Journal of Graph Algorithms and Applications
http://jgaa.info/ vol. 23, no. 1, pp. 3-27 (2019)
DOI: 10.7155/jgaa.00482

Sequentially Swapping
Colored Tokens on Graphs

Katsuhisa Yamanakal)| Erik D. Demame@] Takashi Horiyamaf
Akitoshi Kawamuralll Shin-ichi Nakanol| Yoshio Okamotol|
Toshiki Saitoh[| Akira Suzukif| Ryuhei Ueharaf’] Takeaki Uno[|

E]Iwate University, Japan
Massachusetts Institute of Technology, USA
itama University, Japan.
*Kyushu University, Japan.
E] Gunma University, Japan.
E-] The University of Electro-Communications, and RIKEN Center for
Advanced Intelligence Project, Japan.
E]Kyushu Institute of Technology, Japan.
E] Tohoku University, Japan.
E] Japan Advanced Institute of Science and Technology, Japan.
E National Institute of Informatics, Japan.

Abstract
‘We consider a puzzle consisting of colored tokens on an n-vertex graph,
where each token has a distinct starting vertex and a set of allowable
target vertices for it to reach, and the only allowed transformation is
to “sequentially” move the chosen token along a path of the graph by
swapping it with other tokens on the path.
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1 Introduction

In this paper, we consider the following puzzle on graphs. Let G = (V, E) be
an undirected unweighted graph with vertex set V and edge set E. Suppose
that each vertex in G has a color in C = {1,2,...,|C|}, |C| < |V], and has a
token of a color in C. Then, we wish to transform the current token-placement
into the one such that a token of color 7 is placed on a vertex of color ¢ for all
vertices by a “sequential” token swapping. For a walk W = (wy,ws, ... ,wk>E| of
G, a sequential swapping is to swap the two tokens on w; and w;41 in the order
of i=1,2,...,k — 1. Intuitively, the token on w; is moved to wy along W and
for each i = 2,3,...,k, the token on w; is shifted to w;_;. Figure [I] shows an
example of a sequential swapping. If there exists a color ¢ such that the number
of vertices of color 7 is not equal to the number of tokens of color 7 in a current
token-placement, then we cannot transform the token-placement into the target
one. Thus, without loss of generality, we assume that the number of vertices of
color i for each i = 1,2,...,|C| is equal to the number of tokens of the same
color.

Our problem is regarded as a variation of the Fifteen Puzzle or 15 Puzzle [1].
If we assume that (1) vertices and tokens are labeled, (2) the moving token is
designated, and (3) an input graph is a grid graph, our problem is same as the
Fifteen Puzzle on N x N board. The vertex having the designated moving token
corresponds to a “blank vertex”, which has no token (pebble), in Fifteen Puzzle.
Swapping the moving token with an adjacent token in SEQUENTIAL TOKEN
SWAPPING problem corresponds to moving a token adjacent to the blank vertex
into the blank vertex in the Fifteen Puzzle. As for generalizations of the Fifteen
Puzzle, there are the following important results. Ratner and Warmuth [10]
considered the Fifteen Puzzle on a N x N board. They demonstrated that the
problem of finding the shortest solution of the Fifteen Puzzle on N x N board
is NP-complete. Goldreich [6] generalized the problem to a game on graphs. He
demonstrated that the problem of finding the shortest solution of the Fifteen
Puzzle on graphs is NP-complete. Kornhauser et al. [8] and Wilson [12] also
considered the problem of the Fifteen Puzzle on graphs. The problem setting in
[8] includes a special case of SEQUENTIAL TOKEN SWAPPING problem. Suppose
that the number of colors is equal to the number of vertices of an input graph
and the moving token is designated in SEQUENTIAL TOKEN SWAPPING problem.
This case of SEQUENTIAL TOKEN SWAPPING problem is included in the problem
setting in [8] (the detail is explained in Section 2.2). See Demaine and Hearn’s
survey [4] on the Fifteen Puzzle and its related puzzles for further details.

Recently, Yamanaka et al. [I3] [14] considered the same problem with the
different swapping rule which is to swap any two tokens on adjacent vertices.
Yamanaka et al. [I3] dealt with the case where the number of colors is equal
to the number of vertices, and showed a polynomial-time 2-approximation al-
gorithm for trees and a polynomial-time exact algorithm for complete bipartite
graphs. However, the complexity of the problem was not proved in the paperEI

'In this paper, we denote a walk of a graph by a sequence of vertices.
2Quite recently, hardness results were shown [2, [7], [].
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Figure 1:  An example of SEQUENTIAL TOKEN SWAPPING. (a) An input
graph and its initial token-placement. (b) The target token-placement. (c)-
(j) A swapping sequence between (a) and (b). Token colors on vertices are
written inside circles. We sequentially swap the token on vs along the walk
(v4,v1, V2, V4, 03,01, V2,05). For each solid line, the two tokens on its endpoints
are swapped.

On the other hands, Yamanaka et al. [I4] considered the more general case in
which the number of colors is equal to or smaller than the number of vertices.
They demonstrated that the problem is NP-complete when the number of colors
is 3 or more, and otherwise the problem is polynomially solvable.

In this paper, we consider the sequential token swapping problem which
asks to find the shortest walk W such that the sequential swapping along W
gives the target token-placement. We first demonstrate an inapproximability of
our problem even if the number of colors is 2. This result shows a difference
on complexity between the problem in [14] and our problem in the sense that,
when the number of colors is 2, the former is polynomially solvable, however
the latter is computationally hard. Then, we present some positive results for
restricted graph classes: trees, complete graphs, and cycles.
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Initial token-placement Target token-placement

(a) (b)

Figure 2: An example of SEQUENTIAL TOKEN SWAPPING. There is no swap-
ping sequence between the two token-placements (a) and (b).

2 Preliminaries

2.1 Notations

In this paper, we assume without loss of generality that graphs are simple and
connected. Let G = (V, E) be an undirected unweighted graph with vertex set
V and edge set E. We sometimes denote by V(G) and E(G) the vertex set and
the edge set of G, respectively. We always denote |V| by n. For a vertex v in G,
let N (v) be the set of all neighbors of v, that is, Ng(v) = {w € V(G) | (v,w) €
E(G)}. Each vertex of a graph G has a color in C' = {1,2,...,|C|}. We denote
by ¢(v) € C the color of a vertex v € V. A token is placed on each vertex in G.
Each token also has a color in C. For a vertex v, we denote by f(v) the color
of the token placed on v. Then, we call the surjective function f : V — C a
token-placement of GG. Note that, since c is also a function from V to C, it can
be regarded as a token-placement of G. Let f and f’ be two token-placements
of G. For a walk W = (w1, wa,...,wy) of G, a sequence S = (fi, fa,..., fn) of
token-placements is a swapping sequence of W between f and f’ if the following
three conditions (1)—(3) hold:

(1) fi=fand fr=f"

(2) fr is a token-placement of G for each k = 1,2,...,h; and

(3) fx is obtained from f;_1 by swapping the two tokens on wy_; and wy for

each k =2,3,...,h.

