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Part III: Nonbipartite Matching and Covering

Nonbipartite matching is a highlight of combinatorial optimization, thanks to pio-
neering work of Tutte and Edmonds. In particular the 1965 papers of Edmonds on
nonbipartite matching opened up areas that were not accessible with the ‘classi-
cal’ methods based on flows, linear programming, and total unimodularity found in
the 1950s. The papers are pioneering in polyhedral combinatorics, giving the first
nontrivial characterizations of combinatorially defined polytopes.

The techniques are highly self-refining, and extend to b-matchings, b-factors, T-
joins, shortest paths in undirected graphs, and the Chinese postman problem. Non-
bipartite matching also applies to practical problems where an optimal pairing has
to be found, like in seat or room assignment, crew planning, and two-processor
scheduling.
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Chapter 24

Cardinality nonbipartite
matching

In this chapter we consider maximum-cardinality matching, with as key
results Tutte’s characterization of the existence of a perfect matching (im-
plying the Tutte-Berge formula for the maximum-size of a matching) and
Edmonds’ polynomial-time algorithm to find a maximum-size matching.
As in Section 16.1, we call a path P an M -augmenting path if P has odd
length and connects two vertices not covered by M, and its edges are alter-
natingly out of and in M. By Theorem 16.1, a matching M has maximum
size if and only if there is no M-augmenting path.

We say that a matching M covers a vertex v if v is incident with an edge
in M. If M does not cover v, we say that M misses v.

In this chapter, graphs can be assumed to be simple.

24.1. Tutte’s 1-factor theorem and the Tutte-Berge
formula

A Dbasic result of Tutte [1947b] characterizes graphs that have a perfect match-
ing. Berge [1958a] observed that it implies a min-max formula for the maxi-
mum size of a matching in a graph, the Tutte-Berge formula.

Call a component of a graph odd if it has an odd number of vertices. For
any graph G, let

(24.1) o(G) := number of odd components of G.

Let v(G) denotes the maximum size of a matching. Then:

Theorem 24.1 (Tutte-Berge formula). For each graph G = (V, E),

(42) V() = min 3(V|+ U] - o(G ~ V).

Proof. To see <, we have for each U C V:

(24.3) v(G) < U+ (G -U) < U+ 5(IV\U| = o(G - U))
= 3([VI+ U] = o(G = U)).
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We prove the reverse inequality by induction on |V, the case V = )
being trivial. We can assume that G is connected, since otherwise we can
apply induction to the components of G.

First assume that there exists a vertex v covered by all maximum-size
matchings. Then v(G —v) = v(G) — 1, and by induction there exists a subset
U’ of V\ {v} with

(24.4) V(G —v) = 3(IV\{}| + U] = o(G — v = U")).
Then U := U’ U {v} gives equality in (24.2), since

(24.5) v(G)=v(G—v)+1=3(V\{v}|+|U'|—0o(G—v-U"))+1
= 3(IVI+|U| = o(G - U)).

So we can assume that there is no such v. In particular, v(G) < $|V]|.
We show that there exists a matching of size 3(|V| — 1), which implies the
theorem (taking U := 0).

Indeed, suppose to the contrary that each maximum-size matching M
misses at least two distinct vertices u and v. Among all such M, u, v, choose
them such that the distance dist(u, v) of u and v in G is as small as possible.

If dist(u,v) = 1, then u and v are adjacent, and hence we can augment
M by the edge wv, contradicting the maximality of |M]. So dist(u,v) > 2,
and hence we can choose an intermediate vertex ¢ on a shortest u — v path.
By assumption, there exists a maximum-size matching N missing ¢. Choose
such an N with |[M N N| maximal.

By the minimality of dist(u,v), N covers both v and v. Hence, as M and
N cover the same number of vertices, there exists a vertex x # t covered
by M but not by N. Let x € e = zy € M. Then y is covered by some edge
f € N, since otherwise NU{e} would be a matching larger than N. Replacing
N by (N \ {f}) U{e} would increase its intersection with M, contradicting
the choice of N. |

(This proof is based on the proof of Lovész [1979b] of Edmonds’ matching
polytope theorem.)

The Tutte-Berge formula immediately implies Tutte’s 1-factor theorem.
A perfect matching (or 1-factor) is a matching covering all vertices of the
graph.

Corollary 24.1a (Tutte’s 1-factor theorem). A graph G = (V,E) has a
perfect matching if and only if G — U has at most |U| odd components, for
each U C V.

