = 0) has a solution S. By Observation 5, no vertex pair between V(C) and
V(G)\ V(C) is edited by S. Let S; C S be the set of vertex pairs which are edges or non-edges
of C. Then S\ S is a solution to (G',H', ¢ =0).

Suppose that there is no such cluster editing set F' for C. We claim that (G,H,¢ = 0) is
a NO-instance. For contradiction, assume that (G,H,¢ = 0) has a solution S. Let S; C S be
the set of vertex pairs which are edges or non-edges of C. Then S is a cluster editing set for C
and |S1] is equal to the number of packed Pss incident with a vertex of C by Observation 5, a
contradiction. Thus (G, H, ¢ = 0) is a NO-instance.

The component C is of size at most 6 so we can do brute force in polynomial time. This
completes the proof for the lemma. O

Reduction Rule 5. If there is a proto-cluster C' which is an isolated clique, then remove C
from the graph.

Lemma 27. Reduction Rule 5 is safe.

Proof. Given an instance (G, H,¢ = 0) of CEATMP such that there is a proto-cluster C' which
is an isolated clique, we remove C from G and get an instance (G',H,¢ = 0). We claim that
(G,H,¢ = 0) is a YES-instance if and only if (G',H,¢ = 0) is a YES-instance. On one hand,
assume that (G',H,¢ = 0) is a YES-instance. Then obviously (G, #H, ¢ = 0) is a YES-instance.
On the other hand, assume that (G, H, ¢ = 0) is a YES-instance and S is a solution. Since C' is
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an isolated clique, by Observation 5, no edges of C' or non-edges between V(C) and V(G)\V (C)
are edited by S. Thus S is also a solution to (G',H,¢ = 0). This completes the proof for the
lemma. O

Lemma 28. After applying Reduction Rules 1 - & exhaustively, if the algorithm did not return
NO, then there is no proto-cluster of size at least 5.

Proof. Suppose for contradiction that there is a proto-cluster C of size at least 5. If C is a
proto-cluster which is isolated from other proto-clusters, then C' must be a clique since otherwise
Reduction Rule 1 or Reduction Rule 2 can be applied, a contradiction. Then Reduction Rule 5
can be applied and C' will be removed from the graph. Thus C is not an isolated proto-cluster.
Let D be a proto-cluster such that there is an edge uv between C and D, say u € V(C) and
v € V(D). If uv is covered by a type- P3, then Reduction Rule 2 can be applied, a contradiction.
Thus we assume that uv is covered by a type-« or a type-y Ps. Since v is incident with at most
two packed Pss, there must be one vertex w € V(C) such that wv is a non-packed non-edge.
Then Reduction Rule 3 can be applied, a contradiction. As a result, there is no proto-cluster of
size at least 5. This completes the proof for the lemma. O

Next we focus on proto-clusters of size 4.

Lemma 29. After applying Reduction Rules 1 - 8 exhaustively, if there is a proto-cluster C of
size 4 which is mot an isolated clique. Then there must be a proto-cluster D of size 1 such that
the vertex pairs between C and D are covered by two type-a Pss. In addition, V(C) U V(D)
forms a connected component in the graph.

Proof. After applying Reduction Rules 1 - 3 exhaustively, let C' be a proto-cluster of size 4 and
V(C) = {v1,v2,v3,v4}. Let w be a vertex such that there is an edge between w and V(C). If
the vertex pairs between V (C') and w are not covered by two type-a P3s, then Reduction Rule 2
or 3 can be applied, a contradiction. Without loss of generality, suppose that vive and wv3vy
are covered by these two type-a Pss. Assume for contradiction that there is another vertex u
such that v and (without loss of generality) vy are adjacent, and wv; is a packed edge (u can be
either in the same proto-cluster with w or in a different proto-cluster from w). Since we have
applied Reduction Rule 2 exhaustively, there are no type-8 Pss in the graph. Thus wv; must
be covered by a type-a or a type-y P3. We claim that there must be a non-packed non-edge
from u to a vertex of C. For contradiction, suppose this is not true. Then either vivy4, vov3 are
covered by two type-a Pss respectively, or vivs, vavy are covered by two type-a Pss respectively.
In both cases, v1,v2,v3 and v4 are not in one proto-cluster anymore since after removing the
packed edges, vy, v, v3 and vy4 are not in one connected component, a contradiction. Thus there
must be a non-packed non-edge between V(C) and w. Since uv; is a packed edge, Reduction
Rule 3 can be applied, a contradiction. Thus there are no edges between V(C) and any other
vertices except w. Suppose that w belongs to a clique of size at least two. Then Reduction
Rule 3 can be applied, a contradiction. Thus w belongs to a proto-cluster of size one and let
this proto-cluster be D. Since w is already incident with two packed Pss, w is isolated from any
other proto-clusters except C. Obviously, V(C) U V(D) forms a connected component in the
graph. This completes the proof for the lemma. O

Lemma 30. After applying Reduction Rules 1 - 5 exhaustively, there is no proto-cluster of size
4.

Proof. Suppose for contradiction that there is a proto-cluster C' of size at least 4. If C is an
isolated proto-cluster, C' must be a clique since otherwise Reduction Rule 1 or 2 can be applied,
a contradiction. Then Reduction Rule 5 can be applied and C will be removed from the graph.
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Thus C' is not an isolated proto-cluster. By Lemma 29, there is a proto-cluster D of size 1 such
that V(C)U V(D) forms a connected component of size 5 in the graph. Then Reduction Rule 4
can be applied, a contradiction. As a result, there is no proto-cluster of size at least 4. This
completes the proof for the lemma. O

Next we focus on proto-clusters of size 3.

Lemma 31. After applying Reduction Rules 1 - 5 exhaustively, if there is a proto-cluster C' of
size 3, then there must be a proto-cluster B of size 1 and a proto-cluster A of size 1, such that
the vertex pairs between C' and B are covered by a type-a Ps and a type-y Ps, and the type-y Ps
connects C' and A via B. In addition, C' is isolated from any other proto-clusters except B, and
B is isolated from any other proto-clusters except A and C.

Proof. After applying Reduction Rules 1 - 5 exhaustively, let C be a proto-cluster of size 3. If C
is isolated from other proto-clusters, then C' must be a clique since otherwise Reduction Rule 1
can be applied, a contradiction. Then Reduction Rule 5 can be applied, a contradiction. Thus
we assume that C is not an isolated proto-cluster. Let the three vertices of C' be uq,us and ug.
Let v be a vertex such that there is an edge between v and V(C'). If the vertex pairs between
V(C) and v are not covered by a type-a P3 and a type-y Ps, then Reduction Rule 2 or 3 can
be applied, a contradiction. Without loss of generality, suppose that w;,us and v belong to a
type-a P3. Assume for contradiction that there is another vertex w such that w is adjacent to
some vertex of V(C') (w can either belong to the same proto-cluster as v or belong to a different
proto-cluster from v). If the vertex pairs between V(C') and w are not covered by a type-a Ps
and a type-v P35, then Reduction Rule 2 or 3 can be applied, a contradiction. If the vertex pairs
between V(C) and u are covered by a type-a P3 and a type-y Ps, say uj,us and w belong to
the type-a Ps, then uy,us and ug are not in one proto-cluster, a contradiction. It follows that
there is no vertex adjacent to one of the vertices of V(C') except v. Let B be the proto-cluster
to which v belongs. Assume that |B| > 1 and there is another vertex y belonging to B. Then y
is not adjacent to any vertex of V' (C'). Thus Reduction Rule 3 can be applied, a contradiction.
It follows that |B| = 1 and C' is isolated from any other proto-clusters except B. We have
assumed that ui,us and v belong to a type-a P3. Let usvz be a type-y P3 and x belongs to
a proto-cluster A. We claim that |A| = 1. Suppose for contradiction that |A| > 1 and there is
another vertex z € V(A). Then vz must be a non-packed non-edge since v is already incident
with two packed P3s. Thus Reduction Rule 3 can be applied, a contradiction. It follows that
|A| = 1. This concludes the proof for the lemma. O

Reduction Rule 6. After applying Reduction Rules 1 - 5 exhaustively, if there is a proto-cluster
C of size 3, a proto-cluster B of size 1 and a proto-cluster A of size 1 such that C is not isolated
from B, and a type-y Ps connects A and C via B, then delete the packed edge between A and
B, insert an edge to the packed non-edge between C and B, and remove the corresponding P3s
from H.

Lemma 32. Reduction Rule 6 is safe.

Proof. Given an instance (G,H,¢ = 0) of CEATMP satisfying the condition of Reduction
Rule 6, let uq,us and ug be the three vertices of C, let v be the vertex of B and w be the
vertex of A. Without loss of generality, let ujusv and ugvw be two packed Pss. After applying
Reduction Rule 6, we get an instance (G',H',£ = 0) of CEATMP. We claim that (G, H,¢ = 0)
is a YES-instance if and only if (G',H’,¢ = 0) is a YES-instance. For completeness, suppose
that (G',H',£ = 0) is a YES-instance and S’ is a cluster editing set of G’ such that |S’| = |H/|.
Obviously S = S’ U {uyv,vw} is a solution to (G,H,¢ = 0). For soundness, suppose that
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Figure 6.6: An example of forming a clique of size 6 in GAS. The black edges are non-packed
edges. The vertex pairs of the same color which is not black belong to the same packed Pj
and the dashed edges represent non-edges. The same rule of notation applies to the following
pictures.

(G,H,¢ = 0) is a YES-instance and S is a cluster editing set of G such that |S| = |H|. If
{ugv,vw} C S, then S’ = S\ {u1v,vw} is a solution to (G',H',¢ = 0). If vw ¢ S, then either
uow € S or ugv € S. First, we assume that uow € S, and after inserting uow and removing
ugvw from H we get an instance (G”,H",¢ = 0) of CEATMP. Then ugusw is a non-packed
path in G” and usw is a non-packed non-edge. Thus Reduction Rule 1 can be applied and the
algorithm returns NO, contradicting that S is a solution to (G, #,¢ = 0). Second, we assume
that ugv € S. After deleting usv and removing usvw from H, usv becomes a non-packed non-
edge. Thus Reduction Rule 3 can be applied. It’s not hard to see that ugv € S since otherwise
S is not a solution to (G,H,¢ = 0). By Lemma 31, C is isolated from any other proto-clusters
except B, and B is isolated from any other proto-clusters except A and C. It follows that in
GAS, ui,us and ug form a clique of size 3 while v and w form a clique of size 2. Besides,

V(G) \ {u1,u2,u3,v,w} form a cluster graph in GAS. Let S = 8\ {ugv,usv} U {vw, uv}.
Obviously GAS is also a cluster graph and |S| = |#|. Thus § is also a solution to (G, H, ¢ = 0).
This completes the proof for the lemma. O

Corollary 3. After applying Reduction Rules 1 - 6 exhaustively, there are no isolated cliques in
the instance and every proto-cluster of the instance is of size at most 2. Moreover, every packed
P5 is a type-y Ps.

After applying Reduction Rules 1 - 6 exhaustively, we have an instance (G,H,¢ = 0) of
CEATMP. Suppose that S is a solution to (G,H,¢ = 0). Now we consider the cluster graph
GAS.

Lemma 33. After applying Reduction Rules 1 - 6 exhaustively, we have an instance (G, H,¢ = 0)
of CEATMP. Suppose that S is a solution to (G, H,{ = 0). Then there is no clique of size
larger than 6 in GAS.

Proof. Suppose for contradiction that A is a clique of size at least 7 in GAS and let u be a
vertex in A. Then there are at least 6 vertex pairs between {u} and V(A) \ {u}, which are
either non-packed edges or covered by packed Pss. Since wu is incident with at most 2 packed
Pss, at most 4 vertex pairs between {u} and V(A) \ {u} are covered by a packed P;. Thus
at least 2 vertex pairs between {u} and V(A) \ {u} are non-packed edges. By Corollary 3,
every proto-cluster in G is of size at most 2, a contradiction. This completes the proof for the
lemma. O

Lemma 34. Given an instance (G, H,{ = 0) of CEATMP such that the size of every proto-
cluster in G is at most 2 and S is a solution to (G, H,¢ = 0), suppose that A is a clique of size
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6 in GAS. Then the vertices of V(A) belong to three proto-clusters C1,Cy and C5 of size two
i G. In addition, every vertex pair between C1 and Cy, between Cy and Cs, between Coy and Cj
is covered by some Py of H. V(C1) UV (Ca) UV (C3) forms a connected component C in G.

Proof. Suppose for contradiction that u € V(A) belongs to a proto-cluster of size one in G.
Then there are 5 vertex pairs between {u} and V(A) \ {u}, which are covered by packed Pss.
Since u belongs to at most 2 packed Pss, at most 4 vertex pairs between {u} and V(A) \ {u}
are covered by a packed Ps, a contradiction. Next we show that the vertices of V(A) belong to
three proto-clusters C1,Cy and Cs of size two in G as shown in Fig 6.6. We see that for every
vertex v € V(A), four of the vertex pairs between {v} and V(A) \ {v} are covered by packed
P3s and the other one is a non-packed edge. Since every vertex v € V(A) already belongs to two
packed Pss, the proto-cluster C; is isolated from any other proto-clusters in G\ {Cy, Co, C3} for
i =1,2,3. Without loss of generality, suppose that zyz is a Ps such that x € V/(C}),y € V(Cb)
and z € V(C3). Thus V(C1) UV (Ca) UV (C3) forms a connected component. This completes
the proof for the lemma. O

Lemma 35. After applying Reduction Rules 1 - 6 exhaustively, we have an instance (G, H,{ = 0)
of CEATMP. Suppose that S is a solution to (G,H,¢ = 0). Then there is no clique of size 6
in GAS.

Proof. Suppose for contradiction that A is a clique of size 6 in GAS. According to Lemma 34,
V(A) induces a connected component of size 6 in the input graph. Then Reduction Rule 4 and
Reduction Rule 5 can be applied, a contradiction. This completes the proof for the lemma. [

Lemma 36. After applying Reduction Rules 1 - 3 exhaustively, let (G, H,¢ = 0) be an instance
of CEATMP such that the size of every proto-cluster in G is at most 2 and S is a solution to
(G,H, ¢ =0). Suppose that A is a clique of size 5 in GAS. Then the vertices of V(A) belong
to three proto-clusters C1,Co and Cs (or Ca,C3 and Cy) in G such that |C1| = |Cy| = 1 and
|Cs| = |Cs| = 2. Every vertex pair between C; and C; (i,j € {1,2,3,4},i # j) is covered by a
packed Ps except that the vertex pair between C1 and Cy is a non-packed non-edge. In addition,
V(C)UV(C) UV (C3) UV (Cy) forms a connected component C in G.

Proof. Suppose for contradiction that at least three vertices of V' (A) belong to proto-clusters of
size one in G, say u,v,w € V(A) belong to three distinct proto-clusters of size one respectively
and two vertices of V(A), say z,y € V(A) belong to a proto-cluster of size two or belong to two
distinct proto-clusters of size one respectively. It follows that every vertex pair of (V(2A)) is either
a non-packed edge or covered by some P3 of H. Without loss of generality, assume that u, v, x
belong to a packed P3; and w, v,y belong to another packed P3. Now ww, uy must be covered by
one packed P3, since u is already incident with one packed Ps;. However, the packed P3 covering
ww, wy is not modification-disjoint with the packed P3 covering vw, vy, a contradiction. Next
we show that V' (A) belong to three proto-clusters C1,Cy and Cs (or Cq,C3 and Cy) in G such
that |C1| = |C4| = 1 and |Ca| = |C3| = 2 as shown in Case (1) and Case (2) of Fig. 6.7. Let
V(Cy) = {x},V(C2) = {u1,u2} and V(C3) = {v1,v2}. Without loss of generality, let x,u1, vy
belong to a packed P3 and x,u9,v2 belong to another packed Ps;. Then ujve and ugv; must be
covered by packed Pss since otherwise Reduction Rule 3 can be applied. Assume that there are
two vertices 1,y such that yi,u1,v9 belong to one packed P53 and ys, us,v1 belong to another
packed P3. Then yjus,y1v1 are non-packed non-edges since ug, vy are already incident with two
packed Pss respectively. Thus Reduction Rule 3 can be applied, a contradiction. It follows that
there is a vertex y such that yusvi, yuijve € H. Let C4 be the proto-cluster to which y belongs.
If |C4| > 1, then there must be a non-packed non-edge between C4 and Cy and a non-packed
non-edge between Cy and C3. Thus Reduction Rule 3 can be applied, a contradiction. Thus
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|Cy] = 1. Since uq,ug,v1,va,x,y are all incident with two packed Pss, the subgraph induced
by V(C1) UV (Cy) UV(C3) UV (Cy) is isolated from the other parts of the graph. Obviously,
V(Ch)UV(Cy)UV(C3)UV(Cy) forms a connected component C in G. This completes the proof
for the lemma. O

Figure 6.7: Some examples of Lemma 36. In Case (1), C is separated from Cy and Cj5, and
Cy, Cs,Cy are merged into a clique of size 5 in GAS. In Case (2), Cj is separated from Cy and
C3, and Cy,Co,C3 are merged into a clique of size 5 in GAS. In Case (3), Cy,Co are merged
into a clique of size 3 and (5, Cy are merged into a clique of size 3 such that these two cliques of
size 3 are separated from each other. In Case (4), the instance is a NO-instance. Case (3) and
Case (4) are not touched by Lemma 36 but they can be handled by Reduction Rule 4 and 5.

Lemma 37. After applying Reduction Rules 1 - 6 exhaustively, we have an instance (G, H,¢ = 0)
of CEATMP. Suppose that S is a solution to (G, H,¢ = 0). Then there is no clique of size 5
in GAS.

Proof. Suppose for contradiction that A is a clique of size 5 in GAS. According to Lemma 36,
V(A) belong to a connected component of size 6 in the input graph. Then Reduction Rule 4 and
Reduction Rule 5 can be applied, a contradiction. This completes the proof for the lemma. [J

Lemma 38. After applying Reduction Rules 1 - 6 exhaustively, let (G, H,¢ = 0) be an instance
of CEATMP such that the size of every proto-cluster in G is at most 2 and S is a solution to
(G,H,¢ = 0). Suppose that A is a clique of size 4 in GAS and V(A) = {z,y,21,22}. Then
three vertices of V(A), say x,y, ze belong to one packed P3 in G, and one vertex of x,y, z2, say
za, with z1 forms a proto-cluster C1 of size two in G while x and y form a proto-cluster Co of
size one and a proto-cluster Cs of size one in G respectively. Moreover, there are two vertices u
and v such that x,u, zy belong to a packed Ps in G, y,v,z1 belong to another packed P3 in G. u
and v form a proto-cluster Cy of size one and a proto-cluster Cs of size one in G respectively.

Proof. For contradiction, suppose that V(A) does not belong to one proto-cluster of size two
and two proto-clusters of size one in G. Then there are two cases: (i) two vertices of V(A), say
x1,x2, belong to a proto-cluster Co of size two and the other two vertices of V(A), say y1, yo,
belong to a proto-cluster Cs of size two. (ii) four vertices 1, x2,y1,y2 of V(A) belong to four
distinct proto-clusters C, Co, C'3 and Cy respectively.

Case (i): Since Co and C5 need to be fully-covered to form a clique of size four, without
loss of generality, assume that there is a vertex w such that u,x7 and y; belong to a packed Ps.
Suppose that there is another vertex u’ such that u’, x5 and yo belong to a packed Pj. Since
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Figure 6.8: An example of forming a clique of size 4 in GAS. Vertices z1, 2o form a proto-cluster
of size 2 and each vertex of u, v, x,y belongs to a proto-cluster of size 1.

neither u, z9,y; nor u,x1,ys could belong to a packed Pj3, one of the vertex pairs uxo and uys
must be a non-packed non-edge and Reduction Rule 3 can be applied, a contradiction. Thus
u, 2 and ys belong to a packed Ps. Similarly, we can show that there is another vertex v such
that v, x1,y2 belong to a packed P3 and v, xs,y; belong to a packed Ps. It follows that each
vertex of {z1,z2,y1,y2,u,v} is incident with two packed P3s. Assume that u and v belong to
two different proto-clusters, say C1 and Cjy respectively. If |C1| > 1 or |Cy4| > 1, then Reduction
Rule 3 can be applied. Thus |C] = |C4] = 1. It follows that V(C1) UV (Cy) UV (C3) UV (Cy)
induces a connected component and Reduction Rule 4 can be applied, a contradiction. Assume
that u and v belong to one proto-cluster, say Cy. If |Cq| > 2, then Reduction Rule 3 can be
applied. Thus |Cy] = 2 and V(C1) UV (Cy) UV (C3) UV (Cy) induces a connected component.
It follows that Reduction Rule 4 can be applied, a contradiction. Therefore Case (i) does not
exist.

Case (ii): Since C1,Cy,C3 and C4 need to be pairwise fully-covered to form a clique of size
four, without loss of generality, assume that z1,xo,y; belong to a packed P;. Since x1y2 needs
to be covered by a packed Ps, there is another vertex ys such that x1,y2,y3 belong to a packed
P;. The vertex pairs xoy2 and y;y2 cannot be covered by one packed Ps since xoy; is already
covered by a packed P3. Thus x2ys and y;y2 need to be covered by two distinct Pss respectively.
However, ys is incident with 3 packed Pss, a contradiction. Therefore Case (ii) does not exist.

Next we show that the statement of this lemma is true as in Fig 6.8. Suppose that A is
a clique of size 4 in GAS. Let V(A) = {z,y,21,22}. By the analysis above, we get that
two vertices of A belong to a proto-cluster of size two and the other two vertices of A belong
to two distinct proto-clusters of size one respectively. Without loss of generality, assume that
z1, z2 form a proto-cluster C of size two in G while x and y form a proto-cluster Cy of size
one and a proto-cluster C5 of size one in G respectively. Since there are three vertex pairs, i.e.
{zy,xz21, 222} between x and V(A)\{z}, two of the three vertex pairs are covered by one packed
P3. Without loss of generality, let x, y, zo belong to a packed Ps. Thus there is another vertex u
such that z,u, z; belong to a packed Ps in G. Also yz; needs to be covered by a packed Ps, so
there is another vertex v such that y,v, z; belong to a packed P3. Suppose that u or v belongs
to one proto-cluster of size at least two. If uz; or vz is a packed edge, Reduction Rule 3 can be
applied since either uze or vzo must be a non-packed non-edge. If uz; and vz are two packed
non-edges, ux and vy must be two packed edges. Since x and y are incident with two packed Pss
respectively, uy and vz are two non-packed non-edges. Thus Reduction Rule 3 can be applied,
a contradiction. It follows that u and v must belong to two distinct proto-clusters. Assume that
there is a vertex u' such that u' and u belong to one proto-cluster of size at least two. Since
x, 2, are already incident with two packed Pss respectively, v’z and z;z must be non-packed
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non-edges. Then Reduction Rule 3 can be applied since uzx or uz; is a packed edge. It follows
that u belongs to a proto-cluster of size one, say C4. Similarly, we can show that v belongs to a
proto-cluster of size one, say C5. This completes the proof for the lemma. O

Ttem (4) Item (5)

Figure 6.9: Examples of Reduction Rule 7. Vertices z1, zo form a proto-cluster of size 2 and each
of the other vertices belongs to a proto-cluster of size 1.

Reduction Rule 7. After applying Reduction Rules 1 - 6 exhaustively, let C1,Cs, C3,Cy and
C5 be five proto-clusters such that V(C1) = {z1,22},V(Ca) = {z},V(C3) = {y},V(Cy) =
{u},V(C5) = {v} and z,y, z9 belong to a packed Ps, x,u,z; belong to a packed P3, y,v,z1 belong
to a packed P3. We list the following reduction approaches under different conditions.

If uzy and vzo are non-packed non-edges and uzi,vz1 are packed non-edges, then

(1) Delete the edges vy and ux, insert an edge to the packed non-edge of the Ps which covers
xy and remove the corresponding packed Pss from H.

Otherwise, if there is a vertex w such that u,w, zo belong to a packed Py and wzo,vz1 is a packed
non-edge, then we do reductions according to the following cases:

(2) xz1 and xzo are packed non-edges. Return NO.

(3) xz1 is a packed non-edge and xzo is a packed edge. Delete the edge uw, delete the edges
between y and {x, z1, 22}, and add an edge to the non-edge xz1. Remove the corresponding
packed P3s from H.

(4) xz1 is a packed edge and xzy is a packed non-edge. Delete the edge vy, delete the edges
between u and {y, z1, 22}, and add an edge to the non-edge xza. Remove the corresponding
packed Pss from H.

(5) xz1 and xz9 are packed edges. Replace the subgraph induced by {u,v,w, z,y, 21, 2o} with two
P3s vab and bcw. Remove the four packed Pss incident with one vertex of {u,x,y, 21,22}
from H, and add vab and bcw to H.

Otherwise, if there is a verter w' such that v,w',z9 belong to a packed P3 and uzi,w'ze are
packed non-edges, then we do reductions according to the following cases:

(6) yz1 and yzo are packed non-edges. Return NO.
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(7) yz1 is a packed non-edge and yzy is a packed edge. Delete the edge vw', delete the edges
between x and {y, z1, 22}, and add an edge to the non-edge yz1. Remove the corresponding
packed Pss from H.

(8) yz1 is a packed edge and yzy is a packed non-edge. Delete the edge ux, delete the edges
between v and {y, z1, z2}, and add an edge to the non-edge yzo. Remove the corresponding
packed Pss from H.

(9) yz1 and yzo are packed edges. Replace the subgraph induced by {u,v,w', x,y, 21, 22} with t-
wo Pysw'ab and beu. Remove the four packed Pss incident with one vertez of {v, x,y, z1, 22}

from H, and add w'ab and bcu to H.
Lemma 39. Reduction Rule 7 is safe.