Intuitively, a swapping sequence of W represents to move the token on w; to
wy, along W. We call the token on wy in f the moving token of S.

Let S be a sequence. Then, the length of S, denoted by len(S5), is defined to
be the number of elements in S minus one. The length of a swapping sequence
S, len(S), indicates the number of token-swaps in S. For two token-placements
f and c of G, we denote by OPTgt5(G, f,¢) the minimum length of a swapping
sequence between f and c. Given two token-placements f and c of a graph
G and a nonnegative integer ¢, the SEQUENTIAL TOKEN SWAPPING problem
is to determine whether or not OPTgrs(G, f,¢) < ¢ holds. We call f and
c the initial and target token-placements of G, respectively. We define that
OPTsrs(G, f, ¢) = oo if there is no swapping sequence between f and c. Figure
is an example for which there is no swapping sequence.
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2.2 Polynomial-length upper bound

We prove that, if there exists a swapping sequence between two token-
placements, then the length of the sequence is polynomial.

To prove it, let us give some notations. A token-placement f is colorful
if f consists of tokens each having a different color, that is the color set is
C ={1,2,...,n}. We first define a restricted version of SEQUENTIAL TOKEN
SWAPPING problem. Let f and c be colorful initial and target token-placements
of a graph G. Suppose that we are given the vertex v having the moving token.
Then, we denote by OPTconmsts(G, f, ¢, v) the minimum length of a swapping
sequence between f and ¢ when the token on v is used as the moving token.

On the other hands, the problem setting in [§] by Kornhauser et al. can be
regarded as a generalization of this restricted version of SEQUENTIAL TOKEN
SWAPPING problem. In their problem setting, we are given a graph in which
either each vertex has a labeled token or has no token. Then, a token can be
moved to an adjacent blank vertex. Note that an input graph has one or more
blank vertices. If the number of blank vertices is equal to 1, their problem is
equivalent to (the restricted version of) our problem, since the blank vertex can
be regarded as the vertex having the designated moving token. We have the
following lemma from Theorem 2 in [8]E|

Lemma 1 ([8]) Let G be a graph, and let f,c be colorful initial and target
token-placements. Suppose that the token on a vertex v of G is designated as
the moving token. Then, if there exists a swapping sequence between the two
token-placements, OPTcuysts(G, f,c,v) is bounded from above by O(n?).

Next, we define another restricted version of SEQUENTIAL TOKEN SWAP-
PING problem. Let f and c be colorful initial and target token-placements of
a graph G. Then, we denote by OPT¢grs(G, f,¢) the minimum length of a
swapping sequence between f and CEI We have the following lemma.

Lemma 2 Let G be a graph, and let f,c be colorful initial and target token-
placements. Then, if there exists a swapping sequence between the two token-
placements, OPTosts(G, f,c) is bounded from above by O(n?).

Proof: Let S be a shortest swapping sequence between f and c. Let v be the
vertex having the moving token for S. Then, S is also a swapping sequence
for OPTcmsts(G, f,¢,v). Thus, from Lemma [l OPTcsrs(G, f, ¢) is bounded
from above by O(n?). O

Now, we are ready to prove the following theorem.

Theorem 1 Let G be a graph, and let f,c be initial and target token-
placements.  Then, if there ewists a swapping sequence between the two
token-placements, OPTs1s(G, f, c) is bounded from above by O(n?).

3 Actually, Theorem 2 in [8] is more general. The theorem includes the claim in our lemma.
4The moving token is not designated in this problem setting.
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Proof: Let S be a shortest swapping sequence between f and c¢. Let u be
a vertex, and let v’ be the vertex such that, after the sequential swapping
using S, f(u) is on u’. We reassign a unique color to f(u) and c¢(u’). We do
the same reassignment for each vertex. Then, we have the two colorful token-
placements, denoted by f’ and ¢, from f and c¢, respectively. The swapping
sequence S is also a swapping sequence for OPTcsrs(G, f/,¢’). Thus, from
Lemma OPTgs1s(G, f,c) is bounded from above by O(n?). O

3 Inapproximability

In this section, we demonstrate the inapproximability of SEQUENTIAL TOKEN
SWAPPING problem. To show the hardness result, we give a gap-preserving
reduction from the following problem:

Problem: MAXIMUM VERTEX-DISJOINT PATH COVER ON UNDIRECTED BI-
PARTITE GRAPHS

Instance: An undirected bipartite graph G = (V, E) with vertex bipartition
(X,Y) such that |X|=|Y].

Question: Find a set of vertex-disjoint paths that cover all the vertices in G
such that the paths contain the maximum number of edges.

If an input graph G is Hamiltonian, then a Hamiltonian path in the graph is
an optimal solution and the number of edges in the path is n — 1, where n is
the number of vertices in G. We can show that, for some constant e, (1 —¢,1)-
gap MAXIiMUM VERTEX-DISJOINT PATH COVER ON UNDIRECTED BIPARTITE
GRrAPHS problem is NP-hard (This is proved by a reduction from MAXIMUM
VERTEX-D1sJOINT PATH COVER ON DIRECTED GRAPHS problem [3, [5] 11].
The definition of the problem and the proof are described in Appendix [Al).
Thus, we give a gap-preserving reduction from the problem to SEQUENTIAL
TOKEN SWAPPING problem with only 2 colors. Let OPTy_myvpec(G) denote the
optimal value, which is the number of edges in paths in an optimal path cover,
of MAXIMUM VERTEX-DISJOINT PATH COVER ON UNDIRECTED BIPARTITE
GRAPHS problem for an input graph G.

Theorem 2 Let G = (V| E) be an undirected bipartite graph with vertex bipar-
tition (X,Y) such that |X| = |Y|. Then, there is a gap preserving reduction
from MAXIMUM VERTEX-DI1SJOINT PATH COVER ON UNDIRECTED BIPARTITE
GRAPHS problem to SEQUENTIAL TOKEN SWAPPING problem that transforms
G to a graph H = (Vi, Eg) and its two token-placements f,c with 2 colors such
that

(1) if OPTy.mvppc(G) =n —1, then OPTsyps(H, f,c) =n—1 and

(2) if OPTy.yyvppc(G) < (1—¢)(n—1), then OPTgrs(H, f,c) > (14¢)(n—

1),

where n = |V|.

Proof: Let G be an instance of MAXIMUM VERTEX-DISJOINT PATH COVER
ON UNDIRECTED BIPARTITE GRAPHS problem. Now we construct an instance
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Figure 3: A connection gadget.

