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—— Abstract

In the k disjoint shortest paths problem (k-DSPP), we are given a graph and its vertex pairs
(s1,t1), -+, (Sk,tr), and the objective is to find k pairwise disjoint paths P, ..., P such that
each path P; is a shortest path from s; to ¢;, if they exist. If the length of each edge is equal to
zero, then this problem amounts to the disjoint paths problem, which is one of the well-studied
problems in algorithmic graph theory and combinatorial optimization. Eilam-Tzoreff [5] focused
on the case when the length of each edge is positive, and showed that the undirected version of
2-DSPP can be solved in polynomial time. Polynomial solvability of the directed version was
posed as an open problem in [5]. In this paper, we solve this problem affirmatively, that is, we
give a first polynomial time algorithm for the directed version of 2-DSPP when the length of each
edge is positive. Note that the 2 disjoint paths problem in digraphs is NP-hard, which implies
that the directed 2-DSPP is NP-hard if the length of each edge can be zero. We extend our result
to the case when the instance has two terminal pairs and the number of paths is a fixed constant
greater than two. We also show that the undirected k-DSPP and the vertex-disjoint version of
the directed k-DSPP can be solved in polynomial time if the input graph is planar and & is a
fixed constant.
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1 Introduction

1.1 Disjoint paths problem and disjoint shortest paths problem

The vertex-disjoint paths problem is one of the classic and well-studied problems in algorithmic
graph theory and combinatorial optimization. In the problem, the input is a graph (or a
digraph) G = (V, E) and k pairs of vertices (s1,%1), ..., (Sk, tx), and the objective is to find
k pairwise vertex-disjoint paths from s; to t;, if they exist. If k is part of the input, the
vertex-disjoint paths problem is NP-hard [9], and it remains NP-hard even if the input graph
is constrained to be planar [12]. The vertex-disjoint paths problem in undirected graphs can
be solved in polynomial time when k = 2 [17, 19, 22], and Robertson and Seymour’s graph
minor theory gives an O(|V|?)-time algorithm for the problem when k is a fixed constant [15].
The running time of this algorithm is improved to O(|V|?) in [10]. The vertex-disjoint paths
problem in digraphs is much harder than the undirected version. Indeed, the directed version
is NP-hard even when k = 2 [6]. The vertex-disjoint paths problem in planar digraphs can

* This work is partially supported by JST ERATO Grant Number JPMJER1305 and by JSPS KAKENHI
Grant Numbers JP16K16010 and JP16H03118.

© Kristéf Bérezi and Yusuke Kobayashi;
oY licensed under Creative Commons License CC-BY
25th Annual European Symposium on Algorithms (ESA 2017).
Editors: Kirk Pruhs and Christian Sohler; Article No. 13; pp. 13:1-13:13

\\v Leibniz International Proceedings in Informatics
LIPICS Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, Dagstuhl Publishing, Germany


http://dx.doi.org/10.4230/LIPIcs.ESA.2017.13
http://creativecommons.org/licenses/by/3.0/
http://www.dagstuhl.de/lipics/
http://www.dagstuhl.de

13:2

The Directed Disjoint Shortest Paths Problem

be solved in polynomial time for fixed k [16], and it is fixed parameter tractable with respect
to parameter k [3].

The vertex-disjoint paths problem has many applications, for example in transportation
networks, VLSI-design [7, 14], or routing in networks [13, 20]. When we deal with such
practical applications, it is natural to generalize the problem to finding short or cheap vertex-
disjoint paths. There are many results on the problem to find disjoint paths minimizing a
given objective function such as the total length of the paths or the length of the longest path
(see Section 1.2). In this paper, we consider the disjoint shortest paths problem introduced
in [5], in which each path has to be a shortest path from s; to ;. Note that, in contrast to
the other problems, the length of each path appears in the constraint of the problem. For an
integer k, our problem is formally described as follows.

k Disjoint Shortest Paths Problem (k-DSPP)
Input. A digraph (or a graph) G = (V, E) with a length function ¢ : E — R, and k pairs of
vertices (s1,%1), ..., (Sk, tx) in G.

Find. Pairwise disjoint (vertex-disjoint or edge-disjoint) paths Pi, ..., Py such that P; is a
shortest path from s; to t; for i = 1,2,...,k, if they exist.

Note that R4 denotes the set of non-negative real numbers. We can consider both directed
and undirected variants of this problem, which we call the directed k-DSPP and the undirected
k-DSPP, respectively. For each problem, we can consider vertex-disjoint and edge-disjoint
versions. If the length of each edge is equal to zero, then these problems amount to the
directed or the undirected version of the k disjoint paths problem. With this observation,
most hardness results on the k disjoint paths problem can be extended to the directed (or
undirected) k-DSPP. In particular, since the k disjoint paths problem in digraphs is NP-hard
even when k = 2 [6], almost all variants of the directed k-DSPP are hard.

