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Abstract. An independent set S in a graph G is k-swap optimal if there
is no independent set S” such that |S’| > |S| and [(S"\ S)U(S\S")| < k.
Motivated by applications in data reduction, we study whether we can
determine efficiently if a given vertex v is contained in some k-swap opti-
mal independent set or in all k-swap optimal independent sets. We show
that these problems are NP-hard for constant values of k£ even on graphs
with constant maximum degree. Moreover, we show that the problems
are Y5-hard when k is not constant, even on graphs of constant maxi-
mum degree. We obtain similar hardness results for determining whether
an edge is contained in a k-swap optimal max cut. Finally, we consider a
certain type of edge-swap neighborhood for the LONGEST PATH problem.
We show that for a given edge we can decide in f(A + k) - n®® time
whether it is in some k-optimal path.
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1 Introduction

Local search and data reduction are two widely successful strategies for coping
with hard computational problems. Local search, which applies most naturally
to optimization problems, aims at computing good heuristic solutions by using
the following generic approach: Define a local neighborhood relation on the set of
feasible solutions. Then, compute some feasible solution S. Now check whether
there is a better solution S’ in the local neighborhood of S. If this is the case,
then replace S by S’. Otherwise, output the locally optimal solution S and stop.

Local search algorithms have been explored thoroughly from a practical and
theoretical point of view [2,8,9,10,14]. The theoretical framework most closely
related to our investigations is parameterized local search. Here, the local search
neighborhood comes equipped with an operational parameter k£ that bounds
the radius of the local search neighborhood. The size of the neighborhood is
assumed to be polynomial in the input size for every fixed value of k. For example,
in INDEPENDENT SET one is given a graph G and asks for a largest vertex
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set S such that no two vertices in S are adjacent. The feasible solutions are
the independent sets of G. A natural neighborhood with a radius k& is the k-
swap neighborhood: Two vertex sets S and S’ are in their respective k-swap
neighborhoods if |S @ 5’| < k, where @ denotes the symmetric difference of two
sets. In LS-INDEPENDENT SET, one is then given a graph G, an independent
set S, and an integer k and asks whether the k-swap neighborhood of S contains
a larger independent set S’. LS-INDEPENDENT SET can be solved in A9K) . p
time [6,10]; the currently best fixed-parameter algorithm for LS-INDEPENDENT
SET is efficient in practice, solving the parameterized local search problem for k ~
20 even on large real-world graphs [10]. Summarizing, for moderate values of k,
a k-swap optimal independent set can be computed faster than an optimal one.

In data reduction, the idea is to preprocess any instance of a hard problem
by identifying those parts of the instance that are easy to solve. Usually, data
reduction algorithms are stated as a collection of data reduction rules which
can be applied if a certain precondition is fulfilled and reduce the instance size
whenever they apply. Two classic trivial reduction rules for INDEPENDENT SET
are as follows: First, remove any vertex v that has no neighbors in G and add
it to the independent set that is computed for the remaining instance. Second,
remove any vertex v that has two degree-one neighbors.

In this work, we aim to explore the usefulness of local search or, more pre-
cisely, of local optimality, in the context of data reduction for hard problems.
The correctness of the first reduction rule above is rooted in the observation
that v is contained in every maximum independent set. Similarly, the correct-
ness of the second rule is rooted in the fact that v is contained in no maximum
independent set. Most of the known data reduction rules employ this principle
and the crux of proving the correctness of a data reduction rule lies in proving
that v is contained in all or no optimal solution. In general, given a vertex v and
computing whether v is contained in a largest independent set is just as hard
as computing an optimal solution in the first place. This is why data reduction
rules use specific preconditions that allow proving optimality of including or
excluding v without computing an optimal solution.

One may avoid such specific preconditions by relying on locally optimal solu-
tions instead of optimal solutions: If we could compute efficiently that a vertex v
is not contained in a locally optimal solution for some local search neighbor-
hood, then we could remove v from the graph. Conversely, if we could compute
efficiently that some vertex v is contained in every locally optimal solution, then
we could remove v and its neighborhood from the graph as described above. The
hope is that, since computing locally optimal solutions is easier for suitable local
search neighborhoods, this approach could help in circumventing the previous
dilemma: to say something about the optimal solution, one more or less needs
to compute it. Going back to the INDEPENDENT SET problem, we would like to
determine whether a given vertex is in some k-swap optimal independent set.