(a)

Figure 4: An example of reduction. (a) A bipartite graph G = (V, E) with
vertex bipartition (X,Y’) such that |X| = |Y]. (b) The reduction graph H
and its initial token-placement f. Connection gadgets are represented as dotted
lines. (c) The target token-placement.

of SEQUENTIAL TOKEN SWAPPING problem, that is a graph, an initial token-
placement, and a target one. We first construct a copy G' = (V', E’) of G,
and denote its bipartition by (X’,Y”). We set f(u) = 1 and c(u) = 2 for every
vertex u € X', and set f(v) =2 and ¢(v) = 1 for every vertex v € Y'. We then
insert “connection gadgets” for non-adjacent vertex pairs between X’ and Y,
as follows. Let A = {(u,v) | u € X',v € Y/, and (u,v) ¢ E'}. The connection
gadget for (u,v) € A consists of two paths of length 2 connecting v € X’ and
v € Y’ (see Figure[3)). For the two intermediate vertices w and z in the paths, we
set f(w) =1 and c(w) =1, and f(z) = 2 and ¢(z) = 2. We denote the obtained
graph and its initial and target token-placements by H, f, and ¢, respectively.
Figure [4 shows an example of the reduction graph. In the figure, connection
gadgets are represented as dotted lines for convenience. The reduction graph,
its initial token-placement, and its target token-placement can be constructed
in polynomial time.

Now we show that, an optimal solution of the reduced instance of SEQUEN-
TIAL TOKEN SWAPPING can be obtained from an optimal solution of an instance
of MAXIMUM VERTEX-DISJOINT PATH COVER ON UNDIRECTED BIPARTITE
GRAPHS, as follows. Let P be a maximum vertex-disjoint path cover of G and
let cost(P) = ) pcplen(P), where len(P) is the number of edges in the path
P € P. We construct a swapping sequence between f and ¢ from P. Let P; and
P; be two paths in P such that P; contains an endpoint v; in X’ and P, contains
an endpoint v2 in Y. Then, we connect v; € X’ and vy € Y’ with a path of
the connection gadget between v; and vy. Note that v, and v are not adjacent
from optimality of 7. When a token is sequentially swapped from v; € X’ to
vy € Y, we choose the path with the intermediate vertex of color 2. Otherwise,



10 Yamanaka et al. Sequentially Swapping Colored Tokens on Graphs

we choose the path with the intermediate vertex of color 1. Since | X| = |Y, by
repeating the above process, we can find a path spanning all vertices in X’ UY".
Note that, since | X| = |Y| holds again, the number of paths whose endpoints
are both in X’ are equal to the number of paths whose endpoints are both in
Y’. Then, by swapping the token on an endpoint to the other endpoint along
the obtained path, we have the target token-placement.

Let S be the swapping sequence obtained from P by the above process.
Now, we show that S is optimal. We assume for a contradiction that S’ is
a better solution than S§. Let W be the walk corresponding to S, and let m
be the the number of edges in W in connection gadgets. Similarly, let W’ be
the walk corresponding to &', and let m’ be the number of edges in W' in
connection gadgets. Then, W’ is a path spanning vertices in X’ UY’. More
precisely, a vertex in X’ UY”’ appears once in W’ and an intermediate vertex
in a connection gadget appears at most once in W’. Note that every vertex v
in H does not appear twice or more, since to visit v twice or more produces
redundant token-swaps. Hence, we can construct a path cover from W', as
follows. First, we split W’ into subsequences by regarding intermediate vertices
as boundaries and removing the intermediate vertices. Then we obtain the set
of subsequences. Since W' spans the vertices in X' UY” and visits each vertex at
most once, the set is a path cover of G. Let P’ denote the path cover obtained
from W',

Now, to derive a contradiction, we first focus on the two path covers P and
P’, and then we derive an inequality between |P| and |P’|, more specifically the
number of paths in P is smaller than or equal to the number of paths in P’.
Since each of P and P’ visits every vertex in X’ UY"’ exactly once, we have
cost(P) = (n — 1) —|P|+ 1 and cost(P') = (n — 1) — |P’| + 1. Then, we also
have cost(P) > cost(P'), since P is an optimal path cover. Thus, we obtain
Pl < [P,

Next we focus on the two walks W and W’ and we also derive an inequality
between |P| and |P’|. Since &’ is a shorter swapping sequence than S, len(W) >
len(W’) holds. Each of W and W' visits every vertex in X’ UY” exactly once.
Therefore, the number of edges in connection gadgets in W is greater than the
number of edges in connection gadgets in W', that is m > m’/. Since W and
W' include exactly two edges in each connection gadget in W and W', we have
|P| =% +1and [P'| = %/ + 1, respectively. Therefore, |P| > |P’| holds, which
contradicts to |P| < |P’|. Therefore, S is an optimal swapping sequence of H,
f, and c.

Now, we demonstrate the correctness of claims (1) and (2).

If OPTy.mvppc(G) =n — 1, then G has a Hamiltonian path P. Note that
an endpoint of P is in X and the other is in Y since | X| = |Y|. By sequentially
swapping the token on an endpoint of P in H to the other endpoint, we obtain
the target token-placement. Hence, OPTgsrs(H, f,¢) < n — 1. Since we must
visit every vertex v in H such that f(v) # c(v), the number of such vertices
minus one is a lower bound for OPTgrs(H, f,¢). Therefore OPTgsrs(H, f,¢) =
n—1.

Let S be an optimal swapping sequence obtained from an optimal path cover
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P of G by the transformation above. The length of S is equal to the sum of the
number of edges in P and the number of edges in the connection gadgets which
used in S. (Recall that at most two edges in each connection gadget are used
in S.) Therefore we have the following equation:

len(§) = cost(P)+2(|P|—1)
= (n=D+(Pl-1) (1)

If OPTy.mvppc(G) < (1 —¢)(n — 1), then |P] is bounded from below:

[Pl = (n—1)—cost(P)+1
> (n-1)—-(1-¢e)(n—-1)+1
= en-1)+1 (2)

From Equality and Inequality , we have OPTsrs(H, f,c) > (1+¢)(n—1).
O

From Theorem [2| even if the number of colors is 2, there is no polynomial-
time (1 + ¢)-approximation algorithm, unless P = N P.

4 Polynomial-time algorithms

In the previous section, we showed the inapproximability of SEQUENTIAL To-
KEN SWAPPING problem even if the number of colors is 2. On the other hand,
if graph classes are restricted, the problem can be solved in polynomial time for
any number of colors. In this section, we consider the problem of computing
the minimum numbers of token-swaps for trees, complete graphs, and cycles.

4.1 Trees

Let G = (V, E) be a tree, and let f and ¢ be initial and target token-placements
of G. We show below that SEQUENTIAL TOKEN SWAPPING problem on trees
can be solved in linear time.

Let v be a leaf of G with f(v) = ¢(v). We can observe that the token on v
is never swapped in any shortest swapping sequence. Now, we can reduce the
instance, as follows. We repeatedly remove a leaf v with f(v) = ¢(v) one by one,
until the tree has no such leaf. Let G’ be the obtained tree, and let f’ and ¢’ be
the initial and target token-placements on the vertices of G’. See Figure [5| for
an example. It is easy to see that a shortest swapping sequence of the instance
(G, f’,c) is also a shortest swapping of the instance (G, f, ¢).

