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A polyhedral approach to even factors

Marton Makai*

Abstract

Generalizing path-matchings, W.H. Cunningham and J.F. Geelen intro-
duced the notion of even factor in directed graphs. In weakly symmetric di-
rected graphs they proved a min-max formula for the maximum cardinality
even factor by algebraic method and also discussed a primal-dual method for
the weighted case. Later, Gy. Pap and L. Szeg6 proved a simplified formula
by purely combinatorial method and derived a Gallai-Edmonds type structure
theorem. In this paper, polyhedra related to even factors are considered, inte-
grality and total dual integrality of these linear descriptions are proved directly,
without using earlier unweighted results.

1 Introduction

Cunningham and Geelen [2, B] introduced the notion of even factor in digraphs as
the edge set of vertex disjoint union of dipaths and dicycles of even length. For short,
on a digraph we mean directed graph, dicycle and dipath mean directed cycle and
directed path, while in a cycle or in a path, there can be forward and backward edges,
too. The maximum cardinality even factor problem is NP-hard in general (Wang, see
[8]) but there are special classes of digraphs where it can be solved.

In the paper throughout digraphs with no loops and with no parallel edges are
considered, only oppositely directed edges are permitted. An edge of a digraph is
called symmetric, if the reserved edge is in the edge set of the digraph, too. A
digraph is symmetric if all its edges are symmetric, while a digraph is said to be
weakly symmetric if its strongly connected components are symmetric. Then weak
symmetry means that the edges contained in dicycle are symmetric. Pap and Szeg6
[®] introduced the more general class of hardly symmetric digraphs where the problem
remains tractable. A digraph is said to be hardly symmetric if the edges contained in
odd dicycle are symmetric.

Using an algebraic approach, Cunningham and Geelen proved a min-max formula
for the maximum cardinality even factor problem in weakly symmetric digraphs [3].
Later, Pap and Szeg6 [R] proved a simpler formula for the same problem with purely

*Department of Operations Research, Eotvos University, Pdzmény Péter sétdany 1/C, Budapest,
Hungary, H-1117. e-mail: marci@cs.elte.hu. The author is a member of the Egervary Research
Group (EGRES). Supported by the Hungarian National Foundation for Scientific Research, OTKA
T037547 and OTKA N034040.

September 2003



Section 1. Introduction 2

combinatorial methods and they also observed that the same proof and formula works
for the hardly symmetric case.

As the unweighted problem is tractable only in special graphs, the weight function
also has to possess certain symmetries. If G' = (V' A’) is a weakly symmetric graph
and ¢ : A" — R is a weight function s.t. ¢/(uv) = ¢/(vu) if both uv and vu belong to A’,
then the pair (G', ') is called weakly symmetric. Cunningham and Geelen considered
weighted generalization in [3] for weakly symmetric pairs. Using their unweighted
formula and a primal-dual method they derived integrality of a polyhedron similar to
the perfect matching polyhedron.

Here we deal with a more general class of digraphs and weight functions which turn
out to be general enough to contain the mentioned cardinality and weighted cases. We
prove integrality of polyhedra related to even factors and total dual integrality. We do
not use earlier unweighted results, which rather follow as consequences. This approach
enables us to derive weighted min-max formulas, nevertheless we omit to present them
explicitly, since these are direct consequences of the polyhedral theorems.

Before, let A € Z™*" be an integer matrix, b € Z™ an integer vector. The poly-
hedron defined by {z : Ax < b} is said to be integer if every face of it contains an
integer vector. The system Az < b is called totally dual integral (TDI) if the dual
of the linear program max{cz : Az < b} has an integer valued optimal solution for
every integer valued ¢ such that it has an optimal solution. Polyhedra defined by TDI
systems are interesting because of the fact that they are integer polyhedra.