Proof. Suppose that (G, H, ¢ = 0) is an instance of CEATMP satisfying the condition of Item (1)
of Reduction Rule 7. First, we claim that vz; and uz; must be packed non-edges. Suppose for
contradiction that uz; or vz; is a packed edge. Since vzo and uze are non-packed non-edges
as in the assumption, Reduction Rule 3 can be applied, a contradiction. Let F' be the set of
vertex pairs edited by Item (1) and we can check that F' contains exactly one vertex pair of
each of the packed Pss incident with one of the vertices of {z,y, z1,22}. After applying the
operations of Item (1) we get an instance (G' = GAF,H',¢ = 0). We claim that (G, H, ¢ = 0)
is a YES-instance if and only if (G',H',¢ = 0) is a YES-instance. On one hand, assume that
(G',H',£ = 0) has a solution S’. Then S = S"U F is a solution to (G, H,¢ = 0). On the other
hand, assume that (G,H,¢ = 0) has a solution S. Then GAS is a cluster graph. We claim that
zo is not incident with any other packed P3s except the one covering xy. Suppose that there is
another vertex z3 such that z3zs is a packed edge, then 2327 is a non-packed non-edge since 27 is
already incident with two packed Pss. Then Reduction Rule 3 can be applied, a contradiction.
Thus z9 is not incident with any other packed Pss except the one covering xy. Let S; C S
be the set of vertex pairs which are packed edges or packed non-edges of the subgraph of G
induced by {u,v,z,y,21,22}. We claim that S=25 \ S1 U F is also a solution to (G, H, ¢ = 0).
Since S is a solution to (G, H,¢ = 0), S; must contain exactly one vertex pair of each of the
packed Pss incident with one of the vertices of {x,y,21,22}. Since FN(S\S1) =0, 51 C S
and |F| = |51, we get that |S| = |S|. Since GAS is a cluster graph, the subgraph of GAS
induced by V(G)\ {7, y, 21, 22} is also a cluster graph G. It follows that GAS is a cluster graph
consisting of two isolated parts, i.e. G and the clique of size four formed by {z,y, z1,22}. It
follows that S\ S is a solution to (G',H',¢ = 0). As a result, Item (1) is safe.

For the proof of the correctness of Items (2) - (5), we claim that vz; and wzy are packed
non-edges. Suppose for contradiction that vz, or wzsy is a packed edge. Since z1, 2o are already
incident with two packed Pss, vze and wz; must be non-packed non-edges. Then Reduction
Rule 3 can be applied, a contradiction. Thus vz; and wzy are packed non-edges. In a similar
way, for the proof of the correctness of Items (6) - (9), we can prove that uz; and w'zg are
packed non-edges.

For contradiction, suppose that an instance (G, H, ¢ = 0) of CEATMP satisfying the condi-
tion of Item (2) of Reduction Rule 7 has a solution S. Since vz is a non-packed non-edge, at least
one packed edge of vy, xy belongs to S since otherwise Reduction Rule 1 can be applied. Sup-
pose that xy € S. Then yzs becomes a non-packed edge and yz; ¢ S since otherwise Reduction
Rule 1 can be applied. If vz; € S, then Reduction Rule 1 can be applied. Thus vy € S and the
subgraph induced by {y, 21, 22} is a proto-cluster now. Since uy is a non-packed non-edge and
uz1 is a packed edge, Reduction Rule 3 can be applied, which deletes uz; and makes ux become
a non-packed edge. Now u,z form a proto-cluster of size two. Again by Reduction Rule 3, uzo
is deleted and uw becomes a non-packed edge. Then Reduction Rule 1 can be applied to the
proto-cluster formed by u,w,z, a contradiction. Suppose that vy € S. Then yz; becomes a
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non-packed edge, so yze ¢ S since otherwise Reduction Rule 1 can be applied. If xz9 € S, then
xz1 € S since otherwise Reduction Rule 1 can be applied. Then uz; and uz become non-packed
edges. Since uy is a non-packed non-edge, Reduction Rule 1 can be applied to the proto-cluster
formed by u,x,y, 21, 22. Thus zzo ¢ S and zy € S. Then by Reduction Rule 3 uz; is deleted
and ux becomes a non-packed edge. Now u,x form a proto-cluster of size two. Again by Re-
duction Rule 3, uzs is deleted and uw becomes a non-packed edge. Then Reduction Rule 1 can
be applied to the proto-cluster formed by w,w,z, a contradiction. As a result, (G,H,¢ = 0) is
a NO-instance and Item (2) is safe. Given an instance (G,H,¢ = 0) of CEATMP satisfying
the condition of Item (6) of Reduction Rule 7, we can check that the subgraph of G induced by
{u,v,w',x,y, 21, 29} is isomorphic to the subgraph of G induced by {u,v,w,x,y, 21, 22}. Thus
by similar analysis, we can prove that Item (6) is safe.

Given an instance (G,H,¢ = 0) of CEATMP satisfying the condition of Item (3) of Re-
duction Rule 7, let F' be the set of vertex pairs edited by Item (3) and we can check that F
contains exactly one vertex pair of each of the packed Pss incident with one of the vertices of
{u,x,y, 21, 22}. After applying the operations of Item (3) we get an instance (G' = GAF,H',{ =
0). We claim that (G, H,¢ = 0) is a YES-instance if and only if (G', H', ¢ = 0) is a YES-instance.
On one hand, assume that (G',H',¢ = 0) has a solution S’. Then S = S’ U F is a solution to
(G,H,¢ =0). On the other hand, assume that (G,H,¢ = 0) has a solution S. We claim that
F C S. Suppose for contradiction that xz; ¢ S. Then there are two cases: (1) ux € S and
(2) uzy € S. Case (1): If ux € S, then uz; becomes a non-packed edge and zz; becomes a
non-packed non-edge. It follows that uzy ¢ S and zzo € S since otherwise Reduction Rule 1
can be applied. Since wz; is a non-packed non-edge, wzy ¢ S. Thus uw € S. Since u, z; and
zo form a proto-cluster of size 3 now, by Reduction Rule 3, xzo € S. If zy is a non-edge and
yzo is an edge, yzo becomes a non-packed edge after xzs is deleted. Since wy is a non-packed
non-edge, Reduction Rule 1 can be applied, a contradiction. If yzo is a non-edge and yx is an
edge, then y and x form a cluster of size two. Since yz; is a packed edge and uy is a non-packed
non-edge, Reduction Rule 3 can be applied and yz; € S. Thus vy becomes a non-packed edge.
Since vz is a non-packed non-edge, Reduction Rule 1 can be applied, a contradiction. Case (2):
If uzy € S, then uzo € S since otherwise Reduction Rule 1 can be applied. Thus ux and uw
become non-packed edges after uz; and wzo are deleted. Since zw is a non-packed non-edge,
Reduction Rule 1 can be applied, a contradiction. It follows that zz; € S and xz9,uzy ¢ F.
Thus uw € S since otherwise Reduction Rule 1 can be applied. Now u, z, 21, 2o belong to one
proto-cluster. Then by Reduction Rule 3, yz1 € S. u,z, 21, 29 are in one proto-cluster. Since
uy is a non-packed non-edge, if xy is an edge, xy € S since otherwise Reduction Rule 1 can
be applied. Then by Reduction Rule 3, yz; € S. Similarly, If yzo is an edge, yzo € S since
otherwise Reduction Rule 1 can be applied. Then by Reduction Rule 3, yz; € S. As a result,
F C S. We claim that S = S \ F is a solution to (G',H',¢ = 0). Since u,x,y, 21, 22 are already
incident with two packed Pss, {u,x,y, 21, 22} are isolated from V(G) \ {u, v, w,z,y, 21,22} in G.
It follows that in GAS, v,y belong to a clique of size two, u, x, z1, z2 belong to a clique of size
four and V(G) \ {u, v, x,y, 21, 22} induces a cluster graph such that there are no edges between
{u,v,2,y, 21, 22} and V(G)\ {u, v, z,5, 21, 2}. Thus G'AS is a cluster graph and |S| = |#/|. As
a result, Item (3) is safe. By very similar approaches, we can prove that Items (4), (7) and (8)
are safe.

Let (G,H,¢ = 0) be an instance of CEATMP satisfying the condition of Item (5) of Reduc-
tion Rule 7. Since xz1, 229 are packed edges, there are two packed edges between y and {z, z1, 22}
and let the set of the two packed edges be W,. Also, there are two packed edges between u
and {z, z1, 22} and let the set of the two packed edges be W,,. After applying the operations of
Item (5) we get an instance (G',H',¢ = 0). We claim that (G,H,¢ = 0) is a YES-instance if
and only if (G, H',¢ = 0) is a YES-instance. For completeness, suppose that (G',H’, ¢ = 0) has
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a solution S’. Thus G'AS’ is a cluster graph. There are four possible cases: (1) {ab,cw} C 5’
Since G'AS" is a cluster graph, the subgraph of G'’AS’ induced by V(G)\ {b, ¢} is also a cluster
graph. Let S = 5"\ {ab,cw} U W, U {uzx,uzi,uze} \ W, U{uw}. Then GAS is also a cluster
graph and |S| = |H|. Thus (G,H,¢ = 0) is a YES-instance. (2) {va,bc} C S’. We can show
that (G,H,¢ = 0) has a solution in a very similar way to that of Case (1). (3) {vb,bc} C 5.
Since vertices a,b and ¢ are not adjacent to any vertex of V(G') \ {a,b,c,v,w} in G', {v,a,b}
induces a triangle which is a connected component and {c, w} induces a clique of size two which
is also a connected component in G'AS’. Let S = 5"\ {vb, bc} UW,, U{yz,yz1,yz2} \ W, U{vy}.
It follows that GAS is a cluster graph and [S| = |H|. Thus (G,H,¢ = 0) is a YES-instance.
(4) {ab,bw} C S’. We can show that (G,H,¢ = 0) has a solution in a very similar way to
that of Case (3). This completes the proof for completeness. For soundness, suppose that
(G,H,¢ = 0) has a solution S. We can check that there are only two possible cases: (1)
Fy = Wy U{yx,yz1,yz2} \ W, U {vy} C S. Since vertices u, x,y, 21, 22 are not adjacent to any
vertex of V(G) \ {u,v,w,z,y, 21,20} in G, {x,y, 21, 22} induces a clique of size four which is a
connected component and {u,w} induces a clique of size two which is also a connected compo-
nent in GAS. Let §' = S\ Fy U{va,bc}. Tt follows that G’AS" is a cluster graph and |S'| = |H/|.
Thus (G',H',¢ = 0) is a YES-instance. (2) Fp = W, U{ux, uz1,uzo} \ W, U{uw} C S. Since ver-
tices u, z,y, 21, z2 are not adjacent to any vertex of V(G)\{u,v,w,z,y, 21,22} in G, {u, x, 21, 22}
induces a clique of size four which is a connected component and {v,y} induces a clique of size
two which is also a connected component in GAS. Let §' = S\ Fp U {ab, cw}. It follows that
G'AS’ is a cluster graph and |S'| = |H'|. Thus (G',H',¢ = 0) is a YES-instance. As a result,
Item (5) is safe. In a very similar way, we can prove that Item (9) is safe.

As a result, Reduction Rule 7 is safe. This completes the proof for the lemma. O

After applying Reduction Rule 7, Reduction Rule 5 can be applied to remove the isolated
cliques.

Lemma 40. After applying Reduction Rules 1 - 7 exhaustively, let (G, H,{ = 0) be an instance
of CEATMP which has a solution S. Then there is no clique of size at least 4 in GAS.

Proof. By Lemma 33, 35 and 37, there is no clique of size at least 5 in GAS. Suppose for
contradiction that A is a clique of size 4 in GAS. Let V(A) = {z,y, 21, 22}. Then by Lemma 38,
three vertices of V(A), say x,y, z2 belong to one packed P3 in GG, and one vertex of x,y, 22, say
z2, with 2z forms a proto-cluster C of size two in G while x and y form a proto-cluster Cs of
size one and a proto-cluster C'3 of size one in G respectively. Moreover, there are two vertices u
and v such that x,u, z; belong to a packed Ps in G, y, v, z1 belong to another packed Ps in G,
and u and v form a proto-cluster Cy of size one and C'5 of size one in G respectively. There are
six cases: (1) uze and vzy are non-packed non-edges. Then Item (1) of Reduction Rule 7 can
be applied. (2) uzy is a packed edge and vz, is a non-packed non-edge. Then one of Items (2)
- (5) can be applied. (3) uze is a packed non-edge and vzy is a non-packed non-edge. Then
Reduction Rule 3 can be applied. (4) vzy is a packed edge and uzs is a non-packed non-edge.
Then one of Items (6) - (9) can be applied. (5) vz2 is a packed non-edge and uzs is a non-packed
non-edge. Then Reduction Rule 3 can be applied. (6) u,v, 22 belong to a packed Ps. Since
every vertex of {u,v,x,y, 21, 22} is already incident with two packed Pss, the subgraph induced
by {u,v,z,y, 21, 22} is isolated from other parts of the graph and it’s not hard to see that it is a
connected component. Thus Reduction Rule 4 can be applied. It follows that there is no clique
of size 4 in GAS. This completes the proof for the lemma. O
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6.2.2 Polynomial-time Reduction to 2-SAT Problem

First, we introduce a new problem called CLUSTER DELETION ABOVE MODIFICATION-DISJOINT
P3 PACKING. The formal definition is as follows:

CLUSTER DELETION ABOVE MODIFICATION-DISJOINT P3 PACKING (CDAMP)
Input: A graph G = (V, E), a modification-disjoint packing H of induced Pss of G,
and a nonnegative integer /.

Question: Is there a cluster deletion set, i.e. a set of edges S C E so that G’ =
(V,E\ S) is a union of disjoint cliques, with |S| — |H| < £7

Note that in the definition of CDAMP, the Pss of H are still modification-disjoint although
the solution to the problem contains only edge deletions.

Lemma 41. Given an instance (G, H,¢ = 0) of CEATMP, after applying Reduction Rules 1
- 7 ezhaustively, we get an instance (G',H',¢ = 0) of CEATMP. Then (G,H,{ = 0) is a
YES-instance of CEATMP if and only if (G',H',£ =0) is a YES-instance of CDAMP.

Proof. (Completeness) Assume that (G',H',¢ = 0) is a YES-instance of CDAMP and S’ is a
cluster deletion set of size |H/|. Obviously S’ is also a cluster editing set of G’. Thus (G',H', ¢ =
0) is a YES-instance of CEATMP. It follows that (G, H,¢ = 0) is a YES-instance of CEATMP.

(Soundness) Assume that (G, H, ¢ = 0) is a YES-instance of CEATMP. Then (G',H', ¢ = 0)
is a YES-instance of CEATMP and let S’ be its solution. By Lemma 40, there is no clique of
size at least four in G’AS’. By Observation 5, every non-edge of S’ is a packed non-edge. Let
uw € S’ be a non-edge of G’ which is covered by a P3 uvw of H'. Then in G'AS’, {u,v,w}
must induces a triangle which is a connected component. It follows that S"\ {vw}U{uv} is also
a solution to (G',H',¢ = 0). Let S; C S’ be the set of non-edges of S’. Then there is a set So
of packed edges of G’ such that S\ S1 U Sy is a cluster deletion set for G’ of size |H'|. Thus
(G',H',£ =0) is a YES-instance of CDAMP. This completes the proof for the lemma. O

Given an instance (G, H,¢ = 0) of CEATMP, after applying Reduction Rules 1 - 7 exhaus-
tively, we get an instance (G',H', ¢ = 0) of CDAMP. Let E. C E(G’) be the set of edges covered
by some Ps of H' and let A = 2|H'|. We fix an arbitrary ordering of the edges of E. and label
these edges by eg, €1, ...,ex_1 according to this ordering. We construct an instance of 2-SAT
with A\ variables xg, z1,...,xy_1 as follows. First initialize the 2-SAT formula & = true. For
each induced Ps zyz € H', if e; = zy, e; = yz, then update ® < ® A (z; V ;) A (—z; V —z;). For
each induced P3 uvw in G’ such that uv and vw belong to two distinct Pss of H' respectively,
if uv = e, and vw = ey, then update ® <— ® A (z, V z4). This completes the construction of the
2-SAT instance.

Lemma 42. Given an instance (G, H,¢ = 0) of CEATMP, after applying Reduction Rules 1
- 7 exhaustively, we get an instance (G',H',£ = 0) of CDAMP. We construct a 2-SAT formula
® as described above. Then (G, H,¢ = 0) is a YES-instance if and only if ® is satisfiable.

Proof. (Completeness) Assume that ® is satisfiable and let a be a satisfying assignment to ®.
Let S" = {e; | a(x;) = true}. We will show that S’ is a cluster deletion set for G’ of size |H'|.
First we claim that for every induced P; xyz € H', exactly one edge of xy and yz belongs to S’
Assume that e; = zy and e; = yz for some 7,5 € {0,...,A — 1}. Since (z; V x;) and (—z; V ~z;)
are two clauses of ® and « is a satisfying assignment to ®, either z; = false,z; = true or
x; = true,z; = false holds. Thus the claim is true and |S’| = |H'|. Then for every induced P;
wvw in G’ such that wv and vw belong to two distinct Pss of H', let uv = e, and vw = ¢, for
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some p,q € {0,...,A — 1}. By the construction, (z, V z4) is a clause of ® so it is satisfied by .
Thus at least one edge of uvw belongs to 5.

We claim that there is no induced P3 zyz in G'AS’ such that both zy and yz are packed
edges in G’. Suppose for contradiction that there is an induced Ps xyz in G’ AS’ such that both
zy and yz are packed edges in G’. Then xy and yz must be covered by two distinct packed Pss
since otherwise zy or yz belongs to S’ by the analysis of last paragraph. Besides, we claim that
xz must be a packed edge covered by another packed P3 in G’, i.e. zy,yz and xz are covered by
three distinct packed P3s in G’ since otherwise zyz is an induced Ps in G’ and xy or yz belongs
to S’ by the analysis of last paragraph. If zz is a non-packed edge in G’, then zz is an edge in
G'AS’ since zz cannot be deleted by the solution, a contradiction. Suppose that zz is a packed
edge and without loss of generality, xz is covered by uxrz € H'. Then ux, zy,yz ¢ S’. Since y is
already incident with two packed Pss, uy is either a non-packed non-edge in G’ or a non-packed
edge in G’. If uy is a non-packed non-edge in G’, then uzy is an induced P3 in G'. Let uzx = ¢;
and xy = e;, then the clause (z; Vx;) of ® is not satisfied, a contradiction. If uy is a non-packed
edge, then Reduction Rule 3, 4 or 7 can be applied, a contradiction.

By corollary 3, there is no proto-cluster of size at least three in G’. Thus there is no induced
P5 abc in G'AS’ such that ab and be are non-packed edges in G'.

Finally, we claim that there is no induced P3 in G'’AS’ such that one edge of this Ps is a
non-packed edge in G’ and the other edge is a packed edge in G’. Suppose for contradiction
that there is such a P3 uvw in G’AS’ such that uv is a non-packed edge and vw is a packed
edge in G’. Then there is another vertex x such that v, w,z belong to a packed P3 in G’. Since
Reduction Rule 3 cannot be applied to (G',H’,¢ = 0), then uw must be covered by a packed
P; in G, i.e. there is a vertex y such that u,w,y belong to a packed P3 in G’. Suppose that
wuy is a packed P3 in G’. Since Reduction Rule 3 cannot be applied, vy must be covered by a
packed Ps, i.e. there is a vertex z such that v, y, z belong to a packed Ps in G’, then Reduction
Rule 3, 4 or 7 can be applied, a contradiction. It follows that uwy € H’. Similarly, suppose that
wvzx is a packed P3 in G’. Since Reduction Rule 3 cannot be applied, ux must be covered by
a packed Pj, i.e. there is a vertex z’ such that u,z, 2’ belong to a packed Pz, then Reduction
Rule 3, 4 or 7 can be applied, a contradiction. It follows that that vwz € H'. Since uvw is an
induced P3 in G'AS’, vw,wx € S. If vy is a non-edge in G’, then vwy is an induced P3 in G'.
Assume that vw = e, and wy = e4. Then the assignment a cannot satisfy (z, V x4) which is a
clause of ®, contradicting that « is a satisfying assignment to ®. Otherwise, suppose that vy is
a packed edge in G’. If there is a vertex a such that vya € H’, then Reduction Rule 4 or 7 can
be applied. If there is a vertex a’ such that yva’ € H’, then either ua’ is a non-packed non-edge,
which triggers Reduction Rule 3, or ua’ is covered by a packed P, which triggers Reduction
Rule 3, 4 or 7. It follows that there is no induced P3 in G’/AS’ such that one edge of this P;
is a non-packed edge in G’ and the other edge of this Pj is a packed edge in G’. As a result,
S’ is a solution to the instance (G',H',¢ = 0) of CDAMP. By Lemma 41, (G,H,{ = 0) is a
YES-instance.

(Soundness) Assume that (G, H,¢ = 0) is a YES-instance. By Lemma 41, (G',H',¢£ = 0) is
a YES-instance of CDAMP and let S’ be a cluster deletion set for G’ of size |H'|. Let « be an
assignment to ® such that a(x;) = true if and only if e; € S” for i = 0,..., A — 1. We claim that
« is a satisfying assignment to ®. Since |S’| = [H'| and the Pss of H' are modification-disjoint,
S’ contains exactly one edge of every packed P of H'. It follows that for every P3 zyz € H’
(xy = e;,yz = e;), the two clauses (z; V z;) and (—xz; V —z;) are satisfied. Since S’ is a solution
to (G',H',¢ = 0), there is no induced P3 in G'AS’. Thus for every induced P uvw in G’ such
that uv and vw belong to two distinct packed Pss (uv = e,, vw = e4) respectively, at least one
edge of {uv,vw} belongs to S” and the clause (x, V z4) is satisfied. As a result, « is a satisfying
assignment to ®. This concludes the proof for the lemma. O
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Theorem 16 (Restated). CLUSTER EDITING ABOVE TWO-RESTRICTED MODIFICATION-DISJOINT
P35 PACKING can be solved in polynomial time when £ = 0, that is, when no excess edits are al-
lowed.

Proof. By Lemma 42, given an instance of (G, H,{ = 0) of CEATMP, after applying Reduction
Rules 1 - 7 exhaustively, we reduce it to an equivalent instance of 2-SAT in polynomial time.
Then we can decide the 2-SAT instance by invoking the algorithm for 2-SAT. It is well-known
that 2-SAT can be solved in polynomial time. This completes the proof for the theorem. O
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Chapter 7

Hardness of Metric Dimension in
Graphs of Constant Treewidth

In this chapter, we show that METRIC DIMENSION is NP-hard on graphs of treewidth at most
24. Recall that the METRIC DIMENSION problem asks for a minimum-sized resolving set in
a given (unweighted, undirected) graph G. Here, a set S C V(G) is resolving if for any two
distinct vertices u,v € V(G), there exists a vertex w € S such that distg(u, w) # distg (v, w).

Organization of this chapter. In Section 7.1, we present an NP-hardness reduction from
3-DIMENSIONAL MATCHING to n-MULTICOLORED RESOLVING SET. In Section 4.2, we present a
polynomial-time reduction from an instance of n-MULTICOLORED RESOLVING SET constructed
in Section 7.1 to an instance of METRIC DIMENSION. Finally, we prove that METRIC DIMENSION
is NP-hard on graphs of treewidth at most 24.

Additional notions for this chapter. We define the length of a path P to be the number of
edges on the path and denote it by |P|. For two vertices u,v € V(G), let P(u,v) be a path from
u to v in G. Note that P(u,v) and P(v,u) denote the same path. We denote the neighbor of u
on P(u,v) by Ny(u,v) (or Ny(v,u)). Similarly, if there is a path which is named as, for example,
P"(i, 4, x) such that u is one endpoint of P"(i, j, ), we denote the neighbor of v on P"(i, j, x)
by N"(i,,2). In an undirected graph G, sometimes we abuse the notation in the sense that for
a path P, we use P to denote the path or the vertex set of the path just for simplicity. The
meaning should be clear in the context. For two vertices u,v € V(G), we define the distance
between u and v to be the length of any shortest path from u to v, denoted by distg(u,v). Note
that we use dist(u, v) to denote the distance between u and v mostly if the graph is clear in the
context. For a path P of even length with two endpoints v and v, let w be the vertex on P such
that the length of the subpath of P from u to w equals the length of the subpath of P from w
to v. Then we call w the middle verter of P and denote it by mid(P).

7.1 Reduction from 3-Dimensional Matching to Multicolored Re-
solving Set

Bonnet and Purohit introduced k-MULTICOLORED RESOLVING SET as an intermediate problem
in order to show the W|1]-hardness of METRIC DIMENSION parameterized by treewidth [17].
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k-MULTICOLORED RESOLVING SET

Input: An undirected graph G = (V,E), an integer k, a set x = {Xi,..., X3} where
X1, ..., X) are disjoint subsets of V(G) and a set P = {{x1,y1},...,{xn,yn}} where
{z1,y1}, ..., {xn, yn} are vertex pairs of G.

Question: Is there a set of k vertices S such that

(i) |SNX;| =1 for every i = 1,...,k, and

(ii) for every ¢ € {1, ..., h}, there exists a vertex v € S such that dist(v,z,)# dist(v,yy).

We show that this problem is NP-hard on graphs of constant treewidth. We make a reduction
from 3-DIMENSIONAL MATCHING, which is well-known to be NP-hard [76].

3-DIMENSIONAL MATCHING

Input: the universe U = {1,2,3} x [n] and a set F = {41, ..., Ay} of tuples such that for
every j € [m], the tuple 4; = {(1,z), (2,v), (3,2)} where (1, ) (2,y),(3,2) € U.

Question: are there n tuples A4, , ..., A;, such that U Aj, =U.
h=1

Given an instance (U, F) of 3-DIMENSIONAL MATCHING with the universe U = {1,2,3} x
[n] and a set F of m tuples Aj,...,A, C U, we construct an instance (G,n,x,P) of n-

MULTICOLORED RESOLVING SET as follows First, we create m vertices 51 ..., 57" as X; for each

i€[n]. Let x ={X1,.., X} and X = U X;. Then we create n vertex pairs {u,,, Up by ey Ul 0
=1

for each r € {1,2,3} and let P, = {{ui,vi}]i =1,...,n}. We create 3 vertices a, b, c, and let
W, = {ay,by,c,} for each r € {1,2,3}. Let P = PLUP2UP3 and W = Wy U W U Ws.
Finally, let M = 40(n + 1). For each tuple 4; = {(1,2),(2,v),(3,2)} (j € [m],z,y,z €
[n]) of the given instance and each integer i € [n], we link sg to ai, by, c; with three paths
P(sg,al),P(sg,bl),P(s{,cl) of lengths % + 10z, % + 5z + 1 and % — 10z respectively, link
s! to az,bg,@ with three paths P(s],as), P(s],ba), P(s],c2) of lengths + IOy, 3 Toy+1
and & — 10y respectwely, and link s/ ' to ag, b3, c3 with three paths P(s] ag) P(s],b3), P(s],c3)
of lengths 5 + 102, 2 + 52 +1 and & — 10z respectively. For every Vertex pair {uT, Py
(p € [n],r € {1,2,3}), we link ! to ar,br,cr with three paths P(u?,a,), P(u},b.), P(uf, c.) of
lengths % — 10p, % —5p—1and % + 10p respectively, and link v to a,., b, ¢, with three paths
P(vF, a,), P(vF,b), P(vF, c,) of lengths & — 10p, & — 5p — 2 and & + 10p respectively. This
finishes the construction.

