Graphs and Combinatorics (2009) 25:521-531
Digital Object Identifier (DOI) 10.1007/s00373-009-0853-9 Graphs and

Combinatorics

© Springer-Verlag 2009

Minimum Cost Homomorphism Dichotomy for Oriented
Cycles

Gregory Gutin!, Arash Rafiey?, Anders Yeo!

' Department of Computer Science Royal Holloway, University of London, Egham, TW20
0EX, UK. e-mail: gutin@cs.rhul.ac.uk; anders@cs.rhul.ac.uk

2 School of Computing Science, Simon Fraser University, Burnaby, B.C., Canada, V5A 1S6.
e-mail: arashr@cs.sfu.ca

Abstract. For digraphs D and H, a mapping f : V(D)— V(H) is a homomorphism of D to
H if uv € A(D) implies f(u) f(v) € A(H). If, moreover, each vertex u € V(D) is associated
with costs ¢;(u),i € V(H), then the cost of the homomorphism f is ZMeV(D) C fuy (W)
For each fixed digraph H, we have the minimum cost homomorphism problem for H (abbre-
viated MinHOM(H)). The problem is to decide, for an input graph D with costs c;(u),
u € V(D),i € V(H), whether there exists a homomorphism of D to H and, if one exists, to
find one of minimum cost. We obtain a dichotomy classification for the time complexity of
MinHOM(H) when H is an oriented cycle. We conjecture a dichotomy classification for all
digraphs with possible loops.
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1. Introduction

For directed (undirected) graphs G and H, a mapping f : V(G) — V (H) is a homo-
morphism of G to H if uv is an arc (edge) implies that f(u«) f (v) is an arc (edge). Let
H be a fixed directed or undirected graph. The homomorphism problem for H asks
whether a directed or undirected input graph G admits a homomorphism to H. The
list homomorphism problem for H asks whether a directed or undirected input graph
G with lists (sets) L, € V(H), u € V(G) admits a homomorphism f to H in which
f(u) € L, foreachu € V(G).

Suppose G and H are directed (or undirected) graphs, and c¢;(u), u € V(G),
i € V(H) are nonnegative costs. The cost of a homomorphism f of G to H is
ZueV(G) cray). If H is fixed, the minimum cost homomorphism problem,
MinHOM(H), for H is the following optimization problem. Given an input graph
G, together with costs ¢; (1), u € V(G),i € V(H), we wish to find a minimum cost
homomorphism of G to H, or state that none exists.

The minimum cost homomorphism problem was introduced in [10], where it
was motivated by a real-world problem in defence logistics. We believe it offers a
practical and natural model for optimization of weighted homomorphisms. The
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problem’s special cases include the homomorphism and list homomorphism prob-
lems [15,17] and the general optimum cost chromatic partition problem, which has
been intensively studied [13,19,20].

There is an extensive literature on the minimum cost homomorphism problem,
e.g., see [5-10]. These and other papers study the time complexity of MinHOM(H)
for various families of directed and undirected graphs. In particular, Gutin, Hell,
Rafiey and Yeo [6] proved a dichotomy classification for all undirected graphs
(with possible loops): If H is a reflexive proper interval graph or a proper interval
bigraph, then MinHOM(H) is polynomial time solvable; otherwise, MinHOM(H)
is NP-hard. It is an open problem whether there is a dichotomy classification for the
complexity of MinHOM(H ) when H is a digraph with possible loops. We conjecture
that such a classification exists and, moreover, the following assertion holds:

Conjecture 1.1. Let H be a digraph with possible loops. Then MinHOM(H) is poly-
nomial time solvable if H has either a Min-Max ordering or a k-Min-Max ordering
for some k > 2. Otherwise, MinHOM(H) is NP-hard.

For the definitions of a Min-Max and k-Min-Max ordering see Section 3, where
we give theorems (first proved in [10,9]) showing that if H has one of the two order-
ings, then MinHOM(H)) is polynomial time solvable. So, it is the NP-hardness part
of Conjecture 1.1 which is the ‘open’ part of the conjecture.