Only few positive results are known for k-DSPP. An important positive result is a
polynomial time algorithm of Eilam-Tzoreff [5] for the undirected 2-DSPP, in which the
length of each edge is positive. It is interesting to note that the algorithm in [5] is completely
different from the algorithms for the 2 disjoint paths problem in [17, 19, 22]. This means
that properties or tractability of k&-DSPP will be different from those of the k disjoint paths
problem by assuming that the length of each edge is positive. This fact motivates us to study
polynomial solvability of the directed k-DSPP under this assumption. Indeed, for the case
when £k is a fixed constant and the length of each edge is positive, polynomial solvability of
the directed k-DSPP was posed as an open problem in [5].

1.2 Related work

There are many results on the problem in which we find & disjoint paths minimizing a given
objective function. Such a problem is sometimes called the shortest disjoint paths problem. A
natural objective function is the total length of the paths. That is, the aim of the problem is
to find disjoint paths Pi, ..., P, that minimize ), ¢(P;) when we are given a length function
¢: E — R, which we call the min-sum k disjoint paths problem. Here, ¢(P;) denotes the
length of P;. We note that a solution of the k disjoint shortest paths problem must be an
optimal solution of the corresponding min-sum & disjoint paths problem, which shows that if
we can solve the min-sum & disjoint paths problem, then we can also solve the k disjoint
shortest paths problem. Another objective function is the length of the longest path. That is,
the aim of the problem is to find disjoint paths Py, ..., Px that minimize max; £(F;), which
we call the min-maz k disjoint paths problem.



K. Bérczi and Y. Kobayashi

Table 1 Results on the k disjoint paths problem and the k-DSPP. In the results with (x), we
assume that the length of each edge is positive.

Conditions Disjoint Paths  Disjoint Shortest Paths
k=2 undirected P [17, 19, 22] P [5] (%)
directed NP-hard [6] NP-hard (Proposition 1)
P (Theorem 2) (x)
k: fixed undirected P [14] OPEN
planar, vertex-disjoint P (Corollary 11)
planar, edge-disjoint P (Theorem 5)
directed NP-hard [6] OPEN () / NP-hard
planar, vertex-disjoint P [16] P (Theorem 4)
planar, edge-disjoint OPEN OPEN
acyclic P [6] P (Proposition 10)
k: general  undirected/directed NP-hard [9] NP-hard

Since the min-sum or min-max & disjoint paths problem is a generalization of the k disjoint
paths problem, hardness results on the k disjoint paths problem can be extended to the
optimization problem. See [11] for classical results on the min-sum and min-max k disjoint
paths problems. We now describe several positive results on the min-sum & disjoint paths
problem. Colin de Verdiére and Schrijver [4] presented a polynomial time algorithm for the
case when the input digraph (or graph) is planar, si,. .., s, are on the boundary of a common
face, and t1, ..., t; are on the boundary of another face. Kobayashi and Sommer [11] gave a
polynomial time algorithm for the case when the graph is planar, k = 2, and the terminals
are on at most two faces. Borradaile et al. [2] gave a polynomial time algorithm for the case
when the graph is planar, the terminals are ordered nicely on a common face. Bjorklund and
Husfeldt [1] gave a randomized polynomial time algorithm for the case when k = 2 and each
edge has a unit length, which is based on interesting algebraic techniques. This result was
recently generalized to the case with two terminal pairs by Hirai and Namba [8].

1.3 Our results

In this subsection, we describe our results, which are summarized in Table 1.
As mentioned in Section 1.1, it is not difficult see that the directed k-DSPP is NP-hard
even when k = 2 if the length of each edge can be zero.

» Proposition 1. Both vertez-disjoint and edge-disjoint versions of the directed k-DSPP are
NP-hard even when k = 2.

Proof. Suppose that the length of each edge is equal to zero. In this case, since any path
is a shortest path, the directed k-DSPP is equivalent to finding two vertex-disjoint (or
edge-disjoint) paths P; and P, such that P; is from s; to ¢;. This problem is known to be
NP-hard [6], and hence the directed k-DSPP is NP-hard even when k = 2. <

The main result of this paper is to show that the directed k-DSPP can be solved in
polynomial time when the length of each dicycle (directed cycle) is positive and k = 2.

» Theorem 2. If the length of each dicycle is positive, both vertez-disjoint and edge-disjoint
versions of the directed 2-DSPP can be solved in polynomial time. In particular, the directed
2-DSPP can be solved in polynomial time if each edge has a positive length.
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Figure 1 Reduction to the directed case.

The proof of this theorem is given in Section 3. It is posed as an open problem by Eilam-
Tzoreff [5] to determine whether or not the directed k-DSPP can be solved in polynomial
time when each edge has a positive length and k is a fixed constant. Theorem 2 answers this
problem affirmatively for the case of k = 2. It is interesting to note that the assumption on
the edge length affects the polynomial solvability of the problem as we can see in Proposition 1
and Theorem 2. We also note that a polynomial time algorithm for the undirected version
can be derived from Theorem 2, that is, we obtain an alternative elementary proof for the
following result.