To distinguish directed and undirected edges, the directed edge with tail v and
head v will be denoted by uv and the undirected edge with endvertices u and v will
be denoted by {u,v}. If G = (V,E = Eq U E,) is a mized graph, F4q and E, denote
respectively the set of its directed edges and the set of its undirected edges and y € RF,
then for u € V and S C V we will use the notations
dy(u) = Z{u,v}GEu y({u,v}) + ZquEd y(uv) + ZquEd y(vu),
iy(S) = > {y({u,v}) : {u,v} € Ey, u,v € S} + > {y(ww) : uwv € Ey, u,v € S},
0y,(S) = > {y(ww) : wv € Eq,u ¢ S,v € S} and 0,(S) = g,(V — S5). We do not
indicate the graph because it will be clear from y and from the context.

For any digraph G = (V, A), one can consider the following system of linear in-
equalities

reRA >0
0:(v) <1 foreveryveV

d:(v) <1 foreveryveV
i.(S) <|S|—1 forevery SCU,|S|odd, U e C(G)

1)
2
3)
4)

o~ o~ o~ —~
~—

whose solution set is denoted by EF(G) and C(G) denotes the set of vertex sets of
the strongly connected components of G. We do not distinguish a subset of the edges
and its characteristic vector, thus we can observe easily, that the integer solutions of
EF(G) are exactly the even factors of G. However, as mentioned above, the polyhedron
defined by these inequalities is not integer. After some preliminaries we will define a
class of graphs and weight functions where we can state that max{cx : € EF(G)}
is attained on an integer vector.
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Section 1. Introduction 3

For a digraph G, G’ denotes its underlying undirected graph. The maximal strongly
connected subgraphs of a digraph having 2-vertex-connected underlying undirected
graph are called blocks. If U € C(G), then let D(U) denote the collection of vertex-
sets of blocks of G[U]. where G[U] denotes the subgraph of G induced by U. A
digraph G is said to be bipartite if G’ is bipartite. Throughout the paper, we deal
with digraphs s.t. for any U € C(G), S € D(U), G[S] is symmetric or bipartite. We
consider families S,B C 2" s.t. SNB =0, SUB = UpeeyP(U), for any S € S,
G[S] is symmetric and for any S € B, G[S] is bipartite. A digraph is said to be evenly
symmetric if there exist families satisfying the above criteria. The pair (G, c) is said
to be evenly symmetric if G = (V, A) is an evenly symmetric digraph with respect to S
and B, and ¢ : A — R is a weight function s.t. ¢(uv) = ¢(vu) if wv and vu belong to A
and 35 € S s.t. u,v € S. More precisely we should say that (G, ¢) is evenly symmetric
with respect to the families § and B, but the context will make clear everywhere the
families we consider. We let §* be the family of maximal members of

{T:3T C§,T =UT s.t. the hypergraph (7',7) is connected }.

It is easy to see that EF(G) equals to the solution set of

reRA >0 (5)
0:(v) <1 foreveryveV (6)
0:(v) <1 foreveryv eV (7)
i:(S) <|S| =1 forevery SCU, |S|odd, U e S*. (8)

Moreover, with respect to some objective function, this system and ([I)-(B)-(B)-(H)
have integer dual optimal solution at the same time. A family F of subsets of V is
said to be laminar if for any X,Y € F, atleastoneof X CY, Y C X or XNY =10
holds. Now we are ready to state a result on dual integrality.

Theorem 1.1. If (G, c) is evenly symmetric and c is an integer vector, then the dual
of the linear program max{cx : (B) — (0) — () — ()} has integer optimal solution
(A2, X, z5). Moreover, there is one for which {S : zs > 0} is a laminar family.

v

To deal with primal integrality and to exploit the theory of TDI systems, the
symmetric edges spanned by some members of S are considered as undirected edges
and we take the mized graph with vertex set V' and edge set £ = Eq U £y,

E, = {{u,v} : uv,vu € A, u,v € U for some U € S},
Eq={uww € A: {u,v} ¢ E,}.