Recently Gupta, Hell, Karimi and Rafiey [5] obtained a dichotomy classification
for all reflexive digraphs that confirms this conjecture. They proved that if a reflexive
digraph H has no Min-Max ordering, then MinMax(H ) is NP-hard. Gutin, Rafiey
and Yeo [8,9] proved that if a semicomplete multipartite digraph H has neither
Min-Max ordering nor k-Min-Max ordering, then MinMax(H ) is NP-hard.

In this paper, we show that the same result (as for semicomplete multipartite
digraphs) holds for oriented cycles. This provides a further support for Conjec-
ture 1.1. In fact, we prove a graph-theoretical dichotomy for the complexity of
MinMax(H) when H is an oriented cycle. The fact that Conjecture 1.1 holds for
oriented cycles follows from the proof of the graph-theoretical dichotomy. In the
proof, we use a new concept of a (k, [)-Min-Max ordering introduced in Section 3.
Our motivation for Conjecture 1.1 partially stems from the fact that we initially
proved polynomial time solvability of MinHOM(H) when V (H) has a (k, [)-Min
-Max ordering by reducing it to the minimum cut problem. However, we later proved
that (k, [)-Min-Max orderings can simply be reduced to p-Min-Max orderings for
p > 1 (see Section 3).

Homomorphisms to oriented cycles have been investigated in a number of
papers. Partial results for the homomorphism problem to oriented cycles were ob-
tained in [11] and [18]. A full dichotomy was proved by Feder [3]. Feder, Hell and
Rafiey [4] obtained a dichotomy for the list homomorphism problem for oriented
cycles. Notice that our dichotomy is different from the ones in [3] and [4].

Bulatov [2] proved that there exists a dichotomy classification for the list homo-
morphism problem for digraphs, but no such dichotomy has been obtained and
even conjectured to the best of our knowledge. For the homomorphism problem for
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digraphs, we do not even know whether a dichotomy exists and there is no conjecture
of such a classification for the general case.

The rest of this paper is organized as follows. In the next section we consider
so-called levels of vertices in oriented paths and cycles. The concepts of Min-Max
ordering, k-Min-Max ordering and (k, /)-Min-Max ordering are considered in Sec-
tion 3. In Section 4 we obtain a dichotomy classification for MinHOM(H ) when
H is a balanced oriented cycle. For all oriented cycles H, a dichotomy is proved in
Section 5.

2. Levels of Vertices in Oriented Paths and Cycles

In this paper [p] denotes the set {1, 2, ..., p}. Let D be a digraph. We will use V(D)
(A(D)) to denote the vertex (arc) set of D. We say that xy (x, y € V(D)) is an edge
of D if either xy or yx is an arc of D. A sequence b1b,...b, of distinct vertices
of D is an oriented path if b;b; 1 is an edge forevery i € [p — 1]. If b1by... b, is
an oriented path, we call C = b1by...b,b1 an oriented cycle if b,b; is an edge. An
edge bib; 11 (here byb )1 = bpby) of an oriented path P or cycle C is called forward
(backward) if bib;+1 € A(D) (bj11b; € A(D)).

Let P = b1b,...b, be an oriented path. We assign levels to the vertices of P
as follows: we set levelp (b)) = 0, and levelp(b,11) = levelp(b;) + 1, if bybyyq is
forward and and levelp (b,41) = levelp(b;) — 1, if b;b,41 1s backward. We say that
P is of type r if r = max{levelp(b;) : i € [p]} =levelp(by) and 0 < levelp(b;) < r
foreachr € [p].

An oriented cycle C is balanced if the number of forward edges equals the num-
ber of backward edges; if C is not balanced, it is called unbalanced. Note that the
fact whether C is balanced or unbalanced does not depend on the choice of the
vertex by or the direction of C.

Let C = b1by...b,b; be an oriented cycle. It has two directions: bib; ...b,b;
and b1bybp_y ... by. In what follows, we will always consider the direction in which
the number of forward arcs is no smaller than the number of backward arcs. We can
assign levels to the vertices of C as follows: level(b;) = k, where k is a non-negative
integer, and level(b,+1) = level(b;) + 1, if b;b,41 1s forward and and level(b;41) =
level(b;) — 1, if by;b,1 1 is backward. Clearly, the value of each level(b;), i € [p],
depends on both k£ and the choose of the initial vertex b;. Feder [3] proved the
following useful result.