Lemma 43. For an arbitrary vertex pair {uy, vy} € P (r € {1,2,3},x € [n]){u},v}} is resolved
bysg (i € [n],j € [m]) if and only if (r,x) € A;j.

Proof. On one hand, suppose that (r,x) € A;. For an arbitrary ¢ € [n], the three paths from sg
to u?f via a,, b, and ¢, have lengths M, M + 1 and M respectively. The three paths from sg to
vy via ay, b, and ¢, have lengths M, M — 1 and M respectively. Note that there could be other
paths from 8{ to v¥ or ul that go repeatedly between vertices in X and vertices in W. However,
the lengths of such paths are at least M —20n + M — 10n > M. As a result, the shortest paths
from s} to u® and v¥ are of lengths M and M — 1 respectively. Thus {u?, 7,} is resolved by s
On the other hand, for an arbitrary tuple A; = {(1,p1), (2,p2), (3,p3)}, the paths from the
vertex sg (i € [n]) to uy (r € {1,2,3}) via a;,b; and ¢, have lengths M + 10(p, — x), M +
5(pr —x) + 1 and M — 10(p, — x) respectively. The paths from the vertex s (i € [n]) to v¥
(r € {1,2,3}) via a,, b, and ¢, have lengths M +10(p, —x), M +5(p, —x) —1 and M —10(p, — )
respectively. Note that the paths from s! to u (or v¥) that go repeatedly between the vertices
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in X and the vertices in W have lengths at least M — 20n + M — 10n > M + 10n They are
not the shortest paths from s! to u? (or v¥). If p, < z, the shortest paths from s! to u¥ and
v¥ both have lengths M + 10(p, — ). If p, > z, the shortest paths from s to u? and v¥ both
have lengths M — 10(p, — z). If p, = z, the shortest paths from sj to u¥ and v¥ have lengths
M and M — 1 respectively. As a result, if {u?,v¥} is resolved by s, then p, = . According to
the construction, (r,z) € A;. O

Lemma 44. The constructed instance (G,n,x,P) of n-MULTICOLORED RESOLVING SET is a
yes-instance if and only if the given instance (U, F) of 3-DIMENSIONAL MATCHING i$ a yes-
instance.

Proof. (<) For an arbitrary tuple A; = {(1,2),(2,¥),(3,2)}, according to Lemma 43, pairs
{uf, v} {ud,v]} and {uj,vi} are all resolved by s] for every i € [n]. Suppose that the given
instance of 3 DIMENSIONAL MATCHING is a yes-instance, that is, there exists A;,,..., A;, satis-

fying that U A;, = U. It follows that S = {s € [n]} is a solution for the constructed

instance of n- MULTICOLORED RESOLVING SET.
(=) Let S = {s" : h € [n]} be a solution for the constructed instance of n- MULTICOLORED

RESOLVING SET. For an arbltrary pair {uF, v¥}, since it is resolved by some 5 " € S, according
to Lemma 43, (r,z) € Aj,,. As a result, {4;, : h € [n]} is a solution for the instance of
3-DIMENSIONAL MATCHING. [

It is well-known that the treewidth of a graph is bounded by the size of a minimum feedback
vertex set of the graph. We can easily observe that W is a feedback vertex set of size 9 for G.
It follows that the treewidth of G is at most 10. Then we have the following lemma.

Lemma 45. k-Multicolored Resolving Set is NP-hard even on graphs of treewidth at most 10.

7.2 Reduction from Multicolored Resolving Set to Metric Di-
mension

In this section, we create in polynomial time an instance (G', k) of METRIC DIMENSION which is
equivalent to the instance (G, n, x,P) of n-MULTICOLORED RESOLVING SET we created in last
section. Roughly speaking, the reduction consists in adding gadgets on base of the constructed
instance (G, n, x, P) to solve the following two issues: (1) the solution for METRIC DIMENSION
could contain vertices not in any set of x or more than one vertex from some set of x, which
could spoil the desired reduction; (2) we did not make sure that every pair of distinct vertices
are resolved by the solution in an instance of n-MULTICOLORED RESOLVING SET. We find that
similar strategies to those in [17] can be used to solve these two issues. More specifically, we solve
the first issue by adding forced set gadgets. One such gadget contains two pairs of vertices such
that they are only resolved simultaneously by a vertex of X; (where it is attached). We solve
the second issue by adding forced vertex gadgets. One such gadget contains a pair of pendant
neighboring vertices (false twins). Obviously one vertex of the false twins has to be chosen in
the solution. Thus the chosen vertices (forced vertices) are designed to resolve the remaining
unresolved vertex pairs. Besides, we need to add a number of extra paths and set appropriate
budget k to make sure that the reduction works as described above.

7.2.1 Construction of the forced set gadgets

Let (G,n,x,P) be an instance of n-MULTICOLORED RESOLVING SET that we created in last
section. For every X; € x (i € [n]), we add two pairs of isolated vertices {p},q}} and {p?,q¢?}.
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Then we add two vertices 77} and 7722 such that pil, qi1 are adjacent to 7ri1, p?, %2 are adjacent to
72. The vertex triples p}, ¢}, 7 and p?, ¢, 72 (i € [n]) form a forced set gadget. Then we create
a path P(sg,p}) of length 20(n+ 1) from s{ to p and create a path P(s{,p?) of length 20(n + 1)
from sl to pl for each i € [n],j € [m]. In order to make sure that a vertex can resolve pz,ql
and p?, ¢? mmultaneously if and only if it belongs to X;, we need to create 4 paths of length
20(n + 1) from w} to Nsi( ! a,), from 7} to N (s by), from m} to N (s] c,) and from 7}

to N ( s, p?) respectively for each i € [n], j € [ ] and r € {1,2,3}. For simplicity, we name

the four paths as PY(i, j, a,), P1(i, j,b.), P1(i, j,c.) and P1(i, j, p?) respectively. Symmetrically,
we need to create 4 paths of length 20(n + 1) from 77 to N_;(s!,a,), from 72 to N(s],b,),
from 72 to st(sg, ¢r) and from 7?7 to N ( l,pl) respectively for each ¢ € [n] and r € {1,2,3}.
For simplicity, we name the four paths as P2(i,§,a,), P?(i,j,b.), P?(i, j, cr) and P%(i,j,p})
respectively. Let I1"(i, j,r) = {P"(i, 4, a,), P"(i,j,b;), P"(i, j, ¢;), P"(d, j,p} ")} for i € [n],j €
[m],r € {1,2,3},h € {1,2}.

This completes the construction of the first phase.

7.2.2 Construction of the forced vertex gadgets

A forced vertex gadget consists of a triangle, namely three vertices such that each vertex is
adjacent to the other two vertices. Two vertices of the triangle are false twins whose degrees
are exactly 2 and we call the other vertex in the triangle the connecting verter of the gadget.
When we say that we add a forced vertex gadget F' to a vertex v, we mean that we create
a forced vertex gadget F' such that v is identified with the connecting vertex of F. For each
i€[n],j€[m],re{l,2,3},he{1,2}, we add a forced vertex gadget Fh(i,j, a) to NI (4,4, ar),
F(i, j,b) to NE (i, 5,b.), F"(i,j,¢r) to NI (i,4,¢,) and F"(i, 4, p} ") to N (i, anf M.

In order to make sure that f"(i,,b,) for i € [n],7 € [m],r € {1,2,3},h € {1,2} does not
resolve any vertex pair of P, we create a path P(7rzh, ar) and a path P(ﬂf, ¢r) both of length
10(n+1) for i € [n], h € {1,2} and r € {1,2,3}.

For each i € [n],j € [m],r € {1,2,3},h € {1,2}, we add a forced vertex gadget F(7?,a,) to
N, (7!, a,) and a forced vertex gadget F (7 ¢,) to Ne, (7 ¢,). For each i € [n],j € [m],r €
{1,2 3} we add a forced vertex gadget F (3 ar) to Nar(sg ,ar) and a forced vertex gadget
F(s),¢.) to Ne,(s), ¢,).

Let mid(P" (i, §,p>~")) be the middle vertex of P"(i, 4, p ") for i € [n],j € [m], h € {1,2}.
In order to make sure that fh(z,],pi ") does not resolve the vertex pair {p?fh,qffh}, create
a path P(q!, mid(P3~"(i,j,p%))) from ¢ to mid(P3~"(i, j,pl)) of length |P3~"(i,7,pM)|/2 +
\P(sg,p?)] — 1. Then add a forced vertex gadget F™<(i, j, h) to mid(P"(i, j, p>~")).

For i € [n],j € [m],r € {1,2,3},h € {1,2}, add a forced vertex gadget F*°“(, j, h,r) to the
vertex € P"(i, j,a,) such that dist(7?, x) = 10(n + 1) + 1.

For each i € [n],r € {1,2,3}, create two forced vertex gadgets Fl(ul,v!) and FQ(uT, v?) for
the vertex pair {u,v:} € P,. Then create an edge from the connecting vertex of F1(u,v!) to
uk, to vl, to Nyi(ap, ul) and to Ny (¢, ul.) rebpectlvely for i € [n],r € {1,2,3}. Create an edge
from the connecting vertex of F2(ul,v%) to ul, to v’, to the vertex x such that x € P(a,,u!) and
dist(z,ul) = 2, and to the vertex y such that y € P(CT, ut) and dist(y, ul) = 2. This completes
the construction of the second phase.

Finally, let G’ be the graph constructed by above two phases and set k = 34nm + 19n. This
finishes constructing the instance (G’, k) of METRIC DIMENSION. Figure 7.1 shows a part of G'.

84



Ay
. —
Sg ‘\V x br
’ !“?"";"2{ \\ r 7 U’E /U'E
‘7 S
" /7

\ RN i
/ 2 2
Py’ 2
_ q;
\
\ 1
1 NG
PN T

N S
XZ/ —Av-—L r/
// \
. — '
sl br
77 BB
T » 7 Wyr g Ups
7’ 7
" v
\ u), v,
2
Py Ty 2
q;

Figure 7.1: An example showing a part of G’. Triangles represent corresponding forced vertex
gadgets. For clarity, some forced vertex gadgets do not appear on the figure. Dotted or dashed

lines are used in order for cleanness of the figure.
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7.2.3 Soundness of the reduction

First, we define the vertex sets to be used in the following parts. For every i € [n],r €
{1,2,3},h € {1,2}, let

Uz‘h = U P(Sg,p?),

J€m|

Hi, = |J P(s],ar) UP(s],b;) UP(s], ),

Sh = U P(rt a,) U P(xl ¢,),
re{1,2,3}

L? = U P(qzh,mld(Pg_h(,L7]7p?)))a
j€lm]

R, = U P(arvui) UP(ar)Ui) UP(bmui) UP(bmvfﬂ) UP(CT,UD UP(CT,UZ;)j and

i€[n]
" (i, j,r) = P"(i,4,a,) U P"(4,5,b,) U P"(3, j,c.) UP"(3,5,p7").

For every i € [n], let

U Ul H; = U Hi, Si = U st

he{1,2} re{1,2,3} he{1,2}
U L? Hl = U Hh(ivjvr)‘
he{1,2} j€[m],re{1,2,3},he{1,2}

Let F be the union of all forced vertex gadgets, i.e. F = U,cin) jeimyref1,2,3)nef1,2) (F (5] 7 a,)U
F(s i,CT)UF(ﬂ'i,ar)UF(’]T L) UFR (ul v YUFD (i, 5, a ) UFR(d, j,b YUF(i, j, ¢, )UFR(i, §, p? Mu
Fmid (i 5 h) U Fee(i, j, h,r)).

Next we introduce a lemma about forced set gadgets and this lemma is important for the
correctness of the reduction.

Lemma 46. The following three statements are true for the instance (G', k).
(a) The vertex sg for i € [n],j € [m] resolves both pairs {p},qt} and {p?,q?}. Moreover, sg
does mot resolve any vertex pair {pl, ql} such that i’ € [n],h € {1,2} and i’ # i.
(b) The vertices of any forced vertex gadget do not resolve any vertex pair of {{pl, ¢t} | i €
[n), h e {1,2}}.

(c) Any vertex v € V(G')\ (X; UF) resolves at most one vertex pair of {{pl,ql'} | i € [n],h €

{1,2}}.

Proof. By the construction of G’, dist(s Z', qh) =|P(s Z',pz ) +2=20(n+1)+2 > dist(s Zl,pz) for
i € [n],j € [m] and h € {1,2}. Thus any vertex of X; resolves both pairs {p}, ¢} } and {pl, }
for i € [n]. For a vertex pair {pz, ,qZ } such that 4’ 75 i, there is a shortest path from s/ to pZ
or qZ going through c¢,» and 77’3 with some integer ' € {1,2,3}. Thus a vertex s € X; resolves
exactly two vertex pairs of {{pz, gt} i€ [n],h € {1,2}}.

First we claim that vertices of F do not resolve any vertex pair {pfﬁ/,ql@/} for i/ € [n],n €
{1,2}. For any Vertex ’U € FM(ul,vl) for i € [n],r € {1,2,3},h € {1,2}, there is a shortest
path from v to pl, or qZ going through a, and ﬂfi/. Thus v does not resolve any vertex pair
{ph' g} for ' € [n],h € {1,2}. For any vertex v € F™(j j h) U F(i,j, h,r) for i €
[n],j € [m],h € {1,2},r € {1,2,3}, we can see that dist(v,p?,/) = dist(v,qf}/) with ¢/ = 4.
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There is a shortest path from v to p/ or q going through 7r , a, and Trf;' with ¢’ # 4. Thus
v does not resolve any vertex pa1r {pz, ,qz } for i/ € [n],h € {1,2}. For any vertex v €
f\Ule[n]Je il ref1,2,3},he{1,2} (F Pt T, Vi) U FeC(i, j, h,r) UF™9(4, 4 h)), there is a shortest path
from v to pZ or ql/ going through nh i " with ¢ = i. There is a shortest path from v to p Y or ql
going through ¢, (or a,) and 7Tl Wlth i’ # i. Thus v does not resolve any pair {pz, ,qz, }. Asa
result, vertices of F do not resolve any vertex pair {pl}, ¢/ } for i’ € [n],h’ € {1,2}.

Then we show that any vertex v € V/(G’) \ (X; UF) resolves at most one pair of {p}, ¢} and
{},q7}.

For a vertex v € Ul \ X; for i € [n],h € {1,2}, dist(v,pl') = dist(v, ¢?) — 2 < dist(v, ¢}).
dist(v,¢>™") = dist(v, N ( 1,pl)) + | P37 (i, ,ph)| + 1 = dist(w, pf’ ). For a vertex pair

{pi, ,qi, } such that 7' # i, there is a shortest path from v to p?,/ or qi, going through 772@/. Thus
v € UM X, fori € [n],h € {1,2} resolves exactly one vertex pair of {{pl*,¢?} : i € [n],h € {1,2}}.
Let P(mid(P3~"(i, j,p?)), N, (s],pl)) be the subpath of P3~" (i, j, pl') from mid(P3~"(i, 7, pl))

to N (s 10 Tet A = (Ujgpmy P(mid(P*=" (i, j, p}')), Ny (s, o) \ Amid (P>~ (i, 5, p}')) | j €
[m]}. " For a vertex v € AP for i € [n],h € {1,2}, dist(v,pl) = dist(v,q}) — 2 < dist(v,q}).
dist(v, qf’ h) = dist(v, 71'3 h) 1= dist(v,p?_h). For a vertex pair {p?,/,qgil} such that i’ # 1,
there is a shortest path from v to p?,/ or qﬁ?/ going through Wﬁl. Thus v € A? fori € [n],h € {1,2}
resolves exactly one vertex pair of {{pf, ¢ } i€ n],he{l,2}}.

For a vertex v € LI \ {mid(P"(i,7,p>™™)) | j € [m]} for i € [n],h € {1,2}, dist(v,q}) =
dist(v, p') —2 < dist(v, p?'). There is a shortest path from v to pg’fh or qffh going through ﬂ'?ih
For a vertex pair {pl,l, q;r /} such that i’ # i there is a shortest path from v to p?,/ or ql@/ going
through 7. Thus v € L? \ {mid(P"(i,5,p2™")) | j € [m]} for i € [n],h € {1,2} resolves exactly
one vertex pair of {{pl, ¢} :i € [n],h € {1,2}}.

For a vertex v € I1; US; U H; \ (X; UA} UA?) for i € [n], there is a shortest path from v to
p?,/ or qz@/ going through 7ri}3/ with ¢ =',h’ € {1,2}. For a vertex pair {p?,/, qﬁ?/} such that ¢ # 1,
there is a shortest path from v to pzh,/ or q{?/ going through 7155/. Thus v does not resolve any
vertex pair of {{pl,¢"} : 4 € [n],h € {1,2}}.

For a vertex v € R, for r € {1,2,3}, there is a shortest path from v to pZ or qz for
i € [n],h € {1,2} going through a, and 7rh Thus v does not resolve any vertex pair of {{pf, ¢! }
i € [n],h € {1,2}}. This completes the proof for the lemma.

Lemma 47. The forced vertices do not resolve any vertex pair {ul,v:} € P forr € {1,2,3} and
i € [n].

Proof. We fix arbitrary integers i € [n],j € [m],r € {1,2,3},h € {1,2}. For the forced vertex
fh(ivjv aT)7 diSt(fh(ivjv aT)vug’) = 2+’P(7Tzhaar’)‘+|P(aT’vui/’)‘ = 2+‘P(7T£17GT/)|+|P(GT ) r’)| =
dist(f" (i, j,a,),v%) for i’ € [n],r" € {1,2,3}. Thus f"(i, 4, a,) does not resolve any vertex pair of
P. Similarly, the forced vertices f*(i, j,b,.), f*(i, ,¢,;) and f(i, 4, pl ") do not resolve any vertex
pair of 77 For the forced vertex f™(i,j, h), dist(f™4(i, 4, h),u’ ) = dist(f™(i, j, h), r/) =
|P" (i, §,p3 ™) /2 + | P(nl, ap)| + |P(ay,ui,)|. Thus f™4(i, 4, h) does not resolve any vertex pair
of P. For the forced vertex f¢“(i,j,h,r), dist(fecc(i,j,h,r),uf,l,) = dist(f°“(i, 7, h, r),fuf:,) =
10(n + 1) + 1+ |P(xl, ap)| + |P(ay, uly)|. Thus £¢(4, j, h,r) does not resolve any vertex pair
of P.

We fix arbltrary integers ¢ € [n],j € [m],r € {1,2,3}. For the forced vertex f(s] 1. a,),
dist(f(s], ar),u ) =2+ [P(ar, ul)| = 2+ |P(ay,v?)| = dist(f (s}, ar),v ) for i’ € [n]. For the
forced vertex f(s!,c;), dist(f (s],¢r), i,) =2+ |P(cr,ul)| = 24 |P(cr,vl)| = dist(f(s, ), vl
for ¢/ € [n]. Thus f(sl ar) and f(s i ») do not resolve any vertex pair of P,. Similarly,
f(xh a.) and f(xl, e.) for i € [n],h € {1,2},7 € {1,2,3} do not resolve any vertex pair of P,.
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For vertex pairs of P,v with ' € {1,2,3} and ' # r, dist(f(s] ar) U) =2+ |P(ar, Z)] +
|P(ar’77r )‘+|P(ar’au )| _2+’P(aﬁ )‘+|P(ar’awl)‘+|P(ar )| _dISt(f( ,Ar), v r’) for
i € [n]. dist(f(s],c0),ub)) = 2+ |P(cr, )] + |P(ar/,7r )+ [ P(ap, uy N =2+ |P(cr, m})| +
|P(ay,m})| + ]P(arr,vr)] = dist(f(s],a,),v%) for i’ € [n]. Thus f(sZ a,) and f(sz ¢r) do not
resolve any vertex pair of P,.

We fix arbitrary integers i € [n],r € {1,2,3}. For the forced vertex f!(ul,vi) or f2(ul,v )

Uy r T r
obviously it does not resolve the vertex pair {u’, vr} For a vertex pair {ul,vl'} with 4’
n) and 7 # i, dist(7M(ubv0),ul) = 2+ [Plaru)] — 1+ [Plag,uf)| = 2 + [Plar,ub)] —
1+ |P(ay, T)] = dist(f! (ur,vr) vp). For a vertex pair {u?),v5,} with i’ € [n] and 7' €
{1,2,3} and v # r, dist(f? (ur,vr) ul,) = 2+ |P(ar7 O = 1+ |P(r},ar)| + |P(r}am)| +
|P(ayr, ul,)| = dist(f! (ur, vi),v%). As a result, f1(ul,vl) does not resolve any vertex pair of P.

For a vertex pair {uf r} with 7 € [n] and ¢ # i, d1st(f2( ul, vi),ul ) = 2 4 |P(ap, ul)| — 2 +
|P(ay,ul)| = 2+ |P(ay,ul)| — 2+ [P(ay, vl )| = dlSt(fQ( vt), vl ). For a vertex pair {u’ ,,UT W

7‘77”

with 7 € [n], 7’ € {1,2,3} and +’ # 7, dlst(f2( ul, vl u /)—2+|P(ar, D =2+ |P(x}ar)| +
|P(n}, am)| + |Plag,uly)| = dist(f2(ul,vl),v%). As a result, f2(ul,vl) does not resolve any
vertex pair of P. This completes the proof for the lemma. O

Lemma 48. If G’ has a resolving set of size at most 34nm + 19n, then (G,n,x,P) is a yes-
mstance.

Proof. Suppose that S is a resolving set for G’ of size at most 34nm + 19n. Let S = SN X. We
claim that S is solution for (G,n, x,P). Note that for the false twins {u,u'} of a forced vertex
gadget, no vertex resolves the vertex pair {u,u’'} except u (or u'). It follows that S contains
34nm + 18n forced vertices since there are 34nm + 18n forced vertex gadgets in G'. Since X
has no intersection with the vertex set of all forced vertex gadgets, ]5' | <n. By Lemma 46, we
get that |S N X;| =1 for each i € [n]. Thus |S| = n. By Lemma 47 and the assumption that
S is a resolving set for G/, S resolves every pair {ul,vi} in G’ for r € {1,2,3} and i € [n]. We
can check that the distance between s! and u’ in G’ (and the distance between s and v} " in
G') for i € [n],j € [m],i’ € [n],r € {1,2,3} is the same as that in G. Thus S is a solutlon for
(Gyn,x,P). O

7.2.4 Treewidth bound of the graph

Since the completeness proof takes a large amount of space, before proceeding to that, we first
show that G’ is of constant treewidth. In fact, we will prove a slightly stronger statement that
G’ is of constant pathwidth by giving a search strategy with a constant number of searchers.

Lemma 49. The pathwidth of G’ is at most 24.

Proof. We give a search strategy with 25 searchers. First, we put 9 searchers on | J, . {172’3}{(1“ by, ey}
The 9 searchers remain there until the end of the whole search process. The search process con-
sists of two phases. We search the “left” part of G’ in the first phase and the “right” part of G’
in the second phase.

The first phase of the search process consists of n rounds. At the beginning of the i-th round
(i € [n]), we put 6 searchers on Uhe{m}{p;’,qﬁ,wﬁ}. Here when we say that we clean a path,
there are already two searchers guarding at the endpoints (or the neighbor of the endpoints)
of this path and we use 3 extra searchers x,y, z such that z,y move alternately from one end
of the path to the other end to clean the edges of the path. When a searcher, say = arrives
at the connecting point of a forced vertex gadget, we put ¥, z on the false twins of this forced
vertex gadget to clean the edges of this gadget and then after removing y, z, put y ahead of x
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to continue the alternating process if  does not reach the endpoint of this path. Then for each
j € [m], we

e put 5 vertices on NG/(sg).

e put 2 vertices on mid(P" (i, j,p> ")) for h € {1,2}.

e use 3 extra searchers to clean the paths P(sg,p?) for h € {1,2}, the paths P(sg,ar),
P(s],b,), P(s),¢) forr € {1,2,3}, the paths P"(, j, a,), P"(, §,b.), P"(i, 4, ¢;), P"(i, 5, p3 ")
for h € {1,2},r € {1,2,3} successively (including all forced vertex gadgets attached to the
vertices on these paths).

e remove the above 10 searchers that are still on the graph.

At the end of the i-th round, we remove the 6 searchers on Uhe{l 2} {p?, qzh, 7Tlh}
The second phase of the search process consists of 3 rounds. During the r-th round (r €
{1,2,3}), we operate as follows. For each i € [n], we

e put 4 searchers on u’, vi and the connecting point of F"(uf,vi) for h € {1,2}.

e use 2 extra searchers to clean the paths P(a,,ut), P(b,,ul), P(c.,ul), P(ay,v?), P(b,,v%)
and P(c,, ) (including the forced vertex gadgets F"(ul,v!) for h € {1,2} and the edges
between F"(ul,v?) and the paths listed above).

YT
e remove the above 6 searchers that are still on the graph.

This completes the description of the the search strategy.

As a result, the node search number of G’ is at most 25. It follows that the pathwidth of G’
is bounded by 24. O

7.2.5 Completeness of the reduction

For every forced vertex gadget of G’, we choose a vertex from the false twins arbitrarily as a
forced vertex and let the set of all chosen forced vertices be F'. In this section, we show that if
(G,n,x,P) has a solution S, then S’ = S U F is a resolving set of size at most 34nm + 19n for
G’'. Formally, we will prove the following lemma.

Lemma 50. If (G,n,x,P) is a yes-instance, then G' has a resolving set of size at most 34nm +
19n.

To prove the above lemma, we need to show that every pair of distinct vertices of G’ is
resolved by some vertex of S’. First of all, We have the following claim.

Claim 5. Every vertex pair {u’.,v" } in G' for r € {1,2,3},i € [n] is resolved by S’

YT

Proof. Since (G,n, x,P) is a yes-instance, distg(sg, ul') = distgf(sg, ul'), distg(sg, vl = distG/(s{, vt

for 4,4’ € [n],j € [m],r € {1,2,3}, every vertex pair {u, v’} in G’ for 7 € {1,2,3} and i’ € [n]
is resolved by some vertex of S C S’. O

Suppose that V(G') = V1 UVo U ...UV;. Our general method is to show that for each
i € [t], every internal vertex pair of V; is resolved by S’ and every vertex pair of Vi x V;
for each ¢/ < i is resolved by S’. Note that when we mention the vertex pairs of Vj x Vj,
we ignore the vertex pairs with two identical vertices by default as it’s meaningless in our
problem. In the following parts, we give a series of lemmas to show that Lemma 50 is true. Let
U = Uiep Uis 1= Uicppy Wi H = Uiepp His S = Uigpn) Sio L = Uigppy Li and B = U, e 1,03 Bre
Table 7.1 shows the indexes of the corresponding lemmas.

