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Abstract

A digraph obtained by replacing each edge of a complete multipartite graph by
an arc or a pair of mutually opposite arcs with the same end vertices is called a
semicomplete multipartite digraph. L. Volkmann (1998) raised the following question:
Let D be a strong semicomplete multipartite digraph with a longest path of length
[. Does there exist a strong spanning oriented subgraph of D with a longest path
of length [? We provide examples which show that the answer to this question is
negative. We also demonstrate that every strong semicomplete multipartite digraph
D, which is not bipartite with a partite set of cardinality one, has a strong spanning
oriented subgraph of D with a longest path of length at least [ — 2. This bound is
sharp.
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1 Introduction, terminology and results

We assume that the reader is familiar with the standard terminology on graphs and di-
graphs and refer the reader to [3]. We will define necessary (less standard) terms below.

By a cycle and a path in a digraph we mean a directed simple cycle and path, respec-
tively. A biorientation of an undirected graph G is a digraph obtained from G by replacing
each edge {x,y} of G with either the arc zy or the arc yz or both zy and yx. A biorien-
tation D of G is complete if xy € D implies yx € D for every pair x,y of distinct vertices
of G. The complete biorientation of G is denoted by G. The complete biorientations of
stars are of importance in this paper: S7 = {I?Ln_l :n > 2}

A digraph D is strong if, for every pair x, y of distinct vertices of D, D has both a path
from x to y and a path from y to x. A digraph D is connected if its underlying graph is
connected.

An oriented graph is a digraph with no cycle of length two. If a digraph D has an arc
zy, then we often use the notation x — y and say that = dominates y and y is dominated
by x. A semicomplete multipartite digraph is a biorientation of a complete multipartite
graph. Semicomplete multipartite digraphs are well studied, see, e.g., [1, 4, 6, 8, 10, 11].

L. Volkmann [9] observed that a strong semicomplete multipartite digraph D has a
strong spanning oriented subgraph if and only if D ¢ S7. He raised the following question:
Let D be a strong semicomplete multipartite digraph, D ¢ S7, with a longest path of
length [. Does there exist a strong spanning oriented subgraph of D with a longest path
of length I? The following related result from [5] might suggest that the answer to this
question is positive. Let G be a bridgeless graph, let D be a complete biorientation of
G, and let [ be the length of a longest path in D. Then D contains a strong spanning
oriented subgraph with a path of length [. Another assertion which might lead to the same
suggestion is due to Volkmann [9]. Let D be a strong semicomplete multipartite digraph,
D ¢ ST, with a longest cycle C. Then D contains a strong spanning oriented subgraph
which also has the cycle C.

However, the above suggestion turns out to be false. We provide examples which show
that the answer to Volkmann’s question is negative (see Proposition 1.3). We also prove
(in the next section) the following result.

Theorem 1.1 Let D be a strong semicomplete multipartite digraph, D ¢ ST, and let
P = pop1 ...p; be a longest path in D. Define 61(P, D) and d2(P, D) as follows:

If popipo is a 2-cycle in D and py is dominated by only one vertex (p1), then set
01(P,D) = 1, otherwise set §1(P,D) = 0. Analogously, if pipi—1p; is a 2-cycle and p;
dominates only one vertex (pj—1), then set d2(P, D) = 1, otherwise set d2(P, D) = 0.

Then, there is a strong spanning oriented subgraph of D which has a path of length I,
where | — 61(P, D) — §2(P, D) <1’ <.



This theorem immediately implies the following:

Corollary 1.2 Let D be a strong semicomplete multipartite digraph, D ¢ ST, and let |
be the length of a longest path in D. Then D contains a strong spanning oriented subgraph
with a path of length at least | — 2.

It follows from the next result that the bound in the corollary is sharp. Proposition
1.3 is proved in the next section.

Proposition 1.3 For every integer p > 3, there ewists an infinite family F, of strong
semicomplete p-partite digraphs such that every digraph D in F, contains hamiltonian
paths, yet, a longest path of any strong spanning oriented subgraph of D has n—2 vertices,
where n is the order of D.