Proposition 2.1. The integer k and initial vertex by in an oriented cycle C can be chosen
such that level(by) = 0 and level(b;) > 0 for every i € [p). If C is unbalanced, then k
and by can be chosen such that level(by) = 0 and level(b;) > 0 for every i € [p]\{1}.

Since the proposition was proved in [3], we will not give its complete proof.
Instead, we will outline a procedure for finding appropriate k and b; and remark on
how the procedure can be used in showing the proposition.

Let C = b1by...b,b; be an oriented cycle. We may assume that by is chosen in
such a way that if C has a backward edge, then b, b is a backward edge. Compute
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Fig. 1. A level diagram of oriented cycle Z = b1b, ...b14b1, where b1by, b3by, b3by, bsby,
bsbe., beb7, bgbrbgbg, bobyg, b11b10, b11b12. b13b12. b1aby3, b1b14 are arcs

m;, the number of the forward arcs minus the number of backward arcs in the ori-
ented path b1b,...b;, for each i € [p]. Set k = |min{m; : i € [p]}|. Assign the
level to each vertex of C using the level definition and starting from assigning level &
to by. By the definition of k, the level of each vertex b; is non-negative and there are
vertices b; of level zero. Choose such a vertex b; with maximum index i and reassign
the levels to the vertices of C as follows. Consider C’ = b;b; 41 ...bpb1b;y .. .b; and
set level(b;) = 0 and the rest of the levels according to the order of vertices given
inC’.

This procedure can be turned into a proof of the proposition by observing that
if C’ is unbalanced, then the level of by in C’ will be greater than the level of b; in
C. Thus, the levels of all vertices v;, j € [i — 1] will be greater than their levels in C,
implying that the only level zero vertex in C is b;.

Thus, in the rest of the paper, we may assume that the ‘first’ vertex of b; of an
oriented cycle C = b1b, ... b,b; is chosen in such a way that the levels of all vertices
of C satisfy Proposition 2.1.

We will extensively use the following notation: VL(C) = {b,:level(b;) = 0,
t € [pl}, h(C) = max{level(b;): j € [pl}, and VH(C) = {b; :level(b;) = h(C),
t € [p]}. Note that for unbalanced cycles C we have |V L(C)| = 1.

The concepts of this section are illustrated on Figure 1. In particular, Z is bal-
anced with forward edges b1by, b3by, ... and backward edges bybs, bybs, .... We
have level(b;) = level(bsz) = level(bs) = 0, level(by) = level(by) = level(bg) =
level(bg) = level(b14) = 1, level(b7) = level(bg) = level(by1) = level(by3) = 2 and
level(big) = level(b12) = 3. Thus, h(Z) = 3, VL(Z) = {b1,b3,bs}, VH(Z) =
{b10, b12}.

3. k-Min-Max and (k, [)-Min-Max Orderings

All known polynomial cases of MinHOM(H ) can be formulated in terms of certain
vertex orderings. In fact, all known polynomial cases can be partitioned into two
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classes: digraphs H admitting a Min-Max ordering of their vertices and digraphs H
having a k-Min-Max ordering of their vertices (k > 2). Both types of orderings
are defined in this section, where we also introduce a new type of ordering, a
(k,1)-Min-Max ordering. It may be surprising, but we prove that the new type
of ordering can be reduced to the two known orderings.

Let H beadigraphandlet (vi, vy, ..., v,) be an ordering of the vertices of H. Let
e =v;vrand f = v;v; betwoarcsin H. The PAir Vping, j)Umins.r} (Vmax{i, j} Vmax(s,r})
is called the minimum (maximum) of the pair e, f. (The minimum (maximum) of
two arcs is not necessarily an arc.) An ordering (vq, v, ..., vp) is a Min-Max order-
ing of V(H) if both minimum and maximum of every two arcs in H are in A(H).
Two arcs e, f € A(H) are called a crossing pair if {e, f} # {g’, g}, where g’ (g") is
the minimum (maximum) of e, f. Clearly, to check that an ordering is Min-Max, it
suffices to verify that the minimum and maximum of every crossing pair of arcs are
arcs, too. The concept of Min-Max ordering is of interest due to the following:

Theorem 3.1. [10] If a digraph H has a Min-Max ordering of V(H), then Min-
HOM(H) is polynomial-time solvable.