Lemma 51. FEvery pair of distinct vertices x,y € Uie[n],h€{1,2} Ul-h is resolved by S’.
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v nn|S|L|H|R
51 | 87 | 59 | 58 | 60 | 61
94 | 64 | 63| 62 | 65
593 | 67|69 | 70
95 | 66 | 68
92| 71
56

IS ==

Table 7.1: Indexes of the lemmas for the completeness of the reduction.

Proof. First, we show that every pair of distinct vertices z,y € Upeq 2y Ul for i € [n] is resolved
by S’. We fix arbitrary integers i € [n], 7,7’ € [m] and h € {1, 2} such that j' # j.

Suppose that z, x' € P(s Z,pl). For a vertex x € P(s l,pl) let P(SZ x) be the subpath of
P(s ,pz) from sZ to z and |P(s!,z)| = £;. Since dist(f"(i,5',a1),2) = 34 20(n + 1) — £y,
fh(z 4’y a1) resolves every pair {x, 2’} such that £, # £,.

Suppose that x € P(sg,p?) andy € P(s{/,p?) such that j € [m] and j' # j. We define £,, and
¢, in a similar way to that of £, in the second paragraph. dist(f™(i, j,3—h),z) = 10(n+1)+£,
if £, > 1 and dist(f™(4,4,3 — h), ) = 10(n + 1) + 2 if £, = 1. dist(f™4(i,5,3 — h),y) =
min (24 [P35, 5, pl)|/2+ | P!, p} )+ £y, [P35, p)| /24| P(sT o) |+ P(s] )| = £y) =
min (2+30(n+ 1) +£,,50(n + 1) — £,) > 30(n+ 1) > dist(f™(i, j,3 — h), x) and the equalities
hold if and only if x = y = p*. Thus every pair {z,y} is resolved by f™(i,j, 3 — h).

Suppose that = € P(Sg,p?) \ {sg} and y € P(sg,p?_h) \ {sf} We define ¢, and ¢, in a similar
way to that of ¢, in the second paragraph. Then dibt(fh(i,j’,al),:c) =3+20n+1) -4, <
24+20(n+1) and dist(£(, 7/, a1), y) = min (14+|P"(4, j, p>~") |+£y, 34| P(x, e1) [+ P(x3 7" er) |+
|P(s l,pf’ M| —£,) = min (1+20(n+1)+4£,,34+40(n+1) —£,) > 2+20(n+1). We see from the
two equations that dist(f"(i,j,a1),x) # dist(f"(i,4,a1),y) unless £, = £, = 1. We can check
that fh(z 7, pgfh) resolves the pair {z,y} with ¢, = £, = 1. Thus every pair {x,y} is resolved
by fh(i, ' a1) or (i, 5,p}").

Suppose that x € P(s Z,p?) and y € P( ; ,pl ). We define ¢, and 4, in a similar Way to
that of £, in the second paragraph. Then dist(f™*(i,j, h),2) = min (2 + |P"(i, 5, p3~ M2 +
o2 + | PR (i, 5,p37 M) /2 + | P(s],pl)| — €2) = min (2 + 10(n + 1) +£z,2 +30(n +1) — £,) <
2420(n +1). dlst(fm"d(ivj,'h)vy) = min (|P*(i,j,p}")1/2 + | P(s, )] + [ P(s] )] =
Ly, 2+|P (i, 5, p? )|/2+\P(sg/,p?)|+€y) = min (50(n+1)—4,,24+30(n+1)+£,) > 2+30(n+1).
Thus every pair {x,y} is resolved by f™4(i, j, h).

Finally we show that every pair of distinct vertices {z,y} € Upe(1.2) Ul x Unreqi2y U% with
i,i" € [n] and i # i’ is resolved by S’. We fix arbitrary integers i,i'" € [n],j,j" € [m] and h,h' €
{1,2} such that i # 7. Letz € P(sz,pi Jand y € P(s] ,,pz "). We define £, and £, in a similar way
to that of £, in the second paragraph. Then as we show in last paragraph, dist( ™ (i, j, h), x) =
min (2+10(n+1)+€z,2+30(n+1) lz) < 2+420(n+1). dist(f™(i, j, h), s7,) = min, gy 993 (1+
[P, 5.~ )\/2+|P(7T ce)|+ [P(er, 1)) dist(Fm7(, 5, h),y) = min (dist(f"(, j, h), s)) +
0,2 + [P0, 1,5 )1/2 + |P(eh, e0)| + [P(rll )| + [P(s5,p)] = £,) > 1+ 30(n +1) >
dist(f™9(i, j,h),x). Thus every pair {z,y} is resolved by f™%(i,4,h). This completes the
proof for the lemma. O

Lemma 52. FEvery pair of distinct vertices x,y € Uie[n],re{1,2,3} H; . is resolved by S’.
Proof. First we show that every vertex pair of H;, x Hy, such that 7,7 € [n| and r € {1,2,3}
is resolved by S’. We fix arbitrary integers i € [n],j € [m] and r € {1,2,3}.
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Given two distinct vertices x1,zo € P(sj r), we can verify that f (7}, a,) resolves the pair
{z1,22}. Similarly, two distinct vertices wl,mQ € P(s cr) are distinguished by f(7},¢.). Sup-
pose that z € P(s ar) \ {s]} y € P(s! )\{sf} and z € P(s{,c,«) \ {sf} Let P(s{,x),
P(s Z,y) and P(sZ z) be the subpath of P(sg,aT), P(sg,bT) and P(sg,cT) respectively. Let
|P(s], )| = g, |P(sg,y)| =/, and |P(sg,z)| = {,. Similarly, for a vertex 3/ € P(sg,bT), we define
iP(sg,y’)| = {,. Since dist(f"”d(z 3,1),9) =2+ |PL(i, ,p?)|/2 + £, and dist(f™4(i, §,1),9) =
2+|PY(i, 4,p?)|/2+L,, two distinct vertices y, y are distinguished by fm’d(z 4, 1). dist(f(r}, ar), x)
= 2+|P(s], a,)| L. dist(f( ,ar),by) = mingrep (24| P(s] , ar)|+[P(s] , by)]) = 24+20(n+1)+
10+20(n+1)+5. dist(f(r},a,),y) = min (2+|P(s ,ar)|+€y,dist(f(7ri1,ar),br)+|P(sZ,br)]—€y).
For a vertex pair {z,y} such that dist(f(r},a,),y) =2+ \P(sg, ar)| + 4y, obviously the pair is
resolved by f(7},a,). For a vertex pair {z, y} such that dist(f (7}, a,),y) = dist(f(7}, ar), b,) +
|P(sg,b7«)| — by, dist(f(r},ar),y) > 40(n + 1) + 17 > dist(f(r}, a,), ). Thus every pair {z,y}
is resolved by f (77-1 a,). Similarly, every pair {y,z} is resolved by f(n},¢c.). For a vertex pair
{z, 2}, dist(f(n},er),2) =2+ ]P(sg,cr)i — 4, <20(n+ 1) if 2 # ¢, and dist(f(7}, ¢r), c) = 2.
dist(f (), ¢,),2) = min (2 + |P(s]. e0)] + Lo, [P(mbe0)] + |P(xd,ar)| + |P(shap)| — L) > 2+
|P(sg,cr)| > dist(f(n},cr),2). Thus every pair {z,z} is resolved by f(7},c,).

Let i € [n],j" € [m] be integers such that i’ # i or ' # j. Suppose that = € P(s/,a,) \ {a,},
y € P(s; I b))\ {b} and z € P(s‘ +) \ {¢:}. Suppose that 2/ € P(s ,,ar) \ {ar}, v €

P( j,l,b ) \ {b,} and 2’ € P(s ,,CT) \ {¢-}. We define ¢, ¢y, L., £y, £y and £, in a simi-
lar way to that of £, in the second paragraph. For a pair {z,2'}, since dist(f(n},a,),z) =
2+ |P(sl ar)| — ¢ and dist(f(7}, a,), z ) =2+ |P(s ,,ar)] — Ly, f(m},a,) resolves every pair
{w,'} such that |P(s],a,)| — Lx # |P(s7), ay)| — £y Since dist(f(s!,a,),z) = |P(s],a,)| — £,
and dist(f(s},ar),2’) = 2+ |P(s ,,ar)i — Ly, f(sf,ar) resolves every pair {z,z'} such that
iP(sg,ar)] — 4l = |P(si,,a,«)i — £y As a result, every pair {x,2'} is resolved by f(n},a,) or
f(s{,aT). Similarly, every pair {z,2'} is resolved by f(r},c,) or f(sg,cr). For a pair {y,v'},
there are two cases. Case 1: i =4 and j # j'. dist(fmid(i Js 1), y) =2 + |PY(i, 5, p2)|/2 + £y
dist(f™(i, j, 1), ") = min (2+[PY(i, 5, p})|/2+[P(s, br) |+ | P(s bl =y, 1P, 5, p?)| 2+
|PL(#, §', b)) + €y — 1) if 4 # s}, and dist(f™(i, 4, 1), s, ) =2 +30(n+ 1). If a pair {y,y'}
satisfies that dist(f™(i, 4, 1),y') = 2+ |P(i, 4,p?)|/2 + | P(s],b.)| + \P(si,, br)| — £y, obviously
f™(4,4,1) resolves this pair. Thus if a pair {y, 7'} is not resolved by f™<(i, j, 1), then we have
dist(f™(i, §,1),y) = 24+ 10(n + 1) + £, = dist(f™4(i, 4, 1),y') = 30(n+ 1) + £y, ie. by — Ly =
20(n+ 1) —2. For this pair, dist(f™(i',',1),y') =2+ 10(n+1) + £, < dlbt(fmZd( i’ 5, 1), ):
min (2 4+ 10(n + 1) + \P(sg,/,brﬂ + |P(s] ' b)| — Ey,BO(n + 1) + 4,). Thus in this case, every
pair {y,y'} is resolved by f™(i,,1) or fm’d(z 4, 1). Case 2: i # i'. dist(f™(,5,1),y) =
24 [PYi, 4, p])|/2 + by dist(f™(i 5 1), s ) =1+|P,5,09)|/2 + mitye 1,23 ([P(m, ¢)] +
|P(s), c)): dist(f™(i, j, 1), ) = min (24 [PY(i, 5, p})|/2 + | P(s}, br)| + | P(s 5 b = Ly,
dist(fm’d(z g, 1), 8 Sy )—|—€ /). If apair {y,y'} satisfies that dist(f™(i, j, 1), y') = 2+|P(3, 5, p?)|/2+
|P(s],b,)| + |P(s},br)| — £y, obviously f™d(5,5,1) resolves this pair. Thus if a pair {y,y'}
is not resolved by f™(i,5,1), then we have dist(f™4(i,5,1),y) = 2+ 10(n + 1) + £, =
dist(f™4(i, j, 1),y ) = dist(f™4(i,,1), %) + £y, ie. £, — €, = dist(r},s)) — 1. For this
pair, dist(f’md( i’y 1) ) =2+ 10(n + 1) + £y < dist(f™9(7,4/,1),y) = min (2 + 10(n +
1) + |P(s,,b )|+ |P(s],by)| — Ey,dist(fm“l(z J' 1), Z) + ¢,). Thus in this case, every pair
{y,y'} is resolved by fmld(z 4,1) or fmid(i/, j'.1). It follows that every pair {y,y'} is resolved
by f™id(i,5,1) or f™d(i,j/,1). For a pair {z,y'}, there are two cases. Case 1. |P(s!,a,)| >
20(n + 1) + 10 - 1 = mingepy [P(s5, ar)|. Then dist(f(w},a,),y) = min (2 + iP(sg,,,aT)] +
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0y 24200 +1)+10-1420(n+1) +5-1+ 1+ [P(s),b,)| — £,) = dist(f(s},a,),9') and
dist(f(7},a),z) = 2+ |P(sf,a,n)| —l, = dist(f(sg,ar),x) + 2. In this case, {x,y'} is resolved
by f(ﬂzl,ar) or f(sg,ar). Case 2: |P(sg,a7«)\ =20(n + 1) + 10 - 1 = min,cp, |P(s,a,)|. Then
dist(f(s],ar),2) < 20(n + 1) + 10 < dist(f(sg,aT),y’). Thus in this case, {z,y'} is resolved
by f(si,ar). It follows that every pair {z,y'} is resolved by f(n},a,) or f(sg,ar). For a pair
{z,2'}, dist(f ( Jar), ) = 2+ |P(s), ar)| — £x = dist(f (s, a,),z) + 2, and dist(f(n}, a,),2’) =
min (2 + |P(s ,,ar)\ + Cy, |P(n},ar)| + | P(}, e0)| + | P(s ,,cr)\ — 0) < dist(f(s?,a,),2") =
min (24 |P(s ,,ar)| + 0,2+ |P(r},ar)| + |P(r}, ¢)| + | P(s ,,cr)| —L,). It follows that every
pair {x 2’} is resolved by f(w},a,) or f(sj ). For a pair {y, z'}, there are two cases. Case 1:
|P(s ,,cr)\+|P( J,,b )| > 20(n+1)—10n+20(n+1)+5n+1 = mingep) (|P(s5, ¢r)| + [P(s5, br)]).-
Then dlst(f( ¢r),y) = min (2 + |P(s], c,_)\+€y,3+40(n+ )—5n—|—\P( br)| — 4y) =
dist(f(s%), ), ) and dist(f (7}, ¢,),2) = 24 |P(s)), ¢,)| — £ = dist(f(s),¢,),2') + 2. In this
case, {y, 2’} is resolved by f(r},c,) or f(s ,,,cr) Case 2: |P(s ,,cr)] +|P(s j,,b )| = 20(n+ 1) —
10n +20(n + 1) + 5n + 1. Then dist(f (s}, c.),y) > 2 —|—20(n+ 1) — 10n > dist(f(s Z,,CT) 2. Tt

follows that every pair {y, 2’} is resolved by f(r}, CT) or f(s /,cr) This completes the proof to
show that every vertex pair of H;, x Hy , such that i',i € [n] and r € {1, 2, 3} is resolved by S’.

83y €

Next we show that every vertex pair of H;, X Hy ,» such that i,7' € [n], r,7’ € {1,2,3}
and r # 1’ is resolved by S’. We fix arbitrary integers i,i' € [n],j,7" € [m] and r, v € {1,2,3}
such that r # r’. Suppose that r € P(sl,a), y € P(sg,br), z € P(sg,cT), ' e P(sg,/,aw),
y € P(s.,/,b,n/) and 2/ € P(s /,cr 1). We define £, €y, L., £y, £y and £, in a similar way to that
of ¢, in the second paragraph For a vertex pair {z,2'}, there are two cases. Case 1: i = ¢ and
j =j'. Then dist(f(n},a,), )—2+|P(s )| = e, dist(f(}, ar),2’) = min (2+|P(s,,ar)]+
lor, [P}, ar)] + \P(F a)| + |P(s)),ar)] = L), dist(f(#aar)a, z) = |P(s],a,)| = €, when
x # a, and dist(f(s?,a,),a,) = 1. dist(f(s?,a,),2’) = min (|P(s),a,)| + Lw,2 + |P(x}, a,)| +
|P(rd, a.)|+ |P(sz, ay )| —£yr). Thus for the vertex pair {x, 2’} which is not resolved by f(sg, ar),
Le.dist(f(s),ar),2) = dist(f(s7, ar), 2') = 24| P(x}, ar)|+|P(7}, ap) |+ P (5], ap)| — Ly, it satis-
fies that dist(f (7}, ar), z) > dist(f(sg, ar),r) and dist(f (7}, a,),2') < dist(f(sg, ay),z’). Thusin
this case, every pair every pair {x, 2’} is resolved by f(sg, ar) or f(r},a,). Case2: i # z" orj # 7.
dist(f(sg,ar),x) = ]P(sg,ar)\ — {; when = # a, and dist(f(s] ar) ») = 1. dist(f(s],a),2") =
min (2 + |P(sg//,ar)] + by, 2+ |P(r}, ar)| + | P(}, a)| + |P(s’ ,,ar )| = £,). For the vertex pair
{z, 2’} which is not resolved by f(sZ,aT), Le., dist(f(s],a,),z) = dist(f(s g,ar),:n’), it satisfies
that dist(f(r},a),z) > dist(f(s],a,),2) and dist(f(x},a,),2") < dist(f(s],a,),2’). Thus in
this case, every pair every pair {z, 2’} is resolved by f (sg, ar) or f(r},a,). It follows that every
pair {x, 2’} is resolved by f (sf ,a,) or f(m}, a,). For avertex pair {z, 2’}, similarly it is resolved by
f(sg, ¢r) or f(m}, ¢,). For a vertex pair {y,y'}, let {ulr, vir} be the vertex pair resolved by s‘
|P(s],b,)| = 20(n+1)+56,+1. Then dist(f' (ur,vir),y) = 40(n+1)+1—£, = dist(f(u jf,vT ), 1)
when y # 33 We observe that there is a shortest path from f"(uir,vir) (h € {1,2}) to y' which
either goes through one vertex of {a,,c,}, then goes through sl.,/, finally reaches 3’ or goes
through one vertex of {a,, ¢, }, then goes through some vertex sj/l,/ (i" € [n], 5" € [m]), then goes
through b,, finally reaches y’. Thus we get that dist(f*(ulr, v ), N = dist(fQ( i ovin) y') + 1

Uy Uy r?r

Thus every vertex pair {y,y'} such that y # s! is resolved by f!(uir,vir) or f?(ulr,vir). For a
pair {s],y'}, obviously dist(fmid(i 3s1)ss Z) < dzst(f"”d(z 7,1),9"). Tt follows that every vertex
pair {y,y'} is resolved by f!(uir, vir ) f2(uir i ) or f™d(j j.1). For a vertex pair {z,y'},

T‘?T 7"77‘

there are two cases. Case 1: i # i’ or j # j. dist(f(r},a.),2) = 2 + |P(s],a,)] — L.
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dist(f (7, ar),byr) = 2+ mingepn) ([P (s ar)| + |P(s%,b)|). Then dist(f(},a,),y’) = min (2+
(st an)| + £y dist(F(xdar), bye) + [P(s5 by — £y). dist(F(s).ar). ) = |P(s] o)~ £ <
dist(f(r},a,),z) if * # a, and dist(f(s},a,),a;) = 2. dist(f(sg,ar) ") = dist(f (7} aT) y').
Thus in this case, every pair {x,y'} is resolved by f(n}l, ar) or f(s!,a,). Case 2: i =i and
j =4 dist(f(s],a,),¢) = min (|P(s),a,)| + £y, dist(f(x},a),b,) + |P(sh, b)) — £,). It
dist(f(sg,ar),y’) = \P(sf,ar)\ + £y, then {z,y'} is obviously resolved by f(sg,a,«). Otherwise,
for a vertex pair {z,y'} Which is not resolved by f(sg, ar), dist(f(sg, a),x) = dist(f(sz, ay),y') =
dlst(f( ,ar),y') < dist(f(r}, a,), z). Thus in this case, every pair {z,y'} is resolved by f (7}, a,)
or f(s!,a,). It follows that every pair {z,y'} is resolved by f(x}, a,) or f (s?, a,). For a vertex
pair {y,2'}, similarly we can show that every pair {y, 2’} is resolved by f(n},c;) or f(sj Cr)-
For a vertex pair {x,2'}, there are two cases. Case 1: i # ¢ or j # j'. dist(f(n},a,),z) =
2+ |P(s], ay)| — €, > dist(f(s ap), ) if @ # a,. dist(f(n},a,),2') = min 2+ |P(s 7 ar)| +
Cars [P(mi ar) |+ P(m ) [+ P(s U el =), dist(f(s], a,), ') = min (2+|P(s], ay)|+0, 2+
|P(n},ar)| + | P(mc}, )| + | P(s? ,,cr | =€) > dist(f(r} ar) ). Thus in this case, every pair
{x,2'} is resolved by f(m},a,) or f(sz ar). Case 2: { = z and j = 5. dist(f(s),a,),2) =
min (|P(s?,a.)| + 0,2 + |P(x},a0)| + |P(x}, e0)| + |P( /,cr N = L), T dist(f(s),ar),2") =
|P(sg,ar)] + ¢, Then {z,2'} (z # a,) is obviously resolved by f(si,ar). Otherwise, for a
vertex pair {z, 2’} which is not resolved by f(sg,ar), dist(f(7},ar),z) > dist(f(sg,ar),az) =
dist(f(sg,ar),z’) > dist(f(n},a,),2"). Thus every pair {z, 2’} is resolved by f(r} a,) or f(sj )
It follows that every pair {z,2'} is resolved by f(r},a,) or f(s!,a,). This completes the proof
for the lemma. O

Lemma 53. FEvery pair of distinct vertices x,y € Uie[n],he{1,2} Sh is resolved by S'.

Proof. Let z € P(rla,) for arbitrary integers i € [n],h € {1,2},r € {1,2,3}. Let 2/ €
P(rl/ a,) for arbitrary integers i’ € [n],h’ € {1,2}. We fix an arbitrary integer j € [m)].
Let P(z,a,) be the subpath of P(x!, a,) and £, = |P(z,a,)|. Let P(z',a,) be the subpath
of P(nl/ a,) and ¢,y = |P(2/,a,)|. For a vertex pair {x,z'}, dist(f(sg,ar),x) =2+ /, and
dist(f(sg,ar),x’) = 2+ {,. Then every vertex pair {z,z'} such that ¢, # ¢,/ is resolved by
f(s{,ar). Since dist(f(7!, a,),r) = £, if z # a, and dist(f(wzh,ar),:n’) =2+ Ly ifi # i or
h # R, every vertex pair {z,z'} such that £, = £,/ is resolved by f(n%, a,). It follows that every
vertex pair {z, 7'} is resolved by f(n?, a,) or f (3 ). Let y € P(rh, ¢,) for arbitrary integers
i € [n],h € {1,2},r € {1,2,3}. Let ¢/ € P(r ¢,) for arbitrary integers i’ € [n],h’ € {1,2}.
Similarly, we can show that every vertex pair {y,y'} is resolved by f(x?, ¢c.) or f (sf L Cr)-

Let 21 € P(r], a,) for arbitrary integers i € [n], h € {1,2},7 € {1,2,3}. Let 23 € P(n}}, a,)
for arbitrary integers i’ € [n],h/ € {1,2},7 € {1,2,3}. We fix an arbitrary integer j € [m)].
We define /;, and £, in a similar way to that of £, in the first paragraph. For a vertex pair
{z1, 22} such that r # o', dist(f(s], ar), x1) = 2+ £z, and dist(f(s, a,),22) =2+ \P(nl )|+
|P(nl a)| — lyy = 2+ 20(n + ) — Ay > dlst(f(s ar),x1) unless 1 = 7P 2y = 7l and
T # 71'2@/. The vertex pair {ﬂ'z, o "1 is obviously resolved by f”(i,j,a,). Thus every vertex
pair {z1,z2} such that r # r’ is resolved by f(si,ar) or f(i,j,a,). Let y1 € P(nl ¢,) for
arbitrary integers i € [n],h € {1,2},r € {1,2,3}. Let y2 € P(rl c.) for arbitrary integers
i" € [n],h € {1,2},r" € {1,2,3} such that r # r’. We define ¢,, and ¢,, in a similar way to
that of £, in last paragraph. Similarly, we can show that every vertex pair {y1,y2} such that
r#ris resolved by f(sl ) or fR(i, 4, aT) For a pair {1, y2}, dist(f(s],ar),z1) = 2—1—&61 and
dist(f (s, ar),y2) = 2+\P(7T, ,ar)|+|P( e =Ly, = 2+20(n+1) by, > dist(f(s,ar),z1)
unless x; = 7rzh,y2 = 7r’3 and 7r #* 7r,. The vertex pair {7}, = } is obviously resolved by

(2 ’L
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f"(i, j,ar). Thus every vertex pair {1,y } is resolved by f(sg, a,) or (i, 4,a,). This completes
the proof for the lemma. O

Lemma 54. Every pair of distinct vertices x,y € Uie[n],he{1,2},je[m] ref1,2,3} ", §, ) is resolved
by S’

Proof. Let x1, 12 € P"(i, j,a,) be two distinct vertices for arbitrary integers i € [n],7 € [m],h €
{1,2},r € {1,2,3}. Let j/ € [m] be an integer such that j # j. Obviously the pair {z1,z2}
is resolved by f(i,5',a,). Similarly, the vertex pair {y1,2} for two distinct vertices 1,12 €
P"(i,4,b,), the vertex pair {z1, 22} for two distinct vertices 21, 20 € P"(4,4,¢,), and the vertex
pair {wy,wy} for two distinct vertices wy, wy € Ph(i,j,pg’_h) are resolved by f"(i, 5, a,).

Let = € P"(i,j,a,),y € P"(i,4,b,),z € P"(i,7,¢.) and w € Ph(i,j,pf’_h) for arbitrary in-
tegers i € [n],j € [m],h € {1,2},r € {1,2,3}. Let o/ € P (i, ,am),y € PV (7,5 bn),2 €
PY(i',§ ¢) and w' € Ph/(i’,j’,pf’,_h,) for arbitrary integers i’ € [n],j" € [m],h' € {1,2},7" €
{1,2,3}. We define £, = dist(x, 7). In a similar way, we define Ly, 0o by Lyt by U by For
a pair {z, y}, dist(f(i, j, ¢;), x) = 2+€, and dist(f" (i, j, ¢, ), y) = 2+€,. Thus (i, 4, ¢,) resolves
every pair {z, y} such that ¢, # £,. Since dist(f"(4, j, a,),z) = €, if v # 71, dist(f"(i, j, ar), ™) =
2 and dist(f"(i,4,¢.),y) = 2 + £y, f"(i,j,a,) resolves every pair {z,y} such that £, = £,.
Thus every pair {z,y} is resolved by f"(i,j,a,) or f*(i,j,c;). In a similar way, we can
show that two distinct vertices from Ujepm)ref1,2,3) 11"(i,§,r) are distinguished by S’. For
a pair {z,y'} with i = ¢’ and h # K, dist(f"(i,j,c;),2) = 2 + €, < dist(f"(i,5,¢.),9) =
min (2+|P(7, a,)| +|P(rl a)| + Ly, 2+ |P(rl (i, 5, b)) |+ |P (7l (3, §, bp)| — £yr). Thus every
pair {z,y'} with ¢ = 4’ and h # b/ is resolved by f"(i,j,c,). Similarly we can show that every
vertex pair of Ujepnreqi 23y (0 5,7) X Ujepnyreqiogy I°"(i,4,7) is resolved by S’. For a
pair {z,y'} with i # ¢, dist(f"(i,4,¢,),x) = 2+ £,. dist(f"(4,7, cr),sg,/) = mingeg231(2 +
P(el,ca)l + [P(shca)l). Thus dist(f"(G,j,er)yy/) = min 2+ |P(al, )] + |P(rl o) +
Oy, dist(f2(i, 4, ), 85 )+ 14| PP (i, §, b )| —£y). We get dist(f(i, j, ¢r), ) < dist(f(i, 5, ¢r), o)
unless £, = 20(n+1) and £,y = 0. If £, = 20(n+1) and £, = 0, dist(f"(i, 4, a,),y') = 2+20(n+
1) > dist(f"(i, 4, a,), z) = 20(n+1). Thus every pair {z,y'} with i # i is resolved by f"(i, j, ¢,)
or f"(i,j,a,). Similarly we can show that every vertex pair of Uje[m},re{l,Q,S} "(i, j,r) x
Uj’e[m],r’e{1,2,3} I (¢, 5',r') with i # i’ is resolved by S’. This completes the proof for the
lemma. O

Lemma 55. FEvery pair of distinct vertices x,y € Uie[n],he{l,z} L? is resolved by S’.