SoME LocALLy OPTIMAL INDEPENDENT SET (3-LO-IS)
Input: An undirected graph G = (V, E), a vertex v € V, and k € IN.
Question: Is v contained in some k-swap optimal independent set in G7



If the answer is no, then v can be removed from G without destroying any optimal
solution. We may also ask whether v is in every locally optimal independent set.

EVERY LocALLy OPTIMAL INDEPENDENT SET (V-LO-IS)
Input: An undirected graph G = (V, E), a vertex v € V, and k € IN.
Question: Is v contained in every k-swap optimal independent set in G7

If the answer is yes, then v belongs to every optimal independent set and we
can apply a data reduction rule that removes v and its neighbors and adds v to
the independent set that is computed for the remaining graph. Motivated by the
usefulness of efficient algorithms for these two problems in data reduction for
INDEPENDENT SET, we study their complexity. We consider related problems
for two further classic NP-hard problems: MAX CuUT and LONGEST PATH.

Our Results. For INDEPENDENT SET our results are decidedly negative. 3-LO-1S
and V-LO-IS are NP-complete and coNP-complete, respectively, even if k = 3
and A = 4 and also if K = 5 and A = 3. These results are tight ! in the
following sense: when k = 1 or when A = 2, then both problems can be solved
in polynomial time. Moreover, when k is not constant, we show that the problems
are even Y.5-complete and IIY-complete, respectively. Thus, both problems are
substantially harder than LS-INDEPENDENT SET. For MAX CUT the situation
is similar: Deciding whether some edge is contained in a k-swap optimal cut or
in every k-swap optimal cut is NP-complete and coNP-complete even if £ = 1
and A = 5. Moreover, if k is not constant then the problems are, again, ¥.5-
complete and I15-complete, respectively.

Finally, we consider LONGEST PATH with a certain edge-swap neighborhood.
We show that for this neighborhood we can determine in f(A + k) - n©® time
whether some edge is contained in a k-optimal path. If the answer is no, then
this edge can be safely removed from the input graph. Since LONGEST PATH
is NP-hard on cubic graphs, our results indicate that there are scenarios in
which testing for the containment of edges in locally optimal solutions is a viable
approach to obtain data reduction rules for NP-hard problems.

Related Work. A related problem is to determine if there is a maximal (and,
thus, 1-swap optimal) independent set .S containing only vertices of a specific
subset of vertices U C V [3,12]. In other words, this problem asks for a 1-swap
optimal independent set containing no vertex of V' \ U, a generalization of the
complement problem of 3-LLO-IS for £ = 1. This problem is NP-hard even on
graphs where INDEPENDENT SET can be solved in polynomial time, like bipartite
graphs [3]. In the scope of 1-swaps, the INDEPENDENT SET RECONFIGURATION
problem was analyzed extensively [1,4,5,13]. Here, we are given two independent
sets X and Y of a graph G and an integer k and we want to determine if there is a
sequence St, ..., S, of independent sets such that S; = X, S, =Y, |S;| > k for
all j € [1,7], and |S; @ S;11| = 1 for all j € [1,7—1]. Hence, one wants to add or

! For even k, an independent set is k-swap optimal if and only if it is (k — 1)-swap
optimal [10]. Thus, only odd values of k are interesting.



remove a single vertex at a time and transform X into Y without decreasing the
size of the current independent set below k. This problem is PSPACE-complete
even on bipartite graphs [13].

The proofs of statements marked with a (*) are deferred to a full version.

2 Preliminaries

Sets and Graphs. For a set A, we denote with (‘24) = {{a,b} | a € A,b € A}
the collection of all size-two subsets of A. For two sets A and B, we denote
with A@ B :=(A\ B)U(B\ A) the symmetric difference of A and B.

An (undirected) graph G = (V, E) consists of a set of vertices V' and a set of
edges E C (‘2/) For vertex sets S C V and T C V we denote with Eg(S,T) :=
{{s,t} € E | s € S;t € T} the edges between S and T. Moreover, we de-
fine Eq(S) := Eg(S,S). For a vertex v € V, we denote with Ng(v) :={w e V|
{v,w} € E} the open neighborhood of v in G and with Ng[v] := Ng(v) U {v}
the closed neighborhood of v in G. Analogously, for a vertex set S C V, we de-
fine Ng[S] := U,cq Na[v] and Ng(S) := Ng[S]\S. If G is clear from the context,
we may omit the subscript. Moreover, we denote with A(G) := max{|Ng(v)| |
v € V} the mazimum degree of G.