We will sometimes call a Min-Max ordering also a /-Min-Max ordering. The
reason for this will become apparent in the rest of this section.

A collection Vi, V,, ...V, of subsets of a set V is called a k-partition of V if
V=ViuUWVU...UV,V;NV; =0 provided i # j.

Let H = (V, A) be a digraph and let k > 2 be an integer. We say that H has a
k-Min-Max ordering of V(H) if there isak- partltlon of V into subsets Vi, Vo, ... Vi
and there is an ordering V, (vl, vz, .. vm)) of V; for each i such that

(i) Every arc of H is an arc from V; to Vi for somei € [k] and
(i1) (Vl, Vl+1) = (vl, vz, .. ve(l)v1 1vlz“, . mil)) is a Min-Max ordering of
the subdigraph of H mduced by V;UViq for eachi € [k]. (All indices are taken

modulo k.)

Insuchacase, (\71 , \72, ey \7k) isa k-Min-Max ordering of V (H); k-Min-Max order-
ings are of interest due to the following:

Theorem 3.2. /9] If a digraph H has a k-Min-Max ordering of 'V (H), then Min-
HOM(H) is polynomial-time solvable.

Our study of MinHOM(H) for oriented cycles H has led us to the following new
concept.

Definition 3.3. Let H = (V, A) be a digraph and let k > 2 and [ be integers. For
| < k we say that H has a (k, [)-Min-Max ordering if there is a (k 4+ [ — 2)-partition
of V into subsets Vi,Va, ..., Vi, Ua, Us, .., Upy (set Uy = Vi, U; = Vi) and there
is an ordering V = (vl, vz, ...,vj;v(l.)) of V; foreach 1 < i < k and there is an

ordering U, = (ul, ”27 e, ”zu(z‘)) of U; for each 1 <i <[ such that
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(1) Every arc of H is an arc from V; to V;,| for some i € [k — 1], or is an arc from
Uj t(in+1 for some j € [/ — 1].

(i1) (V;, Viy1) is a Min-Max ordering of the subdigraph H[V; U V;; ] for all i €
[k —1].

(ii1) (U;, Uj41) is a Min-Max ordering of the subdigraph H[U; U U; 4] for all i €
[l —1].

(iv) (V1, V2, U>) is a Min-Max ordering of the subdigraph H[V) U V, U Uz].

(v) (Uj—1, Vk—1, Vi) is a Min-Max ordering of the subdigraph H[V;_; UU;_; U Vi].

It turns out that (k, /)-Min-Max orderings can be reduced to p-Min-Max order-
ings as follows from the next assertion:

Theorem 3.4. If a digraph H has a (k,1)-Min-Max ordering, then MinHOM(H) is
polynomial-time solvable.

Proof. Let H have a (k,[)-Min-Max ordering as described in Definition 3.3. Let
d = k — 1. We will show that H has a d-Min-Max ordering, which will be sufficient
because of Theorems 3.1 and 3.2. (Recall that a 1-Min-Max ordering is simply a
Min-Max ordering.) Let us consider two cases.

Case 1. d = 1. It is not difficult to show that the ordering
V1, V2, U, V3, Us, ..., Vo, Ug—2, Vi1, Vi)
is a Min-Max ordering. Indeed, all crossing pairs of arcs are only in the subgraphs

given in (ii)-(v) of Definition 3.3. According to the definition, the maximum and
minimum of every crossing pair is in H.