Proof. Directly from the Tutte-Berge formula (Theorem 24.1), since G has
a perfect matching if and only if v(G) > 3|V|. |
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24.1a. Tutte’s proof of his 1-factor theorem

The original proof of Tutte [1947b] of his 1-factor theorem (Corollary 24.1a), with
a simplification of Maunsell [1952], and smoothed by Halton [1966] and Lovész
[1975d], is as follows.

Suppose that there exist graphs G = (V, E) satisfying the condition, but not
having a perfect matching. Fixing V, take such a graph G with G simple and |E|
as large as possible. Let U := {v € V | v is adjacent to every other vertex of G}.
We show that each component of G — U is a complete graph.

Suppose to the contrary that there are distinct a,b,c € U with ab,bc € E and
ac ¢ E. By the maximality of | E|, adding ac to E makes that G has a perfect match-
ing (since the condition is maintained under adding edges). So G has a matching
M missing precisely a and c¢. As b ¢ U, there exists a vertex d with bd ¢ E. Again
by the maximality of |E|, G has a matching N missing precisely b and d. Now each
component of M AN contains the same number of edges in M as in N — otherwise
there would exist an M- or N-augmenting path, and hence a perfect matching in
G, a contradiction. So the component P of M AN containing d is a path starting at
d, with first edge in M and last edge in IV, and hence ending at a or ¢; by symmetry
we may assume that it ends at a. Moreover, P does not traverse b. Then extending
P by the edge ab gives an N-augmenting path, and hence a perfect matching in G
— a contradiction.

So each component of G — U is a complete graph. Moreover, by the condition,
G —U has at most |U| odd components. This implies that G has a perfect matching,
contradicting our assumption.

More proofs were given by Gallai [1950,1963b], Edmonds [1965d], Balinski
[1970], Anderson [1971], Brualdi [1971d], Hetyei [1972,1999], Mader [1973], and
Lovész [1975a,1979b].

24.1b. Petersen’s theorem

The following theorem of Petersen [1891] is a consequence of Tutte’s 1-factor theo-
rem (a graph is cubic if it is 3-regular):

Corollary 24.1b (Petersen’s theorem). A bridgeless cubic graph has a perfect
matching.

Proof. Let G = (V, E) be a bridgeless cubic graph. By Tutte’s 1-factor theorem,
we should show that G — U has at most |U| odd components, for each U C V.

Each odd component of G —U is left by an odd number of edges (as G is cubic),
and hence by at least three edges (as G is bridgeless). On the other hand, U is
left by at most 3|U| edges, since G is cubic. Hence G — U has at most |U| odd
components.

24.2. Cardinality matching algorithm

The idea of finding an M-augmenting path to increase a matching M is
fundamental in finding a maximum-size matching. However, the simple trick
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for bipartite graphs, of orienting the edges based on the colour classes of the
graph, does not extend to the nonbipartite case. Yet one could try to find
an M-augmenting path by finding an ‘M-alternating walk’, but such a walk
can run into a loop that cannot simply be deleted. It was Edmonds [1965d]
who found the trick to resolve this problem, namely by ‘shrinking’ the loop
(for which he introduced the term ‘blossom’). Then applying recursion to a
smaller graph solves the problem'.

Let G = (V, E) be a graph, let M be a matching in G, and let X be the set
of vertices missed by M. A walk P = (vg,v1,...,v;) is called M -alternating if
for each i = 1,...,t— 1 exactly one of the edges v;_1v; and v;v;41 belongs to
M. Note that one can find a shortest M-alternating X — X walk of positive
length, by considering the auxiliary directed graph D = (V, A) with

(24.6) A:={(u,v) |Ir eV :ux € E,zve M}

Then each M-alternating X — X walk of positive length yields a directed X —
N(X) path in D, and vice versa (where N(X) denotes the set of neighbours
of X).

An M-alternating walk P = (vg,v1,...,v:) is called an M-flower if ¢ is
odd, vg,...,v¢_1 are distinct, vg € X, and v; = v; for some even i < ft.
Then the circuit (v;,vit1,...,v;) is called an M-blossom (associated with
the M-flower).