Now, let us consider to solve the reduced instance. First, we have the fol-
lowing observation.

Lemma 3 Let G’ be a reduced tree, and let f' and ¢’ be initial and target token-
placements. Then, any shortest swapping sequence on G’ forms a simple path

of G'.
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Figure 5: An example of the reduction. (a) An initial token-placement. (b) A
target token-placement. (c) The reduced initial token-placement from (a). (d)
The reduced target token-placement from (b).

Proof: Let S = (f1, f2, ..., fn) be a shortest swapping sequence between f’ and
¢ with the moving token . Let us assume that for a contradiction ¢ visits the
same vertex two or more times. Suppose that ¢ is on a vertex v in both f; and
fj»4<j,and tisnot on vin f;, i < k < j. Then, we can observe that f; = f;
holds, since G’ is a tree. Hence, S’ = (f1, fa,- .-, fi, fi+1, fj+2,---, fn) is also a
swapping sequence on G’ and is shorter than S, which is a contradiction. O

We have the following cases.

Case 1: G’ has exactly two leaves.

In this case, G’ is a path and G’ has two leaves u and v with f/(u) # ¢'(u)
and f'(v) # ¢(v). From Lemma [3| any shortest swapping sequence forms a
simple path. Any simple path that passes the two leaves in G’ has the two
leaves as its endpoints. The unique path between the two leaves is the only
possible shortest swapping sequence. We can check whether or not such path is
a swapping sequence in O(n) time.

Case 2: G’ has three or more leaves.

Since there is no simple path that passes three or more leaves of G’, in this
case, (G, f,c) is no-instance.

Therefore, we have the following theorem.

Theorem 3 For a tree G, an initial token-placement f, and a target token-
placement ¢, one can compute OPTsrs(G, f,c) in O(n) time.

4.2 Complete graphs

Let G = (V,E), f, and ¢ be a complete graph, an initial token-placement and
a target token-placement, respectively. Let C' = {1,2,...,|C|}, |C| < n, be the
set of colors. For a token-placement f, let V’/(f) C V be the set of vertices v
such that f(v) # ¢(v).

We first introduce a multiple digraph D(f) = (Vb(f), Ep(f)) called the
conflict graph as follows:
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Figure 6: An example of a conflict graph. (a) An initial token-placement. (b)
A target token-placement. (c) The conflict graph for (a) and (b).

- Vp(f)={i|i€ C andi= f(v) for some v € V'(f)}.

- Ep(f) = {(f(v),c(v)) | v € V/()}
Note that Vp(f) corresponds to the set of the colors each of which is a color of a
token placed in some vertex in V' (f). That is, a color ¢ is not included in Vp(f)
if ¢ does not appear as the color of the token on any vertex in V'(f). Each arc
(f(v),c(v)) € Ep(f) corresponds to a vertex v € V'(f). Since, for each color
in C, the number of vertices in GG of the color is equal to the number of tokens
of the same color, each node in conflict graph D(f) has the same numbers of
incoming edges and outgoing edges. Thus, each connected component of D(f)
has a directed Euler cycle. Therefore, D(f) consists of only strongly connected
components. Let s(f) be the number of strongly connected components in D(f).
Then we claim the following:

Claim 4 For a complete graph, an initial token-placement f, and a target
token-placement ¢, OPTsts(G, f,c) = |[V'(f)| + s(f) — 2.

The claim above immediately implies the following theorem, since we can
calculate the values of |[V'(f)| and s(f) in O(n) time.

Theorem 5 For a complete graph G, an initial token-placement f, and a target
token-placement ¢ one can compute OPTs7s(G, f,c¢) in O(n) time.

In the rest of this section, we prove the above claim. First we show that
OPTg1s(G, f,c) < |V'(f)| + s(f) — 2 by constructing a swapping sequence of
length |V'(f)|+s(f)—2, then we show that OPTsrs(G, f,¢) > |[V'(f)|+s(f)—2
by using a potential function.

Upper bound

We present an algorithm that finds a swapping sequence of length |V'(f)| +
s(f) — 2. Let Cy;, i = 1,2,...,8(f), be a strongly connected component of
D(f). Recall that C; has a directed Euler cycle. We here denote a directed
Euler cycle as a sequence of directed edges: For each C;, i = 1,2,...,s(f), let
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(€i1,€i2,...,€i,) denote a directed Euler cycle of C;, where ¢; is the number
of edges in C;. For each e; ;, let v; ; be the corresponding vertex in V'(f). Let

W = < 1}171,’()1)2, ey 1}17t1,
V2,1,V2,25 -+ V2 t5, Ul ty
V3,1, V3,25 - -+ U3,t3, VLt
.
Us(f),15 Us(£),25 - - Us(f) tapy> VLita) -

be a walk in V'(f). Now we show that the length of W is |V'(f)| + s(f) —
2 and the target token-placement c is obtained by swapping along W. This
immediately implies that we have a swapping sequence between f and ¢ of
length |V'(f)| + s(f) — 2.

Since each vertex in V'(f) \ {v1,4, } appears exactly once and vy, appears
s(f) times, len(W) = |[V'(f)|4+s(f)—2. Let f’ be the token-placement obtained
by sequentially swapping the token on v, ; along W, and let v; ;, 1 < j <¢; —1,
denote a vertex in V'(f) \ {v1,,, }. Since v; ; appears exactly once, f'(v;;) =
f(vi j+1) holds. Recall that v; ; and v, ;11 correspond to e; ; and e; ;41 in the
directed Euler cycle of Cj, respectively. Thus, f(v;j+1) = c(v; ;) holds. Next,
let us consider the vertex v; ;, in V'(f)\{v14, }. It can be observed that, while we
traverse from v; 1 t0 v;¢,, v14, has f(v; 1), since the sequence (€;1,€;2,...,€;¢,)
is an Euler cycle, f(v;1) = c(v;4,) holds. Thus, v; 4, has its expected token after
the token-swaps on vertices of C;. Finally, we have f'(vi4,) = c(v1,4,), since
f(v1,1) = ¢(v1,4,) holds.

Lower bound

Now we show that the length of any swapping sequence is at least |V'(f)| +
s(f) — 2. Let S = (f1, f2,.-., fn) be an arbitrary swapping sequence between
f and ¢ for a walk W = (wy,wa,...,wp). Note that f; = f and fp = ¢. Let
D(f;) be the conflict graph for each token-placement.

First, we define a potential function p(f;). Let p1(f;) be the number of
vertices in V'(f;) except the vertex with the moving token x, and let py(f;) be
the number of strongly connected components in D(f;) that do not include z.
We define the potential function as p(f;) = p1(f;) + p2(f;). Then,

p(fi) = (V' (F)l = 1) + (s(fi) = 1)

and
p(c) = 0.
Note that for any token-placement f; # c,
p(fi) > 1.