A sequence of distinct vertices P = (vg,...,v) is a path or (vg,vg)-path of
length k in G if {v;_1,v;} € E(G) for all i € [1,k]. We denote with V(P) the
vertices of P and with E(P) the edges of P.

Satisfiability. For variable set Z, we define the set of literals L(Z) := Z U {—z |
z € Z}. A literal set Z C L£(Z) is an assignment of Z if [{z,—2} N Z| = 1
for all z € Z. For a subset X C Z of the variables we denote with 7z (X) :=
X U{-z | z € Z\ X}, the assignment of Z where all variables of X occur
positively and all variables of Z \ X occur negatively. A clause ¢ C L(Z) is
satisfied by an assignment T of Z if ¢ N7 # (), and we write T = ¢. Analogously,
a set @ C P(L(Z)) of clauses is satisfied by 7 if 7 = ¢ for all ¢ € &, and we
write 7 = &.

3 Independent Set

In this section, we analyze the complexity of 3-LO-IS and V-LO-IS. First, let us
set the following notation. Let G = (V, E)) be a graph and let k be an integer. We
call a subset W C V a k-swap in G if |W| < k. A set S C V is an independent
set if {v,w} ¢ FE for all v,w € S. Further, an independent set S is k-swap
optimal in G if there is no k-swap W in G such that S@® W is an independent set
and |S] < |S@W|. We will make use of the following observation on improving k-
swaps.

Observation 1 ([10, Lemma 2]) Let S be an independent set for a graph G =
(V,E) and let k be an integer. Then, S is k-swap optimal if and only if there is no
swap C CV of size at most k such that G[C] is connected and |S®C| = |S|+1.



Observation 2 An instance (G,v, k) of V-LO-IS is a yes-instance if and only
if (G,w, k) is a no-instance of I-LO-IS for every w € N(v).

First, we observe that we can solve 3-LLO-IS in polynomial time for the
following almost trivial cases. Note that for k¥ = 1, we ask whether a vertex is
contained in some maximal independent set.

Proposition 1 (*). 3-LO-IS and V-LO-IS can be solved in polynomial time
ifk=1o0rA<2.

We now show that we cannot improve upon Proposition 1, neither in terms of &k
nor in terms of A.

Theorem 3 (*). 3-LO-IS is NP-complete and V-LO-IS is coNP-complete
even if k =3 and A = 4.

Theorem 4. 3-LO-IS is NP-complete and V-LO-IS is coNP-complete even
if k=5 and A = 3.

Proof. First, we show the statement for 3-LO-IS via reducing from SAT. Given
an instance I = (Z,®) of SAT, we construct in polynomial time an equivalent
instance I’ = (G = (V, E),v3, k) of 3-LO-IS where £k = 5 and where G has
maximum degree three. We may assume that every clause has size three, every
variable of Z occurs twice positively and twice negatively in @, and every variable
occurs at most once per clause since SAT remains NP-hard in this case [15].

Let ¢ denote the number of clauses and let @ = {¢1, ..., ¢y }. We start with
an empty graph G and add for every variable z € Z a cycle (2!, =21, 22, =22 21).
We add for every clause ¢; = {{1,02,¢3} € & the subgraph Gy, = (Vy,, Ey,)
shown in Fig. la. The graph G, contains the vertex u;, for each j € {1,2,3, V},
the path (a}, b, ¢}, dj, e}), and the edges {b1,al, }, {by, al, },{bl,, u;}, and {b%, u;}.
We connect a gadget G with the cycles of the variables of ¢ as follows: for
every j € [1, 3] we add the edge {E;, aé} if f; is not connected to any clause gadget
already. Otherwise, we add the edge {¢3,a}}. Since every variable occurs twice
positively and twice negatively in @, the vertices E} and K? are each connected to
exactly one subgraph G, at the end of the construction. The idea behind Gy, is
that every 5-swap optimal independent set S for G containing the vertices al, a3,
and a}, also contains the vertex u;. Hence, if no vertex representing any literal
of ¢; is contained in S (that is, if ¢; is not satisfied), then u; is contained in S
which will imply that v3 is not contained in S by the remaining gadgets.