Vg—1 V-2
Vo U1 U2 U3
O ® ° ®
Us Ve
edge in M ® vertex covered by M
—— edge notin M O vertex not covered by M
Figure 24.1
An M-flower

The core of the algorithm is the following observation. Let G = (V, E) be
a graph and let B be a subset of V. Denote by G/B the graph obtained by
contracting (or shrinking) B to one new vertex, called B. That is, G/B has
vertex set (V' '\ B) U {B}, and for each edge e of G an edge obtained from e
by replacing any end vertex in B by the new vertex B. (We ignore loops that
may arise.) We denote the new edge again by e. (So its ends are modified,

1 The idea of applying shrinking recursively to matching problems was introduced by
Petersen [1891], and was applied in an algorithmic way by Brahana [1917].
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but not its name.) We say that the new edge is the image (or projection) of
the original edge.

For any matching M, let M/B denote the set of edges in G/B that are
images of edges in M not spanned by B. Obviously, if M intersects §(B) in at
most one edge, then M /B is a matching in G/B. In the following, we identify
a blossom with its set of vertices.

Theorem 24.2. Let B be an M-blossom in G. Then M is a mazximum-size
matching in G if and only if M/B is a maximum-size matching in G/B.

Proof. Let B = (v, viq1,...,0).

First assume that M/B is not a maximum-size matching in G/B. Let P
be an M/B-augmenting path in G/B. If P does not traverse vertex B of
G/ B, then P is also an M-augmenting path in G. If P traverses vertex B, we
may assume that it enters B with some edge uB that is not in M/B. Then
wv; € E for some j € {1,i+1,...,t}.

(24.7) If j is odd, replace vertex B in P by v;,vjq1,..., 0.
If j is even, replace vertex B in P by v;,vj_1,...,;.

In both cases we obtain an M-augmenting path in G. So M is not maximum-
size.

Conversely, assume that M is not maximum-size. We may assume that
1 = 0, that is, v; € X, since replacing M by MAFEQ, where @ is the path
(vo,v1,-..,v;), does not modify the theorem. Let P = (ug, u1,...,us) be an
M-augmenting path in G. If P does not intersect B, then P is also an M/B-
augmenting path in G/B. If P intersects B, we may assume that ug ¢ B.
(Otherwise replace P by its reverse.) Let u; be the first vertex of P in B.
Then (ug,u1,...,uj—1,B) is an M/B-augmenting path in G/B. So M/B is
not maximums-size.

Another useful observation is:

Theorem 24.3. Let P = (v, v1,...,v:) be a shortest M -alternating X — X
walk. Then either P is an M-augmenting path or (vo,vi,...,v;) is an M-
flower for some j < t.

Proof. Assume that P is not a path. Choose i < j with v; = v; and with j
as small as possible. So v, ...,v;—1 are all distinct.

If j —i would be even, we can delete v;41,...,v; from P so as to obtain a
shorter M-alternating X — X walk. So j — 1 is odd. If j is even and 7 is odd,
then v;41 = v;—1 (as it is the vertex matched to v; = ’Uj), contradicting the
minimality of j.

Hence j is odd and i is even, and therefore (vo,v1,...,v;) is an M-flower.
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We now describe an algorithm (the matching-augmenting algorithm) for
the following problem:

(24.8) given: a matching M:;
find: an M-augmenting path, if any.

Denote the set of vertices missed by M by X.

(24.9) If there is no M-alternating X — X walk of positive length, there
is no M-augmenting path.
If there exists an M-alternating X — X walk of positive length,
choose a shortest one, P = (vg, v1,..., U;) say.
Case 1: P is a path. Then output P.
Case 2: P is not a path. Choose j such that (vg,...,v;) is an
M-flower, with M-blossom B. Apply the algorithm (recursively)
to G/B and M/B, giving an M/B-augmenting path P in G/B.
Expand P to an M-augmenting path in G (cf. (24.7)).

The correctness of this algorithm follows from Theorems 24.2 and 24.3. It
gives a polynomial-time algorithm to find a maximum-size matching, which
is a basic result of Edmonds [1965d].

Theorem 24.4. Given a graph, a mazimum-size matching can be found in
time O(n*m).

Proof. The algorithm directly follows from algorithm (24.9), since, starting
with M = (, one can iteratively apply it to find an M-augmenting path P
and replace M by MAFEP. It terminates if there is no M-augmenting path,
whence M is a maximum-size matching.

By using (24.6), path P in (24.9) can be found in time O(m). Moreover,
the graph G/B can be constructed in time O(m). Since the recursion has
depth at most n, an M-augmenting path can be found in time O(nm). Since
the number of augmentations is at most %n, the time bound follows. |

This implies for perfect matchings:

Corollary 24.4a. A perfect matching in a graph (if any) can be found in
time O(n?m).