Now we show that the potential function decreases by at most one for each
token-swap. For each token-swap, we swap the moving token x on w; with



JGAA, 23(1) 3-27 (2019) 15

another token on w;;;. Note that, from the definition of conflict graphs,
D(fi4+1) is obtained from D(f;) by removing the two edges (f;(w;),c(w;)) and
(fi(wiz1), c(w;+1)) and inserting the two edges (f;(w;), c(w;+1)) and (f;( wit1),
c(w;)). We have the following cases.

Case 1: The colors of f;(w;), c¢(w;), fi(wit1), and c(w;41) are different from
each other.

In this case, pi(f;) = pi1(fi+1) holds, since the colors of f;(w;), c(w;),
fi(wiy1), and c¢(w;41) are different. Therefore, we focus only on the value of
p2(fi) in the following subcases.

Case 1-1: f;(w;) and c(w;) are in the same strongly connected component in
D(fi).

Let C, be the strongly connected component of D(f;) including f;(w;) and
c(w;). We have the following subcases.

Case 1-1-1: (C, includes neither f;(w;y1) nor c(w;41).

We first assume that f;(w;+1) and c¢(w;11) are included in the same strongly
connected component of D(f;), denoted by Cp. Then, C, and C} are combined
as a strongly connected component in D(f;11). Hence, the number of strongly
connected components decreases by one. Otherwise, f;(w;4+1) and ¢(w;41) are
included in different components in D(f;). Then, the number of strongly con-
nected components increases by one if C,, is divided into two components. There-
fore, in this case, the value of pa(f;) decreases by at most one.

Case 1-1-2: C, includes f;(w;y1) or c¢(w;y1).
The number of strongly connected components does not change, and also
the value of ps(f;) does not change.

Case 1-2: f;(w;) and c(w;) are in different strongly connected components in
D(fy).

Let C, and Cj be the strongly connected components including f;(w;) and
c(wy), respectively. If C, includes both f;(w;+1) and ¢(w;41), we can confirm
that the number strongly connected components does not change. Similarly,
for all possible cases, we can observe that the number strongly connected com-
ponents does not change. Hence, in this case, the value of ps(f;) does not
change.

Case 2: Only a pair among f;(w;), c¢(w;), fi(wit1), and c(w;41) has the same
color.

Case 2-1: f;(w;) = c(w;).

The value of p;(f;) increases by one after swapping the two tokens on w;
and w;11. The number of strongly connected components in D(f;) decreases
by one if the strongly connected component including the node f;(w;) and the
strongly connected component including the edge (f;(w;y1), c(w;11)) are differ-
ent. Otherwise the number of strongly connected components does not change.
Therefore, p(f;) decreases by at most one.
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Case 2-2: fi(w;) = fi(wi+1) or c(w;) = c(wit1).
After swapping the two tokens on w; and w;y1, D(f;) does not change.
Hence, p(f;) does not change.

Case 2-3: f;(w;) = c(wiy1).

Since fi(w;) = c(wi1) holds, pi(f;) decreases by one. The number of
strongly connected components in D(f;) increases by one if the set of the two
edges (fi(w;),c(w;)) and (f;(wit1),c(wi1)) is a cut of D(f;). Otherwise, the
number of strongly connected components does not change. Therefore, p(f;)
decreases by at most one.

Case 2-4: c(w;) = fi(wiy1).
Symmetric to Case 2-3.

Case 2-5: fi(wit1) = c(wit1).
Symmetric to Case 2-1.

Case 3: Only a triple among f;(w;), c(w;), fi(wiy1), and e(w;41) has the same
color.

The values of p1(f;) and p2(f;) do not change, since the conflict graph does
not change. Hence, p(f;) does not change.

Case 4: fi(w;) = c(w;) = fi(wit1) = c(wit1).

Similar to Case 3, the values of p;i(f;) and p2(f;) do not change. Hence,
p(f;) does not change.

Therefore, p(fi+1) > p(fi) — 1 holds. Hence, the length of any swapping
sequence f is at least p(f). This completes the proof of Theorem

4.3 Cycles

In this section, we present two algorithms for cycles. The first algorithm runs
in O(n?*) time, while the second one is faster and runs in O(n?) time. Let
G = (V,E) be a cycle with n vertices, and let f and c¢ be initial and target
token-placements of G. For cycles, the moving token goes clockwise or counter-
clockwise. In the shortest sequential swapping, the moving token does not turn
back, since changing the direction produces redundant token-swaps.

Lemma 4 Let G be a cycle, and let f and c be initial and target token-
placements. In any shortest swapping sequence on G, the moving token always
goes either clockwise or counterclockwise.

Proof: Let S = (f1, f2,..., fn) be a shortest swapping sequence between f
and ¢ with the moving token ¢. Let us assume that for a contradiction ¢ turns
back before and after f; and f; is the first token-placement where ¢ turns back.
Without loss of generality, we assume that ¢ goes clockwise before f; and coun-
terclockwise after f;. Then, we can observe that f;_1 = f;+1 holds. Hence,
S" = {f1,f2y---, fi—1, fi+2,--., fn) is also a swapping sequence between f and
c on GG and is shorter than S, which is a contradiction. O
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Figure 7: An example of a swapping sequence in a cycle. We choose the token 3
as the moving token and rotate it clockwise. (a) An initial token-placement. (b)
The token-placement after 1 rotation of the token 3. (c) The token-placement
after 2 rotations. (d) The token-placement after 2 rotations and 3 token-swaps.

From the lemma above, the moving token always goes either clockwise or coun-
terclockwise. The optimal solution is the shortest sequential swapping among
both directions. Thus, in this section, we suppose that the moving token always
goes clockwise, since the same discussion can be applied to the other direction.

Naive algorithm

We denote vertices in clockwise order on the cycle by (vy,vs,...,v,). First, we
define the following n x n table T'[z][k]:

Tmm={1f@“zmmkmMm

0 otherwise.

The value of T'[x][k] represents whether or not the token on v, is placed on its
expected vertex after the token goes counterclockwise by k token-swaps. Using
this table, we make sure the token-placement after a sequential swapping is
identical to the target one.

If we move the token on a vertex v, clockwise with a sequential swapping of
length n—1, then all other tokens are shifted once counterclockwise. Similarly, if
we move the token on v, clockwise with a sequential swapping of length i(n—1),
fori=1,2,...,n—1, then all other tokens are shifted i times counterclockwise.
Thus, a sequential token-swap of length i(n — 1) 4+ j moves each token on v,
w=xz+1,2+2,...,2+7 (mod n), i+1 times counterclockwise and each token
on vy, w=x—1,x—2,....,0+j+1 (mod n), i times counterclockwise. See
Figure[7] Therefore, we have the following observation.