We need the description (in the sense of linear inequalities) of the following polyhedron

SEF(G) = {y € RE : 3z € EF(Q), yle) = { r(uwv) + z(vu) if e = {u,v} € E, }} _

x(uwv) ife=wv € Ey
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Section 1. Introduction 4

Theorem 1.2. For the evenly symmetric digraph G = (V, A), SEF(G) is the solution
set of

yeR” y>0 (9
dy(v) <2 for everyveV 10
iy (S S| —1 forevery S CU, |S| odd, U € §*

iy(S) + 0,(S for every S € U
iy(S) +6,(S S| for every S €U

whered ={S:3U € §* s.t. SCULU{{v}:v eV —US*}.

Observe that if |C(G)| = 1, then this specializes to 2M(G) where M(G) is the
matching polyhedron defined by

VANRVANRVANRVANR VS
%%
f\/\ﬁ/\
\_/\_/:\_/\_/

yERY, ¥y =0
dy(v) <1 foreveryveV
i,(S) < SI=1 g, every S C V, |S] odd.

This system was proved to be a TDI system by Cunningham and Marsh [5]. Another
well-known special case is when the strongly connected components are bipartite. In
this case

yeRE y>0

oy(v) <1 foreveryveV

dy(v) <1
is obtained, which is TDI. Also, we can see easily that any integer solution of this
system is a vertex disjoint union of dipaths and even dicycles.

A more general special case is the path-matching polyhedron which was introduced
by Cunningham and Geelen. For a detailed description, the interested reader is re-
ferred to the paper of Cunningham and Geelen [4] and Frank and Szegé [6]. Here,
V is the disjoint union of 77, R and T, where T} and T; are stable sets, G[R] is
symmetric, no edge enters T} and no edge leaves T,. System (H)-([L0)-(L1)-(L2)-(L3)
defined on this graph specializes to the path-matching polyhedron

ININ IV

for every v € V

yeRE >0
dy(v) <2 foreveryv e R

iy(S) <|S|—1 forevery S C R, |S| odd
iy(S) + 0,(S) <|S| forevery SCR
iy(S) +0,(S) < |S| forevery SCR

oy(v) <1 forevery v e Ty

dy(v) <1 forevery v e T}

which was proved to be TDI by Cunningham and Geelen [4]. Our main theorem is
the following.
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Section 2. Unweighted min-max formula )

Theorem 1.3. If G = (V, A) is evenly symmetric, then (9)-(10)-(11)-(13)-(Z3) is

TDI. In addition, if ¢ € Z¥ is an integer vector, then there is an integer optimal

solution (il s, 1, w) of the dual of max{ey : (B) — () — (1) — () — (@)} s-t.

G={S:pk >0 U{S:us’>0}U{S:us >0} isalaminar family, (14)
if s > 0,152 >0, SNT # (), then S C T, (15)
if ply > 0,15° >0, SNT #0, then S C T, and (16)
e >0, 1b? > 0 implies SNT = 0. (17)

Clearly, this generalizes the weakly symmetric case because a weakly symmetric
graph G is evenly symmetric with S = Upyec(@)D(U). Due to the following character-
ization of hardly symmetric graphs, which was observed and proved by Z. Kiraly [[7],
our model includes the hardly symmetric case, too.

Lemma 1.4 (Kirdly). Let G = (V, A) be a hardly symmetric digraph which is itself
a block. Then G is symmetric or bipartite.

The rest of the paper is organized as follows. In the next section, we derive the
unweighted min-max formula of Pap and Szegé [8], while in the subsequent sections,
the detailed proofs of Theorem [ and Theorem [3 will be presented.