Next, we add a binary tree with leaf vertices {u; | ¢; € @}, the set of
inner vertices T', and root r to G. Afterwards, we remove all edges of this
tree and connect every parent vertex p with his two child vertices c¢; and co
by adding the subgraph G, = (V},, E,) shown in Fig. 1b. This subgraph con-
tains the vertices of the binary tree p,c; and cq, the vertices p’,q,qi,q3, and
a cycle (po,p}, ps,p3,ph, P, P, P3, P3, P3, po). Further, the set E, contains the
edges {p3, a3}, {p3, @3}, {pi, 1}, {pf, 2}, (o, '} {0, ¢, and {p', po}-

Finally, we add a path (vg, v1,v2,v3,7) to G and set vz := v;. This completes
the construction of I’. Note that the constructed graph has a maximum degree of
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(a) The subgraph G, for a clause ¢; = (b) The subgraph G, for some parent ver-

{€1,02,43} € &. Black vertices belong tex p € T with the child vertices ¢; and ca.

to Vi, (1) with 7N ¢; = {£2}. Black vertices are contained in every 5-swap
optimal independent set containing vs.

Fig. 1: The gadgets of the reduction of Theorem 4.

three. We show that I is a yes-instance of SAT if and only if I’ is a yes-instance
of 3-LO-IS.

(=) Suppose that [ is a yes-instance of SAT. Thus, there is an assignment
for Z such that 7 = @. Let ¢; = {¢1,¢2,03} be a clause of @ and let 7 be an
assignment of Z. We set

Vi, (r) = {biydi | € € 7} U {al,chyel | £; € 7} U {{b@’div} T {6, 6)

) AR [P B | :
3o @ AR AR {a¥,,c,, et} otherwise

Note that Vy,(7) is an independent set. Weset S := {¢*,£* | £ € T} U,, e Vo, (T)U
{p',p},pi, 05,03, | p € T}U{v1,v3}. That is, S contains the vertices represent-
ing the literals of 7, the vertices of the clause gadgets according to 7, the black
vertices of V}, shown in Fig. 1b for every p € T, and the vertices v3 and v; = vs.
By construction, S is an independent set. It remains to show that S is 5-swap
optimal. To this end, we observe the following.

Claim 1 (*). For each vertex w € V'\ S with |[N(w)NS| < 1, we have [N (w)| = 1.

Since a 5-swap W for S with |S @ W/| > |S| has to contain two distinct
vertices wy, we € V'\ S with |N(w1)NS| = |N(w2)NS| =1 we obtain by Claim 1
and the fact that degree-one vertices in G have pairwise distance at least six,
that there is no such W. Consequently, S is a 5-swap optimal independent set
in G with v3 =v; € S.

(<) Suppose that I’ is a yes-instance of 3-LO-IS. Thus, there is a 5-swap
optimal independent set S in G with v3 = v; € S. We first observe the following.

Claim 2 (*). Let p € T with the child vertices ¢; and ¢3. If p & S and p’ € S,
then |N(c1)NS| > 2 and |N(c2) N S| > 2.



Note that this also implies, that ¢; € S and ¢c3 € S.

Recall that r is the root of the binary tree and that 7’ is the unique neighbor
of rin G,. Now, observe that {vy,vs, 7'} = {v3,v3,7’'} C S and {vg,ve,r} CV\S
as, otherwise, S would not be a 5-swap optimal independent set in G. Thus, by
Claim 2 one can show inductively, that for all vertices ¢ of the binary tree it
holds that |[N(c)N.S| > 2. Consequently, this also holds for the leaves of the tree,
namely the vertices {u; | i € [1,v]}. Hence, for every ¢; € @ it holds that u; & S
and that b, € S or b} € S.

We set 7 = {{ € L(Z) | {£,£2} NS # 0} and show that 7 = &. Note
that 7 contains at most one of z and —z since S is an independent set. Let ¢; =
{l1,42,43} be a clause of &, we show that 7 |= ¢;. First, we show that if there
is some j € {1,2,3,V} with N(a%) NS = {b%}, then S is not 5-swap optimal.
Since S is an independent set, it holds that ¢ & S. If d} ¢ S, then S®{a}, b}, ¢}
is an independent set and, thus, S is not 5-swap optimal. Otherwise, d;- € S and,
thus, ez» ¢ S. Hence, S @ {aé-,bé-, cé, dj», eé»} is an independent set and, thus, S is
not 5-swap optimal.