Observation 6 The token-placement obtained by a sequential swapping of
length i(n — 1) + j with the moving token on v, is identical to the target one if
and only if

(1) Tlwlli +1] =1 for eachw=x+1,x+2,...,x+j (mod n)

(2) Twlii] =1 for eachw=z—1,z—2,...,2+j+1 (mod n)
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(3) Tlalli —j] = 1.

From this observation, we have a naive algorithm. We denote a candidate of a
solution by a triple (z,7,j) for 1 <z <n,1<i<n-1l,and 1 <j<n-—1.
A triple (x,1,j) is feasible if it satisfies the above three conditions. The naive
algorithm simply investigates whether or not every triple (x, i, j) is feasible, then
returns the triple that minimizes the value of (n —1)i + j among all the feasible
triples. This algorithm runs in O(n*) time.

Theorem 7 For a cycle G, an initial token-placement f, and a target token-
placement ¢ one can compute OPTsts(G, f,c) in O(n*) time.

Improvement

In this subsection, we improve the running time of the naive algorithm. We
construct three other tables that store auxiliary information to efficiently check
the conditions in Observation [Gl

First we define the table T”. For a vertex v, 1 < x < n, and an integer k,
1 <k <n-—1, T'x][k] stores the maximum index s such that T[w][k] = 1 for
alw=x+1,24+2,...,z+s (mod n). Intuitively, the entry s = T"[x][k] means
that, after k token-swaps, all consecutive tokens f(w), w =z+1,2+2,...,2+s
(mod n), are placed on their expected vertices, f(z + s+ 1 mod n) is placed on
an unexpected vertex. Similarly, we define the table 7", as follows. For a vertex
vy, 1 <o < n, and an integer k, 1 < k < n — 1, T"[z][k] stores the maximum
index s such that T[w][k] =1 forany w =2 —1,2—2,...,2 — s (mod n). The
table 7" focuses on the consecutive tokens from v, in the opposite direction of
T’. We also define the table T7""". The table T""[x][k] stores the maximum index
s such that T[z][(] = 0 for any £{ = k,k—1,...,k — s+ 1 (mod n). Intuitively,
this entry means how many token-swaps we need to place the moving token,
which is placed on v, in f, on its expected vertex, after the token is swapped k
times counterclockwise.

Our goal is to find the feasible triple (x,4,j) that minimizes the value of
(n—1)i+j. To find such a triple, for every pair of (z,%), we find the smallest j
such that the triple (x,1,j) is feasible. Among them, the triple that minimizes
the value of (n — 1)i + j is a desired solution.

Now we describe the algorithm. Suppose we are given a pair of (z,i), 1 <
x <mand 1 <i<n—1. First, we investigate a range of j using the tables. Since
a feasible triple needs to satisfy the first and second conditions in Observation [6]
we have two ranges j < T'[z][i+1] and j > n—T"[z][i] — 1. Let jmin < J < Jmaz
be the range of j which satisfies the above two inequalities. Note that, if the
range is empty, it implies that there is no feasible triple for the given pair (x, 1)
and thus the algorithm returns false. Then, we investigate whether there is j,
Jmin < J < Jmaz, With the third condition in Observation@ This can be checked
by jmin + T [2][ — jmin] < Jmaz- If the inequality is true, then the algorithm
returns j = jimin + T""[2][i — jmin). Note that this value is the minimum j for
the given pair (z,%) from the definition of 7"”. Otherwise, the algorithm returns
false. Therefore, we have the following theorem.
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Theorem 8 For a cycle G, an initial token-placement f, and a target token-
placement c, one can compute OPTs1s(G, f,c) in O(n?) time.

Proof: For each pair of (z,i), 1 <z <nand 1 < ¢ < n — 1, the algorithm
returns the minimum index j such that (z,4, j) is feasible. This can be done in
constant time using the three tables. Hence, the total running time is O(n?).

Now, we give algorithms and their running time to construct the four tables
T, T', T", and T"". The table T can be constructed in O(n?) time, since each
entry is computed in constant time. From now on, we only describe how to
construct 7" in O(n?) time from T, since the other two tables are constructed
by the similar way in the same running time.

For each k = 1,2,...,n — 1, we construct T"[w][k] for w = 1,2,...,n. We
regard T[w][k] for w = 1,2,...,n as a “cyclic” 0-1 binary string, that is the
next element of T'[n][k] is T[1][k]. Let L = (s1,s2,...,5,) be the sequence
of all the indices such that 1 < s; < s2 < -+ < s, < n and T[s¢][k] = 0
for each ¢ = 1,2,...,2z. If there is no such index, then T[w][k] = 1 for all
w = 1,2,...,n. In this case, we set T'[w][k] = oo as a special case. If L
has only one index, denote by s, then T'[s1][k] = 0 and T[w][k] = 1 for all
w=1,2,...,81 — 1,51+ 1,...,n. In this case, we set T"[w][k] = s1 —w — 1 for
eachw =1,2,...,s1—1 and T'[w][k] = n—w+s;—1 for each w = s1,81+1,...,n.
Now, we suppose that L has at least two indices. Let sy(# s.) be an index in
L. Then, for each w = sg, 80+ 1,...,8011 — 1, T'[w][k] = s¢41 — w — 1 always
holds. Next let us consider the case of sy = s,. In this case, we determine the
entries of T"[w][k] for elements from s, to s;. We have the following two cases.

Case 1: s; > 1.

Forw=1,2,...,s1—1, weset T'[w][k] = s;—w—1. Forw = s,,s,+1,...,n,
we need to count the number of the consecutive ones in T' from w to s; — 1, and
hence we set T'[w|[k] = n —w + T'[1][k] + 1.

Case 2: s; = 1.

In this case, T'[1][k] = 0 holds. For w = s,,s, + 1,...,n, we set T"[w][k] =
n— w.

Therefore, each entry of 7" is computed in constant time. Thus, we can
construct T’ in O(n?) time. O
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A Inapproximability of MAXIMUM VERTEX-
DisjoINT PATH COVER ON UNDIRECTED
BIPARTITE GRAPHS

In this section, we demonstrate inapproximability of MAXIMUM VERTEX-
DisjoiINT PATH COVER ON UNDIRECTED BIPARTITE GRAPHS problem in
Section [3l We give a gap-preserving reduction from a maximum vertex-disjoint
path cover problem on directed graphs with a degree bound. A formal definition
of the problem is described below.

We use the following notations. For a directed graph D = (Vp, Ep), we
denote in-degree and out-degree of a vertex v in Vp by dp;(v) and df(v). Also
we denote the set of predecessors and successors of v by N, (v) and N} (v). Now
we define MAXIMUM VERTEX-DISJOINT PATH COVER ON DIRECTED GRAPHS
problem, as follows.

Problem: MAXIMUM VERTEX-DISJOINT PATH COVER ON DIRECTED
GrarHSs [3], Bl 11

Instance: A directed graph D = (Vp, Ep) such that any v in Vp holds either
(1) dp(v) = 1 and df(v) = 2, (2) dj(v) = 2 and df;(v) = 1, or (3) dp(v) = 2
and d},(v) = 2.