2 Unweighted min-max formula

In [3], Cunningham and Geelen using their unweighted min-max formula and a primal-
dual method, derived polyhedral results. Here we follow an opposite direction and
prove the unweighted formula of Pap and Szegé [8] as a consequence of Theorem
[3. First, for better view of analogy, we recall a non-usual form of the well-known
Berge-Tutte formula. If G = (V| E) is an undirected graph then odd(G) denotes
the number of connected components of G having an odd number of vertices, and
Ne(X)={veV -X:3Jue X, {uv} € E}

Theorem 2.1 (Berge and Tutte). If G = (V, E) is an undirected graph, then the
cardinality of a maximum matching of G is

V] [Ne(X)] — odd(@[X])

XcvV 2

In a digraph G = (V, A), we define N} (X) ={veV — X :Ju € X,uv € A} and
let odd(G) denote the number of strongly connected components of G having an odd
number of vertices with no entering arc (i.e. source components). Using this notation,
Pap and Szeg6 [R] proved the following.

Theorem 2.2 (Pap and Szegd). If G = (V, A) is a hardly symmetric digraph, then
the maximum cardinality of an even factor is

win [V] +|Ng (X)] — odd(G[X]).
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Figure 1: The edges indicated by dashed line cannot occur.

Proof. First we prove max < min. For a fixed X, any even factor of G has at most
| X | —odd(G[X]) edges spanned by X, at most |NZ (X)| edges leaving X, and at most
|V — X| edges having tail in V' — X. Then, an even factor of G has cardinality at
most |V| 4+ |NZ(X)| — odd(G[X]).

To see max > min, we consider integer optimal primal and dual solutions of
max ) .. y(e) subject to (f)-(I0)-(I1)-([)-([3), suppose moreover that the dual
solution (p?, g, 22, u%) satisfies ([14)-([13)-([16)-(17). Such a dual solution exists by
Theorem [[.3. A primal solution is an even factor, while the dual solution may have
to be modified.

Claim 2.3. The family G = {S : ply > 0} U {S : p? > 0} U{S : p’ > 0} form a
subpartition of V. Moreover, we can assume that G U {v : ué = 1} is a subpartition.

Proof. The first statement is a consequence of ([[4)-([[3)-([Ld)-([[7) and that the solution
is 0-1 valued. Consider now a solution s.t. this subpartition covers a minimum number
of vertices v with u? = 1. If u¢ =1, piy = 1 and v € S, then we can decrease p% by
1 and increase pi _, , and ul by 1 for some u € S — v, contradicting the minimality.
If pd =1, ug@ =1 and v € S then we can decrease ufg’g by 1 and increase ,ufg’g_v by 1
which would be a dual solution with strictly smaller value. O

From the dual solution p we can define X for which max > min. After setting
US = U{S : s =1}, U2 = U{S : p* =1} and N = {v : p¢ = 1} we can define
X =V —N-U° Then G[X —U?| is composed by symmetric odd components, which
are source components in G[X]. Clearly, N4 (X) C N. If uv € A leaves U?, then
v € N, and similarly, if uv € A enters U°, then uw € N. Then the cardinality of a
maximum even factor is at least

2|N|+Z(|S|—1)+IU5!+\U9! = [N|+[V]=odd(G[X]) = [V[+[Ng (X)|—odd(G[X]).

U
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Section 3. Structure of hardly symmetric digraphs 7

3 Structure of hardly symmetric digraphs

Let G' = (V', E’) be a digraph. An ear of G’ is a dicycle or a dipath (with different
ends) of G’, while a proper ear of G’ is a dipath (with different ends) of G’. Then the
sequence Cy, Pi, Py, ..., Py is an ear-decomposition of G if Cy is a dicycle called initial
dicycle; every P; is an ear; CoUP;U- - -UP;_; has exactly two common vertices with P;,
namely the ends of P;, if P; is a dipath, and has exactly one common vertex with P,
if P, is a dicycle; and CoU P, U---U P, = G'. Similarly, the sequence Cy, Py, Ps, ..., Py
is a proper ear-decomposition of G’ if Cy is a dicycle of length at least 2, called initial
dicycle; every P; is a proper ear; CoU P, U---U P;_; has exactly two common vertices
with P;, namely the ends of P;; and CoUP,U---U P, =G’

It is well-known that a strongly connected digraph G’ possesses an ear-decomposition,
moreover, every dicycle of G’ can be the initial dicycle of this ear-decomposition. It
is much more non-trivial that a strongly connected digraph G’ s.t. G’ is 2-vertex-
connected, has proper ear-decomposition, and every dicycle of G’ of length at least 2
can be the initial dicycle of a proper ear-decomposition.