Case2. d > 2. Lets; = max{p : i+ pd <l}foreachi € [d]. Consider the following
orderings foreach2 <i <d

Wi = Vi, Ui, Vita, Uivd, Vitoa, Uivoa, - - s Vitsids Uitsids Vig@si+Dd)
and the ordering
Wi = V1, Viga, Utra, Vigvoa, Urs2ds -« o Viesids Ultsias Vi +1)a)-

Observe that Wy, W», ..., W, form a partition of V(H) and that every arc is from
Wi to W for some i € [d], where Wy = Wi. As in Case 1, it is not difficult to
see that (W, W, ..., Wy) is a d-Min-Max ordering of H. O

Remark 3.5. Notice that not always a p-Min-Max_ordering can be reduced to a
(k, 1)-Min-Max ordering. As an example, consider Cs.
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4. Balanced Oriented Cycles

We say that a balanced oriented cycle C = b1b; ... b,by is of the form (ITh™)? with
g>1ifP=C- bpby can be written as P = x| Piy|Rixa P2y R; .. - Xg Pgyq Ry,
where x; € VL(C), y; € VH(C) for each i € [¢q], P;, R; are oriented paths and all
vertices in VL(C)NV(P;) (VH(C)N V(R;)) appear before all verticesin VH(C) N
V(P;) in P; (VL(C) N V(R;) in R;) for each i € [¢q]. We write ITh™ instead of
(Ith ). For example, the cycle in Figure 1 is of the form /Th™. Balanced oriented
cycles C of the form [*Th™ are considered in the following:

Theorem 4.1. Let C = byb; ...b,by be a balanced oriented cycle of the form ITh*.
Then MinHOM(C ) is polynomial time solvable.

Proof. Letg =min{j : b; € VH(C)}, let m = h(C) and let V = V(C). Consider
the following ordering V= (bp,bp—1,....,bgy1,b1,b2...,by) of V. We can define
the following natural (m + 1)-partition of V: Vi, Vo, ..., V41, where V; = {b; €
V(C) : level(by) = j — 1}. Note that every arc of C is an arc from V; to V4 for
some j € [m]. .

Let 17j be the ordering of V; obtained from V by deleting all vertices not in
V;and let V; = (s{,s], ..., Spj))- Observe that the digraph C[V; U V;1] has no
crossing pair of arcs for any j € [m] since, for every pair sésé“, 5585 1 of arcs in
the digraph, we have that either « < y and 8 < §,ora > y and 8 > §. Thus, C
has an (m + 1)-Min-Max ordering of vertices and, by Theorem 3.2, MinHOM(C)
is polynomial-time solvable. O

The following lemma was first proved in [12]; see also [3,21] and Lemma 2.36
in [17].

Lemma 4.2. Let Py and P> be two oriented paths of type r. Then there is an oriented
path P of type r that maps homomorphically to Py and Py such that the initial vertex
of P maps to the initial vertices of P| and P, and the terminal vertex of P maps to
the terminal vertices of Py and P>. The length of P is polynomial in the lengths of
P and P;.

We need a modified version of Lemma 4.2, Lemma 4.3. We say that an oriented
path byby ... b, of type r is of the form (I'"h™)K if the balanced oriented cycle

biby...bpa,_1a,_> ...axa1by

is of the form (I*h™)*, where bjajay . .. a,_2a,_1b), is a directed path.

Lemma 4.3. Let Py and P> be two oriented paths of type r. Let Py be of the form h™I+
and let Py be of the form (Ith™)X, k > 1. Then there is an oriented path P of type r
that maps homomorphically to Py and P, such that the initial vertex of P maps to the
initial vertices of Py and P, and the terminal vertex of P maps to the terminal vertices
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of Py and P,. The length of P is polynomial in the lengths of Py and Py, and P is of
the form (It h+)k.

Proof. We will show that our construction implies that |V (P)| < |V (Py)| x |V (P2)|.

We first prove the lemma for the case when & = 1. The proof is by induction on
r > 0.If0 <r <1, the claim is trivial. Assume that r > 2. Let P| = ajay...a,, let
Py =biby ... by, let s1 = min{i :levelp, (a;) = r} and let s, =min{i :levelp, (b;) =r}.
Let 1 = min{levelp (a;) : s1 < i} and B = min{levelp,(b;) : s2 < i}. Without
loss of generality assume that 81 < B and let 1 = min{i : levelp, (a;) = B and
i > s1} and let s = max{i : levelp,(b;) = B and i < sp}. Note that g; > 1 as P is
of form ATIT.