Proof. First we show that every vertex pair of L? x L is resolved by S’ for i € [n],h € {1,2}. We
fix arbitrary integers i € [n],j € [m] and h € {1,2}. For a vertex = € P(g?, mid(P3~"(i, j, pl*))),
let P(gl,x) be the subpath of P(g?, mid(P3~"(i,j,p}))) from ¢/ to z and let |P(q}, z)| = £,.
For two distinct vertices x1,79 € P(ql, mid(P3~"(i,j,p}))), dist(f™4(i,5,3 — h),z1) = 1 +
|P(q, mid(P3~"(i, 5,p"))| — £z, = 30(n + 1) — £, and dist(f™%(i, 5,3 — h),2) = 30(n + 1) —
lr,. Thus f™4(j j, 3 — h) resolves every pair {z1,72}. Let z € P(q¢!, mid(P3"(i,j,p?))) and
2’ € P(gl, mid(P3>"(i,5',pl))) with some integer j' # j. dist(f"(i,4,a1),r) = 3 + £, and
dist(f"(i,,a1),2") = 3+£y. Thus f(i,7,a1) resolves every pair {z,z'} such that ¢, # £,/. For
a pair {x, 2’} such that £, = €./, dist(f™(i, j,3 — h),z) = 30(n+ 1) — £, and dist(f™(i, 5,3 —
h),a’) = min (1+ [P(gh mid(P3(i, . pP)] + L1+ P33, g /2 + [PP=RGi, 77, pl) /2 +
|P(q, mid(P3~"(i, 5, pl)))| = €r) = min (30(n+1)+ L., 50(n+1)—€,). Thus dist(f™4(i, j,3—
h),z) # dist(f™%(i, 5,3 — h),2’) and f™%(i,§,3 — h) resolves this pair. It follows that every
pair {z, 2’} is resolved by f™(i,5,3 — h) or f"(i,7,a1).

Next we show that every vertex pair of L x L " is resolved by S’ for i € [n], h € {1,2}. We
fix arbitrary integers i € [n],j € [m] and h € {1,2}. Let € P(gl, mid(P3~"(i,,p?))) and y €
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P(g b mid(P"(i, j, P ™))). We define £, and £, in a similar way to that of £, in last paragraph.
For a pair {m y}, dist(f™4(i, §,3—h),z) = 30(n+1)— E and dist(fmid(i J,3—h),y) = min (2+
PG, o) /2+ 6y, 3+ [P (G, o) /2+ | PRG35 /2 -+ | P(g3, mid (PR, , p2))] —
¢y). For a pair {z,y} which is not resolved by f™d(4, 4,3 — h), there are two cases. Case 1:
dist(f™4(i, 5,3 — h),y) = 2+ |P>"(i,4,p")|/2 + £, = 2+ 10(n + 1) + £, < 2+ 50(n + 1) — £,
when £, < 20(n + 1). We have dist(f™¥(i,§,3 — h),x) = 30(n + 1) — £, = dist(f™4(4,5,3 —
h),y) = 2+ 10(n + 1) + £y, i.e. by + £, = 20(n + 1) — 2. Case 2: dist(f™(i, 5,3 — h),y) =
2+ 50(n + 1) — £, when £, > 20(n + 1). We have dist(f™4(i,5,3 — h),z) = 30(n + 1) — £, =
dist(f™4(i, 5,3 —h),y) = 2+50(n+1) — £y, i.e. £y — L, =20(n+1)+2. dist(f3"(i,4,a1),y) =
3+ 4, dist(f3"(i,j,a1),2) = 3+ |P(x} " a1)| + |P(nl, a1)| + £; when £, < 10(n + 1) and
dist(f37"(i,4,a1),z) = 2+ | P37 (i, 5,p)|/2+ | P (g, mid(P3~"(i, j, p)))| — £z when £, > 10(n+
1). For a pair {z,y} which is not resolved by f3~"(i,j,a1), there are two cases. Case 1:
dist(f37"(i, j,a1),y) = dist(f37"(i, 4,a1), z) when £, < 10(n + 1), i.e. £, — €y, =3 +20(n + 1).
Case 2: dist(f37"(i,4,a1),y) = dist(f>7"(i,4,a1), ) when £, > 10(n + 1), ie. £, + £, =
40(n 4+ 1) — 2. Thus we see that if a pair {z,y} is not resolved by f™9(i,j, 3 — h), then it is
resolved by f37"(i,j,a1). Tt follows that every pair {x,y} is resolved by f™(i,j, 3 — h) and
371G, j,a1). Let 2’ € P(ql, mid(P3~"(i, i, p))) with some integer 5’ € [m] and j’ # j. Then
dist(f™4(i, 5',3—h),z") = 30(n+1) — £y and dist(f™4(,5',3—h),y) = 2+| P33, 5, p)| /2 +
l, =2+ 10(n+ 1) + £,. For a pair {z’,y} which is not resolved by f™(i, j',3 — h), it satisfies
that 30(n+ 1) — 0y =2+ 10(n + 1) + 4y, ie. by + 4, = 20(n + 1) — 2. Similar to vertex z,
for vertex «/, dist(f37"(i,j,a1),2') = 3 + ]P( 571 ay)| + | P(n, a1)| 4 £y when £ < 10(n + 1)
and dist(f37"(i,j,a1),2") = 2 + |P3"(i, 4 pz)|/2 + \P(qz,m1d(P3 ", 5", pM))| — € when
ly > 10(n + 1). Thus for a pair {z’,y} which is not resolved by f37"(i,j,a1), there are two
cases. Case 1. dist(f37"(i,4,a1),y) = dist(f37"(4, 4, a1),2’) when £y < 10(n+1), i.e. £y — by =
34 20(n 4 1). Case 2: dist(f37"(i,4,a1),y) = dist(f3~"(4,7,a1),2’) when £, > 10(n + 1), i.e.
ly+0y = 40(n+1)—2. Thus we see that if a pair {2, y} is not resolved by (4, 5',3—h), then
it is resolved by f37"(i,4,a1). It follows that every pair {a’,y} is resolved by f™(i,j’,3 — h)
and f37"(i, 4, a1).

Finally we show that every vertex pair of L? x L?,’ is resolved by S’ for i,i’ € [n],h,h' € {1,2}
and ¢ # ¢'. We fix arbitrary integers i, € [n], jj € [m],h,h € {1 2} such that i # @'
Let * € P(q!, mid(P3"(i,7,pl"))) and y € P(qz, , mid(P3~ Wi g pZ ))) We define £, and
¢y in a similar way to that of £, in the first paragraph. For a pair {z, y}, dist(f"”d(z 7,3 —
h),x) =30(n+1) — £, and dist(f™%(,§,3—h),y) = min (2+\P3*h(i 3o /24 |P(r} a1)|—|—
|P(x " an)| + £y, 1+ !P3_h(i7j7p§”)!/2 + [P(rd " )| + [Py a)| + [P35 ol )| +
|P(ql/ ,mid(P3=P (i, 5", pi )| — £y) > 1+ 30(n + 1) > dist(f™(i, 5,3 — h),x). It follows that
every pair {z,y} is resolved by f™(i,j, 3 — h). This completes the proof for the lemma. O

Lemma 56. Every pair of distinct vertices x,y € Ur€{1,2,3} R, is resolved by S'.

Proof. Let’s fix an arbitrary integer r € {1, 2, 3}.

First, we show that every pair of distinct vertices of Uze[n]( (ar,ul) U P(a,,vt)) is resolved

by S'. Let’s fix an arbitrary integer i € [n]. Let x, € P(a,,ut). Let P(a,,,) be the subpath of
P(a,,ut) from a, to z, and let £,, = |P(a,,x,)|. Since dist(f(r1,a,),2zs) = 2+ £, , obviously
two distinct vertices of P(a,, ul) are distinguished by f (71, a,). Let 2, € P(a,,v%). Let P(a,,x,)
be the subpath of P(a,,v) from a, to x, and let £,, = |P(a,,z,)|. Since dist(f(ni,a,),x,) =
2 + £, obviously two distinct vertices of P(a,, ) are distinguished by f(7i,a,). For the pair
{2y, vy}, if Ly, # L, then it is resolved by f(m},a,). Otherwise, if £,, = {,, < |P(a,,ul)|,
then dist(f! (ur,vr) 1y) = 14 |P(ay, ul)| — by, < dist(f1(ul,vl),z,) =2+ |P(ay,vl)| — Ly, By
Claim 5, the vertex pair {u vi} is resolved by S’. Thus every pair {z,, ,} is resolved by S’.
Let 2/, € P(a,,u’) and 2!, € P(a,,v") for some integer i’ € [n] such that i’ # i. We define
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g andly in a similar way to that of Exu and /. For a pair {x,, 2]}, dist(f(ul,vl),z,) =

YT

1+ |P(ar, 7n)| — Ly, < dist(f1(ul,vl),2!) = 1+ |P(ay,ul)| + £ . Thus every pair {z,,z}} is

Uy Uy

resolved by f1(ul,v?). Similarly, we can show that every pair {xu, zl}, {zy,x)} is resolved by
fl(ur7v7’)

Then we show that every pair of distinct vertices of Uze[n (P(cp,ul) U P(cp,vt)) is resolved
by S’. Let’s fix arbltrary 1ntegers i,i’ € [n] such that i # i’. Let 2, € P(cy,ul), 2, € P(c,vl),
zl € P(cy,ul) and 2, € P(c,,v!). We define £, £, , . and £ in a similar way to that of £,
and £,, in last paragraph. Since dist(f(ni,¢.), z4) = 2+ €., 0bv10usly two distinct vertices of
P(cy,ul) are distinguished by f(m},¢,). Since dist(f(71,c,), 2p) = 2 + £s,, two distinct vertices
of P(c,,vl) are distinguished by f(7i,c,). For a pair {z,, zv} if ¢,, # (., , then it is resolved by
f(wl,cr) Otherwise, if £,, = {,, < |P(c.,ul)|, then dist(f!(ul,vl), 2,) = 14 |P(cp,ul)| — £, <
dist(f1(ul,vi), 2,) = 2 + |P(cr, vi)| — £,,. Thus every pair {zy,2,} is resolved by S'. For
a pair {zy,2,}, if L., # L, then it is resolved by f(w{,¢,). Otherwise if £,, = £/, then
dist(f* (ur, v7), 2,) = min (1+|P(er, i)Hﬁz;“1+\P(amUf?)|+\P(araUi/)\+|P(Cr7uil)!—€z;—2)
if [P(ep,ul )| = Lo, > 2. dist(f(ul,01), 24) = 14 [Plap, ul)| + [Plar,ul)| + [Plep, ul )| = Ly, if

YT

|P(cr,ull )| = £y < 2. If dist(f1(ul, vi), 2) = 1+ |Pley,ul)| + Lo, then {zy, 20} is resolved by
£t o). Otherwise, i dis(f{ut ).24) = 1+ |Plar up)] + [Plar,uf)] + Pler, )| -
suppose that there is a pair {z,, z/,} which is not resolved by f!(u’,v’). We get that 1 = 2(n+ 1)
a contradiction. If dist(f'(u’,v?), 2) = 14+|P(a,, T)|+|P(ar, ul)|+|P(cp, ul )| =1 2 —2, suppose
that there is a pair {z,, 2/,} which is not resolved by f!(u? T, T) We get that 20i = 40(n+ 1) -2,
a contradiction. Thus every pair {z,, z/,} is resolved by f! ( Uy, vl) or f(7i,c,). Similarly, we can

show that every pair {z,, 2/} and {z,, 2/} is resolved by f!(u’,v!) or f(ni,c;).

Next we show that every pair of distinct vertices of (J;ep,) (P (br, ul) U P(by,v%)) is resolved
by S’. Let’s fix an arbitrary integer 4,i’ € [n] such that i’ # i Let vy, € P(b,,ul), y, € P(by,v}),
yl, € P(by,ul) and y!, € P(b.,v)). We define £,,, £,,, Ly and £y in a 51m11ar way to that
of ¢, and ¢, in the second paragraph. Since (G,n,x,P) is a YES-instance, by Claim 5, the
pair {ul,v.} is resolved by some vertex of S, say s7. Since dist(s n,yu) |P(s7,br)| + 4y, =
20(n —|— 1) + 5i + 1 + £,,, every vertex pair of P(b,ul) is resolved by sp. Since dist(s 77,yv) =
|P(s7,br)| + £y, = 20(n + 1) + 5i + 1 + £y, every vertex pair of P(b, vT) is resolved by s7. For
a pair {yu,yv}, if £y, # Ly,, then it is resolved by s7. For a pair {yu,y,} such that Eyu = {y,,
st ( (w5 01), 1) = 2+ [P )] = by, = 142000 + 1) = 5i = £, > dist(f a0 ) =
2+|P(by,v2)|— £, =20(n+1)—5i—~,,. Thus every pair {yu,yv} is resolved by s7 or f!(ul,v?).
For a pair {yu, y,,} such that y, # b, and yl, # by, dist(fL(ul,0l), ) = 14+20(n+1) —5i— £, <
20(n + 1) — 57. dist(f (i, 01),5,,) = min (2 -+ | P(be, 01)| + g 1+ | Plag, )] + [Plar,uf )| +
|P(by,ul)| — Ly ) > 20(n + 1) — 5i. Thus every pair {yu,y,} such that y, # by and y, # b, is
resolved by f! ( ul,vl). Similarly, every pair {y,,v,} and {y,, .} is resolved by f!(ut,vt).

Then we show that every pair of distinct vertices of R, is resolved by S’. Let’s fix arbitrary
integers i,7 € [n] such that ¢/ # i. Let z, € P(ar, ul),z, € P(aT, vi), Yu € P(br,u,',) Yo €
P(b.,v%), 2, € P(CT, ul) and z, € P(cy,vl). Let 2, € P(ap,ul), 2!, € P(a,,v?),y, € P(b.,ul),
y, € P(by,vl), 2. € P(c,ul) and 2/, € P(c,,v!). We define &cu,ﬁxv,Eyu,fyv,ﬁzu,ﬁzv,ﬂxl At Ly
by L and £, in a similar way to that of ¢;, and {;, in the second paragraph. For a pair
{wuayu} dlSt( (1, ar), @) = 2+ by, < dist(f(7],ar),90) = 2+ |Plar,up)| + [P(br,u;)| —
ly.. Thus every pair {zy,y,} is resolved by f(mi,a,). Similarly, every pair {zy, v}, {Zv, s}
and {z,,y,} are resolved by f(wl,ar) For a pair {2y, 2.}, dist(f (1, ar),20) = 2 + Ly,
di((r} 0,). ) = min (2 |Plars )|+ [Pler )] = e, = 2 Plalan) + PO )]+ )
if [P(cr,up)| — £z, > 2. dls‘E(f(”lv“T) z) = 2+ |P(ay, u, "i‘ ’P(Cra ul)| = £z, if |P(er,ul)| —
(., < 2. It follows that dist(f(7}, ar),zu) = 2 + €y, < dist(f(n],a,),2,). Thus every pair
{xy, 2.} is resolved by f(mi,a,). Similarly, every pair {zu, 2y}, {Zv, 20} and {zy, 2,} are re-
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solved by f(ﬂl,ar) For a pair {yy, 2.}, dist(f(7},e),20) = 2+ £, dist(f(7l,e0),b) =
min e ) (|P(cr, s7)| + |P(sl, ) = 35n + 41, dist(f(7},¢),yu) = min (2 + |[P(cp,ul)| +
|P(by,ul)|— Eyu,dl t(f(ml, c),br)+4y,) > dist(f(7, ), 24). Thus every pair {yu, 2, } is resolved
by f(ri,a,). Slmllarly, every pair {yu, zv }, {Yv, 20} and {yy, 24 } are resolved by f(xi,c.). Fora
pair {xu,yu} dist(f(ul,vl), ) = 1+ |P(ay, ul)| — Ea;u if 2, # vl and dist(f!(ul, i), ul) = 2.
dist (£ (k)41 = i (1 + |Plars ] + Plars )] + [Py )] = £y, 2 + |Plor, )] +
Cy) > dist(f1(ul,v}),2,). Thus every pair {z,,y,} is resolved by f!(ul v t). Similarly, ev-

ery pair {xy,y.}, {zv,vh}, {Tv,¥l}, {Tu, u} {xy, 2L}, {zv, 2} and {x,, 2]} are resolved by
fl(ur,vr) For a pair {yu, 2.}, dist(f*(ul,v%),yu) = 2 + |P(by,ul)| — £y, if yu # b, and
At (P 08),0) = 1 [P ] i o = by dist(r (k) 240 = i (1 + [Par, )] +
Plar 1P =2 P ) ) 1P e > 2 it 00,5 =
min (1+!P(amuf~)\+\P(am }/)\HP(CT’U?Z)! L1+ Pler, u)| 4 L) i | Pleyul)| Ly < 2.
It follows that dist(f (ul,vl),2) > 20(n + 1) > dlst(f (ul,vl),ys). Thus every pair {yu, 21}
is resolved by f!(ul,v?). Similarly, every pair {yu, 2.}, {yv, 2.} and {y,, 2.} are resolved by

fL(ul,vl). As a result, every pair of distinct vertices of R, is resolved by S'.

Finally, we show that every vertex pair of R, x R,» with ' € {1,2,3} and 7’ # r is resolved
by S’. Let’s fix arbitrary integers i,i' € [n] and ' € {1,2,3} such that v’ # r. Let z, €
P(ay,ut),x, € Pla,,vl),yy € P(b.,ul),y, € P(b,,,v,;) 2y € P(cr, ul) and z, € P(c,,vt). Let
al, € Plag,uby), 2l € Play,vl),yl, € P(by,ul),yl, € P(by,vb),zl, € P(cy,ub)) and 2, €
P(cr,v%). We define €y, by, Ly s Oy s Cos layy bt Lyt Ly Ly £ and £ in a similar way to that
of £, and £, in the second paragraph. For a pair {a:u, xl, }, dist(f (sl,ar) Ty) = 244y, < 20(n+

1) < dist(f(s},ar),2),) = 2+ |P(7i, a,)| +|P(ni, ap) |+ £y . Thus every pair {z,, )} is resolved
by f(si,a,). Similarly, every pair {z,,z}}, {2y, z}} and {xv, x} are resolved by f(si,a,). For a
pair {zy, 2.}, dist(f(s1, a,), zy) = 24+L,, < 20(n+1). dlst(f(sl,ar) zl,) = min (2+|P(7T1,ar)|—i—
[P}, o)+ 2+ Pt ) PO ) P )= 2+ P )| =) Pl )~
Oy > 2. dlbt(f(sl,ar) 2!) = min (2+|P(7r1,ar)|—|-|P(7r1,cT )RR %3 2+|P(7T1,a,~)|+]P(7rl,ar )|+
|P(ar b)) || P ey, ull) | — o ) if |[P(cpr,u U~ < 2. Tt follows that dist(f(s], a,), 2,) > 20(n+
1). Thus every pair {z,, 2, } is resolved by f (31, a,). Similarly, every pair {xy, 2, }, {zv, 2,,} and
{xy, 2]} are resolved by f(s{,a,). For a pair {z,y, } such that y}, # b/, dist(f (7], a,), ) = 2+
Ly < 2000-+1). dist(7 (. 0,).b) = 2-ming gy (P57, ) P51 b)) dist(F (e a0), 1) =
wmin (dist(f(r,ar), b )+Lar, |P(rd, an)|+ [ POrL, )|+ [P(agr, )| 1P (b, ulh) — ) > 20(n-+
1). Thus every pair {xu, yl,} such that y!, # b, is resolved by f(7},a,). Similarly, every pair
{zy,y)} such that y!, # b, every pair {xv,yv} and {z,,y.} are resolved by f(ri,a,). For
a pair {y,,y,} such that y, # b., dist(fl(ui,vl),y,) = 2 + \P(br,u;ﬁ)\ by, < 20(n + 1).
dist(f* (up, vp), byr) = min (2 + [P(by, vp)] + minjepm (| P(s s1:b0)| + | P(s1, b)), L+ | Plar, v})| +
i (P( s ar) | + [P(s] b)) dist(f(u, o), 91) = min (dist(f (1), By) + 1
|Par,vp)| + [P(n},ar)| + [P(xf, ap)| + | P(ay, ul))| + 1P( by, uls)| = by,) > 20(n + 1). Thus
every pair {y,,,} such that y, # b, is resolved by f!(ul,vl). Similarly, every pair {yu, ), }

YT

such that y, # by, every pair {yo, 9’} and {y,,y.} are resolved by fl(ul,vl). For a pair
{y'm u} dlSt fl( r7 r) yu) < 20(n+1) dlSt(f (umvr) Z )_mln (1+‘P(a’7'7 r)‘—i_’P(WLa'f')’—i_
|P(i,cr)| + Ly, 1+ | Plar, r)|+|P(7T%aar)|+\P(7T17ar)!+|P(ar )|+ 1P (e ug )| =Ly, = 2)

Pl )| 6, > 2 () ) = min (1 [Pl [P(etap)| + [Pk )] +

2o LHP(ar ) [FP (0 +P (s a0 P e )P ) =) [Pl )| Ly <
2. It follows that dist(f!(ul,vl),2,) > 30(n + 1). Thus every pair {yu, z,} is resolved by
fL(ul,vl). Similarly, every pair {y., 2.}, {yv, 2.} and {y,, 2.} are resolved by fL(ut,vl). For a
pair {z,, 2/}, dist(f* (ur,fur) zy) = 14 |P(ey,ul)| — £y, if 2z, # ul and dist(f!(ul,vl),2,) = 2
if z, = ul. Thus dist(f!(ul,v}), 2z4) < 30(n + 1) < dist(f* (ur,vr),z;) and every pair {z,, 2.}

is resolved by fl(ul,v!). Similarly, every pair {zy, 2.}, {2, 25} and {z,, 2.} are resolved by

97



f(ui,vi). As a result, every vertex pair of R, x R, with v’ € {1,2,3} and ' # r is resolved by
S’. This completes the proof for the lemma. O

Lemma 57. Every pair {z,y} € U;ep) Ui X Ujepy Il is resolved by S".

Proof. First, we show that every pair {z,y} € U} x Uje[m],re{1,2,3} 1", §,r) for i € [n],h €
{1,2} is resolved by S’. We fix arbitrary integers i € [n],j,j" € [m], h € {1,2} and r € {1,2,3}.
Suppose that x € P(sg,p?) and y € P"(i,§',a,). For a vertex x € P(sg,p?), let P(x,pzh) be the
subpath of P(s{,p?) from z to p? and |P(x,pl)| = €. For a vertex y € P"(i, 5, a,), let P(y, 7}
be the subpath of P"(i, j',a,) from y to 7" and | P(y, 7)| = £,. Let j* € [m] be an integer such
that j* # j and j* # j'. Then dist(f"(i,*, a,), ) = 3 + £, and dist(f"(i, j*, ar),y) = 2 + £,
Thus every pair {z,y} is resolved by f"(i,j* a,) unless ¢, — £, = 1. For the pair {z,y}
such that £, — £, = 1, there are two cases. Case 1. j = j’. Since dist(f"(i,5’,a,),2) =
3+ 4, if x 75 sj dlSt(fh(’L j'yar),s Z) = 20(n + 1) + 1 and dist(f"(i,5', a,),y) = €, if y # 7P,
dist (" (i, 5', ar) 7)) = 2, every pair {z,y} such that ¢, — £, = 1 is resolved by fh(i,j’,ar).
Case 2: j 75 §'. Since dist(f(i,5,a,),z) = 3 + Ly, dist(f"(i,j',a,),y) = £, if y # 7 and
dist(f"(i, 5, a,), 7l") = 2, every pair {x,y} such that £, — ¢, = 1 is resolved by f(i,j’, a,).
It follows that every pair {x,y} is resolved by fh(z j* ar) or f(i, 7', ar) Similarly, we can
show that every vertex pair of P(s l,pz) x Ph(i,§',b), P(s],pl) x Ph(z j',¢r) and P(s Z,pl)
P, j',p3~") are resolved by S'.