Proof of Lemma [[4. If G is bipartite, then we are done. Thus, G contains a (not
necessarily directed) closed walk W, having and odd number of edges (with multi-
plicity). W may have forward and backward edges. Consider such a W containing
minimum number of backward edges.

Now, we are looking for a directed closed walk having an odd number of edges. If
W has no backward edge, then we are done. If W has a backward edge uv, then by
strong connectivity there is a dipath P from v to u. If P has an even number of edges,
then P together with uv is an odd dicycle. Otherwise, uv can be exchanged to P in
W, and the number of backward edges decreases. Finally, we have a directed closed
walk having an odd number of edges. After decomposing it into dicycles, we get an

odd dicycle C'.

Claim 3.1. There is a sequence of symmetric digraphs Gy C Gy C --- C G; = G s.1.
Gy is a symmetric odd cycle, and for any two vertices s and t of G;, G; contains odd
and also even length dipaths from s to t.

Proof. We consider a proper ear-decomposition of G with initial cycle C'. Then C' is
odd, hence symmetric. Moreover, there exist odd and also even dipaths between any
two vertices of C'. Suppose, by induction, that a subgraph G; C G is built up by the
proper ear-decomposition, G; is symmetric and between any two vertices of G;, there
exist odd and also even dipaths contained in ;. Then the edges of the following
proper ear () are contained in odd dicycle, hence are symmetric. Moreover, between
any two vertices of (), there exists odd dipath and also even dipath. O

The claim completes the proof. O
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Section 4. Projection 8

4 Projection

For the proof of Theorem [.2 we invoke a projection technique of Balas and Pulleyblank
from [M]. We consider the polyhedron defined by

P ={(v,y) : Ayx+ By < by, Agw + Boy = by, x,y > 0}
where our aim is to describe
P'={y:3zst. (z,y) € P}

in the sense of linear inequalities. After defining the cone W = {(wy,ws) : wy; >
0, w1 A; +wyAs > 0}, it can be seen via Farkas’ lemma that

P = {y 1y >0, (w1 By + weBs)y < wiby + wabsy for every (wy, we) € W}

To get a polyhedral description of P, finitely many inequalities have to be chosen
which define the same polyhedron. To this end, a finite set W C W will be determined
S.t.

P ={y:y>0,(w B+ wyBs)y < wiby + waby for every (wy, ws) € /W}

Proof of Theorem [I.3. To apply this projection technique, consider the following sys-
tem in the above role of P.

reRYyeRE 2,y >0 (18)

0:(v) <1 foreveryveV (19)

d:(v) <1 foreveryv eV (20)

i:(S) <|S|—1 forevery SCU,|S|odd, UeS* (21)

—x(uv) + y(uv) =0 for every uv € Eqy (22)

—z(w) — z(vu) + y({u,v}) =0 for every {u,v} € E,. (23)
)

Let (wg:v e V,wl:veViwh: S CUU € S wy : uv € Eq,wyy : {u,v} € B,
be a member of the cone determined by inequalities w2 > 0, wg >0, wfg > 0 and by
w? + wg > Wy, for every uv € Ey

w? + wd + Z wh > Wiy for every {u,v} € B,

u,veES

we +wl + Z wh > Wiy for every {u,v} € E,.
u,VES

Thus we have inequalities y > 0 and

Zwey(e) < waj - ng + Z wh(]S| —1). (24)

eck veV veV SCU, |S| odd, UeS*
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Section 4. Projection 9

Our goal is to decompose (4) into the nonnegative combination of inequalities of
(B)-(I3).