» Corollary 3 (Eilam-Tzoreff [5]). If each edge has a positive length, both vertex-disjoint and
edge-disjoint versions of the undirected 2-DSPP can be solved in polynomial time.

Proof. Suppose we are given an instance of the undirected 2-DSPP in which ¢(e) > 0
for every e € E. Replace each edge e = wv with two new vertices z.,y. and five new
directed edges uxe,vxe, Tele,Yelt, yev (see Fig. 1). Define a new length function ¢ by
U(uze) = U (vee) = O(weye) = € (yeu) = €' (yev) = é(lg'u)' Then, each edge has a positive
length in the obtained digraph. In this way, we can reduce the undirected 2-DSPP to the

directed 2-DSPP, which shows the corollary by Theorem 2. |

Theorem 2 can be extended to the case when the input digraph contains two terminal
pairs and k is a fixed constant, which is discussed in Section 4.

We also discuss the case when the input (di)graph is restricted to be planar in Section 5.
We first show that the vertex-disjoint version of the directed k-DSPP can be solved in
polynomial time in planar digraphs.

» Theorem 4. If k is a fized constant and the input digraph is planar, the vertez-disjoint
version of the directed k-DSPP can be solved in polynomial time.

The proof is given in Section 5. Our proof is based on the reduction technique used in
the proof of Theorem 2 and the algorithm for the disjoint paths problem in planar digraphs
proposed in [16]. Note that this result implies that we can also solve the undirected version
in polynomial time. Since Schrijver’s algorithm for the disjoint paths problem [16] works only
for the vertex-disjoint case, the proof of Theorem 4 cannot be extended to the edge-disjoint
case directly. However, when the graph is undirected, we can show the following theorem,
whose proof is given in Section 5.

» Theorem 5. If k is a fized constant and the input graph is planar, the edge-disjoint version
of the undirected k-DSPP can be solved in polynomial time.

2  Preliminary

For a digraph G = (V, E), a directed edge from u to v is denoted by wwv. For a directed edge
e in G, the head and the tail of e are denoted by headg(e) and tailg(e), respectively, that is,
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Figure 2 Reduction to the edge-disjoint version.

e is a directed edge from tailg(e) to headg(e). A dipath (or a directed path) is a sequence
(vo,€1,v1,€2,...,€p,vp) such that vy, v1,...,v, € V are distinct vertices and e; = v;_1v; € E
for each i. If vy = v, in the definition of a dipath, the sequence is called a dicycle (or a
directed cycle). If no confusion may arise, a dicycle, a dipath, and a directed edge are simply
called a cycle, a path, and an edge, respectively. For a dipath, a dicycle, or a subgraph @Q, its
vertex set and edge set are denoted by V(Q) and E(Q), respectively. For a length function
¢:E — Ry and for an edge set F' C E, we denote {(F) = > . {(e). For a dipath or a
dicycle @, we identify Q with its edge set, and ¢(E(Q)) is simply denoted by £(Q).

3 Proof of Theorem 2

In this section, we give a proof of Theorem 2, that is, we show that the directed 2-DSPP
can be solved in polynomial time if the length of each dicycle is positive. To solve this

problem, we will efficiently reduce it to a set of 2 disjoint paths problem in acyclic digraphs.

Although the original digraph is not necessarily acyclic, we decompose the digraph into
smaller subgraphs and modify each subgraph to an acyclic digraph.

We first note that the vertex-disjoint version of the directed 2-DSPP can be reduced to
the edge-disjoint version of the directed 2-DSPP by the following procedure: replace each
vertex v with two vertices v and v, replace each edge uv with an edge utv™ of the same
length, and add an edge v~ v™ of length zero for each v (see Fig. 2). Therefore, it suffices to
give a polynomial time algorithm for the edge-disjoint version of the problem.

Suppose we have an instance of the edge-disjoint version of the directed 2-DSPP in which
each dicycle is of positive length. For ¢ = 1,2, let E; C E be the set of edges that are
contained in some shortest path from s; to t;. By the definition, an s;-t; path is a shortest
s;-t; path if and only if it consists of edges in F;. Note that we can compute F; in polynomial
time as follows. We first apply a shortest path algorithm (e.g., Dijkstra’s algorithm) and
obtain the distance d;(v) from s; to v for every v € V. Let E! C E be the set of all the edges
wv with d;(v) — d;(u) = (uwv). Then, {uv € E! | E! contains a v-t; path} is the desired set
E;. With this observation, the edge-disjoint version of the directed 2-DSPP can be reduced
to the following problem: given a digraph G = (V, E), subsets E1, E; C E, and two pairs of
vertices (s1,t1) and (s9,t2) in G, find edge-disjoint paths P; and P, such that E(P;) C E;
and P; is a path from s; to t; for ¢ = 1,2. We now show some properties of E;.