Next we show that every pair {z,y} € UP x Ujepnire1,2,3) 113="(i,4,7) for i € [n], h € {1,2}
is resolved by S’. We fix arbitrary integers ¢ € [n],j,5" € [m], h € {1,2} and r € {1,2,3}.
Suppose that x € P(sf,pi‘)\{si} and y € P37"(i, 5, a,). We define £, and £, in a similar way to
that of £, in the first paragraph There are two cases. Case 1: j = 5. dist(f>~"(i, 5, a,),y) =
b, if y # wb dist(f"(i, 5, ar),70) = 2. dist(f37"(i,5,a,),2) = min (|P>7"(i, j,a,)| + 1 +
| P(s i’pz)’ le; 3+ P( ? hacr)“"’P(Cm )| 4+4y) = min (40(n+1)+1—0;, 20(n+1)+3+4;) >
20(n + 1) + 1 > dist(f37"(i,5',a,),y). Thus in this case, every pair {z,y} is resolved by
371G, 5, a,). Case2: j # j. dlst(f3 h(z ] ar),y) = b, if y # 7, dlSt(fh(Z i’ ar), 7)) = 2.
st (20 a7). ) = i (34 [P(57 8| 1L ) = o34 [P )] | Pler, )|+
l;) = min (40(n + 1) +3 — £;,20(n +1) +3 +£,) > 20(n + 1) + 3 > dlst(f3 hi, 5, ar),y).
Thus in this case, every pair {x,y} is resolved by f37"(i,j' a,). It follows that every pa1r
{x,y} is resolved by f37"(i, 5, a,). Slmllarly, we can show that every vertex pair of P(s!,p} ) x
P31 (i, 4 b,), P(s?,p?) x P37"(i,5,¢.) and P(s Z,pl) x P37 (i, j/, pl) are resolved by S’

Finally we show that every pair {z,y} € Ul x Ujepmlre(1,2,3) Hh/(",j, r) for i,7' € [n],h,h' €
{1,2} such that i # 4 is resolved by S’. We fix arbitrary integers i,7' € [n],j,7" € [m],
h,h' € {1,2} and r € {1, 2,3} such that ¢ # i’. Suppose that z € P(s Z,pl)andy € Ph( i’ 5 ar).
We define ¢, and ¢, in a similar way to that of £, in the first paragraph. Let j* € [m] be
an integer such that j # j'. Then dist(f (7', 5%, ar),y) = 2 + £, dist(f" (i, j* ar),sf) =
min,. e{123}(2+|P( e+ P(s], e )\) dlst(fh/( 7,5, ar), @) = min (dist(f" (7, j*, ar), s]) +
|P(s], 7| — £y, 3+ |P (7l ,cr)|+|P( cr)\ +0,) > 2420(n+1) > dist(f" (¢, 7*, a,),y). Thus
every pair {z,y} is resolved by (i, 4*, a,). Similarly, we can show that every vertex pair of
P(s!,ph) ><Ph( i, 5 by), P(s],plt) x Ph( i',j',¢,) and P(s Z,pl) x PN (i, 4 pZ ") are resolved
by f"(#',7* a,). This completes the proof for the lemma. O

Lemma 58. Every pair {z,y} € U,epn Ui X Uiy Li is resolved by S
Proof. First, we show that every pair {z,y} € P(s?,p?) x P(ql, mid(P3~"(i, j, ph))) for i €

[n],j € [m] and h € {1,2} is resolved by S’. We fix arbitrary integers i € [n],j € [m] and
h € {1,2}. Suppose that x € P(s},pl) and y € P(q¢l, mid(P37"(i,j,pl))). For a vertex
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T € P(sf,p?), let P(x,pl') be the subpath of P(sf,p?) from z to p and |P(z,p?)| = ¢,. For a
vertex y € P(q?,mid(P:s_h(i,j,p?))), let P(y,q?) be the subpath of P(ql, mid(P3~"(i, j, p})))
from y to ¢ and |P(y, ¢)| = £,. Then dist(f"(i,j,a1),x) = 3+ €. dist(f"(i,j,a1),y) = 3—1—6
Thus every pair {z,y} is resolved by f"(i, j,a1) unless £, = ¢,. Suppose that S’ N X; = {s }
For the pair {x y} such that £, = ¢, there are two cases. Case 1: j* = j. Then dist(s] ,z) =
| P(s i’pi)| — Ly = 20(n+1) ly. dist(s] ,y) = min (|P(s iapi)|+2+€y71+ [P~ h(la]upi)’/2+
|P(q, mid(P3~"(i, 4,p)))| — £,) = min (20(n + 1) + 2 + £,,40(n + 1) — ) #20(n+ 1) — £,.
Thus 1n this case every pair {w y} such that ly = {, is resolved by s . Case 2: j* # j.
dist(s? , s7) _mm,,e{mg}up( cT)|—HP(s nl) =20(n+1)— 10)\*+20(n+1) 10 for some
A, A* € [n]. Then dist(s! ,z) = min(|P(s] ,pl)\—i—ﬁx,dlst( s; Z)—|—|P( 1,pz)\— )-min(?O(n—l—
1>+ex,6o<n+1>—1ox—1ox* £o). dist(s ,y) = min ([P(s] . p)|+2++ b, [ P(s] 0] ") [+ 1+
|P3=h (i, 4, p)|/2 + | P(ql, mid(P3~"(4, 4, pl)))| — £,) = min (20(n+ 1) +2+4,,60(n+1)—4).
Thus every pair {z,y} such that £, = ¢, is resolved by s . As a result, every pair {z,y} is
resolved by f"(i,7,a1) or si*.

Next we show that every pair {z,y} € P(sf,p?) x P(ql, mid(P3~"(i, 5/, pl))) fori € [n], j,§' €
[m] and h € {1,2} such that j # j' is resolved by S’. We fix arbitrary integers i € [n], j, j' € [m]
and h € {1,2} such that j # j'. Suppose that = € P(s],pl') and y € P(gl', mid(P3~"(i, 5/, p}))).
We define £, and ¢, in a similar way to that of /, and ¢, in the first paragraph dist (™ (i, j', 3 —
h), )—1+|P(qzamid(P3_h(i 7)) = y—30(n+1) ly. dlst(f"”d(Z j';3=h),x) = min (1+
P31, 3 pl)| /24 [P(s] P = 1+ L, 24 (PP G0 5, pl) | /24 | P(s] o3|+ P(s] ,pz)l— 2) =
min (30(n + 1) + £z, 2 + 50(n + 1) — £,). Thus every pair {x,y} is resolved by f™(i,j',3 — h)
unless £, = £, = 0, i.e. except the pair {p/, ¢/'}. According to Lemma 46, {p}*, ¢} is resolved
by S’. Thus every pair {z,y} is resolved by S’

Then we show that every pair {z,y} € P(s Z‘,pl) x P(g2™" mid(P" (i, 5/, p3~"))) for i €
[n], 7,7 € [m] and h € {1,2} is resolved by S’. We ﬁX arbltrary 1ntegers i €[n],j,5 € [m] and
h € {1,2}. Suppose that z € P(s Z,pz) and y € P(¢2~ mld(Ph(z 7',p27™)). We define £, and
¢, in a similar way to that of £, and ¢, in the first paragraph. Let j* € [m] be an integer such that
J* # j. Then dist(f371(3, 5%, a1),y) = 34+£,. dist(f37"(i, j*, a1),z) = min (1+|P37"(i,j,a1)|+
|P(s l,pl)| fx,3+|P( 3=h al)\—|—|P(7rl,a1)|—|—f ) =min (40(n+1)+1—4,,20(n+1)+3+4,) >
20(n+1)+2ifx # 5! and dist(f3"(i,7*,a1),s!) = 34+20(n+1). Thus any pair {z, y} such that
ly <20(n+1)—11is resolved by f37"(i, 5%, a1). For the pair {x y} Such that 20(n+1)—-1<¢, <
30(0+1) — L dist (70 ', ). 9) = 1+ [P mid (PG, )| = b, = 30(n+ 1) — 0, <
10(n + 1) + 1. If j/ = j, then dist(f™(i,5',h),x) = min (2 + |P"(4,,p}~ M2+ 0,2 +
\P" (i, ,p2~M)|/2+ | P(s], p}')| — £2) = min (2+10(n+1)+€x,2+30(n+1) ly) > 10(n+1)+2.
If j/ # j, then dist(f™(i,5’, h), ) = 2 + |P"(i, j,p}~ )]/2 + 4, > 10(n + 1) + 2. As a result,
every pair {z,y} is resolved by f37"(i,5*, a1) or f’md(z j' h).

Flnally we show that every pair {z,y} € P(s Z,pz) x P(ql/,mid(P3" (¢!, 5, pk'))) for i,i’' €
[n],7,5" € [m] and h,h" € {1,2} such that i # i’ is resolved by S’. We fix arbitrary integers
i,i" € [n],7,5' € m] and h,h' € {1,2} such that ¢ # i’. Suppose that = € P(sg,p;‘) and y €
P(qz, ,mid(P3=" (5, ol "))). We define £, and £, in a similar way to that of £, and ¢ in the first
paragraph. Then dist(f"(i,5,a1),2) = 3 + £, if = 75 s! and dist(f"(i, j, a1), s ) =2+4+20(n+1).
dist(f" (i, j,ar) y) = min (3 + |P(x}', a1)| + |P(n} ,al)\ + 0y, 2+ [P(nl, a0)| + |P(x " a1)] +
P31, 37, pl )| /2 + | P (gl , mid (P (7, 7, Y )))] — ) = min (3+20(n + 1) + £, 1+ 60(n +

1) —£,) > 3+420(n + 1) > dist(f"(4,,a1), ). Thus every pair {z,y} is resolved by f"(i, j,a1).
This completes the proof for the lemma. O

Lemma 59. Every pair {z,y} € ;e Ui X Ujepn) Si s resolved by S
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Proof. We show that every pair {z,y} € P(sg,p?) x (P(tl a,) U P(nl, ¢c,)) for i,i' € [n],j €
[m],h" € {1,2} and r € {1,2,3} is resolved by S’. We fix arbitrary integers i,7’ € [n],j €
[m],h, B € {1,2} and r € {1,2,3}. Suppose that = € P(s],p?) and y € P(Wfﬁl,ar). For a vertex
x € P(s Z',pl) let P(x,pl) be the subpath of P(s Z‘,p ) from x to pl and |P(ac )| = E For a
vertex y € P(7r, ,a,), let P(y, 7!") be the subpath of P(r}}', a,) from y to 7 and |P(y, 7' )| = £,,.

Then dist(f(s],ar),y) = -2+ |P(x%,a,)| — £,. Suppose that |P(sZ ar)| = 20(n + 1) + 10p for
some p € [n]. dist(f(s’ sl a,),r) = min (3 + |P(7l, a,)| + Ly, |[P(s),a,)| + |P(s],pl)| — €,) =
min (3 + 10(n + 1) + ¢;,40(n + 1) + 10p — ¢;) > 3+ 10(n + 1) > dist(f(sg,ar),y). Thus
every pair {x,y} is resolved by f(si ,ar). Similarly, we can show that every vertex pair of
P(s?,p}) x P(rl ¢,) for i,i’ € [n],j € [m],h € {1,2} and r € {1,2,3} is resolved by f(s,e).
This completes the proof for the lemma. O

Lemma 60. Every pair {z,y} € Ujepn Ui X Ui Hi is resolved by S'.

Proof. First we show that every pair {z,y} € P(Sg,pf) x (P(s! ' ar) U P(s‘ ) for i € [n],j €
[m],h € {1,2} and r € {1,2,3} is resolved by S’. We fix arbltrary integers i € [n],j €
[m],h € {1,2} and r € {1,2,3}. Suppose that z € P(s Z,pl) and y € P(s],a,). For a vertex
x € P(s Z,pz) let P(sZ x) be the subpath of P(s Z,pl) from 5@ to x and \P(sg,az)| = {,. For a
vertex y € P(sg, ar), let P(sg, y) be the subpath of P(sg, a,) from sf to y and |P(sg, y)| =¢,. Let
\P(s{,ar)] =20(n + 1) + 10X for some A € [n]. Then dist(f(sg,ar), z) =min (3 + |P(7! a.)| +
\P(s], )| e, |P(s], ar)|+£z) = min (3430(n+1)— Ly, 20(n+1)+10A+4,). dist(f(s),a,),y) =
|P(S'Z,ar)’ — 0, =20(n+ 1) + 10\ — £,. dist(f(72, a,), ) = min (1 + |P(7l, a,)| + |P(sg,p£‘)| —
0y, 2+ ]P(sg, ar)| +£;) = min (1+30(n+ 1) — £, 24 20(n+ 1) + 10\ + £,). dist(f(7l, a,),y) =
2+ ]P(sg,arﬂ — 4y = 2+20(n+ 1)+ 10\ — ¢,. For the pair {x,y} which is not resolved by
f(sg,aT), it satisfies that dist(f(sg,ar),x) = dist(f(sz, ar),y) = 3+|P(rh, a,)| + \P(sg,p?)] — Ly
Thus dist(f (7", ar),2) < dist(f(s],a,),2) = dist(f(s],a,),y) < dist(f(a, a,),y). It follows
that every pair {x y} is resolved by f(sl,a,) or f (7h, a,). Similarly, we can show that every
vertex pair of P(s Z,101) X P(sl ¢r) is resolved by f(sg,c,n) or f(rh, ).

Next we show that every vertex pair of P(sg,pﬁl) X P(Sg,bT) for i € [n],j € [m],h € {1,2}
and r € {1,2,3} is resolved by . We fix arbitrary integers i € [n],j € [m],h € {1,2} and
r € {1,2,3}. Suppose that z € P(s},p!") \ {s!} and y € P(s],b,) \ {s]}. We define ¢, and ¢,
in a similar way to that of £, and ¢, in the first paragraph. Then dist(f™4(i, 4,3 — h),z) =
| P31, 5,pf)]/2 + £y = 10(n + 1) + £, and dist(f""(i, 4,3 — h),y) = 2+ |[P* (i, j,p})|/2 +
ly =2+ 10(n + 1) + ¢,. For the vertex pair {z,y} Which is not resolved by f™(i, 5,3 — h),
ie. Ly, = 2+ £, dist(fm™(, j,h), ) = 24 [P, G, plM)|/2 4+ by = 24+ 10(n + 1) + £, >
dist(f™4(i, j, h),y) = 2+ |P"(i,5,p2"™)|/2 + €, = 10(n + 1) + 2 4+ £, = 10(n + 1) + £,. Thus
every pair {z,y} is resolved by f™9(i,j 3 — h) or f™(i, j, h).

Then we show that every pair {z,y} € P(sg,pzh) X (P(s ,,ar)UP( ,,cr)) for i,i' € [n], 7,5 €
[m],h € {1,2} and r € {1,2,3} such that i # ¢’ or j # j' is resolved by S’. We fix arbitrary
integers i,i’ € [n], 7,5 € [m],h € {1,2} and r € {1,2,3} such that ¢ # ¢’ or j # j'. Suppose
that = € P(sg,pf) and y € P(s] ,,ar) We define ¢, and ¢, in a smnlar way to that of £, and
¢, in the first paragraph. Let |P(s],a,)| = 20(n + 1) + 10X and |P(s] ,,ar )| =20(n+1)+ 10N
for some A\, A\ € [n]. Then dist(f(s z,/,ar) z) = dist(f(m~ " ap),x) = min (3 4+ |P(xt, a,)| +
\P(s], )| — 2,2 + |P(s),a,)] + £2) = min (3 + 30(n + ) (2,2 +20(n + 1) + 10X + £,).
dist(f(s ,’,a,,) y) = dist(f(m5 " a,),y) —2 = | P(s),,ar)| — &, if y # a, and dist (f (s 7 ay), ar) =
dist(f (5 ~" a,),a,) = 2. Tt follows that every pair {z,y} is resolved by f(s ,,ar) or f(m~ ha).
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Similarly, we can show that every vertex pair of P(sg , Pl x P(sg,,, ¢r) is resolved by f (sg//, ¢r) or
f(ﬂ'gf " , Cr).

Finally we show that every vertex pair of P(s!, pl") x P(s] b, ) for i, € [n], 4,5/ € [m],h €
{1,2} and r € {1,2,3} such that i # ¢’ or j # j' is resolved by S’. We fix arbitrary integers
i,i" € [n],j,j" € [m ]he{l 2} and r € {1,2,3} such that ¢ # i’ or j # j'. Suppose that
x € P(s Z,pz) and y € P(s),,by). We define £, and £, in a similar way to that of £, and ¢, in the
first paragraph. Let [P(s?,b,)| = 20(n + 1) + 5X + 1 and |P( j,,b )] =20(n+1)+5) +1 and
for some A\, \' € [n]. There are two cases. Case 1: i =4 and j # j/. dist(f™4(4, 5,3 — h),x) =
\P3*h(i,j,p£’)\/2 + 4y =10(n + 1) + £, if  # 5] and dist(f™9(i, 5,3 — h),s]) =2+ 10(n + 1).
dist(f™(i, 4,3 h),y) = min (24 P30, 5, p!)|/2+ | P(sh ")+ 5, 2+ P3G 4,p)] /2 +
|P(s],0,)|+|P(s],b,)|—£,) = min (2430(n+1)+£y, 4+50(n+1)+5A+5)N —£,) > 2430(n+1) >
dist(f™(i, j,3—h),z). Thus in this case, every pair {z,y} is resolved by f™¥(i,j,3—h). Case 2:
i 4 dist(f4, j,3—h), sly) = 14 [P3R(, j, pl)| /24 minge 1 0y ([P ", 0) [+ P(s), ¢)]).
dlst(fm’d(z 4,3—h),y) = min (dist(f™4(i, j, 3= h), s ) + €y, 24| P37 (i, j, p)| 2+ | P(s], b,) | +
|P (s}, by)| —£y) = min (1440(n+1) — 10X +4£,,4+50(n+1) +5A+5X —£,) > 30(n+1)+5 >
dist(f™(i, j,3 — h),z). Thus in this case, every pair {z,y} is resolved by f™4(i,5,3 —h). It
follows that every pair {z,y} is resolved by f™<(i,j, 3 — h). This completes the proof for the
lemma. O

Lemma 61. Every pair {z,y} € U;en Ui X U,eqr 03y B is resolved by 5.

Proof. First we show that every pair {z,y} € P(sf,p?) x (P(ul, a;)UP(v? )) fori,i' € [n],j €
[m], h € {1,2} and r € {1,2, 3} is resolved by S’. We fix arbitrary integers i,i" € [n], j € [m ] €
{1,2} andr € {1,2,3}. Suppose that z € P( sh,pl),y € P(u'/ +). Foravertex x € P(s], plt), let

-/

P(s], ) be the subpath of P(s], p?) from s/ to x and |P(s],x)| = £y. Foravertexy € P(ar, uy),

T’

let P(u®,y) be the subpath of P(aT, ul)) from ul to y and |P(ul,y)| = £,. Let |P(s),a,)| =
20(n+1)+10A for some A € [n] and |P(u?, a,)| = 20(n+ 1) — 104". There are two cases. Case 1:
A< 7. dist(F o)), ) = min (1+[P(ay, ud)|+ | P(s5, )|+ o 1+ | Plar, ud )|+ | P(rl ar) | +
|P(s], 7l")|—£;) = min (40(n+1) 10(i’—)\)+1+€x,50(n—|—1)+1 10i —0,). dist(f1(ul,v8),y) =
144, if y # ul and dist(f1(ul,vl),y) = 2ify = u - Thus dist(f1(ul,v%), 2) > 30(n+1)—10i'+

T Yr

1> dist(f'(ul,vl),y). Case 2: XA >4’ dist(f'(ul,v), ) = min (1+|P(c,,u T)|+|P(si,cr)|+

ro Yr

éx,l—HP(ar, r)|—|—|P(7r ar)|+]P(J M —¢ )—mln(40(n+1)—10()\ ")+ 1+ £y, 50(n +

177,

1)+ 101—6) dlSt(fl( vl),y) = 144, 1fy7éui/anddist(f (ul i), y) = 2if y = ul.

Uy, Uy T Yr

Thus dist(fl( ul' vl),z) > 30(n 4+ 1) — 10i' + 1 > dist(f*(u?, v ),y). Thus every pair {x y} is

resolved by f 1( f«/, T/) Similarly, we can show that every vertex pair of P(s!, p! M x P (U ar) is
resolved by f!(u?, vi').

Next we show that every pair {z,y} € P(sg,p?) x (P(u®,b,) U P(vl b)) for i,7' € [n],j €
[m],h € {1,2} and r € {1,2,3} is resolved by S’. We fix arbitrary integers 4,7’ € [n],j €
[m],h € {1,2} and r € {1,2,3}. Suppose that = € P(s?,pf), y € P(ul,b,). We define £, and
¢, in a similar way to that of ¢, and ¢, in the first paragraph. Let |P(sg, ay)| =20(n+1) + 10\
for some A € [n] and |P(uf,a,)] = 20(n 4+ 1) — 10#'. There are two cases. Case 1: A < 7',
dist(f (up,07), @) = min (1 + |Play,u)] + [P(s}, ar)| + ba, 1+ |Plar,ui)| + |P(nl ap)] +
Plst )] ). s 0f).2) = dist( (0 18). ) = 1 = min ([Pla. )]+ Pt )| +
lo, | P(ar, u) )| + [P(alt, an)| + [P(s]mf)| = o). dist(f (uf,0)),y) = dist(f2(u},0f ) y) = 2+

z’z

ly. In thrs case, for a pair {x y} which is not resolved by o, dlst(f2( Ll @) =
dist (1 (u?, v, 2)— 1<dlst(f (ul, v, y) = drst(fQ( ul vt y). Case2: A\ >, dlst(fl(uzrl, i), x
= min (14 [P(er, u}))| + [P(s] cr)| + Lo, 1+ [Plag, uf )| + | P(rl, ap)| + |P(s], 7])] = €a).
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dist(f2(u ), 2) = dist(f i), ) — 1 = min (|P(ey, ul)| + |P(s], e0)] + Lo, | Plar, )| +
|P( a,)| 4 |P(s?,ml)| — £y). dist(fH(ul,vl),y) = dist(f2(ul, vl ),y) = 2+ 4. Similar to
Case 1, 1n this case, for a pair {x,y} which is not resolved by ft (uzrl, vt dlSt(fQ( ul b)), ) <
dlSt(fZ( ul %), y). Thus every pair {z, y}is resolved by f1(u?,v?) or f2(ul,v Z:) Similarly, we
can show that every vertex pair of P(s Z,pz) X P(v b.) is resolved by f1 ( v i) or f2(u,,,vr)

Finally we show that every pair {z,y} € P(s Z},pi) x (P(u?, ¢,) U P(vl cr)) fori,i' € [n],j €
[m],h € {1,2} and r € {1,2, 3} is resolved by S’._We fix arbitrary integers 7,4’ € [n],j € [m],h €
{1,2} and r € {1,2,3}. Suppose that = € P(s),p}), y € P(ul cr). We define ¢, and £, in a
similar way to that of € and ¢, in the first paragraph. Let \P(s ¢r)| = 20(n + 1) — 10X for
some A € [n] and |P(u ,¢r)| =20(n+1) +10i’. Then dist(f(s],¢;),x) = min (3 + |P(7l, ¢, )| +
|P(sg,p?)|f - |P(sZ cr)|+€z) = min (34+30(n+1)—£y, 20(n+1)—10A+£,). dist(f(7l, c;), ) =
min (14 |P(xl, )|+ |[P(s],pl)| = Le, 2+ |P(s), ¢r)| + £2) = min (14 30(n+1) — £z, 2+ 20(n +
1) = 10A+£,). dist(f(m3 ", ¢,),2) = min (3+|P (], ¢.) |+ |P(s), pl)| — £e, 2+|P(s], cr)‘—i—ﬁ ) =
min (3 4+ 30(n + 1) — 45,2 + 20(n + 1) — 10\ + £4;). dist(f(sg,cT) y) = dist(f(7l, ¢),y) =
dist(f(m27" ¢,),y) = 2+ |P(cp,ul)| — £y = 24 20(n + 1) + 10i’ — ¢,. For a pair {az,y} which
is not resolved by f (sZ 1), either f(l,¢,.) or f(x27" ¢,) resolves it. Thus every pair {z,y} is
resolved by f (sz, ), f(mlien) or f(md™ e Slmllarly, we can show that every vertex pair of

P(sg,p?) x P(v¥,¢,) is resolved by f(sg,cT), f(zl ¢, or f(ﬁ?fh’,cT). This completes the proof

)
for the lemma. O

Lemma 62. Every pair {z,y} € UZ-e I1; x Uie[n H; is resolved by S’.

Proof We show that every palr {z,y} € (P"(i, j,ar)UP (i, 7, by ) UP (4, j, e, ) U PP (i, 4, p2 ™)) x
(P(sj,,ar)UP(s,,b ) U P(s ,,cr/)) for i,i" € [n],7,7' € [m],h € {1,2} and 7, € {1,2,3} is
resolved by S’. We fix arbitrary integers i,7" € [n|, 7,5’ € [m],h € {1,2} and r,’" € {1,2,3}.
Suppose that z; € P" (z j,a.), Ty € P"(i,4,b,), x3 € Ph(i, j,CT) and x4 € P"(i,j, pf’ h).
Suppose that y; € P(s ,,ar), y2 € P(s; '//,br/) and y3 € P(s/,cr) For a vertex Ty for
TS {1,2 3,4}, let £, = dist(nl,z,). For a Vertex yy for v € {1,2,3}, let £, = dist(s Z,y,,)
Let |P(s],am)| = 20(n + 1) + 10\ and ]P( ,,ar )\ = 20(n + 1) + 10X for some A\, X\ € [n].