We may thus assume that if a’ ¢ S, then N(a’) is a subset of S containing £'
or /2. We now use this fact to argue that at least one literal vertex adjacent to
any vertex aé is contained in S and, thus, ¢; is satisfied by 7. Recall that b¢, € S
or by € S. Consequently, if b}, € S, then |N(a?,)NS| > 2 and, therefore, {b%, b} N
S # 0. Hence, there is some j € {1,2,3} such that b} € S and, thus, N(a}) C S.
As a consequence, {E},é?} NS # 0 and, therefore, ¢; € 7. Hence, ¢; is satisfied
by 7. Consequently, I is a yes-instance of SAT.

Due to Observation 2 and the fact that N (vg) = {v3} it follows that (G, vg, k)
is a yes-instance of V-LO-IS if and only if I’ is a no-instance of 3-LO-IS.
Consequently, V-LO-IS is coNP-hard even if k¥ = 5 and where the input graph
has a maximum degree of three. ad

Corollary 1. For every fized odd k > 5, V-LO-IS is coNP-complete and 3-LO-
IS is NP-complete even if A = 3.

Proof. Let k > 7 and let I = (G = (V,E),vs3,5) be an instance of 3-LO-
IS constructed as in the proof of Theorem 4. By adding for every degree-one
vertex w in G a path P, with k — 5 vertices to G and connecting w with one
endpoint of P, we obtain an equivalent instance I’ = (G’,v3, k) of 3-LO-IS. O

Next, we analyze the case where the swap distance k is unbounded.

Theorem 5 (*). V-LO-IS is I} -complete (3-LO-IS is X1 -complete) if A = 3.

4 Max Cut

We now analyze the complexity of deciding whether an edge is a cut edge of
some locally optimal cut for the MAX CUT problem. We formally define cuts
and their local neighborhoods as follows. Let S,7 C V. The pair (S,T) is a cut
in Gif SUT =V and SNT = 0. A cut (S,T) is a k-swap optimal cut in G if
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Fig.2: A (2,3)-enforcer F' = (By U By U M1 U My, Fi).

there is no k-swap W in G such that |E(S’,T")| > |E(S,T)| where S’ = S@ W
and T'=TeW =V \ 5" Let A, B C V. We say that A and B are in the same
part of the cut if AUB C S or AU B C T. Moreover, A and B are in opposite
parts of the cut if A C S and B C T or vice versa.

EvERY LocaLLy OpTiMAL MaXx-Cut (V-LO-MC)
Input: An undirected graph G = (V, FE), an edge ¢ € E, and k € IN.
Question: Is e contained in every k-swap optimal cut in G?

Analogously, we ask in SOME LocALLy OPTIMAL MAX-CuUT (3-LO-MC) if e
is contained in some k-swap optimal cut in G.

For every fixed value of k, we can check in polynomial time if a given cut (S, T")
is k-swap optimal in G. Consequently, we obtain the following.

Lemma 1. For every fized value of k, V-LO-MC is contained in coNP and
3F-LO-MC is contained in NP.

We now show that both problems are hard, even for constant & and A. In
the reduction, we use a graph called (2, 3)-enforcer which is shown in Fig. 2. For
a (2,3)-enforcer F', we denote F(i) := B; U M, for i € {1,2}.

Proposition 2 (*). Let G be a graph with A(G) = 5. If G contains a (2, 3)-
enforcer F' = (B1 U By UM UMa, E') as an induced subgraph, then for every 1-
swap optimal cut (S,T) in G it holds that F(1) and F(2) are in opposite parts
of the cut.

Theorem 6. 3-LO-MC is NP-complete and V-LO-MC is coNP-complete even
if k=1 and A =5.

Proof. We reduce SAT to 3-LO-MC. Given an instance I = (Z,®) of SAT, we
construct in polynomial time an equivalent instance I’ = (G = (V, E), eg, k) of
3F-LO-MC where k£ = 1 and where G has a maximum degree of five. We can
assume without loss of generality that every clause has size three, every variable
of Z occurs twice positively and twice negatively in @, and every variable occurs
at most once per clause since SAT remains NP-hard in this case [15]. Further,
we let 1 denote the number of clauses and we assume that ¢ = 2" for some
even 7.

Let @ = {¢1,..., ¢y }. We start with a balanced binary tree with r+ 1 levels.
We denote with L, := {u? | ¢ € [1,2P]} the vertices of the pth level of the tree
for all p € [0,7]. The leaf uj, represents the clause ¢, for all ¢ € [1,]. Further,



we add a (2,3)-enforcer F5 with By = {wl, w3} and By = {wl, w2} and, for
each variable v € Z, a (2, 3)-enforcer F,, with By = {v,v’'} and By = {-w, ~'}.