Proof. Directly from Theorem 24.4, as a perfect matching is a maximum-size
matching. |
24.2a. An O(n®) algorithm

The matching algorithm described above consists of a series of matching augmenta-
tions. Each matching augmentation itself consists of a series of two steps performed
alternatingly:
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(24.10) finding an M-alternating walk, and
shrinking an M-blossom,

until the M-alternating walk is simple, that is, is an M-augmenting path.

Each of these two steps can be done in time O(m). Since there are at most
n shrinkings and at most n matching augmentations, we obtain the O(n*m) time
bound.

If we want to save time we must consider speeding up both the walk-finding
step and the shrinking step. In a sense, our description above gives a brute-force
polynomial-time method. The O(m) time bound for shrinking gives us time to
construct the shrunk graph completely, by copying all vertices that are not in the
blossom, by introducing a new vertex for the shrunk blossom, and by introducing
for each original edge its ‘image’ in the shrunk graph. The O(m) time bound for
finding an M-alternating walk gives us time to find, after any shrinking, a walk
starting just from scratch.

In fact, we cannot do much better if we explicitly construct the shrunk graph.
But if we modify the graph only locally, by shrinking the M-blossom B and remov-
ing loops and parallel edges, this can be done in time O(|B|n). Since the sum of | B|
over all M-blossoms B is O(n), this yields a time bound of O(n?) for shrinking.

To reduce the O(m) time for walk-finding, we keep data from the previous walk-
search for the next walk-search, with the help of an M-alternating forest, defined
as follows.

*—eo o— o L —
*—o
L — *—o
L —
L —
w ® qy
o o o o o X
edge in M ® vertex covered by M
—— edge notin M O vertex not covered by M

Figure 24.2
An M-alternating forest
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Let G = (V,E) be a simple graph and let M be a matching in G. Define X
to be the set of vertices missed by M. An M -alternating forest is a subset F' of F
satisfying:

(24.11) F is a forest with M C F, each component of (V| F) contains either
exactly one vertex in X or consists of one edge in M, and each path
in F' starting in X is M-alternating

(cf. Figure 24.2). For any M-alternating forest F', define

(24.12) even(F) := {v € V | F contains an even-length X — v path},
odd(F) := {v € V | F contains an odd-length X — v path},
free(F) := {v € V' | F contains no X — v path}.

Then each u € odd(F) is incident with a unique edge in F'\ M and a unique edge
in M. Moreover:

(24.13) if there is no edge connecting even(F') and even(F) U free(F), then M
is a maximum-size matching.

Indeed, if there is no such edge, even(F) is a stable set in G — odd(F'). Hence,
setting U := odd(F):

(24.14) o(G = U) = |even(F)| = [X| + |odd(F)| = (V| = 2[M]) + U],

and hence M has maximum size by (24.2).

Now algorithmically, we keep, next to ' and M, an M-alternating forest F'. We
keep the set of vertices by a doubly linked list. We keep for each vertex v, the edges
in E, M, and F, incident with v as doubly linked lists. We also keep the incidence
functions x°V°"F) and y°49) Moreover, we keep for each vertex v of G one edge
e, = vu with u € even(F), if such an edge exists.

Initially, F' := M and for each v € V' we select an edge e, = vu with v € X (if
any). The iteration is:

(24.15) Find a vertex v € even(F) U free(F') for which e, = vu exists.
Case 1: v € free(F'). Add uv to F. Let vw be the edge in M incident
with v. For each edge wz incident with w, set e, := wz.
Case 2: v € even(F). Find the X —u and X — v paths P and @ in
F.
Case 2a: P and Q are disjoint. Then P and @ form with uv an
M-augmenting path.
Case 2b: P and Q are not disjoint. Then P and @ contain an
M-blossom B. For each edge bxr with b € B and « ¢ B, set e, := Bx.
Replace G by G/B and remove all loops and parallel edges from E,
M, and F.

The number of iterations is at most |V, since, in each iteration, |V| + |free(F)|
decreases by at least 2 (one of these terms decreases by at least 2 and the other
does not change). We end up either with a matching augmentation or with the
situation that there is no edge connecting even(F') and even(F') U free(F’), in which
case M has maximum size by (24.13).

It is easy to update the data structure in Case 1 in time O(n). In Case 2, the
paths P and @ can be found in time O(n), and hence in Case 2a, the M-augmenting
path is found in time O(n).
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Finally, the data structure in Case 2b can be updated in O(|B|n) time®. Also
a matching augmentation in G/B can be transformed to a matching augmentation
in G in time O(|B|n). Since |B| is bounded by twice the decrease in the number of
vertices of the graph, this takes time O(n?) overall.