We can observe that if w% > 0 then (R4) can be decomposed into the nonnegative
combination of an inequality of type ([I) and an inequality of form (R4) but with
fewer positive component w.

Similarly, if w¢ > 0 and w? > 0 for some v, this can be removed by ([L0). If w? > 0
or wd > 0 for some v € V — U{S : S € S}, this also can be removed by (1) or by
0.

Moreover, the constraint can be decomposed into the sum of inequalities, s.t. for
each of the new inequalities there exists U € S* so that w¢ = 0 and w = 0 if v ¢ U.
Furthermore, by y > 0, it is enough to consider inequalities in the special case when
Wy = 0 and wyy,,y > 0.

Hence, any remaining constraint is of form

D wey(e) <Y wg+ D ) (25)
ecFE velU velU

for some U € §* and for weights s.t.

w? + w’ > w,, forevery uv € Fy (26)
Wwe + wd > wyy,y  for every {u,v} € E, (27)
we +wl > wyy,y  for every {u,v} € E, (28)

where w? > 0, w® > 0, v € U and, for any v € U, at most one of the two quantities is
strictly positive. An edge uv € A is said to be tight if uv € E4q and equality holds in
(BG) or if {u,v} € E, and equality holds in (7). The set of tight edges is denoted by
A~. By increasing the value of wy, ) and wy,, it can be assumed that every e € Ey
is tight and for {u,v} € E, at least one of uv and vu is tight.

After setting G= = (V, A7), we can observe that G=[U] forms a weakly symmetric
digraph, since it is easy to see that if a dicycle of length at least three is contained
in A=, then this dicycle in the opposite orientation also belongs to A=, while for a
dicycle of length two this is obvious.

Claim 4.1. If for some u € K € C(G=[U]), at least one of w? and w’ is nonzero,
then, for any verter v € K, w? = we and wd = w?.

Proof. Assume w.l.o.g. that uv,vu € A=, w8 > 0 and w2 = 0. Then w) = wy,,,} > 0,
we =0 and W = Wiy O

We set p = [{V € C(G=[U]) : w) + w2 >0 for y € Y}|. If p = 0, then we are done.
If p = 1, then our inequality (PF) is of form ([[2) or ([[3), more precisely constant
times ([J) or ([J). Thus we suppose p > 2. If uv,vu € A, u,v € U and uv € A=,
vu ¢ A~ then w’ > w?, w? < w? and at least one of these inequalities holds with

u?
strict inequality. We may assume w.l.o.g. the existence of a vertex v € U with

w? > 0. Let Z be a sink component (a sink in the acyclic digraph obtained by

u

shrinking the strongly connected components) of G=[U] s.t. wS > 0 and w? = 0 for
(every) z € Z. p > 2 implies that there are vertices z € Z and u € U — Z s.t.

EGRES Technical Report No. 2003-05



Section 5. Proof of Theorem 1.1 and Theorem 1.3 10

uz € A= (and zu ¢ A~). For such z and u, w® > wS, so we can define b := w?
and a = max{w’ : z € Z,u € U — Z,uz € A=}. Then our inequality (RJ) can
be decomposed into the sum of an inequality which is b — a times ([[3) and another
inequality of form (R5) but with smaller p. Iterating such steps (and the similar one

with ([[2)), the decomposability of (27) follows. O

5 Proof of Theorem 1.1 and Theorem 1.3

Proof of Theorem [[1. Let A2, \> > 0, zg > 0 be an optimal rational dual solution
where v € V| S C U, |S] is odd, U € §*. We take a positive integer k s.t. A2 =
1

kXS, 5\2 = kN, Zs = kzg are integers and we let ¢ = z. For fixed k, we choose

moreover this solution so that the vector (A = vev A 4 Y vev XNoB =3 25\5\2)

is lexicographically as large as possible. Between optimal solutions, for fixed k, A
and B are upper bounded. We show that under these conditions, the dual solution
is almost integer and finally it can be transformed easily to an integer optimal one.
The steps of the proof are motivated by the work of Balas and Pulleyblank [].