The idea is that F, (1) corresponds to the true-assignment of v and that F,(2)
corresponds to the false-assignment of v since v € F,(1) and —v € F,(2). By
Proposition 2, F,,(1) and F,(2) are in opposite parts of every 1-swap optimal
cut for G. Thus, for every l-swap optimal cut (S,7T) for G, both S N L(Z)
and T'N L(Z) are assignments for the variables of Z.

For each clause ¢, € @ and each literal £ € ¢, we add the edge {,uy}.
Furthermore, we connect the vertices of L; U {w2} to a cycle of length three
and for p € [2,r7 — 1] we connect the vertices of L, to a cycle of length 27.
Finally, we add the edges between u? and each of the vertices w,w?, and w}
and set e3 = {wl,ul}. This completes the construction of I'. We now show
that I is a yes-instance of SAT if and only if I’ is a yes-instance of 3-LO-MC.

(=) Suppose that I is a yes-instance of SAT. Thus, there is Z C Z such
that 7 (Z) satisfies . We set

S=rmmu J LulRrOu | FE
odd pe(l,r—1] veZ veZ\Z
and T'= V'\ S and show that (S,T') is a 1-swap optimal cut in G and contains e3.
Note that for every ¢ € £(Z) it holds that £ € S if and only if £ € 74(Z).

By construction, G has a maximum degree of five. Thus, for every vertex v in
any enforcer it follows directly that at least half of the neighbors of v are in the
opposite part of the cut of v. Further, since for every v € L, p € [1,r—1], it holds
that |[Ng(v)N(Lp—1ULpt1)| = 3 and, thus, by construction of (S, T') that at least
half of the neighbors of v are in the opposite part of the cut of v. The same also
holds for the root u? since u? € T and Ng(u?) NS = Ly U{wi}. Since L, C T,
it remains to show that for every ¢ € [1,v], [Ng(uy) N S| > 2. By definition
of (S,T) it follows that |[Ng(ul) N L,_y N S| = 1. The fact that 77(Z) | &
implies that ¢, NS # (. Consequently, for every v € V, at least half of the
neighbors of v are in the opposite part of the cut of v. Therefore, (S,T) is
a l-swap optimal cut in G and contains e3.

(<) Let (S,T) be a 1-swap optimal cut in G which contains e3. By Proposi-
tion 2, we may assume without loss of generality that F5(1) C S and F5(2) C T.
Further, for every v € Z, either F,(1) C S or F,(2) € S. We set Z := {v € Z |
F,(1) C S} and show that 77(Z) = ®. Note that for every literal £ € £(Z) it
holds that £ € 7,(Z) if and only if £ € S.

Claim 3 (*). For every p € [0,7], it holds that L, C S if pis odd and L, C T
if p is even.

As a consequence, uy; € T for all ¢ € [1,%]. Since (S,T) is 1-swap opti-
mal in G, it holds that u; has at least two neighbors in S: the single neighbor
in Ly and at least one neighbor in Ng(u) \ Ly—1 = ¢4 and, thus, SN ¢, # 0.
Consequently, 7(Z) = &.

Thus, 3-LO-MC is NP-complete if £ = 1 and A = 5. Due to Proposition 2
and the fact that the (2,3)-enforcer F5 contains both wi and wl, we know
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Fig. 3: The three possible kinds of minimal improving (1, k)-swaps: a) appending
an edge to one of the endpoints, b) replacing an edge {u, v} with a (u,v)-path of
length at most &, and c¢) removing one endpoint and appending a path of length
two to its neighbor in the path.

that for every l-swap optimal cut (S,7) in G it holds that wl € S if and
only if w), € T. Hence, I’ = (G, e3,1) is a no-instance of 3-LO-MC if and
only if I” = (G,ey,1) is a yes-instance of V-LO-MC, where ey := {w},u}.
Consequently, V-LO-MC is coNP-complete if k =1 and A = 5. ad

Theorem 7 (*). V-LO-MC is I1{-complete and 3-LO-MC is %8-complete
even if A = 3.

5 Longest Path

Finally, we consider LONGEST PATH which is NP-hard even on cubic graphs [7].
Again, we want to find out whether some small part of the graph is contained
in a locally optimal solution. We consider the following neighborhood.