» Lemma 6. The edge set E; forms no dicycle for i =1,2.

Proof. Assume that E; forms a dicycle C. By the definition of d; and E;, d;(v) —d;(u) = £(uv)
for each uv € E(C). This shows that £(C) =3_,,cp(c) Luv) =3, ,cp(c)(di(v) —di(u)) = 0,
which contradicts that the length of each dicycle is positive. |

For a set I of directed edges, let ' be the set of directed edges obtained from F by
reversing all the edges, that is, ' = {vu | uv € F}. Then, we have the following lemma.
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» Lemma 7. Suppose that C' is a dicycle in EyUEy. Then, EyNE(C) C Ey and E;NE(C) C
E;.

Proof. Since C is a dicycle in E; U Es, it can be decomposed into subpaths P;, Q1, Ps, Q2,
..., P.,Q, such that P; is a dipath from u; to v; with E(P;) C E; and Q; is a dipath from
;11 to v; with E(Q;) C Ey for i = 1,...,r, where we denote u,11 = uy. By the definition
of dl and El, dl(UZ‘) — dl(uz) = E(Pz) and dl(vi) — dl(uH_l) < g(Qz) for i = 1, ceay T By
combining them, we obtain >\, £(P;) < >°!_, £(Q;). Similarly, by the definition of dy and
EQ, dQ(UZ‘) — dQ(Uz’) S E(Pz) and dg(’Uz’) — dg(ui+1) = Z(QZ) for i = 1, ceey Ty which shows that
Sl U(P) > 300, 6(Q;). Therefore, >0, £(P;) = >_._, £(Q;) and all the above inequalities
are tlght That iS, dl(vi) — dl(ui+1) = é(Ql) and dg(l}i) — dg(uz) = E(Pz) for i = 17 ceey Ty
which shows that F(Q;) C E} and E(F;) C Ej. Since E(FP;) C Ey for i =1,...,r, there is a
v;-t; path in Ej. This implies that E{ contains a v-t; path for any v € V(Q;), and hence
E(Q;) C E;. Similarly, since F(Q;) C Fy for i = 1,...,r, there is a v;-t; path in E}, which
shows that E(P;) C Es. <

We add four vertices s, sh,t], and t5, and four edges s|si1, shse, t1t], and toth. We
update E; < E; U {s}s;,t;t;} for i = 1,2. Then, a path from s; to ¢; is corresponding to a
path whose first and last edges are ss; and t;t}, respectively. By using this correspondence,
we can rephrase the problem to the following: find edge-disjoint paths P, and P such that
E(P;) C E; and P, is a path whose first and last edges are ss; and ¢;t}, respectively.

Let Ey := E1 N Ey, Ef = Ey \ Ey, and Ej = E; \ Eg. We remove all the edges in
E\ (E1 U Ey) from G, contract all the edges in Ey, and reverse all the edges in F3. Then,
we obtain a digraph G* = (V*, E*). Let Vj C V* be the set of all the vertices in V* that
are newly created by contracting Fy. In other words, V*\ Vj C V is the set of all original
vertices. For v € Vj, let G, be the subgraph of G — (F \ (E; U E»)) induced by the vertex
set corresponding to v. For any edge e in G, by the definition of G, either e € Ey or there
exist edges f1, fo,..., fr € Ey such that e, fi, fo,..., fr form a cycle when we ignore the
direction of the edges. In the latter case, these edges induce a dicycle C in E; U Eo, which
shows that e € Ey by Lemma 7. Thus, every edge in G, is in Ey, which implies that we can
identify E* with E} U Ej. Furthermore, since every edge in G, is in Ey, G, is an acyclic
digraph by Lemma 6.

We can also see that, by Lemma 7, G* is an acyclic digraph. In what follows, roughly,
we find two disjoint paths in G* such that one is from s to t] and the other is from #} to
sh. Our algorithm is based on the algorithm for finding disjoint paths in digraphs proposed
in [6].

We define a new digraph G whose vertex set is W = E} x B as follows. For (e1, e2), (€], ¢5) €
W, G has a directed edge from (eq, e3) to (e}, e4) if one of the following holds.

€] = ey, headg-(e2) = tailg~(e) =: v, and there is no path in G* from headg-(e1) to v.

Furthermore, if v € Vp, then G, contains a path from tailg(e}) to headg(ez).

ey, = eq, headg~(e1) = tailg=(e]) =: v, and there is no path in G* from headg-~(e2) to v.

Furthermore, if v € Vg, then G, contains a path from headg(eq) to tailg(e}).

headg~(e1) = headg»(e2) = tailg=(€}) = tailg«(e}) =: v. Furthermore, if v € V;, then

G, contains two edge-disjoint paths such that one is from headg(e1) to tailg(e)) and the

other is from tailg(e5) to headg(es).