Claim 5.1. F ={S: zg > 0} is a laminar family.

Proof. If F is not laminar, then a simple uncrossing technique can be applied. Suppose
that zg,zr > 0, none of SNT, S —T,T — S is empty. If [SNT| is odd, then we can
decrease zg and z7, and increase zgnr and zgur by €, A does not change, B increases
which is a contradiction. If |S N T is even, then we can decrease zg and zp by e,
increase zg_r and zr_g by ¢ and increase A\¢ and A\’ by € if v € SN T, A increases,
which is a contradiction. O

For a graph G and a laminar family F, let G x F denote the graph obtained from
G by shrinking the mazimal members of F. For any S € F, we let F[S]| denote
the subfamily of F consisting of all members of F properly contained in S. Thus
G[S] x F[S] is the graph obtained from G[S] by shrinking the maximal elements of
F properly contained in S. Let A= denote the set of tight edges i.e. A~ = {uv € A :
N+ A2+ Y uwes 28 = c(uwv)} and GT = (V, A7).

It is straightforward to see that G=[S] is weakly symmetric for any S € S*.

Claim 5.2. For every S € F, G=[S] x F[S] is strongly connected. As a consequence,
G=[S] is strongly connected for any S € F.

Proof. If G=[S] x F|[S] is not strongly connected, then it has a strongly connected
component with an odd number of vertices, moreover, S has a partition into U%, U and
U?, s.t. |U| is odd and any strongly connected component of G=[S] x F|[S] is contained
in some of the partition classes and if uv € A~ connects two different classes, then
one of the following three possibilities holds: © € U and v € U?; or u € U° and v € U;
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Section 5. Proof of Theorem 1.1 and Theorem 1.3 11

or u € U° and v € U?. Now we can modify the dual solution in the following way

Zw — &€ ifWw =S5
2w =14 zwte HW=U
zw otherwise
() — N +e ifvel?
CEO A2 otherwise
()\5),:{/\2—1—5 if v e U?

v \?  otherwise.

This step yields a new dual solution with larger A which is a contradiction. O

Claim 5.3. For any S € F, G=[S] x F[S] is nonbipartite (i.e. contains an odd cycle
C, but by strong connectivity and by symmetry of G=[S], C is a symmetric odd cycle
in A<).

Proof. For contradiction, we choose an S for which G=[S]| x F|[S] is bipartite. Thus
S has a bipartition into S; and Sy so that any member of F[S] is a subset of some S;
and G=[S;] x F; does not contain tight edge, where F; denotes the family of maximal
members of F[S] contained in ;. We can assume moreover that |S; —Ugex, S|+|Fi1| <
|S2 — User, S| + | F2|. We apply the following modification of the dual solution

2w + € 1fW€JT2
2y =4 zw—¢ UWeF orW=S5

zw otherwise

{)\§+5 iftves

o\ _
(W) = A2 otherwise

(A) = N te ifves
v M otherwise.

It can be verified that a dual solution is obtained, with larger A, which leads to a
contradiction. O

The notation a = b is used if two integers a and b are congruent modulo k (i.e. a—b is
divisible by k). For the equivalence class of a under the modulo k equivalence relation
we put a.

Claim 5.4. For any S € F, X2 = X2 and N} = X3, whenever u,v € S.