Let P be a property of a strong semicomplete multipartite digraph D, D ¢ S7. Then
P is said to be 2-cycle-independent if there exists a strong spanning oriented subgraph
of D with property P. Volkmann [9] suggested to find interesting 2-cycle-independent
properties of strong semicomplete multipartite digraphs. We saw earlier that the property
to contain a longest cycle of length [ is 2-cycle-independent, while the property to have a
longest path of length [ is not.

2 Proofs

In our proofs we will use some additional terminology and notation. For disjoint sets X
and Y of vertices in a digraph D, we say that X strongly dominatesY, and use the notation
X=Y if there is no arc from Y to X. This means that for every pair z € X,y € Y of
adjacent vertices z dominates y, but y does not dominate = (there can be non-adjacent
pairs x € X,y € Y). A k-path-cycle factor, F', (k > 0) of a digraph D is a vertex-disjoint
collection of k paths and some number of cycles such that every vertex of D is in F. Note
that if £ > 1, then a k-path-cycle factor does not have to contain any cycles. For a vertex
x of a semicomplete multipartite digraph D, PS(x) is the partite set of D, which contains
the vertex z.

To provide a short proof of Proposition 1.3, we will use the following lemma established
in [7].

Lemma 2.1 A digraph D has no k-path-cycle factor (k > 0) if and only if its vertex set
V(D) can be partitioned into subsets Y, Z, Ry, Ro such that R1=Y, (R1 UY)=-Ra, the
set Y s independent (i.e., contains no adjacent vertices) and |Y| > |Z| + k.



Proof of Proposition 1.3:

Let s > 7 be an odd integer. We first construct F3. We define its member D as
follows. The vertex set of Dy is {z1, 2, ..., Zs, Y, 2}; its partite sets are

Vi ={z2, 24, ..., x5-1,9, 2}, Vo ={aaip1 : 1 <4i+1<s},Va={ag43: 1 <4i+3<s}.

There are only two 2-cycles in Dy: the cycles x1yx1 and xzzzxs. For every 1 <i < j <s, if
PS(z;) # PS(x;), then x;—x; unless j = i+ 2, in which case x;—z;. For every z; ¢ V1,
y—x;—z. Also, r1—y and z— .

Clearly, D has a hamiltonian path, yxixs....xs2. The only strong spanning oriented
subgraph of D is the digraph D' = D — {yz1,2z52}. Set Y = Vi, Ry = {z1}, R2 = {5}
and Z = {x3,5,27,...,xs_2}. It is easy to verify that, in D', the above four sets satisfy
the conditions of Lemma 2.1 for k = 2. Thus, D’ has no 2-path-cycle factor. This implies
that D’ has no path with s+ 1 vertices (such a path and the remaining vertex would form
a 2-path-cycle factor of D). Hence, x1xs....75 is a longest path in D’.

Now let p > 4 be an integer. For every sufficiently large odd s, one can easily transform
D, into a semicomplete p-partite digraph D(s,p), a member of F,, by introducing a
transitive tournament on some p — 2 vertices of V3. The digraph D(s, p) has a hamiltonian
path as Dg does. At the same time, the only strong spanning oriented graph of D(s,p)
has a longest path on s vertices, which can be seen as above using Lemma 2.1. O

To prove Theorem 1.1, we need the next lemma:s:

Lemma 2.2 Let D be a strong semicomplete multipartite digraph, D ¢ ST. If zyx is a
2-cycle in D, then either D — xy or D — yx (or both) are strong.

This lemma follows from the next reformulation of a theorem by Boesch and Tindell
[2] whose short proof is given by Volkmann [9]: Let D be a strong digraph and let uvu
be a 2-cycle in D. Then at least one of the digraphs D — uv and D — vu is strong if and
only if D — {uv,vu} is connected. Indeed, since D ¢ ST, the deletion of any 2-cycle from
D leaves D connected (the underlying graph of D is bridgeless as this graph is complete
multipartite but not a star).

Proof of Theorem 1.1:

We prove this by induction on the number of 2-cycles in D. Let @ be the set of all
2-cycles in D. Clearly the theorem is true if @ = (), so assume that |Q| = m > 0, and that
the theorem is true for all digraphs with m — 1 2-cycles. Let P = pgp;1...p; be a longest
path in D.