There are three cases. Case 1: s/ = s, and r/ = r. Then dist(f(s z,/,ar) x1) = min (2 4+

|P(rl, ap)| + Loy, ]P(sj ay)| + |P"(i,7,a,)| — 1 — £y,) = min (2 + 10(n + 1) + £,,,40(n + 1) +
10X — 1 —£,,). dist(f(s%),am),y1) = |P(s],ar)| = £y, = 20(n + 1) + 10X — £, if y1 # a, and
dist(f(s] ,,ar) ay) = 2. dist(f(m>" ap), 1) = min (2 + |P(x, a,)| + Loy, 1 + |P(s),ar)] +
|P" (i, §,ar)| = ley) = min (24 10(n+1) + €y, 40(n+ 1) +10A+1— £y, ). dist(f(7P ", ap), 1) =
2+ |P(s‘ r)| =y, =20(n+1) +10A +2 -4y, Let v € P"(i,7,a,) be the vertex such that
dist(y, ) = 20(n + 1) — 1. Obv10usly the pair {s] v} is resolved by G, 5, ar). For the pair
{x1,y1} which is not resolved by f(s] .y /) and y; # sZ it satisfies that dist(f(s’ ,,ar ), T1) =

dist(f(s] ! ay ), y1) = dlst(f( 370 a,), 1) < dist(f(x37" a,), y1). Thus in this case, every pair

{@1,y1} is resolved by f(sh,am), F@3 ap) or f(i, 4, a.). Case 2: sj # sf,/ and r' = r.
Then dist(7(s}a,7),21) = min (24 [P(rt, )| + fay, 14 [Plsh a,0)] 4+ [PYG.,a00)] — La,) =
min (2+10(n + 1) 4+ £;,,40(n + 1) + 10X + 1 — £;,). dist(f(s ,,ar) Y1) = |P(s,,ar)|—€y1:

20(n + 1) + 10X — £y, if y1 # a, and dist(f(s; ,,,aT) ap) = 2. dist(f(72", a,), 1) = min (2 +

|P(nl a,)| +€x1,|P(s ay)| + |P"(i, j,am)| + 1 —Ewl) =min (2+10(n+1) + £;,,40(n+ 1) +
10X + 1 — £,). dist(f(m2 " ap),y1) = 2+ |P(s ,,ar,)| by, = 20(n + )+10X+2f6y1

For the palr {x1,y1} which is not resolved by f(s] .y 1), it satisfies that dist(f(s},am),21) =
dlst(f(s,,aT) 1) = dist(f(x37" ap), x1) < dist(f(73" aw),y1). Thus in this case, every

T T
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pair {xl,yl} is resolved by f(s ,,ar) or f(ﬂ?_h,aT/). Case 3: j # sj,/ and " # r. Then
dist(f(s] ,,aT) r1) = min (2 + |P(7l ap)| + £ey,2 + \P(s ay )] —|— 1+ | P, j,ar N = Lyy) =
min (2 + 10(n + 1) + £5,,40(n + 1) + 10\ + 3 — £, ). dist(f(s’ ,,ar Nyy1) = |P(s Z,,ar N =Ly, =
20(n+ 1) + 10N — ¢y, if y; # a,» and dist(f(s ,/,ar ), apr) = 2. dist(f(7? " as), x1) = min (2 +
\P(xl, ap)| + Ley, 2 + |P(s?, ap)| +1 + |Ph(z,j,ar ) = £z,) = min (2 + 10(n + 1) + £;,,40(n +
1)+ 10A + 3 — £,). dist(F (72" @), 1) = 24 [P(s),, am)| = £y, = 20(n+ 1) + 10N +2 — £,,.
For the pair {z1,y1} which is not resolved by f (sg,/, a,), it satisfies that dist(f(s ,/, apr),r1) =
dist(f(s ,,ar) y1) = dist(f(757" ap),z1) < dist(f(x>", am),y1). Thus in this case, every

i i
pair {z1,y1} is resolved by f(s] ,,ar) or f(r37" a.). Tt follows that every pair {z1,y;} is

resolved by f"(i,7,a.), f (s],,ar) or f (Wf’_h,aw). In a similar way, we can show that every

vertex pair {xo,y1}, {z3,y1} and {z4,y1} are resolved by S’. Also in a similar way, we can
show that every vertex pair {x1,y3}, {z2,y3}, {x3,y3} and {x4,y3} are resolved by f(s /) A crr),
f@3™ e) or fh(z jyer). For a pair {m1,ya}, dist(f*(i,j,a,),21) = €y, if 11 # 7 and
dlSt(fh(Z gyar),ml) = 2. dist(f"(i, 4, ar),bp) = 2+ |P(xf, ap)| + [Play, o) + [P(byr, vfh)] +
\P(s,, /)| = £y,. There are three cases. Case 1: i = ¢ and j = j'. dist(f"(i,4,a,),y2) =
min (|P"(i, j, a,)| + 1 + by, dist(f" (i, 4, ar), br) + |[P(s],byr)| = £y,) = min (20(n + 1) + 1 +
oy 55N+ BN+ T1 — £,,) > dist(f" (4, 4, ar) x1). Thus in this case, every pair {x1,y2} is resolved
by f"(i,j,a,). Case 2: i’ =i and j # j'. Then dist(f"(i,7,a,),y2) = min (2 + |P"(i, §, by/)| +
€y2_17diSt<fh(l ]aar) )+’P j'ab )’_ y2)_min (20<n+1>+1+£y2755n+5/\+71_€y2)
if yo # 7, and dist(f"(i, j,ar), s /) = 3+ 20(n + 1). Thus dist(f"(i,4,ar),y2) > 20(n + 1) +
2 > dist(fh(z J.ar),x1). In thls case, every pair {z1,ys} is resolved by f"(i,j,a,). Case 3:
W¢¢(muﬁ@$mmzv—mm&unuwHwawn+u%fmwu<muﬂugﬂ»w9=
min (dist(f"(i, 4, ar),sg,/)—i—EyQ,dlst(fh(z,],a,n), by )+|P(s g,,br )| —Ly,) > 20(n+1) > dist(f"(i, 7, a,), z1).
Thus in this case, every pair {z1,92} is resolved by f"(i,j,a,). In a similar way, we can show
that every vertex pair {x2,y2}, {3,y2} and {x4,y2} are resolved by S’. This completes the
proof for the lemma. O

Lemma 63. Every pair {z,y} € U;epn i X Usepn Li s resolved by S'.

Proof. First we show every pair {z,y} € (P"(i,,a,)UP" (i, 5,b,) UP"(i, §,c;) U P, j, p>~")) x
P(qP, mid(P3~"(i,5',ph))) for i € [n], 4,5 € [m],h € {1,2} and r € {1,2,3} is resolved by
S’. We fix arbitrary integers ¢ € [n], 7,7 € [m],h € {1,2} and r € {1,2,3}. Suppose that
x1 € P'(i,j,a,), zo € P"(i,j,b.), z3 € P"(i,j,¢,) and 24 € Ph(i,j,p}~ ). Suppose that y €
P(qt, mid(P3~"(i,5', pl))). For a vertex z,, for u € {1,2,3,4}, let £, B = = dist(n?,z,,). For a ver-
tex y, let £, = dist(¢?,y). Then dist(f"(i, ,a,),z1) = £y, if 21 # 7 and dist(£"(i, j, a,), 7)) =
2. dist(f (0,4, ar), ) = dist(f2(i, 5, 1)) = dist (/i ), 9) = dist(FA (G, p5 ), ) = 3+ £y,
For the pair {1, y} that is not resolved by f"(4, j, a,), dist(f"(i, 7, b.),y) = dist(f"(i, 4, ar),y) =
dist(f"(i, 4, a,), 1) = dist(f"(i, 4, b,), 1) — 2 < dist(f"(i, 4, b.),1). Thus every pair {x1,y} is
resolved by f"(i, j,a,) or f*(i,,b,). In a similar way, we can show that every vertex pair {x2,y},
{z3,y} and {z4,y} are resolved by S’.

Next we show that every pair {z,y} € P(¢~", mid(P"(i, §', p~™)))x (P" (i, j, a,)UP" (i, §, b, )U
P, j,e.) U P, j,p>™™) for i € [n],5,5 € [m],h € {1,2} and r € {1,2,3} is resolved
by S’. We fix arbltrary integers i € [n],j,5/ € [m],h € {1,2} and r € {1,2,3}. Sup-
pose that z; € P! (z j,a.), vy € P"(i,j,b.), 23 € P"(i,j,¢;) x4 € Ph(i,j,p?_h) and y €
P(g¢ ", mid(P"(i, §, pf h))) For a vertex x, for p € {1,2,3,4}, let Ex“ = dist(n?, ;). For a
vertex y, let £, = dist(¢? ", y). Then dist(f"(i, j, a,),z1) = €y, if 21 # 7} and dist(f" (z j, ar) )

»

= 2. dist(fh(z',j, ar),y) = dist(fh(i,j, br)yy) = dist(fh(i,j, ¢r),y) = min (2+\Ph(z 7, pl )\/2—1—
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|P(g2™", mid(P"(i, 5", p>~")))| =y, 24| P(xl, a) |+ | P(x3", a)|+1+44,) = min (1+40(n+1)—
ly,3420(n+1)+£,). For the pair {x1, y} that is not resolved by f"(i, j, a,), dist(f"(i, j, b.), y) =
dist(f"(i, 4, ar),y) = dist(f(i, j,ar), x1) = dist(f(i, j, b.), 21) — 2 < dist(f"(3, j, b.), x1). Thus
every pair {z1,y} is resolved by f*(i,7,a,) or f*(i,j,b,). In a similar way, we can show that
every vertex pair {xo,y} and {z3,y} are resolved by S’. For the pair {z4,y}, there are two
cases. Case 1: j' # j. In this case, the analysis is similar to that of {x1,y} above and every pair
{z4,y} is resolved by (i, 7, pf h) or f(i,j,a,). Case 2: j/ = j. dist(f"(i,j,p}~ h) x4) =y,
if 24 # 7 and dlbt(fh(l Gy, ) = 2. dlbt(fh(l 7, p? ™), y) = min (|P"(i, ", p2")|/2 +
P mid(PR(i, 7, 53] = 6,2 + |P(al, ar)| + [P(r3 a0 + 1+ €,) = min (40(n +
1) =1 —144,34+20(n+ 1) + £,). For the pair {z4,y} Wthh is not resolved by f"(i,,p>™"),
it satrsﬁes that dist(f"(i, 7, p7~ h) x4) = dist(f(i, §,p57"),y) = 40(n + 1) — 1 — £, = £y,, iec.
dist(f™4(i, 5, h), x4) = dist(f™4(3, 5, h),y) and 10(n+1) < £y, < 20(n+1),20(n+1)—1< ¢, <
30(n+1) — 1. For such pairs, dist(f°“(i,7,3 —h,r),z4) =2+30(n+1) —¥;, <24+20(n+1) <
dist(f“(i,7,3 — h,r),y) = 50(n + 1) + 1 — £,. Thus in this case, every pair {z4,y} is resolved
by f"(i, 5,0} ") or fe°(i, 4,3 — ).

Finally we show that every pair {z,y} € (P"(i,j, a;)JUP" (i, 4, b, )UP" (4, j, ¢, )JUP" (i, j, p} ™)) x
P(qﬁ/,mid(PS*h'(z",j’,pf,/))) for 4,7 € [n], 4,7 € [m],h, i € {1,2} and r € {1,2,3} such that
i # 1 is resolved by S’. We fix arbitrary integers i,i' € [n],5,7" € [m],h,h € {1,2} and
r € {1,2,3} such that i # 1'. Suppose that 1 € P (i,7,ar), x2 € P (i,j, b.), x3 € P"(i,j,¢c,)
and x4 € P"(i,j,p>™"). Suppose that y € P(qf’,_ ,mid(P" (¢, §' pZ - ))) For a vertex x, for
p € {1,2,3,4}, let £y, = dist(nl, x,). For a vertex y, let ¢, = drst( ~"" 4). For the pair
{z1,y}, dlSt(fh(Z ],ar) r1) = by, if 21 # 7 and dist(f"(i, j, a,), 7) = 2. dist(f"(i,4,a,),y) =
min (24| P(m, ar)| + | P(ni/, ap)| 1+ £y, 24| Pt a,)| + | Py ¥ )+ P ) 24
|P(gl, mid(P3" (¢, ', pl)))| —£,) = min (3+20(n+1)+4€,,14+60(n+1)—£,) > 3+20(n+1) >
dist(f"(i,4,a,),z1). Thus every pair {z1,y} is resolved by f"(i,j,a,). Similarly, we can
show that every pair {zo,y}, {x3,y} and {x4,y} are resolved by f"(i,j,b,), f"(i,4,¢c.) and
G, 4, pf h) respectively. This completes the proof for the lemma. O

Lemma 64. Every pair {z,y} € U;cp i X Usepy Si is resolved by S

Proof. We show that every pair {z,y} € (P"(i,j,a,)UP"(i, j,b.) UP"(i, ], ¢ )UPMi, j,pd™")) x
(P(nl an) U P(xl e0)) for 4,i' € [n],j € [m],h,h' € {1,2} and r,»’ € {1,2,3} is resolved
by S’. We fix arbitrary integers i,i" € [n],j € [m],h,h’ € {1,2} and r,7" € {1,2,3}. Suppose
that @y € P"(i,j,a,), o € P"(i,5,b.), z3 € P"(i,j,¢,;) and x4 € Ph(i,j,pf_h). Suppose
that y1 € P(Wﬁl,ar/) and 1o € P(Trf/',crx). For a vertex x, for p € {1,2,3,4}, let £;, =
dist(7, z,,). For a vertex yi, let £,, = dist(a,s,y1). For a vertex ys, let £,, = dist(c,/,y2). Let
\P(sg,ar/)| = 20(n+ 1) + 10\ for some A € [n]. For a pair {z1,y1}, dist(f(sz,arl),yl) =244y,.
dist(f (s, ay),x1) = min (2 + |P(7l, ap)| + by, |P(s], ap)| = 1+ | P™(i, §,ar)| — £y,) = min (2 +
10(n+1)44,,,40(n+1)+10A\—1—4¢,,) if r = 7" and dist(f(sg, ap), 1) = min (2+|P (7l a.)|+
Cyrys |P(s),ap)| + 1+ |P"(3, 4, a,)| — £y,) = min (24 10(n+1) +4,,40(n+1) +10A +1—{;,) >
2+10(n+1) > dist(f(sg,arx),yl) if r # r'. It follows that dist(f(s],am), x ) >2+10(n+ 1)

dist(f( I ap), ). dist(f(s?,apm),x )_ dlst(f( ), y1) only when z; = 7 and y, = 7!/, If
i #1ior h’ 75 h, obviously the pair {z", 7"} is resolved by f"(i,j,a,). Thus every pair {xl, Y1}
is resolved by f (sl a,) or f'(i,j,a;). In a similar way, we can show that every vertex pair

i T

{z2, 11}, {z3,y1} and {z4,y1} are resolved by f(sg, a,) or f(i,4,a,). Also in a similar way, we
can show that every vertex pair {z1,y2}, {2, 92}, {z3,y2} and {z4, yo} are resolved by f(s], ¢,/)
or f"(i,4,a,). This completes the proof for the lemma. O

Lemma 65. Every pair {z,y} € Uen i X U,eq1,2,3 Bt is resolved by S
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Proof. We show that every pair {x,y} € (Ph(i jyar)UPR(i, §,b,) U P4, j, e, ) U PP (i, 4, pP ™)) x
(P(ul, am) U P(vl,, ap) U P(uls, c) U P(vl,¢0)) for i,d € [n],j € [m],h € {1,2} and r,7’ €
{1,2,3} is resolved by S’. We fix arbitrary integers ¢,i" € [n],j € [m],h € {1,2} and r,7’ €
{1,2,3}. Suppose that z; € P"(i, j,a,), zo € P"(i,,b, ) x3 € Ph(z J,cr) and x4 € Ph(z 7, pf’ M.
Suppose that y; € P(ul,,a.), y2 € P(v,an), 21 € P(ul,cm) and 20 € P(vl,,c). For
a vertex z, for p € {1,2,3,4}, let £,, = dist(r? z,). For a vertex y, for v € {1 2}, let
ly, = dist(a,/,y,). For a vertex z, for n € {1,2}, let £, = dist(c,,2,). Then |P(u; uly, ap)| =
|P(v),am0)| = 20(n + 1) — 10i' and |P(ul,c)| = |P( T,,cr)\ = 20(n + 1) + 10¢/'. For a
pair {xl,yl} dist(f"(i,7,a,),21) = Ly, and dist(f"(4,7,a,), 7)) = 2. dlSt(fh(Z Jyar),y1) =
dist(f"(i,4,br),01) = dist(f(3, j,¢,) 1) = dist(f2(i, 5,0 7"),01) = 2+ [P(x)',ap)| + £y, =
2410(n+1)+¢,,. For the pair {z1,y:} that is not resolved by fh(i,j, ar), dist(f"(i, j, ar), 1) =
dist(f" (i, 4, a,), y1) = dist(f"(i, 4, br), y1) = dist(f*(i, 4, b,), 1) — 2. Thus every pair {x1,y1} is
resolved by f"(i, j, a,) or f"(i, j, b;). In a similar way, we can show that every vertex pair {z, v, }
for u € {1,2,3,4},v € {1,2} is resolved by S’. For a pair {x1, 21}, dist(f"(4,4,ar),71) = lu,
and dist(f"(i, j, a, ), 7h) = 2. dlst(f (1, j,aT) 1) = dist(f" (4,5, br),21) = min (2+ |P(7l, )|+
£y, 24 Pl 0 || Pays, 6|+ P )| ~2—2,) = min (24+10(n+1)+C2,, 50(n+1) L, ) if
[Py ugy)| =Lz, > 2. dist(f" (1,4, ar), 21) = dist(f(6,4,br), 21) = 24| P(nl' ap) | Payr,ul) | +
|P(cpryuls)| — £y if |P(cpr, ulh)| — £, < 2. For the pair {z1, 21} that is not resolved by f(4, j, a,),
dist(f"(i, 4, a,), x1) = dist(f"(i, §, a,), z1) = dist(f" (i, §, b,), z1) = dist(f"(i, §, b,), 1) — 2. Thus
every pair {x1,21} is resolved by f"(i,j,a,) or f*(i,§,b,). In a similar way, we can show that
every vertex pair {z,,z,} for p € {1,2,3,4},v € {1,2} is resolved by 5’

Then we show that every pair {z,y} € (P"(4, j,a,)UP" (i, ], b, )UP (i, 7, ¢ )UPM (i, §,p3 7)) x
(P(ul,, b)) U P(vl,, b)) for i,i' € [n],j € [m],h € {1,2} and r,7" € {1,2,3} is resolved by S.
We fix arbitrary integers i,i" € [n],j € [m],h € {1,2} and r,7’ € {1,2,3}. Suppose that
r1 € P"i,j,a,), xo € P"(i,4,b.), 23 € P"(i,j,¢,) and x4 € Ph(i,j,p?_h). Suppose that
wy € P(uﬁf,,bw) and wo € P(vil,,b,ﬂ/). For a vertex x, for p € {1,2,3,4}, let £, = dist(7l, 2,,).
For a vertex w, for v € {1,2}, let ¢y, = dist(b,s,w,). Then let |P(s?,aw)\ =20(n + 1) 4+ 10X
for some A € [n], |P(u, by)| = 20(n +1) = 5’ — 1 and |P(v], U b)| = 20(n+ 1) — 5i — 2.
For a pair {z1,w;}, dist( ( T,, vl ) wy) = dist(f2(uls,v%), wl) = 2+ |P(ul,by)| — £y,. For
the distance between J(u, fn,) and xy for n € {1,2}, there are two cases. Case 1: A <
o dist(f o), 1) = it en) + 1 = min (1+ AP(am )] + P, 0] -
1+ |P"(i,j,ar)| — bay, 1+ |P(ap, uls)| + \P(WZ sap)| + lgy) i o= 1 dlst(f (u Tl,,vr) x1) =
dist(f2(u;,, vh),x1) + 1 = min (1 + |P(a r/,ur D+ [P(s],am)| + 1+ |P"(i,j4,a0)| = lay, 1 +
|P(ay,ul))| + |P(7rZ s Gt )| + 4y,) if r # r’. In this case, for the pair {z1,w;} which is not
resolved by FHu?, vl dist(f2(ul T AN ) = dlst(f (u?),v), 1) — 1 < dist(fH(ul),v%),y) =

dist (f2(u?, Uy, v'),y). Case 2: A > ', dist(f(uls,v%), 1) = dlSt(fQ( vovh), 1) + 1 = min (1 +
[P uld)| + [P(s]oer)| + 1+ [Py j,an)] = oy, 1+ !P(aw,u D A+ [P(f,ap)| + L), Tn
this case, for the pair {z1,w;} which is not resolved by fu TI/, o), dist(f2(uls,vl), 1) =
dist (£ (u uy,, T) x1) — 1 < dist(f(u?, ul,,v f) y) = dist(f2(u? L v%),y). In a similar way, we can

show that every vertex pair {z,,w,} for p € {1,2,3,4},v € {1,2} is resolved by S’. This
completes the proof for the lemma. O

Lemma 66. Every pair {z,y} € U,epn Li X Uiy Hi is resolved by S'.

Proof. First we show that every pair {z,y} € P(q¢l, mid(P3~"(i, j, p}))) x (P(sg,/, ar) UP(S{,/, cr))
for i,i" € [n],j,7' € [m],h € {1,2} and r € {1,2,3} is resolved by S’. We fix arbitrary integers
i,i’ € [n],j,j' € [m],h € {1,2} and r € {1,2,3}. Suppose that x € P(q¢l, mid(P3>~"(i, j, p})))
and y € P(s ,,ar) For a vertex z € P(q?, mid(P37"(i,4,p?))), let P(ql z) be the subpath
of P(q!, mid(P3~"(i,4,p))) from ¢! to = and |P (¢}, z)| = £,. For a vertex y € P(sz,l,ar), let
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P(a,,y) be the subpath of P(sg,/, a,) from a, to y and |P(a,,y)| = £,. Then dist(f (7", a,),z) =
min (|P(xl, a,)|+1+6, 20| P(r3 ", a) |+ P3G, j,pl) 2+ | Pgl, mid (PR (i, 5, pb)))| ) =
min (10(n + 1) + 1 + £,,50(n + 1) + 1 —4y). dist(f(727" a,),x) = min (2 4+ |P(7}, a,)| +
o PG 00)| 4+ [P0 o)1 /2 + [Pl mid (P53, i) = £2) = min (10(n+1) +
34 0,,50(n +1) —1—4,). dlst(f( var),y) = dist(f(m2 " a.),y) = 2 + £, For a pair
{x,y} which is not resolved by f(r} a 7n), there are two cases. Case 1: dist(f(7> " a,),z) =
dist(f(727" a,),y) = 10(n 4+ 1) + 1+ £, = 2+ £,. In this case, dist(f(7> ", a,),2) = 10(n +
1)+ 3+, > 2+ £, = dist(f(73", a,),y). Case >. dist(f(727" a,), 2) = dist(f (737", a,),y) =

50(n 4+ 1) + 1 — £, = 2+ £,. In this case, dist(f(7>", a,), )—50(n+1)—1—€x<2+€y:

’L

dist(f(737" a,),y). It follows that every pair {z,y} is resolved by f(xl a,) or f(x>7" a,).

Similarly we can show that every pair of P(ql, mid(P3~"(i,j,ph))) x P(s /,cr) is resolved by
f(ml e or f(m27h ).

Then we show that every pair {z,y} € P(q!, mid(P3~"(i,j,pl))) x (P(sg,/,br) \ {sz,/}) for
i,i'" € [n],j,7" € Im],h € {1,2} and r € {1,2,3} is resolved by S’. We fix arbitrary integers
i,i' € [n],7,5' € [m],h € {1,2} and r € {1,2,3}. Suppose that x € P(ql, mid(P3~"(i, j, p})))
andy € P(s j,/, by)\{s -/} We define £, and ¢, in a similar way to that of £, and ¢, in the first para-
graph. Suppose that s/, resolves the pair {u“ vir} for some i, € [n], i.e. \P(ar, uir)| = 20(n+1)
10é,. Then dist(f!(u ’T’,vr ), ) = dist(f2(uir,vir), 2) + 1 = min (1 + |P(a,,ulr)| + |P(7r ar)| +
L4 Lo 1 [P, )| 4 1P(, an)| + [PY0(0,G,p1) 12 + | Pgl, mid (PP, o))~ £r) =
min (2+30(n+1) — 10i, + £,, 70(n + 1) — 104, — £;.). dist(f1(uir,vir),y) = dist(f2(ulr,vir),y) =
24 |P(by,vir) |+ 4, = 20(n +1) = 5ir +€y. Thus for a vertex pair {z, y} which is not resolved by
P01, st 1), ) = (7 (o)) = st (P08, ) > s ) ).
It follows that every pair {z,y} is resolved by f!(uir,vir) or f2(uir,vir). This completes the
proof for the lemma. O

Lemma 67. Every pair {z,y} € U,epn Li X Uiepy) Si is resolved by S'.

Proof. We show that every pair {z,y} € P(¢?, mid(P>~"(i,7,p?))) x (P(Wf%/,ar) U P(Wfﬁl,cr))
for i,i" € [n],j € [m],h,h" € {1,2} and r € {1,2,3} is resolved by S’. We fix arbitrary integers
i,i" € [n],7 € [m],h,h € {1,2} and r € {1,2,3}. Suppose that x € P(qlh,mid(P:s*h(i,j,pf)))
and y € P(WZ’.?/,CLT). For a vertex $ € P(qfl,mid(P3_h(i,j,pl))) let P(ql, z) be the subpath
of P(q!, mid(P3~"(i,4,p?))) from ¢ to z and |P(q},x)| = ¢,. For a vertex y € P(r} Z, " ay), let
P(a,,y) be the subpath of P(r} ,ar) from a, to y and |P(a,,y)| = ¢,. Then dist(f(s] ),y) =
244, <2+10(n+1). dist(f(s],a,),x) = min (2 + |P(7?,a,)| + 1 + €5, 2 + |[P(x37" a,)| +
|P3_h(i,j,p§’)|/2+|P(qi ,mid(P3~ h(z 3,0M)))|—£z) = min (10(n+1)—|—3+€x,50(n—|—1)+1 ly) >

3+10(n+1) > dist(f(sg, ar),x). Thus every pair {x,y} is resolved by f(s ar). Similarly we
can show that every pair of P(gl, mid(P3~"(i, j,pl))) x P(n}}, ¢,) is resolved by f(s],c,). This
completes the proof for the lemma. O

Lemma 68. Every pair {z,y} € U;cn Li X U,eqr 0,3y B is resolved by S

Proof We show that every palr {z.y} € P(gl, mid(P3~h(i, j, p?))) x (P(ul,a,) U P!, a,) U
P(ul b)) U P(v!,b,) U P(ul,c,) U P(v} ))forzz 6[] [m],h€{12}andr€{123}
is resolved by S’. We fix arbitrary integers i,i' € [n],j € [m],h € 1,2} and r € {1, 2 ,3}.

{
Suppose that x € P(qh mld(P3 hi, 3, pz))) y1 € P(u,a,), y2 € P(v?,a,), 21 € P(ul,b,),
z € P(vl,b,), w € P(ul,c,), wy € P(vl,c,). For a vertex x E P(qP, mid(P3~"(i, 5,p1))),
let P(qt,x ) be the subpath of P(ql ,mld(P3 h(i, j,pl))) from qZ to z and |P(¢!,x)| = ..
For a vertex y; € P(u”,a,), let P(yi, T) be the subpath of P(u’,a,) from y; to u'l and let
|P(y1,ul)| = €,,. For a vertex yo € P(vY,a,), let P(y2,v}) be the subpath of P(vY, a,) from
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y2 to vl and let |P(y2,v")| = £,,. For a vertex z; € P(ul,b,), let P(21,u’) be the subpath of
P(ul b)) from z to u! and let |P(zy,u”)| = £,,. For a vertex zo € P(v%,b,), let P(zy, 7n) be
the subpath of P(v¥,b,) from z to v./ and let | P(z2, T/)| =/{,,. Fora vertex wy € P(ul,¢,),
let P(wy, 7G) be the subpath of P(ul, c,) from w; to ul. and let |P(w1, Ul)| = Ly, For a vertex
wy € P(v},¢cr), let P(wa, v, r ) be the subpath of P(v}. cr) from w2 tov? and let | P(wg, v%)| = Cu,.
For a pair {CL’ y1}, dist(f1(ul,v?), yl) =1 —l—éyl if y1 # ul and dlst(f (ul, i), ul) = 2.
dist(F1(u,0!), ) = min (14 | Par, ul )| + |P(wlyar)|+ 1+ Lo, 1+ |Plar,ul)| + |P(x? ", a,)| +
|P3="(i,5,p)|/2 + | P(gl, mid(P3~"(i, §, p!))| — £s) = min (2 +30(n + 1) — 108’ + £y, 70(n +
1) — 10¢ — ¢ ) > 14 20(n + 1) — 104 > dist(f'(u?,v),y1). Thus every pair {z,y1} is
resolved by f! (u v).  Similarly, every pair {x,y2} is rebolved by fY(ul,v’). For a pair

r7r T‘7T‘ ,

{w, 21}, dist(f2(uy, 0} ), 2) = dist(f (u}, o} ), ) — 1. dist(f* (u], 'r) Zl)‘dlst(fz(Ufn, vi),21) =
2+ 4. Thus for a pair {z, 21} that is not resolved by fl(ul, v, dist(f1(u? 0, xz) =

dist(F1(ul,0f), 1) = dist(f2(u ¥ poi

vi'), z1) > dist(f2(ul,v¥ ), z). It follows that every palr {:L‘ 21}
is resolved by f(ul, vl or f2(u Jol). Slmllarly, every pair {:1: zo} is resolved by f (ul,vl) or
F2(ul ,vl). For a pair {z,w}, dist(f(7l, ¢,), wy) = dist(f (x> i “hen), wy) = dist(f(s), er),wr) =
2+ ]P(cr, T)\ — Ly, = 2+ 20(n + 1) + 10§’ — £y, dist(f(xl cr) x) = min (\P(W?,ar)] +1+
L0 2+ |P(T ", ap)] + [P (G, pl)|/2 + | P(, mid(P (G, pl)))] — £2) = mim (10(n +1) +
144, 50(n +1) 4+ 1 —£,). dist(f(md™ cr) z) =min (2 + |P(xl, a,)| + 14 Ly, |P(x37" a,)| +
(PS=h(i,, p)] /2 + [P (gl mid(Ph (i, ph)| — €)= mim (10(n+ 1) + 3 + £y, 50(n + 1) — 1 —
). dist(f(s),¢r),2) = min (2 + |P(al,a,)| + 1+ £5,2 + |P(7}~ "oan)| + P3G, G, o)) /2 +
|P(gt, mid(P3~"(i,5,p")))| — £z) = min (10(n + 1) + 3 + 61,50(71 +1)+1—4¢,). For a pair
{2, w1} which is not resolved by f (s' .), either f(7l, ¢.) or f(727", ¢,) resolves it. Thus every

w_

pair {z,w;} is resolved by f(s!,¢c,), f(7l,¢.) or f(m; 3 e Slmllarly, we can show that every
pair {z,ws} is resolved by f (5 2, f(7l,e.) or f( 3 h, ¢r). This completes the proof for the
lemma. O

Lemma 69. Every pair {z,y} € U,cpn Si X Usepn) Hi is resolved by .