To construct G, it suffices to solve the two disjoint paths problem in each acyclic digraph G,
which can be done in polynomial time by [6]. We now show that we can solve the edge-disjoint
version of the directed 2-DSPP by finding a path in G from (s]s1, thta) to (t1t], s255).
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» Lemma 8. There is a path in G from (s)s1,thta) to (t1t), s2s5) if and only if G has two
edge-disjoint paths Py and Py such that P; is from s; to t; and E(P;) C E; fori=1,2.

Proof. Sufficiency (“if” part). Suppose that G has two edge-disjoint paths P; and P, such
that P; is from s; to t; and E(P;) C F; for i = 1,2. E(Py)\ Ep forms a path P;* from s; to t;
in G*, and E(P,) \ Ey forms a path Py from t3 to so in G*. Suppose that P} traverses edges

. . 1 o e
el,e?, ..., el in this order, and let €9 := s} s; and ezf+ = t1t]. Slnmll&urly7 suppose that Py
traverses edges e}, e3,..., e} in this order, and let €3 1= thty and eg+ := 898%. It is obvious

that e} € Ef for i =0,1,...,p+ 1 and €} € Fj for j =0,1,...,q+ 1. Since G* is acyclic,
for any ¢ =0,1,...,p+ 1 and for any j =0,1,...,¢g+ 1, at least one of the following holds.
(1) There is no dipath in G* from headg-(e%) to headg- ().

(2) There is no dipath in G* from headg-(€}) to headg- ().

(3) headg-(e}) = headg-(e2).

For each case, we obtain the following by the definition of the edge set of G.

If (1) holds and j # ¢ + 1, then G has an edge from (ei,¢}) to (ei,e}™). Note that

if v := headg-(e}) € Vo, then E(Py) N E(G,) forms a path in G, from tailg(el™) to

headg(€).

If (2) holds and i # p+ 1, then G has an edge from (e, e}) to (ei*!,el). Note that

if v := headg:(e%) € Vy, then E(P1) N E(G,) forms a path in G, from headg(e}) to

tailg (el ™).

If (3) holds, then G has an edge from (e},el) to (ei*! el™'). Note that if v :=

headg-(e}) = headg-(e}) € Vo, then E(P) N E(G,) and E(Py) N E(G,) form two

edge-disjoint paths in G, such that one is from headg(e}) to tailg(ei™) and the other is
from tailg (e} ™) to head(e)).
By observing that (1) holds if i = p+ 1 and (2) holds if j = ¢+ 1, we can see that G has an
edge from (e%,el) to (ei,el™), (i1, ed), or (it el ™) unless (i,5) = (p+1,q+1). We
begin with (i,) = (0,0) and find an edge leaving (e, e%) in G as above, repeatedly. Then,
we obtain a path in G from (9, €9) = (551, thta) to (21!, ed™) = (118}, s2s}), which shows
the sufficiency.

Necessity (“only if” part). Suppose that there is a path in G from (fY, f9) := (s}s1,tht2)
to (f7, f5) := (t1t}, s2sh) that traverses vertices (fY, f3), (fi, f3), ---, (fT, f3) of G in this
order. In this proof, we regard a path in G as a sequence of edges, and the concatenation of
two paths P and @ is denoted by P - Q. We define two paths P, and P, as follows.

1. SetPlzPQ:(Z).

2. Fori=0,1,2,...,r, we update P; as follows.
Suppose that fiT' = fi, headg-(f3) = tailg-(fat!) =: v, and there is no dipath in
G* from headg-(f}) to v. In this case, let Q be the path in G,, from tailg(f3™) to
headg(f3) if v € Vg and let Q = 0 if v € V. Then, update P, as Py < fé“ Q- Ps.
Suppose that fit! = fi, headg-(f}) = tailg-(fi™') =: v, and there is no dipath in
G* from headg-(f4) to v. In this case, let @ be the path in G, from headg(fi) to
tailg ( f“) ifveVyandlet Q=0if v &Vy. Then, update P, as Py < P, - Q - ff“.
Suppose that headg-(fi) = headg-(fi) = tailg- (fi™') = tailg-(fi™') =: v. In this
case, if v € Vj, then G, contains two edge-disjoint paths Q1 and Q)5 such that @ is from
headg(ff) to tailg(fit!) and Qs is from tailg(fi™') to headg(fi). Let Q1 = Q2 =0
if v € V. Then, update P; and P, as P; + Py - Q1 - f“ and P, + f§+1 - Qs - Ps.

Then, P; and P, are edge-disjoint paths in G such that P; is from s; to ¢t; and E(P;) C F;

for ¢ = 1,2, which shows the necessity. |

13:7

ESA 2017



13:8

The Directed Disjoint Shortest Paths Problem

Since G contains at most |E|? vertices, we can detect a path in G in polynomial time. Thus,
Lemma 8 shows that the directed 2-DSPP can be solved in polynomial time.