Proof. For contradiction, we can choose a minimal S' € F for which the statement does
not hold. Now G=[S] is symmetric, G=[S] x F[S] is strongly connected, symmetric
and nonbipartite. So let uv and vu be edges of G=[S] x F[S] where u,v € S. We
let X =a, A2 = b, X = cand A2 = d. Then for every pair of edges u/'v/ and v'u/
of G=[S] x F[S] we have the same whenever u/,v" € S. Using the statement for the
maximal members of F|[S], we get that if S’ is a maximal member of F[S], then A’ = a
and A2 =bVu e S or A =cand \¢ = d Vu € §'. G=[S] x F[S] is nonbipartite, the
symmetric odd cycle C' proving this have vertices of the same type, say M = ¢ and
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A = d. The directed ear decomposition with initial cycle C, forces all the vertices of
S to have the same. O

We let Fax denote the maximal members of F. As a consequence we get the following.
Claim 5.5. If S € F — Fuax, then zg is integer.

From now on, the property that (A, B) is lexicographically as large as possible is
not used further, the actual solution easily will be transformed to an integer one. To
this end, the number of nonzero modulo k& remainders of the variables is decreased
sequentially (if any), and finally, the desired integer optimal dual solution is obtained.

It can be seen that if A\’ and A\¢ are integers for every vertex v then we are at
an integer solution. Thus, consider an integer a # 0 s.t. —a = A5 or a = A2 for
some v € V and define U = {v e V : X =a}, U = {v e V : XN = —a},
Z¢ ={S:8 € Frax,VweE SN =aand X # —a} and Z° = {S: S € Frpax, V0 €
S X) = —a and \¢ # a}. By symmetry we can suppose that |U¢| — > ¢ ,.(|S|—1) >
|U°| — > gc45(IS| — 1). Then we can apply the following change in the dual solution

(A2) = AN —n ifveU®
v A2 otherwise

0y = M4 ifveU?
v X otherwise

g aw +n it SeZze
W 2w otherwise
/ 2w — 1 if S e z°
zw otherwise.

n can be chosen to be an positive integer multiple of % so that HS\_?) NS VH +

‘{5\_;2 NS VH + H% : S e .7-"}| decreases, thus after a finite application of this step,
we obtain an integer optimal dual solution. O

Proof of Theorem [I.3. Consider the evenly symmetric pair (G, ¢), an integer optimal
dual solution w2, w®, wi and an optimal primal solution = of max{cz : ({l) — (B) — (f) —
(#)}. Obviously, this gives a primal solution y of max{c'y : (9) — (L0) — (1) — (I2) —
([3)} with objective function value ¢’y = cx. Next, we construct an integer optimal
solution (42, s, w2, ') of the dual of max{y : () — ([10) — (1I) — (13) - (3}
from w with objective function value cx. This can be done easily, only the steps of
the proof of Theorem [[.2 have to be copied.

It remains to prove the existence of an integer optimal dual solution with the special
laminar property. To this end, we choose a dual solution among the integer optimal
dual solutions so that Y ¢(u + p2® + u2’)|[S|(|V — S| + 1) is as small as possible.

Claim 5.6. ([[4)-(T3)-(I8)-(T7) hold.

Proof. Suppose contrary that uf, 4 > 0, none of SNT, S —T, T — S is empty and
set € = min{uk, uh}. If [SNT| is odd, then we can decrease uy and k., and increase
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iy snr and uSUT by e. If |SNT| is even, then we can decrease u% and pé by €, increase
ps_p and pf_g by € and increase pdby eifve SNT.

Next, suppose that uk, p7? >0, SNT, S — T are nonempty, € = min{uk, ,uf}g}. If
1SN T|is odd, then we can decrease pk and p%? 5 and increase jgy and ngT by e If
|S' N T| is even, then we can decrease pl and u7? by e, increase p%_, and uz? ¢ by €
and increase puf by e if v e SNT.

If us pup? >0and SNT, S —T, T — S are nonempty, then we can decrease u
and f7°, and i 1ncrease usmT and pgl, by €.

Last, if ,uS , ,uT > 0 and SNT is nonempty, then we can decrease Ms and ,uT , and
increase p¢? - and MT s by € and increase pl by e if v e SNT.

The remaining cases are similar. In every case Y ¢.q 1] S|(|V — S| + 1) decreases.
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