Hence a matching augmentation can be found in time O(n?), and therefore:

Theorem 24.5. A mazimum-size matching can be found in time O(n?).

Proof. From the above. I

The first O(n®)-time cardinality matching algorithm was published by Balin-
ski [1969], and consists of a depth-first strategy to find an M-alternating forest,
replacing shrinking by a clever labeling technique.

Bottleneck in a further speedup is storing the shrinking. With the disjoint set
union data structure of Tarjan [1975] one can obtain an O(nma(m,n))-time algo-
rithm (Gabow [1976a]). A special set union data structure of Gabow and Tarjan
[1983,1985] gives an O(nm)-time algorithm. An O(y/nm)-time algorithm was an-
nounced (with partial proof) by Micali and Vazirani [1980]. A proof was given by
Blum [1990], Vazirani [1990,1994], and Gabow and Tarjan [1991] (cf. Peterson and
Loui [1988]).

24.3. Matchings covering given vertices

Brualdi [1971d] derived from Tutte’s 1-factor theorem the following extension
of the Tutte-Berge formula:

Theorem 24.6. Let G = (V, E) be a graph and let T C V. Then the maxi-
mum size of a subset S of T' for which there is a matching covering S is equal
to the minimum value of

(24.16)  |T|+ |U| - or(G - U)

over U C V. Here or(G—U) denotes the number of odd components of G—U
contained in T .

Proof. For any matching M in G and any U C V, at most |U| odd com-
ponents of G — U can be covered completely by M. So M misses at least
or(G —U) — |U| vertices in T'. This shows that the minimum is not less than
the maximum.

To see equality, let p be equal to the minimum. Let C be a set disjoint
from V with |C| = |V] and let C’ C C with |C’| = |T| — p. Make a new graph
H by extending G by C, in such a way that C' is a clique, each vertex in C’

2 For each Z € {E, M, F}, we scan the vertices b in B, and for b € B we scan the Z-
neighbours w of b. If w does not belong to B and was not met as a Z-neighbour of an
earlier scanned vertex in B, we replace bw by Bw in Z. Otherwise, we delete bw from
Z.
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is adjacent to each vertex in V', and each vertex in C'\ C’ is adjacent to each
vertex in V'\ T.

If H has a perfect matching M, then M contains at most |C'| = |T'| — u
edges connecting T" and C' (since T is not connected to C'\ C'). Hence at least
w vertices in T are covered by edges in M spanned by V, as required.

So we may assume that H has no perfect matching. Then by Tutte’s 1-
factor theorem, there is a set W of vertices of H such that H — W has at
least |W| + 2 odd components (since |V|+ |C| is even).

If C" ¢ W, then H— W has only one component (since each vertex in C’
is adjacent to every other vertex), a contradiction. If C' C W, then H—W has
at most |V| components, while [W|+2 > |C|+ 2 = |V| + 2, a contradiction.

So C" C W and C'\ C" € W. Then at most one component of H — W
is not contained in T (since C'\ C’ is a clique and each vertex in C'\ C’ is
adjacent to each vertex in V' \ T). Let U := W NV. Then

(24.17)  or(G-U)=opr(H-W)>o0o(H—-W)—-1> |W| > |C'| +|U]
=|T| = p+ U,

contradicting the definition of . |

(This theorem was also given by Las Vergnas [1975b].)
A consequence is a result of Lovész [1970c] on sets of vertices covered by
matchings:

Corollary 24.6a. Let G = (V,E) be a graph and let T be a subset of V.

Then G has a matching covering T if and only if T contains at most |U| odd
components of G — U, for each U C V.

Proof. Directly from Theorem 24.6. |

(This theorem was also given by McCarthy [1975].)

24.4. Further results and notes

24.4a. Complexity survey for cardinality nonbipartite matching

O(n*m) Edmonds [1965d] (cf. Witzgall and Zahn [1965])

Balinski [1969] (also Gabow [1973,1976a],
Karzanov [1976], Lawler [1976b])

O(nma(m,n)) Gabow [1976a]

Even and Kariv [1975], Kariv [1976] (also Bartnik
[1978])

O(v/nmlogn) Even and Kariv [1975], Kariv [1976]

O(n5/2)

>
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continued
O(v/nmloglogn) | Kariv [1976]
O(v/nm +n'5%¢) | Kariv [1976] for each € > 0

announced by Micali and Vazirani [1980], full
proof in Blum [1990], Vazirani [1990,1994], and
Olvnm) Gabow and Tarjan [1991](cf. Gabow and Tarjan
[1983,1985])

* | O(y/nmlog, %) Goldberg and Karzanov [1995]

Here * indicates an asymptotically best bound in the table. (Kameda and Munro
[1974] claim to give an O(nm)-time cardinality matching algorithm, but the proof
contains some errors which I could not resolve.)