We note that the most time consuming part of our algorithm is to construct G. We have
already seen that, for each pair of vertices in G, the existence of an edge between them
can be checked by solving the two disjoint paths problem in an acyclic digraph. Thus, in a
naive implementation of our algorithm, we solve the two disjoint paths problem in an acyclic
digraph O(|E[*) times. If we adopt the algorithm of [18] for the two disjoint paths problem,
which runs in O(|V||E|) time, the total running time of our algorithm is O(|V||E|®). Note
that a faster algorithm for the two disjoint paths problem is proposed in [21]. Although the
above estimation of the running time is very rough, we do not discuss its improvement in
this paper, since we focus on the polynomial solvability of the problem.

4 Disjoint Shortest Paths with Two Terminal Pairs

In this section, we extend Theorem 2 to the case when the digraph has two terminal pairs.
More precisely, for fixed integers k1 and ko, we consider the following problem and give a
polynomial time algorithm for it.

Directed Disjoint Shortest Paths Problem with Two Terminal Pairs.

Input. A digraph G = (V, E) with a length function [ : E — R4, two pairs of vertices (s1,t1)
and (s2,12) in G.

Find. Internally-vertex-disjoint (or edge-disjoint) paths P!,..., Py, PZ,..., P2 such that
P} is a shortest path from s; to ¢; for i =1,2and j =1,2,... k.

Our result is formally stated as follows.

» Theorem 9. Let ki and ko be fized integers. If the length of each dicycle is positive, both
internally-vertex-disjoint and edge-disjoint versions of the directed disjoint shortest paths
problem with two terminal pairs can be solved in polynomial time.

Proof. In the same way as the proof of Theorem 2, it suffices to give an algorithm for the
edge-disjoint version. For i = 1,2, let E; C E be the set of all the edges that are contained
in some shortest path from s; to t;, which satisfy Lemmas 6 and 7. Then, an s;-t; path is a
shortest s;-t; path if and only if it consists of edges in F;.

We add 2(k1 + k2) vertices 87 1., 8] 418515385 st 15+ o5 th gy s to 15 -+ o5 g5 and
2(ky + k) edges s’Ljsl and tl,t’Lj for j=1,...,k, and s’27j52 and tg,t/lj for j=1,...,ks.
We update E; < E; U {s] si,tit; ; | j = 1,...,k;} for i = 1,2. Then, we can rephrase
the problem to the following: find edge-disjoint paths P}, ... 7P/§1»P12 ey P,?2 such that
E(Pj’) C E; and PJ? is a path whose first and last edges are sLjsi and tit;,j for each ¢ and j.

Define Ey, EY, E5, G*, Vo, and G, for v € Vj in the same way as the proof of Theorem 2.
Let So:={(4,4) |i=1,2, j=1,...,k;}. We define a digraph G whose vertex set is W =
(E7)f x (E3)*2 as follows. For (ef,...,e; ,el,....ep ) € Wand (fl,....fL fi,..., L) €
W, G has an edge from (ef,...,e; ,€3,...,ef ) to (fl,.... fh, f,..., f2) if there exists a
non-empty set S C Sy and a vertex v € V* such that

headg- (€}) = tailg-(f}) = v for (i,7) € S, and €} = f; and there is no path in G*
from headg-(€) to v for (7,7) € So \ . Furthermore, if v € Vg, then G, contains ||
edges disjoint paths such that each path is from headg(e}) to taile(f}) with (1,5) € S
or from tailg(f7) to headg(eF) with (2,5) € S.
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Note that this is a generalization of the construction in the proof of Theorem 2. To construct
g, it suffices to solve the disjoint paths problem with at most k terminal pairs in each acyclic
digraph G,,, which can be done in polynomial time by [6].

In the same way as Lemma 8, there is a path in G from (s} 181, .., 8] 5, 81, t5 1t2, ..., 15 5, t2)
to (taty1,. .- t1t] y,, 52851, .,5285 ) if and only if G has ki + ko edge-disjoint paths
P} ..., Pkll, PZ,... ,P,fz such that E(P;) C E; and PJ? is a path whose first and last edges
are s. .s; and titg’j for each ¢ and j. Since G has a polynomial size in |V, we can detect a

i,
path in G from (s} 181,...,8] 5 81,85 12, .., 1y ta) to (tath 1, ... tat] 4 s 8285 1, .+, S28h 1, )
in polynomial time. Hence, we can solve the directed disjoint shortest paths problem with
two terminal pairs in polynomial time. |

In order to construct G, we solve the k disjoint paths problem in an acyclic digraph
|E |O(k) times. Since the k£ disjoint paths problem in an acyclic digraph can be solved in
|E|°() time [6], the total running time of our algorithm is |E|°®), which is also denoted by
|V|O®),

We note that, by using the same argument as the proofs of Theorems 2 and 9, we can
show that the directed k-DSPP in acyclic digraphs can be solved in polynomial time if & is a
fixed constant.