If there is any 2-cycle in D, not of the form p;p;y1p; (i € {0,1,...,1 — 1}), then by
Lemma 2.2 we may delete one arc in the 2-cycle, and still have a strong semicomplete
multipartite digraph. Now we are done by our induction hypothesis. If there is a 2-cycle



in D, of the form p;p;+1p; (i € {0,1,...,0l—1}) such that D —p;1p; is strong, then we may
delete the arc p;41p;, and thereby obtain the desired result by our induction hypothesis.

Therefore we may assume that @ consists of 2-cycles of the form p;p;+1p; (i € {0,1,...,1—
1}), and that D — p;y1p; is not strong and D — p;p;+1 is strong (see Lemma 2.2). For
PiDi+1P; € @, it is hence not difficult to see that there can be no path from p;y; to p; in
D — p;11p;. This implies that

{po,p1s- - pit=Apit1,Piv2, ..., pi} in D — pipap;. (1)
We now consider the following two cases:

Case 1: There is an ¢, such that pipitipi € Qand 1 <1 <1 — 2.

Let D' = D — p;+1p; and let Df, ..., D} be the strong components of D', ¢ > 2, such
that if ¢ < j, then no arc goes from D} to Dj. Since D is strong, pi+1 € D; and
pi € D}. As p;_1—p;, we have p;_1 € D}. Similarly, we see that pg,p1,...,pi € D} and
Dit+1,Pi+2, --» D1 € Dj. Let p;R1p, be a shortest path from p; to a vertex p, belonging to
{po,p1,-..,pi—1} in D}, and let pyRop;+1 be a shortest path from a vertex py, belonging
to {pit2, Pit3, ..., 01}, to piy1 in Dy

We now consider the following subcases.
Subcase 1.1: Let PS(pi 1) = PS(pi+2). Then, by (1),

P = pop1 ... Di—1Di+1DiPi+2Pit3 - - - DI

is a path in D — p;p;41, of length [. Therefore we may use our induction hypothesis for
the digraph D — p;p;+1.

Subcase 1.2: Let PS(pi 1) # PS(pit+2) and a = 0. Observe that by (1)

P' = pis1piR1popi - - - Di—1Dit2Pit3 - - - DI

is a path of length [ in D —p;p;11. (This means that, in particular, Ry = ) in this subcase.)
Furthermore, observe that 61(P', D — p;pi+1) = 0 and d2(P’, D — p;ipi+1) = 62(P, D). We
may therefore use our induction hypothesis for the digraph D — p;p;11, which completes
this subcase.

Subcase 1.3: Let PS(pi 1) # PS(pi+2) and b = [l. This can be handled
analogously to the previous case.

Subcase 1.4: Let PS(pi 1) # PS(pi+2), a > 0 and b < I. If PS(pa—1) #

PS(pi+1) then observe that P’ = popi...pa—1Pi+1PiR1PaPat1 - - - Pi-1Pit2Pit3 - - - Pl IS @
path in D — p;p;11, of length [. Therefore we may use our induction hypothesis on the



digraph D — pipiv1. If PS(pp+1) # PS(pi) then we proceed analogously to the case
when PS(ps—1) # PS(pi+1). We may therefore assume that PS(pg—1) = PS(pi+1) and
PS(pp+1) = PS(pi). We now observe that

P = POP1 - - - Pa—1DPi+2Pi+3 - - - PoR2piv1pi R1PaPat1 - - - Pi—1Pb+1Pb+2 - - - DI,

is a path in D — p;p;+1 of length [. Therefore we may use our induction hypothesis for the
digraph D — pipi+1.

Case 2: There is no %, such that pipit1pi € Q and 1 < <1 — 2.

If pop1po € Q then we note that po={p2,p3,...,p} in D as D — p;11p; is not strong.
Furthermore po=V (D) —V (P), since otherwise we get a contradiction to P being a longest
path in D. Therefore 6;(P,D) = 1. We may now consider the path P’ = pips...p; in
D — pop1, which has 61(P’, D — pop1) = 0 and d3(P’, D — pop1) = 62(P, D). We may use
our induction hypothesis for D — pgp;, which gives us the desired result. (Even if P’ is
not a longest path in D — pgp1, we are still done). If pyp;_1p; € Q then we may proceed
analogously to the case popipo € Q. O
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