By the induction hypothesis, there is an appropriate oriented path P’ that can
be mapped homomorphically to ajas ... as—1 and biby ... by,_1. There is also an
oriented path P” that can be mapped homomorphically to ay ag 41...a; and
bsybg,—1 ... by, (by reversing the two paths and then reversing the path we get by
the induction hypothesis). Furthermore there is an oriented path P’ that can
be mapped homomorphically to a;, 1442 ...a, and by, 1byyqo...by. Let P =
P'P"P" (where the arc between the last vertex of P’ to the first vertex of P” is
oriented from P’ to P” and similarly the arc between P” and P”’ is oriented in that
direction). Note that P is of type r and form h*/™ and maps homomorphically to
Py and P; such that the initial vertex of P maps to the initial vertices of P, and P,
and the terminal vertex of P maps to the terminal vertices of P; and P,. Further-
more [V(P)| < (s1 — D2 =D+ @1 —s1+ D2 —t2+ D+ (p—s1)(g — 12). As
si—=D+@n—si+D+(p—sp)=pand(s2—1), (2 =12+ 1), (¢ —12) =g we
have |V(P)| < pg < |[V(PD] x [V (P)].

Now we proceed by induction on k > 1. The base case has already been proved.
Assume that k > 2 and let P| = ajay...ap and Py = b1by...by. Let t = max{i :
levelp, (b;) = 0} and let s = max{i : i < ¢, levelp,(b;) = r}. By the induction
hypothesis, there is an appropriate oriented path P’ that can be mapped homomor-
phically to P and b1b, ... b;. Also, there is an appropriate oriented path P” (P")
that can be mapped homomorphically to apa,_; ...a; and bsbgyy...b; (Py and
bibiy1 ... by). Now obtain a new oriented path P by identifying the terminal vertex
of P’ with the initial vertex of P” and the terminal vertex of P’ with the initial
vertex of P”. Observe that P satisfies the required properties. O

Consider the oriented cycle Cg = 12341 with arcs 12, 32, 14, 34. Observe
that 1,2,3,4 is a Min-Max ordering of V(Cg) and, thus, MinHOM(CE) is
polynomial-time solvable.

Theorem 4.4. Let C = bybs ... b,by be a balanced oriented cycle of the form (I hH)k,
k > 2, and let C # Cg. Then MinHOM/(C ) is NP-hard.

Proof. Let C # Cg. Lets =min{j : b; € VH(C)},q =min{j : j > s5,b; €
VL(CO)},t =min{j : j > g,bj € VH(C)} and m = h(C). Let P; = biby...by,
Py =byby_1...bs, Py = bybgy1...b; and Py = bibyb,_1...b;. Note that each
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P; is of type m. By Lemma 4.3 there is a path Q1 of type m which is mapped
homomorphically to P4, P, and P3. There is also a path Q5 of type m and which is
mapped homomorphically to P; and Ps3. Since C # C2 and the end-vertices vertices
of Q1 are mapped to the end-vertices vertices of P4, the path Q| contains more than
two vertices. Furthermore, by Lemma 4.3 we may assume that Q; is of the form
(IThH*=1and Q, is of the form I Th™.

Let x (y) be the terminal vertex of Q; (Q>). Form a new oriented path
0 = q1q>...q; by identifying x with y and let 1 < r < [ be defined such that
01=q192...qr and Q> = qiq;—1 - .. gr. As Q1 contains more than two vertices we
have that r > 3.

Let D be an arbitrary digraph. We will now reduce the problem of finding a
maximum independent set in D (i.e. in the underlying graph of D) to MinHOM(C).
Replace every arc ab of D by a copy of Q identifying ¢q; with a and ¢; with b, and
denote the obtained digraph by D’. For every path Q in D’ which we added in the
construction of D’ we define the cost function ¢ as follows, where M is a number
greater than |V (D)]:

(1) cp,(q1) = cp,(q1) = 0and cp, (q1) = cp, (q1) = 1;
(i) cpy(gr) = cp,(qr) = 0and cp(gq,) = M for all b € V(C) — {by, b;};
(iil) cp,(q) = M forallg € {q2. 93, ..., 9r—1} (% ¥, asr > 3);
(iv) if s = 2 then ¢y, (g,—1) = M;
(v) all other costs of mapping vertices of D’ to H are zero.