Definition 1. Let k be an integer. Two paths Py and Py are (1,k)-swap neigh-
bors, if 1) the relative ordering of the common vertices of Py and Py is equal
in both paths and 2) |E(P1) \ E(P)| <k and |E(P2) \ E(P1)| <1 or |E(Py) \
E(P)| <1 and |E(P2) \ E(P1)| < k.

All three kinds of minimal improving (1, k)-swaps are shown in Fig. 3.

SoME LocArry OPTIMAL PATH (3-LO-PATH)
Input: An undirected graph G = (V, E), an edge e* € E, and k € IN.
Question: Is e¢* contained in some (1, k)-swap optimal path P* in G?

First, we observe that, unfortunately, the problem is hard already for fixed k.

Theorem 8 (*). 3-LO-PATH is contained in NP for every fized value of k and
NP-hard for every k > 2.

We now show that on bounded-degree graphs, we can obtain an efficient algo-
rithm for small k. Our algorithm is based on a sufficient and necessary condition
for the existence of a (1, k)-swap optimal path in G containing a specific edge.
To formulate the condition, we define two collections of vertex sets. We denote
for every integer k and every pair of distinct vertices v,w € V with Vi (v, w) :=
{V(P)\ {v,w} | P is an (v,w)-path with 2 < |V(P)| < k + 1} the collection of
sets of inner vertices of (v, w)-path with length at most k. Moreover, for every
vertex v € V we denote by Va(v) := {{z,y} | x,y € V, (v,z,y) is a path in G}
the collection of subsets of V' C V '\ {v}, such that G contains a path P of length
two starting in v with V(P) = V U {v}.



Lemma 2. Let e* = {v*,w*} be an edge which is not isolated and let k > 2.
There is a (1, k)-swap optimal path P* containing e* if and only if there are (not
necessarily distinct) vertices s, s',t' and t such that there is an (s,t)-path P in G
containing the edges e*,{s,s'},{t',t}, the vertices N(s)UN(t), and where V (P)
is a hitting set for Vi(s,s") U Va(s') U Vi (v*, w*) UVa(t) UV (¥, 1).

Proof. (=) Let P* be a (1,k)-swap optimal path containing e*. Then, V(P*)
contains at least two vertices and, thus, there are vertices s,s’,t',t € V such
that P* contains the edges e*, {s, s'}, and {t’, t}. Moreover, V (P*) contains N (s)U
N(t) as, otherwise, P* is not (1, k)-swap optimal. Assume towards a contradic-
tion, that V' (P*) is not a hitting set for Vi (s, s") UVa(s" ) UV (v*, w*)UV,.(¥, t)U
Vo (t').

Case 1: V(P*) is not a hitting set for Vi(z,y) for some {z,y} €
{{s,s'}, {v*,w*}, {t',t}}. Then, there is some V € Vi (x,y) such that there is
some (x,y)-path P’ in G of length at most k and V(P') = V U {x,y}, such
that V(P') N V(P*) = {x,y}. Replacing the edge {z,y} by the (x,y)-path P’
is an improving (1, k)-swap, since 1% # (). This contradicts the fact that P*
is (1, k)-swap optimal in G.

Case 2: V(P*) is not a hitting set for V,(z) for some x € {s',t'}.
Then, there is some V € Vy(z) such that there is some path P’ of length two
in G starting in z with V(P') = V U {z} and V(P') N V(P*) = {z}. Hence,
replacing the edge {z,z'} by the path P’ is an improving (1, k)-swap, since P’
contains two edges. This contradicts the fact that P* is (1, k)-swap optimal in G.

(<) Suppose that there are vertices s, s’,t',t € V such that there is an (s, )-
path P in G containing the edges e*, {s,s'}, {t’, t}, the vertices N(s) UN(t), and
where V(P) is a hitting set for Vi (s, s") UVa(s") UV (v*, w*) UV (¢, t) UVa(t).

Since P contains 1) at least one inner vertex of every (s, s’)-path in G of
length at least two and at most k, and 2) at least one inner vertex besides s’ of
every path of length two starting in s’, there is no improving (1, k)-swap that
removes {s, s’} from P. This also holds for the edge {¢', ¢}. Since V(P) is a hitting
set for Vj(v*,w*), P contains at least one inner vertex of every (v*,w*)-path
in G of length at least two and at most k.

In the following, we will show, that every path P* which can be reached by an
arbitrary number of improving (1, k)-swaps, also fulfills all properties of P. Note
that this implies that there is a (1, k)-swap optimal path P* in G containing e*.