Question: Find a set of vertex-disjoint (directed) paths that cover all the
vertices in D such that the paths contain the maximum number of edges.

It is known that (1,1 — ¢)-gap MAXIMUM VERTEX-DISJOINT PATH COVER
ON DIRECTED GRAPHS problem is NP-hard [3] [5].

We denote the optimal value of MAXIMUM VERTEX-DI1SJOINT PATH COVER
ON DIRECTED GRAPHS problem for an input graph D by OPTp.mvpec(D),
and the optimal value of MAXiMUM VERTEX-DISJOINT PaAaTH COVER
ON UNDIRECTED BIPARTITE GRAPHS problem for an input graph G by
OPTu.mvorc(G).

Theorem 9 There is a gap preserving reduction from MAXIMUM VERTEX-
DisjoiINT PATH COVER ON DIRECTED GRAPHS problem to MAXIMUM
VERTEX-DI1SJOINT PATH COVER ON UNDIRECTED BIPARTITE GRAPHS
problem that transforms a directed graph D = (Vp, Ep), where |Vp| > 2, to a
bipartite graph G = (Vg, Eq), where Vg = X UY and |X| = |Y|, such that
(1) Zf OPTD_MVDpc(D) = |VD| - ]., then OPTU—MVDPC(G) = |VG‘ —1 and
(2) Z.]:)E)lpT‘D_M\;DPC(D) < (1 — E)(‘VD‘ — 1), then OPTU-MVDPC’(G) < (1 —
(Vg = 1).

Proof: We first explain a reduction from a directed graph D to an undi-
rected bipartite graph G. Let G’ be the copy of D. Each vertex v in G’ is
replaced with four vertices vin, Um-in, Um-out, and Vg such that Ng(vi,) =
NE;'/ (U) ) {Um-in}a NG(Um-in) = {Uinavm—out}: NG(Um-out) = {'Um-inyvout}: and
Ng(Vout) = Ng, (v) U {Um-out}, respectively. Then, we replace each directed
edge with an undirected edge. We denote the obtained graph by G. Figure
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Figure 8: A replacement from a vertex v in D into v;n, Um-in, Um-out, and Voyt
in G. (a) A vertex of dj,(v) = 2 and df,(v) = 1. (b) A vertex of dj,(v) = 1 and
d5(v) = 2. (c) A vertex of dj,(v) = 2 and d},(v) = 2.

illustrates this transformation. We call the three edges between v;, and v,y
intermediate edges and the path of length three the vertex gadget of v. From the
definition of the transformation, we observe that |Vg| = 4|Vp| and that G is a
bipartite graph with the bipartition (X,Y"), where X = {vin, Vm-out | v € Vp}
and Y = {vout, Um-in | v € Vp}, and hence |X| = |Y| holds. The graph G is
constructed in polynomial time.

Now we assume that OPTp.mvppc (D) = |[Vp| — 1. Then D has a Hamilto-
nian path. For every vertex v on the Hamiltonian path, we replace v with the
path consisting of v;,, Vm-in, Um-out, and vy in G, then the obtained path is
also Hamiltonian in G. Hence, OPTy.myppc(G) = |Vg| — 1 holds.

Next we assume that OPTp.mvppce(D) < (1 —€)(|Vp| —1). Let Pp be
an optimal vertex-disjoint path cover of D. By replacing every vertex v on
each path in Pp with the path consisting of vin, Vm-in, Um-out, and Voyt, We
obtain a path cover Ps of G. We prove that P is an optimal path cover
of G by contradiction. We assume that there is a path cover Qg of G with
cost(Pg) < cost(Qg). Recall that, for a path cover P, cost(P) = 3 pcp len(P).
For a path cover of G, an edge e in G is covered if e is included in a path in the
path cover. Otherwise, e is uncovered.

If every intermediate edge is covered in Qg, then we have a contradiction,
as follows. First, from the construction of Pg, it is observed that cost(Pp) =
cost(Pa)—3|Vp|. Next, we transform Qg into a path cover of D by transforming
the three intermediate edges in each vertex gadget into a vertex of D. Since
every intermediate edge is covered, we obtain a path cover Qp of D from Qg.
Note that cost(Qp) = cost(Qa) — 3|Vp| holds, since there exist 3 |Vp| covered
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intermediate edges in Q¢. Now let us compare the costs of Pp and Qp.

cost(Pp) = cost(Pa)—3|Vp]
< cost(Qa) —3|Vp|
= cost(Qp),

which contradicts to the optimality of Pp.

Now, we assume that one or more intermediate edges are uncovered in Qg.
In this case, we show that Qg can be transformed into a path cover with the
same cost such that every intermediate edge is covered. Then, by applying the
same discussion above to the path cover, we obtain a contradiction.

Let v be a vertex in D such that its vertex gadget in G includes at least
one uncovered intermediate edge in Qg. Let Qi = (p1,D2,- .., Pz) and Qout =
(q1,92; - - -, qy) be the two paths in Q¢ including v;,, and vy, respectively. We
may have Q;, = Qou- We first focus on the case of dj,(v) = 2 and dj;(v) =1
in D. We denote the edges incident to v;, except the edge (Vin, Vm-in) DY €in
and ¢}, (see Figure [§(a)).

Case 1: The vertex v;, is an endpoint of Q.

If Q;y, includes an edge (Vin, Vm-in), then the length of Q;, is at most two,
since the vertex gadget of v includes at least one uncovered edge. We can obtain
a new path by connecting Q;,, and Q,,¢. The obtained path cover includes one
more edge than Qc, which is a contradiction for the optimality of Q4. Note that
an endpoint of @;,, and one of Q,,; are adjacent with an uncovered intermediate
edge from the optimality of Qg.

Now we assume otherwise, that is either e;, or ¢}, is included in Q;,,. From
the optimality of Qg, it can be observed that v,,-;, is an endpoint of Quy. If
Qin # Qoyur holds, by connecting the two paths Q;, and Q,.:, we have the new
path including (vin, Vm-in). Thus we obtain a better path cover than Qg. This
contradicts to the optimality of Qg. Now we suppose that Q;, = Qou:- Then
we replace Q;, with (p2,ps, ..., Pz, p1), where p; = v;y,. See Figure |§|(a). Now
we obtain a new path cover with the same cost such that all the intermediate
edges in the vertex gadget of v are covered.

Case 2: The vertex v;, is an internal vertex of ;.

Case 2-1: The edge (vin, Vm-in) is included in @Q;,.