» Proposition 10. If k is a fized constant and the input graph is acyclic, both vertez-disjoint
and edge-disjoint versions of the directed k-DSPP can be solved in polynomial time.

Proof. It suffices to consider the edge-disjoint version. For i = 1,...k, let F; C E be
the set of all the edges that are contained in some shortest path from s; to ¢;. Then, an
s;-t; path is a shortest s;-t; path if and only if it consists of edges in F;. We add 2k
vertices sp,..., s, t,...,t, and 2k edges sis1,...,s,sk, t1t], ..., txt}, and update E;
E; U{s;s;,t;t}} for i = 1,..., k. The obtained acyclic digraph is also denoted by G. Then,
the directed k-DSPP is equivalent to finding & edge-disjoint paths Pi,..., Py such that
E(P;) C E; and P; is a path whose first and last edges are s}s; and t;t}, respectively.

We define a digraph G whose vertex set is W = Ey X - - - x Ej, as follows. For (ey,...,e;) €
W and (f1,..., fr) € W, G has an edge from (ey,...,ex) to (f1,..., fx) if there exists an
index ¢ such that e; = f; for j € {1,...,k}\ {¢}, headg(e;) = tailg(f;) =: v, and there is no
path in G from headg(e;) to v for j € {1,...,k}\ {i}.

In the same way as Lemma 8, there is a path in G from (s}s1,...,s}s) to (tt1,... t}tk)
if and only if G has k edge-disjoint paths Py, ..., Py such that F(P;) C E; and P; is a path
whose first and last edges are s}s; and ¢;t; for each 7. Since G has [V|9%) vertices, a path in
G from (s}81,...,8,sk) to (tt1,...,t)tx) can be detected in [V|9%) time. <

5 Planar Cases

In this section, we discuss the case when the input (di)graph is planar. We first give a proof
of Theorem 4, that is, we show that the vertex-disjoint version of the directed k-DSPP can
be solved in polynomial time if k is a fixed constant and the input digraph is planar.

Proof of Theorem 4. For i = 1,...,k, let E; C E be the set of all the edges that are
contained in some shortest path from s; to ¢;. Since an s;-t; path is a shortest s;-t; path if
and only if it consists of edges in F;, the directed k-DSPP in a planar digraph can be reduced
to the following problem: given a planar digraph G = (V, E), subsets Fy,...,E; C E, and
k pairs of vertices (s1,t1),. .., (sk, tx) in G, find vertex-disjoint paths Py, ..., Py such that
E(P;) C E; and P; is a path from s; to t; for ¢« = 1,...,k. It is shown in [16] that this

13:9

ESA 2017



13:10

The Directed Disjoint Shortest Paths Problem

problem can be solved in [V|9*) time if G is planar. Therefore, for fixed k, the directed
k-DSPP can be solved in polynomial time if the input digraph is planar. |

By replacing each edge with two parallel edges in opposite directions, we can reduce the
undirected version to the directed version. Hence, Theorem 4 implies the following as a
corollary.

» Corollary 11. If the input graph is planar, the vertex-disjoint version of the undirected
k-DSPP can be solved in |V|°*) time.

We note that Schrijver’s algorithm for finding disjoint paths Pi,..., P, with E(P;) C
E; [16] works only for the vertex-disjoint case, and no polynomial time algorithm is known
for the edge-disjoint version of this problem. However, when the graph is undirected, the
edge-disjoint version of k-DSPP can be solved in polynomial time (Theorem 5). To prove
Theorem 5, we first give a polynomial time algorithm for the case when the obtained paths
do not cross each other. Here, we say that two edge-disjoint paths P and @ in a planar
graph cross at a vertex v if P contains two edges e; and es; and @ contains two edges fi
and fo such that ey, f1, ez, and fy are incident to v clockwise in this order. The problem is
formally described as follows.

Undirected k& Edge-disjoint Non-crossing Shortest Paths Problem

Input. A planar graph G = (V| F) with a length function ¢ : E — R and k pairs of vertices
(Sl,tl), ey (Sk,tk) in G.

Find. Pairwise edge-disjoint paths P, ..., P, such that P; is a shortest path from s; to t;
fori=1,2,...,k and they do not cross each other, if they exist.

» Proposition 12. The undirected k edge-disjoint non-crossing shortest paths problem can
be solved in |V|°F) time.

Proof. We first reduce the problem to the case when each terminal is of degree one. Suppose
we are given an instance of the the undirected k edge-disjoint non-crossing shortest paths
problem. For i =1,... k, we guess the first and last edges of P;, say s;u; and v;t;. Then,
replace edge s;u; with a new vertex u; and a new edge wju; of length ¢(s;u;), and define
a new terminal s, = w}. Similarly, replace edge v;t; with a new vertex v, and a new edge
v;v; of length £(v;t;), and define a new terminal t; = v]. In the obtained graph, we consider
the undirected k£ edge-disjoint non-crossing shortest paths problem with terminal pairs
(s1,t1), ..., (sk,t,.). Note that each terminal is of degree one in the obtained instance. Since
the number of choices of s;u; and vt; is at most |V|°®), in order to solve the original
instance, it suffices to solve |V|2*) instances in which each terminal is of degree one.