Since e* is not an isolated edge and P contains the vertices N(s) U N(t),
and the edges e*, {s, s'}, {t, t}, we obtain that P contains at least three vertices.
Hence, not all edges of P can be removed by a single improving (1, k)-swap.
Note that an improving (1, k)-swap can only remove a vertex from the path if
this vertex is one of the endpoints.

By the above, none of the edges e*, {s, s'}, or {t,t} can be removed by an im-
proving (1, k)-swap. Hence, for every improving (1, k)-swap neighbor P’ of P it
holds that V(P) C V(P’), P’ contains the edges e*, {s, s'}, and {t’, t}. Moreover,
since N(s)UN(t) C V(P), we obtain that P’ is also an (s, t)-path. Consequently,
one can show via induction, that for every path P* which can be reached by an ar-
bitrary number of improving (1, k)-swap starting from P, that P* is an (s, t)-path



containing the edges e*, {s, s'}, and {t',¢}, the vertices N(s) U N(t), and V(P*)
is a hitting set for Vi (s, ") U Va(s") U Vi (v*, w*) U Va(t') U Vi (¥, 1). O

Theorem 9. 3-LO-PATH can be solved in time O(f(A+k)-n*) for some com-
putable function f.

Proof. Let I = (G = (V,E),e* = {v*,w*}, k) be an instance of SOME Lo-
CALLY OpTIMAL PATH. First, if e* is an isolated edge, then, there is exactly
one path P* = (v*, w*) in G that contains the edge e*. This path is (1, k)-swap
optimal in G if and only if G does not contain a path with two edges. Hence,
to determine if I is a yes-instance of SOME LOCALLY OPTIMAL PATH, we only
have to check if G' contains a path with two edges, which can be done in O(n?)
time. Second, if e* is not an isolated edge, then, due to Lemma 2, it is sufficient
to check if there are vertices s,s’,t',t € V such that there is an (s,¢)-path P
in G containing the edges e*, {s, s'}, and {t',t}, the vertices N(s) U N(¢), and
where V(P) is a hitting set for Vi (s, s") UVa(s") UV (v*, w*) UV (¢, t) UVa(t).
In the following, we describe how we can check in O(f(A +7) - n*) time, if such
a path exists.

For every combination of vertices s € V,s' € N(s),t € V, and t' € N(t), we
compute the collections Vi (s, '), Va(s'), Vi (v*, w*), Vi(t', 1), and Vo (t'). Let V :=
V(8,8 )UVa (") UVi (v, w*) UV (', t) UVa(t'). Each of these collections contains
at most AF~! sets of size at most k — 1 and each can be computed in O(AF)
time. Moreover, for each set V' € Vi (x,y) it holds that V' C N*/2[z] U N*/2[y],
where N*/2[u] denotes the set of vertices having distance at most k/2 to u.
Hence, V* := Uy, V' is asubset of U,e (o o e e vy N2 [2] UN['TUNZ[E].
Consequently, there is some A € O(A™2x(*/2:2)) such that [V*| < .

Next, we check for each V/ C V* if it is a hitting set for V. If this is the case,
then we check if there is an (s,t)-path P in G containing the edges e*, {s, s'},
and {t/,t} such that V' U N(s) U N(¢t) C V(P). This can be done by checking
if there is an ordering © = (x1,...,x;) of the vertices of V := V' U N(s) U
N(t) U{s,t,v*, w*} such that there are pairwise vertex-disjoint (x;, z;1)-paths
for all ¢ € [1,£ — 1] where 1 = s,25 = §',2y_1 = t/,zy = t, and v* and w*
are consecutive in 7. This can be done in g(|V|) - n? time [11] for some com-
putable function g. Since we check all combinations of s,s’,t, and ¢ as well as
every possible hitting set for V, the algorithm is correct and has overall running
time O(n?- AZ-X-2% - (A +4+42A) - g(A+4+2A)-n?) CO(f(A+k)-n*). O

6 Conclusion

We proposed a generic approach to the design of data reduction rules via local
optimality and examined its viability for well-known NP-hard problems. It seems
interesting to find further positive applications of this approach along the lines
of the LONGEST PATH problem. One might, for example, consider extensions of
the (1, k)-swap neighborhood for paths. Finally, regardless of the connection to
data reduction, it seems interesting in its own right to study which properties of
locally optimal solutions can be computed efficiently.
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