Since at least one edge in this vertex gadget is uncovered, either
(Vm=ins Um=-out) OF (Um-out, Vout) 18 uncovered. Note that, if both (vVim-in, Vm-out)
and  (Vm-outs Vout) are uncovered, then it contradicts to the optimality of
Qc. We first consider the case where (Up-in,Um-out) is uncovered. Then,
Qout includes (Vm-out, Vout) and vp-our as an endpoint. If Q;, # Qo holds,
then we obtain a new path by connecting @Q;,, and @Q,,:. The obtained path
cover includes one more edge than Qg, which is a contradiction for the
optimality of Qg. Now suppose that Q;, = Q. holds. We replace Q;, with
(3, P4y -+ s Dz, D1, P2), Where p1 = Upp-in, and pa = v;,. We also have the same
discussion when (Vm-out, Vout) is uncovered. Thus we have a path cover with
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Figure 9: Transformations of paths for Cases 1 and 2. Each dashed line repre-
sents a path in a path cover.

the same cost such that all the intermediate edges in the vertex gadget are
covered.

Case 2-2: The edge (Vin, Vm-in) is not included in Q.

In this case, both e;, and €}, are included in Q;,, and v;,-;, is an endpoint
of Qout. We first consider the case of Q;n = Qour- Let p1 = Vpp-in and p; = v;y,.
Then we replace @y, with the path (p;_1,pi—2,...,D1,Di,Pit1,---,Pz)- See
Figure Ekb) For the case of Q;;, # Qout, the same replacement can be performed
as illustrated in Figure |§|(c) Thus we have a path cover with the same cost such
that all the intermediate edges in the vertex gadget are covered.

The case for vertices of dj,(v) = 1 and dj,(v) = 2 is symmetric to the
case above, and hence we omit the details. Now, we next focus on vertices of
d;(v) =2 and dj;(v) = 2.

Let v be a vertex of dj,(v) = 2 and d},(v) = 2 and its vertex gadget includes
at least one uncovered intermediate edge for Q. Similar to the case before,
let e;, and €}, be the edges incident to v, except the edge (v, Vm-in), and let

eout and el ,, be the edges incident to vy, except the edge (Vim-out, Vout) (see

Figure [§fc)).

Case A: The vertex v;, is an endpoint of Q;,,.
We have the following two subcases according to voqz-

Case A-1: The vertex vy is an endpoint of () .

First, assume @;, includes either e;, or el and Q. includes either ey
or e .. Then, there is a path @ consisting only vp-in and vpm-pu: in Qg. If
Qin # Qout holds, we can obtain a better path cover than Qg by connecting
Qin, Q, and Q,y¢, which is a contradiction. Otherwise, Q;, = Qout, We can
obtain a better path cover than Qg by connecting @Q;, and @, which is also a
contradiction. Second, assume @;,, includes either e;, or e}, and @,y includes

(Vm-outs Vout)- Then, Qout = (Vout, Um-outs Um-in) holds. By connecting @;, and
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Qout, We have a better path cover than Qq, which is a contradiction. Third,
assume Q;p includes (Vin, Vm-in) and Qoy: includes either e,y or el .. This
case is a symmetry of the above case, and hence we have the same discussion.
Finally, assume Q;,, includes (v, Um-in) and Q¢ includes (vVim-out, Vout)- Then,
the edge (Vm-out, Um-out) 18 uncovered. By connecting Q;, and Q.:, we have a
better path cover than Q¢, which is a contradiction.

Case A-2: The vertex v,y is an internal vertex of a path in Qg.

We first assume that Q,,: includes both e,y and €,,,. If Q;y, includes either
ein Or €}, , then there is a path consisting of only vy,-in and vim-out in Qg. By
connecting the path and @Q;,, we have a better path cover than Qg, which is
a contradiction. Otherwise, Q;, includes the edge (vin,Um-in), We also have
a better path cover by connecting @Q;, and the path which has a vertex in
Ng(in) \ {Vm-in} as an endpoint.

We next assume that Q.. includes the edge (Vm-out, Vout).- Suppose Qin
includes either e;,, or ef,,. Then Qg includes vy, as its endpoint. If Q;, #
Qout holds, then we have a better path cover than Qg by connecting @;,, and
Qout- Otherwise, Qin = Qout, We replace Qg with (ps,ps,...,ps,p1), Where
p1 = Vin. Now we obtain a new path cover with the same cost such that all
the intermediate edges in the vertex gadget of v are covered. Now, suppose Q;y,
includes the edge (Vim-out, Vout). By connecting Q;, and Q,:, we have a better

path cover than Q¢, which is a contradiction.

Case B: The vertex v;, is an internal vertex of @Q;,.
We have the following two subcases.

Case B-1: The vertex v,y is an endpoint of Q.
This case is a symmetry of Case A-2. We omit the details.

Case B-2: The vertex v,y is an internal vertex of Q-

First, we assume that Q;,, includes both e;, and e}, and Q. also includes
both ey, and €/ ,,. Then, there is a path consisting of the two vertices vp-in
and Vp-out- Suppose that Qi = Qoue holds. Let p; = v, and p;j = vour,
i < .] We replace an with <p1,p2a -+« Pis Um-ins Um-out, Pj> Pj—1,- - - 7pi+1> and
(Pj+1,Pj+2;---,Dz) (see Figure (a)). For the case of Q;, # Qous, We also
replace with the same manner (see Figure [I0[b)). Thus we have a path cover
with the same cost such that all the intermediate edges in the vertex gadget are
covered.

Second, we assume that @Q;y, includes both e;, and e}, and Q.+ includes
(Vm-outs Vout). Then, it can be observed that v,,-;, is an endpoint of Qy:. Sup-
pose Qin = Qou holds, and let p; = vy, and pj = vour, © < j. Then we replace
Qin With (p1,D2; ..., Pis Vm=ins Um-out> Pj, Pj—1, - - -, Di+1) (see Figure[10(c)). For
the case of Q;,, # Qout, We can replace with the same manner (see Figure (d))
Thus we have a path cover with the same cost.

Third, we assume that Q;, includes the edge (Vin, Vme-in) and Quy: includes
both ey and e/ ,,. This is a symmetry of the above case, and hence we omit
the details.
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Figure 10: Transformations of paths for Case B.

Finally, we assume that Q;, includes the edge (vip, Vm-in) and Q¢ includes
the edge (Vm-outs Vout). Then v, is an endpoint of @, and vm-ou: iS an
endpoint of Q.. From the optimality of Qg, Qin = Qou: holds. Then we
replace the path as illustrated in Figure [I0]e). The obtained path cover by the
replacement is better than Q¢, which is a contradiction.

From the above case analysis, by transforming paths in Qg, we can obtain
a path cover with the same cost as Q¢ such that all the intermediate edges are
included. Therefore, Pg is an optimal solution.

We have the following equations and inequations:

cost(Pg) = cost(Pp)+3|Vp]
(L=e)(IVpl = 1) +3[Vp|
4Vp| — (Vo] — 1) ~ 1

A

1
|VG|*Z€(|VG|*4)*1
= (Val-1) - re(Val -1+ 2
= al—1)—7¢ G\*)+Z5
1 3
= (1*15)(|VG|*1)+15

= (1= go)(IVel - 1)~ ge(IVal = 1) + 5e

< (-gVal-1) (VoI 22),

which completes the proof. O
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