In what follows, we give an algorithm for the case when each terminal is of degree one by
using a reduction to the vertex-disjoint version of the undirected k-DSPP. Suppose that we
are given an instance G = (V, E), {: E — Ry, and (s1,t1),..., (Sk, tx) of the undirected k
edge-disjoint non-crossing shortest paths problem in which each terminal is of degree one.
For a vertex v € V' of degree at least four, let eq, ..., e, be the edges that are incident to
v clockwise in this order. We replace v with r vertices w1, ..., w, so that each edge e; is
incident to w;, and add r edges wyws, wows, ..., w,_1w,, w,w; of length zero (see Fig. 3).
Note that this transformation keeps the planarity of the graph.

By applying this transformation to every vertex v € V' of degree at least four, we obtain
a new planar graph G’ = (V’, E’) whose maximum degree is at most three. We can easily see
that the undirected k edge-disjoint non-crossing shortest paths problem in G is equivalent to
that in G’. Since the maximum degree of G’ is at most three and the degree of each terminal
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Figure 3 Reduction to the vertex-disjoint version.

is one, edge-disjoint paths in G’ have to be vertex-disjoint, and hence it suffices to solve the
vertex-disjoint version of the undirected k-DSPP in G’. This can be done in [V[?®) time by
Corollary 11, which completes the proof. <

We are now ready to prove Theorem 5.

Proof of Theorem 5. Suppose we are given an instance of the edge-disjoint version of the
undirected k-DSPP in a planar graph. We begin with the following claim.

» Claim 13. If there exists a solution of the edge-disjoint version of the undirected k-DSPP
in a planar graph, then there exists a solution Py, ..., Py such that P; and P; cross at most
once for every pair i, j € {1,...,k}.

Proof. Let Pi,..., Py be a solution of the edge-disjoint version of the undirected k-DSPP
that minimizes the total number of crossings of the paths. We show that this solution satisfies
the condition in the claim. Assume to the contrary that P; and P; cross at two distinct
vertices u and v. Then, there exists a subpath Q; of P; and a subpath @Q); of P; such that both
Q; and @; are paths from u to v. Since F; is a shortest path from s; to ¢; and P; is a shortest
path from s; to t;, we have £(Q;) = ¢(Q;). This shows that, we can obtain another solution
of the edge-disjoint version of the undirected k-DSPP by replacing P; and P; with two paths

B and Pj such that E(P)) = (E(P;)\ E(Q:)) UE(Q;) and E(Fj) = (E(P))\ E(Q;))UE(Q:).

We can see that the number of crossings of P/ and PJ{ is strictly smaller than that of P; and
P;. We can also see that, for any h € {1,...,k} \ {¢,j}, the number of crossings of P}, and
{P{, P/} is at most that of P, and {P;, P;}. Therefore, the total number of crossings of the
obtained solution is smaller than the original solution, which is a contradiction. |

Let Pi,...,Px be a solution of the edge-disjoint version of the undirected k-DSPP
satisfying the condition in the above claim. For ¢ = 1,...,k, by the above claim, there

exist at most k — 1 vertices uf,ub, ..., ul,

such that P; crosses another path at some u; and
8i =1 UH, UL, U, .-, Uy, Uy g 2= t; appear in this order along P;. Then, P; can be divided
into 7; + 1 < k subpaths Qf,...Q;, , where Q% is a shortest path from u}_; to u}. By the
definition of Q%, we can see that ()} (i=1,...,k, j=1,...,7 + 1) are edge-disjoint paths
and they do not cross each other.

With this observation, we can solve the edge-disjoint version of the undirected k-DSPP
as follows.
Step 1. For i =1,...,k, guess an integer 7; < k — 1 and vertices u®, ub, ... ,ufﬂz
Step 2. Find pairwise edge-disjoint paths Q; (i=1,...,k, j=1,...,7; + 1) such that they

do not cross each other and Q is a shortest path from u}

% to u}, where uf = s; and

U;i_;'_l = t'L~
Step 3. For each i, define P; as the concatenation of Qf,..., Q. ;. Check whether or not
P, ..., P, form a solution of the original instance.
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In Step 1, the number of choices of r; and uf,ub, ..., uf is at most |V|O(k2). In Step 2,
we can find desired edge-disjoint paths Q; (i=1,...,k j=1,...,7;+ 1) if they exist in
\V\O(’“Z) time by Proposition 12. Note that the number of terminals is at most O(k?). In
Step 3, we can easily check whether or not Py, ..., Py are a solution of the original problem
in polynomial time. Therefore, the edge-disjoint version of the undirected k-DSPP can be

solved in |V|O(k2) time if the input graph is planar. <
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