Consider a mapping g from V(Q) to V(C), where g(q1) = by, g(q;) = by, and
Q1 and Q; are both homomorphically mapped to P; (i.e., g(g,) = by). Observe that
g is a homomorphism from Q to C of cost 2. This implies, in particular, that there
is a homomorphism from D’ to H of cost less than M. We now consider three other
homomorphisms from Q to C:

(a) f(q1) = by and f(q;) = by, and Qy is mapped to P4 and Q> is mapped to P3
homomorphically (i.e., f(g,) = by). The cost of f is 1.

(b) f'(q1) = by and f'(q;) = b1, and [’ maps Qi to P, and Q5 to P; homomor-
phically (i.e., f'(g;) = by). The cost of f/is 1.

(©) f"(q1) = by and f"(q;) = b;. We will show that the cost of f” is at least M. If
this is not the case then f”(g,) € {bs, b} by (ii). First assume that /" (g,) = b;.
By (iii) no vertex of V(Q1) — {g,} is mapped to b, and if s = 2 then by (iv)
gr—1 is not mapped to b;. However as Q; is of the form (Ith1)*~1 and the path
bibpb,_1 ...bs is of the form (I*h*)* we get a contradiction to f” mapping
Q1 to C and f"(q1) = by and f”(q,) = bs. So now assume that f”(g,) = b;.
However Q> is of the form (I7h™) and there is no path in C from by to b, of the
form (ITh™), a contradiction. Therefore the cost of f” is at least M.

By the above a minimum cost homomorphism # : D’ — C maps all verti-
ces from a maximum independent set in D to by and all other vertices from D to
b,. As finding a maximum independent set in a digraph is NP-hard we see that
MinHOM(C) is NP-hard. O
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5. Dichotomy and Unbalanced Oriented Cycles

We are ready to prove the following main result:

Theorem 5.1. Let C be an oriented cycle. If C is unbalanced or C is balanced of the
formITh™ or C = Cg, then MinHOM(C ) is polynomial-time solvable. Otherwise,
MinHOM(C ) is NP-hard.

By Theorems 4.1 and 4.4, to show Theorem 5.1 it suffices to prove the following:

Theorem 5.2. Let C = biby...b,by be an unbalanced oriented cycle. Then Min-
HOM(C) is polynomial-time solvable.

Proof. 1t is well-known that the minimum cost homomorphism problem to a
directed cycle is polynomial-time solvable (see, e.g., [7]). Thus, we may assume that
C is not a directed cycle. By Proposition 2.1, we may assume that level(b;) = 0 and
level(b;) > O foralli € [p]\{1}. Letg =max{j: b; € VH(C)}.

Consider the oriented path P = b1 b, ... by. Let Vi1 ={b; € V(P):level(b;)=i}
for all i e [k] U {0}, where k = level(b,). Now consider the oriented path Q =
bibpb,_1 ...by. Assign levels to the vertices of Q stating from levelp (b1) = 0 and
continuing as described in Section 1. Observe that all vertices of Q get non-negative
levels. Let U1 = {b; € V(Q) : levelp(b;) =i},i € [[TU{0}, where ! = levely(b,).
Clearly, V| = U; = {b1}; seE Uir1 = Vig1.

Consider the ordering U = (b1, by, by_1, ..., by) of the vertices of Q. Fori
[[+1], the ordﬁering I?,- is obtained from U by deleting all vertices not in U;. Consider
the ordering V = (b1 by, ..., by) of the vertices of P. Fori € [k + 1], the ordering
V is obtained from 1% by deletmg all vertices not in V;. Observe that the ordering
(V] Vz, Uz) of the vertices of C[V] U V5 U U,] has no crossing arcs. Similarly, the
ordering (Ul, Vk, Vk+1) of the Vertlces ofC[Ul U Vi U Viy1] has no crossing arcs, and
orderings (Vl, Vl+1) and (Uj, U,+1) (i € [k], j € [I]) have no crossing arcs. Thus, C
has a (k + 1,1 + 1)-ordering of vertices. Now we are done by Theorem 3.4. O
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