Proof. We show that every pair {z,y} € (P (7T,,CLT) U P(rh, ¢)) x (P(s ar) U P(s by) U

P(sg,CT)) for i,4' € [n],j € [m],h € {1,2} and r,r" € {1,2,3} is resolved by S’. We fix arbitrary
integers i,i’ € [n],j € [m],h € {1,2} and r,7’ € {1,2,3}. Suppose that x1 € P(7l, a»),
T9 € P(wﬁ,cr/), Y1 € P(sg,ar), Y2 € P(sg,aT) and Y3 € P(sg,cr). For a vertex z1 € P(nl, a,/),
let P(rh, a:l) be the subpath of P(r, a,s) from 7/} to z1 and let |P(h, 21)| = €, . For a vertex
z9 € P(rh, cr), let P(n! ,,562) be the subpath ofP(ﬂ' L cr) from 7l to x5 and let |P(7r b o) = Lg,.
For a vertex y; € P(s!,a,), let P(s Z,yl) be the subpath of P(sZ r), from s to y; and let
|P(s Z,yl)] = {,,. For a vertex yo € P(s],b,) \{sj} let P( Z,yg) be the subpath of P(sg,bT),
from s} to yo and let |P(s; I )| = Ly, . For a vertex y3 € P(s cr), let P(sg, y3) be the subpath of
P(s, cr) from s] to ys3 and let |P(s], y3)| = €y,. Let |P(s],a,)| = 20(n+1)+10A for some A € [n].
For a vertex pair {1,y }, dist(f(i ,],CLT) x1) = 2 + £,,. For the distance between f"(i’, j, a,)
and y1, there are two cases. Case 1: i’ = . Then dist(f"(¢,j,ar),y1) = min (|P"(i, j, ar)| +
by, — 1,2+ |P(7l a,)| + |P(s),ar)| — €y,) = min (20(n + 1) + £y, — 1,30(n + 1) + 10X\ +2 — £,,)
if y; # s/ and dist(f*(7', j, ar),s) = 20(n 4 1) + 1. Thus dist(f*(7', j,a,),y1) > 24+ 10(n+1) >

dlSt(fh( ,],ar) r1). f"{,7,a,) does not resolve {zy,yi} only when 1 = a,» and 3 = a,
with 7 # r’. The pair {a,,a,} is resolved by f(r,a,). Thus in this case, every pair {z1,y1} is
resolved by (i, j,a,) or f(7r h a,). Case2: i’ #i. Then dist(f"(i ,],CLT), sz) = mingeqy 23y (2+
(P(eh, ca)| +1P(s, ). dist( (7 Gy an), 1) = min (dist (7, G, ar), 7) + by 2+ | P(h, ) | +
|P(sg,ar)] —Ly,) > 2+ 10(n + 1) > dist(f"(7', 4, ar), 21). f*(i',4,a,) does not resolve {x1,y1}
only when z1 = a,» and y1 = a, with r # r’.. The pair {a,/,a,} is resolved by f(r%, a,/). It
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follows that every pair {x1,%1} is resolved by f*(i,4,a,) or f (7r %, a,). In a similar way, we can
show that every pair {z2,y1}, {z1,ys} and {x9, y3} are resolved by S’. For a vertex pair {z1,y2},
dist(f(i, 4, br), 1) = 2+ £y, . For the distance between f" (i’ ,], b,) and yo, there are two cases.
Case 1: i = i. Then dlst(fh( i, 7,b),y2) = min (|PMi',5,b,)] + £y, — 1,2 + |P(7l,a,)| +
|P(ar, v™)| + |P(br, v2)| + |P(s],br)| — £y,) > 20(n + 1) > dlst(fh(' ,7,0r),1). Case 2: i # i.
Then dlSt(fh( 57,0 )? f) = mlnd6{123}(2 + ’P(WUcd)‘ + ’P Szvcd)’)' dlSt(fh( i',7,b ) y2) =
i (G871 b))+ 2P0+ P )| [P0 )]+ PL0) -~ ) >
20(n+1) > dist(f"(s', §, b), 21). Thus in both cases, every pair {z1,y2} is resolved by (@, 4,by).
In a similar way, we can show that every pair {xs, %2} is resolved by f(i’, j,b,). This completes
the proof for the lemma. O
Lemma 70. Every pair {z,y} € U,epn) Si X Uyeqn 0,3} Btr s resolved by S

Pr’oof We show that every pair {z,y} € ( (7, a,) U P(nh,c,)) x (P(uly, ap) U P(vl, am) U
P(u?),byr) U P(v%),by) U P(uly, cr) U Plv ,,cr))forzz E[n]h€{1,2}andr,r € {1,2,3}
is resolved by S' We fix arbitrary integers i,i € [n], j € [m],h € {1,2} and r,7' € {1,2,3}.
Suppose that x1 € P(nl a ) ro € P(7h, ) y1 € P(uly,am), y2 € P(vl,a,), 21 € P(uls, by),
Zo € P(Uf;l,,brz), wy € P( ,,cr 1), wo 6 Pv! ,,cr /). For a vertex xr € P(ijar), let P(ﬁ?,xl)
be the subpath of P(7} ar) from 7/ to and let |P(rh xl)\ = {;,. For a vertex zy €
P(nl,¢c.), let P(ml, 23) be the subpath of P(nl c,) from 7 to o and let |P(7l, 23)| = £,,.
Then dist(f"(i,j,ar), 1) = 2 4+ ly, < 2+ 10(n + 1) and dlst(fh(z Jyar),x2) = 2 + Ly,
24+10(n+1). dist(f*(i, 4, a,), a) = dist(f"(i, 4, a,), cr) = 24+10(n+1). dist(f"(i, §, a,), by)
2+ |P(rl, ap)| + | P(ay, v%)| + |P(by,v™%)| > 2+ 10(n+ 1). We see that any shortest path from
fh(i,j, ay) to a vertex of {y1,y2, 21, 22, w1, wa} goes through a,, b, or ¢,». Thus the distance
from f"(i, j,a,) to any vertex of {y1,ya, 21, 22, w1, wz} is at least 2+ 10(n + 1) and the equality
holds only when y; = ys = a,v or wy = wy = ¢,». Obviously f(7!, a,) resolves the pairs {a,,a,}
and {a,,c.} and f(7!, ¢c,) resolves the pairs {c.,a,} and {c,, ¢} with 7 # r'. As a result,
every vertex pair of Uie[n} S; X Ure{1,2,3} R, is resolved by f(i,j,a,), f(7? a.) or f(zl c.).
This completes the proof for the lemma. O

AN

Lemma 71. Every pair {z,y} € U,cn Hi ¥ U, eqn,0,3) Br is resolved by S

Proof First we show that every pair {z,y} € P(sz, ar) x (P(u?), a ) U P(vls, ap) U P(ul,, b)) U
P(v), b)) U P(ul,, c,) U P(v ,,cr)) for i,i' € [n],7 € [m] and r,7" € {1,2,3} is resolved by
S’ We fix arbitrary integers i,i’ € [n],h € {1,2},5 € [m] and r,r’ € {1 ,3}. Suppose that
x € P(s],a,), y1 € P(uls,an), ya € P(v ¥ ap), 21 € P(ul,,by), 29 € P(vl,by), wy € P(uly, cpr),
wy € P(v%),¢,r). For a vertex x € P(sZ ar), let P(x,a,) be the subpath of P(sZ a,) from a, to
and let |P(x,a,)| = ;. For a vertex y; € P(uil,, a,r), let P(yi, uil,) be the subpath of P(u'//, ar)
from y; to u?, and let |P(y1,uls)| = £,,. For a vertex y € P(vl),a.), let P(yz,vl,) be the
subpath of P( vy, a,r) from yy to vi, and let |P(ya,v! r )] = {,,. For a vertex 21 € P(u!. v 1y b)), let
P(zy,u! ) be the subpath of P(ul] ,,b 1) from 2 to u., and let ]P(zl, )| = L. For a vertex
z9 € P( vy, by ), let P(zz, ")) be the subpath of P(v! ,,b ) from z3 to v7, and let |P(22,v5)| = £z.
For a vertex wy € P(uT,,c,, ), let P(wy,u’,) be the subpath of P(u v, ¢ from wy to u¥, and
let | P(w1,u’))| = Ly, . For a vertex wy € P(v%,c,), let P(ws, vy }) be the subpath of P(v) /,, )
from wy to v?, and let |P(wa,v%)| = Ly,. Then dist(f(s Z,ar) x) = dist(f(7!,a,),7) — 2 = £,
if x # a, and dist(f(sg,ar),ar) = dist(f(7, a,),a,) = 2. For a vertex palr {z,y1}, there are
two cases. Case 1: 7’ =r. dist(f(sz,ar) 1) = dlst(f( NSR yl) =2+ |P(ul,,a,)| — £y, For a
vertex pair {x,y;} that is not resolved by f(sz ar), dlst(f( s;,ar),x) = dist(f(s g,ar),yl) =
dist(f (7l a,),y1) < dist(f(7?, a,),z). Thus in this case, every pair {z,y1} is resolved by
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f(sg,a,n) or f(mh, ar) Case 2: ' # r. dist(f(sg,ar),yl) = dist(f(7?,a,),11) +2 = 2 +
|P(nl, a)| + |P(l, ar N+ |P(ut ,,aT )| — £y,. For a vertex pair {z,y;} that is not resolved
by f(sg,ar) dist(f (7l a,),x) > dlst(f(sg,ar),x) = dist(f(s{,ar),yl) > dist(f (7P, ar),y1).
Thus in this case, every pair {z,y;} is resolved by f(sg ,a;) or f(rl a;). Similarly, every
pair {x,y2} is resolved by f(sg,ar) or f(m! a,). For a vertex pair {z, 2}, there are two cas-
es. Case 1: 7/ =r. dist(f(sg,ar),zl) = dist(f(7l, ar), z1) = min (2 + |P(u’), ap)| + €2,2 +
|P(ug, ar)| + [P(uy, ber)| + |P(ul), bpr)| — £s,). For a vertex palr {z,z1} that is not resolved
by f(sz,ar) dlst(f( Z,ar),:c) = dist(f(sg,ar),zl) = dlst(f( cap),z1) < dist(f(7h, a.), x).
Thus in this case, every pair {z,z1} is resolved by f(sl ar) or f(zh a.). Case 2: 1’ #
r.o dist(f(7l, ap),bp) = mingepn(2 + |P(s%,a,)| + |P(s&,b)]). Then dist(f(rl, a,),21) =
min (|P(x? a,)| + |P(7r ,ap)| + yP(u Ly am)| + Kzl,dlst(f( ,ar), b)) + [Pl by)| — €) >
30(n + 1) > dist(f(n?,a,),z). Thus in this case, every pair {x,z} is resolved by f(7, a,).
Similarly, every pair {x,zz} is resolved by f(s ay) or f(7l a.). For a vertex pair {x,w;},
there are two cases. Case 1: r’ = 7. dist(f(s; I a,),wy) = min (2 + |P(ul,ap)] — 2 + Ly, 2 +
‘P(W?var)|+|P(7Tzh7cr)‘+’P( ¢r)| = bw,) if Ly, > 2. dist(f(s], ar),w1) = 2+’P(ur7ar’)’+£w1
if £, < 2. dist(f(7l a,), 1) = min (2 + | Pl apm)| — 2 + by, |P(7l,a)| + |P(7, e)| +
|P(ul,c)| — lw,) if ewl > 2. dist(f(xl ar) wi) = 24 [P(u?,ap)| + by, if Ly, < 2. Tt
follows that dist(f(s],a,),w1) > dist(f(7?, a,),w1). For a pair {z,w;} that is not resolved
by f(s?,a,), dist(f( z.,a,.),gc) > dist(f(s?,a,),x) = dist(f(s,a,),w1) > dist(f(z],a,), wy).
Thus in this case, every pair {x,w;} is resolved by f(s T) or f(rh a,). Case 2: 7/ # r.
dist(f (s, ar),w1) = min (2+|P(xl, ap)| + | P(xl, aw)| + | P(ul, ap)| = 24wy, 2+ [P(xl, a,) | +
Pt + PG )] = o) I > 2. A7 (5] o)) = 2+ [Pt a0)| + [Pt )] +
|P(ul), ay )\—I—Ewl if £y, < 2. dist(f(72, a,),w1) = min (|P(xl CLT)’—F‘P(W ap)|+|P(ul), ap)| +
i =2 [Pt )+ [Pl ) [P 00)| =) fuy > 2. 0t (), 1) = [Pl )+
\P(Wlh,arl)|+]P(uff,,ar/)]+€w1 if £y, < 2. It follows that dist(f (s, ar),w1) > dist(f(72, a,), wy).
For a pair {z,w;} that is not resolved by f(s!,a,), dist(f(r} ar) x) > dist(f(s i,ar),w) =
dist(f(sg,ar),wl) > dist(f (7P, ar),w1). Thus in this case, every pair {z,w;} is resolved by
f(sg,aT) or f(rl a,). Similarly, every pair {z,ws} is resolved by f(s{, ar) or f(ml a,).

Then we show that every pair {z,y} € P(sz,cr) X (P(uly,am) U P(vY,am) U P(ul, b)) U
P(vl,,byr) U P(u?), ) U P(vE),¢)) for 4,7’ € [n],j € [m] and 77" € {1,2,3} is resolved
by §. We fix arbitrary integers i,7 € [n],h € {1,2},5 € [m] and 7" € {1,2,3}. Sup-
pose that T < P(sl,cr), y1 € P(u ,,aT) y2 € P(v ,,aT), 71 € P(ui/,,bw), z9 € P(vf,l,,brf),
wy € P(ul,, ), wy € P(vh,cr). We define £y, 0y, , €y, lay, £ry, Ly, and EU,Q in a similar way
to that of ¢;,¢,, in the first paragraph. Then dist(f(s},c,),z) = dist(f(7l, ¢;),2) — 2 = £,
if © # ¢, and dist(f(sg,cr),cr) = dist(f(7l, ¢;),¢r) = 2. For a pair {x,yl}, there are two
cases. Case 1: r' = r. dist(f(s] ' ¢),y1) = min 2+ |P(uZ o) — 2 + £y,,2 + |P(nl )| +
Pt an)| + [P a0)| = ), > 20 0 c0)en) = 2 [Placo)] + by 1 By < 2
dist (£, )y gn) = min (2 [P(u, )| — 2+ Ly, |[P(rl, )| + | P(al ) |+ [Pl ar) |~ £y, if
by, > 2. dlSt(f(Wz L)y Y1) = 2+ [Pl c)| + £y, if £y, < 2. Tt follows that dist(f(s?,¢,),y1) >
dist(f (7", ¢.),y1). For a pair {z,y1} that is not resolved by f(sl-, cr), dist(f( Z,cr),x) >
dist(f(s] CT) T) = dist(f(s?, ¢, ),y1) > dist(f(72, ¢;),y1). Thus in this case, every pair {z,y;} is
resolved by f(sz cr) or f(mh, ) Case 2: r' # 7. dist(f(sg,c,ﬂ),yl) = dist(f (70, ¢;),y1)+2 = 2+
|P(nl, c0) |+ P(lt, apr) |+ | P(u?), ap)| £y, Itfollowsthatdist(f( ‘,cr),yl)>dist(f(7rf,cr),y1).
For a pair {z,y:} that is not resolved by f(s!,er), dist(f(7l, e.),z) > dist(f(sg,cr),x) =
dist(f(s, ), y1) > dist(f(72, ¢;),y1). Thus in this case, every pair {z,y;} is resolved by
f(sg,cr) or f(mh c). Similarly, every pair {z,ys} is resolved by f(sg,cr) or f(nl e.). For
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a pair {x,z1}, there are tvvo cases. Case 1: 7" =r. Let sg* be a vertex which resolves the

pair {uT, v'}. Then \P( o) + |P(s] ,by)| = 40(n + ) —5n + 1. dist(f(7l,¢),b,) =
2+ |P(s] CT)|—|—|P( )\}/—40(71—}— )—5n—|—3 dist(f(7, ¢,), zl)—mrn 2+ |P(ul, cr)| +
ﬂzl,dist(f( ', cr), b )—|— \P(ui,br)] —0;) >20(n+1) > dlst( (7l ¢.),x). Thus in this case,
every pair {x 21} is resolved by f(nl, cr) Case 2: 1" # r. dist(f( Zh cr)ybp) = minae[m](Z +
P )l PSP b)) Then s ) 20) = i (PP o) P o) PO )
Ezl,drst(f( ; cr) ) + | P(ul, b)) — Kzl) > 20(n + 1) > drst(f(ﬂlh,cr),x). Thus in this
case, every pair {a:,zl} is resolved by f(m!, ¢.). Similarly, every pair {z,z2} is resolved by
f(rh cr) For a pair {z,w}, there are two cases. Case 1: 1/ = r. dist(f(sg,cr),wl) =
dlst(f( ser),wi) = 2+ [Py, ul), cpr)| — Ly,. For a vertex pair {z,w1} that is not resolved
by f(si,cT), dist(f(s],¢r),x) = dlst(f(sg,cr),wl) dlst(f( er),wr) < dist(f(rh cr) x).
Thus in this case, every pair {x,w;} is resolved by f(s ) or f(wlh,cr). Case 2: " # r.
dlSt(f( ser)ywi) = min (|P(xf, ep) |+ |P(rf, ¢r) |+ | P(u; /acr )= wra‘P(ﬂ' CT)H“P(W ar)|+
P(uls )|+, —2) iy > 2. dist(f(nl, ), 101) = |P(r! P et o PG )
if £, < 2. Thus dist(f(72, ¢.),w1) > 20(n+1) > dist(f(7l, ¢.), x). Similarly, every pair {z, w2}
is resolved by f(sg,cr) or f(zl e.).

Frnally we show that every pair {z,y} € P(sz, by) x (P(ul,,a) U P( ¥ am) U P(ul, b)) U
P(vl), b)) U P(ul, ) U P(v%, ¢,r)) for i,i' € [n],j € [m] and r,7" € {1,2,3} is resolved
by S’ We fix arbitrary integers 4,i’ € [n],h € 1,2} j € [m] and r,7" € {1,2,3}. Sup-
pose that & € P(s},b;), y1 € P(u U an), yo € P(vi),am), 21 € P(uly,by), 20 € P(v%,by),
wy € P(uil,,cr/), wy € P(UT/,CT /). We define £y, £y, , y,, Lz, Lzy, by, and £y, in a similar way to
that of £,¢y, in the first paragraph. For a pair {z,y1}, there are two cases. Case 1: r = 1’.
dist(f (7}, ar), x) = min (2 + |P(s], ar)| + |P(s] o) = L 2+ | Plag, ul)| + [Py, ul)| + £,) >
20(n + 1). dist(f(l, a.),y1) = |Plar,ul)| — €, < 20(n + 1). Thus in this case, every
pair {x,y1} is resolved by f(n!, a,). Similarly, every pair {x Yo} is resolved by f(xl, a,).

s/ -/

Case 2: 7 # /. dist(f'(u’),v r)yl) =1+ 4, if y 7é u?, and drst(f(rl vl),ul,) = 2.

’7r7r

dmﬁ(wwﬁw)—mm@mﬁ(/v) 1)+ |P(s],by)| — @AMU<W706>+6)

/'y T'

20(n + 1) > dist(f(u T/ v%,),y1). Thus in this case, every pair {z,y1} is resolved by f!(u’ ot).

Similarly, every pair {z, g;g} is resolved by f1(u r,,vf,/). For a pair {z, 2}, there are two casres
Suppose that P(s,b,) = 20(n+1)+5A+1 for some A € [n]. Case 1: 7 =1". dist(f™4(i, j,h), ) =
|Ph(i, 4, pz )\/2+2+|P( bp)| =€y = 30(n+1)+5A+3— r dist(f™(i, j, h), z1) = min (2+
[P (i, 5,0} ") /24| P(s] b+ | P(br, ) ~ ey, 1+ | PG . P24 |P(w) an)| + | Plar, uf) |+
l;) = min (50(n + 1) + 5)\ +2—5i"—£,,,40(n + 1) + 1 — 10¢' + £,,). dist(fe(i, 4, h,7),z) =

| Ph(i, j,ar)|/2—|—1+\P( by)| — £, = dist(f™4(i, j, h), z) — 1. dist(f(3, 5, h,r), z1) = min (1+

| P (i, j, ar)| /2+|P(s], )’—Hp(b?"vur)‘_62172+‘Ph(i7j7 ar)|/2+|P(nf, ar) [+ Plar, uf)| +-€:,) =
min (50(n + 1) + 5\ + 1—-5"—1¢,,,40(n+ 1) +2 — 104 4 ¢,,). For a vertex pair {z, zl} that is
not resolved by f’md(z gy h), dist(f™4(i, 4, h), 2) = dist(f™2(i, 4, h), z1) = 1+|P" (i, §,p3 )| )2+
|P (el ar)|+|P(aT, ,q)|—i—€Z1 > dist(fe(4, 4, h, ), z). Ifdist(f°(i, j, h,7), 21) = 14+|P"(i, j, a,)|/2
+|P(s?,b,)| + | P(br,ul)| — £, then obviously f¢¢(i, j, h,r) resolves this pair. Otherwise,
dist(fecc(z,j,h,r),zl) =40(n+1)+2—10"4£,, > dist(f™4(i, j, h), z1) > dist(f°(i, j, h,7), x).
It follows that every pair {x,z1} is resolved by f™(i, 4, h) or f(i, j,h r). Similarly, every
pair {z, 20} is resolved by f™%(i,j,h) or f¢°(i,j, h,r). Case 2: r # r'. dlst(f (u Tl,,vr) z1) =
2 +£z1 < 20(n+ 1). dist(f (u%,v%), ) = min (dist(f (ur,,vr) )+ |P(s],b)| — s,
dist(f1(ul,, v%),by) + L) > 20(n +1) > dist(f(uls,v%), 21). Thus in thrs case, every pair
{x, 21} is resolved by f!(u 7,,, T) Similarly, every pair {x, 25} is resolved by f!(u 7,,, ) For a
pair {z, w1 }, there are two cases. Case 1: r =1/, dlst(f( hoc),by) = mlnae[m](Z—i— |P( cr)] +

|P(s,by)]) = 34+40(n+1)—5n > 30(n+1). drst(f( ,¢r),x) =min (24| P(s], ¢)|+|P(s], by)|—
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U, dist(f(nl, cr), br)+L,). dist(f(s],¢,),z) = min (|P(s], e.)|+|P(s], by )| L, dist(f (7], ¢.), by)+
x) dlst( (7l ep),wy) = dist(f(s?, ), w1) = 2 + |P(cryuls)| — bwy, = 2+ 20(n + 1) +10i’ —
Lo, 30(n + 1). For a pair {z,w;} that is not resolved by f(xl, c.), dist(f(7l ¢,),z) =
dmt(f( Zh,cr),wl) = 24 |P(s], e.)| + |P(s],by)| — £e = dist(f(s],¢,),w1) > dlst(f(s c ),m) =
\P(s )|+ |P(s] ' b,)| — Ly Thus in this case, every pair {z, wl} is resolved by f(7rzh ¢r) O
f(s],¢;). Case2: r 7é v’ dist(f (u?), vl)), wl) = 1+4y, if wy # w;, and dist(f (u ,0l), Ul

/

) pu—
dist( £ i), ) = min (dist(f](udh,01)), 1) + [PUsTybo)| — by dist(f(uls, o), by) + ¢ )l
30(n+1) > dist(f (u?, Y v%),w;). Thus in this case, every pair {z, w1} is resolved by f!(u?, Ly UL
Similarly, every pair {x wo} is resolved by f!(u rl,,v}n'). This completes the proof for the lem-
ma. O

)
;!
/

2.
>
"),

Lemma 72. For any vertezx vy € F, every vertex pair {z,y} € {vs} x V(G') \ {vs} is resolved
by S'.

Proof. Without loss of generality, suppose that vy, vq, v, € F1(u,v) for some r € {1,2,3},i €
[n], where v, is the connecting vertex of F'(ul,v%), vi,vs are the false twins and v; € 5.
Then obviously every vertex pair of {v1} x V(G’) \ {v1} is resolved by v;. Every vertex pair
of {va} x V(G') \ {v2} is resolved vy except the vertex pair {vs,vc}. Let wy be an arbitrary
vertex of "\ F!(uf,vl). Then there is a shortest path from wf to v2 going through v.. Thus
dist(wys,v2) = dist(wy,ve) + 1 and {v2, v} is resolved by wy. For any vertex u € V(G') \
FY(ul,vl), dist(vy,u) > dist(v1,v.) = 1. Then the correctness of the lemma follows. O

YT

With Lemmas 51- 72, we show that every pair of distinct vertices of G’ is resolved by some
vertex of S’. It follows that Lemma 50 is true and this proves the completeness of the reduction.
Finally, with Lemmas 44, 48, 50 and 49 in hand, we can prove the correctness of Theorem 8.
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