Gabow and Tarjan [1988a] observed that the method of Micali and Vazirani
[1980] also implies that one can find, for given k, a matching of size at least
v(G) — % in time O(km). They derived that a maximum-size matching M minimiz-
ing maxecns w(e) can be found in time O(y/nlognm). (the ‘bottleneck matching
problem’).

Mulmuley, Vazirani, and Vazirani [1987a,1987b] showed that ‘matching is as
easy as matrix inversion’, which is especially of interest for the parallel complexity.

24.4b. The Edmonds-Gallai decomposition of a graph

There is a canonical set U that attains the minimum in (24.2). It has the property
that the odd components of G—U cover an inclusionwise minimal set of vertices, and
is given by the Edmonds-Gallai decomposition, independently found by Edmonds
[1965d] and Gallai [1963a,1964].

Let G = (V,E) be a graph. The Edmonds-Gallai decomposition of G is the
partition of V' into D(G), A(G), and C(G) defined as follows (recall that N(U) :=
{veV\U|JueU: w e E}):

(24.18) D(G) := {v € V| there exists a maximum-size matching missing v},
A(G) := N(D(G)),
C(G) =V \ (D(G)UA(G)).

It yields a ‘canonical’ certificate of maximality of a matching:

Theorem 24.7. U := A(G) attains the minimum in (24.2), D(G) is the union of
the odd components of G—U, and (hence) C(Q) is the union of the even components
of G-U.

Proof. Case 1: D(G) is a stable set. Let M be a maximum-size matching and let
X be the set of vertices missed by M. Then each vertex v in A(G) is contained in
an edge uv € M (as v € D(G)). We show that u € D(G). Assume that u & D(G).

Since v € A(G) = N(D(Q)), there is an edge vw with w € D(G). Let N be a
matching missing w. Then M AN contains a path component starting at a vertex in
X and ending at w. Let (vo, v1,...,v:) be this path, with vg € X and v = w. Then
t is even and v; € D(QG) for each even i (because M A{vov1,v2vs,...,v;—1v;} is a
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maximum-size matching missing v;). Hence, assuming u ¢ D(G), the edge vu is not
on P. So extending P by wv and vu gives a path Q. Then M AQ is a maximum-size
matching missing u. So u € D(G).

As this is true for any v € A(G), we see that part of M matches A(G) and
D(G) \ X. Hence

(24.19) o(G=U) 2 |D(G)| = [X| + [A(G)| = [V| = 2|M| + |U].

So U attains the minimum in (24.2), and moreover o(G — U) = |D(G)|, that is,
D(G) is the union of the odd components of G — U.

Case 2: D(G) spans some edge e = uv. Let M and N be maximum-size match-
ings missing v and v, respectively. Then M U N contains a path component P
starting at u. If it does not end at v, then P U {e} forms an N-augmenting path,
contradicting the maximality of N. So P ends at v, and hence P U {e} gives an
M-blossom B.

Let G' := G/B and M’ := M/B and let X' be the set of vertices of G’ missed
by M’. By Theorem 24.2, |M’| = v(G’). Then

(2420 D(G') = (D(G)\ B)U{B},
since B € D(G’) and since for each v € V' \ B:

(24.21) v € D(G') <= G’ has an even-length M'-alternating X’ — v path
<= (@ has an even-length M-alternating X —v path <= v € D(G).

This proves (24.20), which implies that A(G') = A(G) and C(G') = C(G). By
induction, D(G’) is the union of the odd components of G' — U. Hence D(G) is
the union of the odd components of G — U (since B C D(G) by (24.20)). Also by
induction, [M'| = $(|V'|+ |U| = o(G' = U)). Hence |[M| = 1(|V|+|U| — o(G = U)),
since |V| — 2|M| = |V'| — 2| M’|.

So U = A(G) is the unique set attaining the minimum in (24.2) for which the
union of the odd components of G — U is inclusionwise minimal.
Note that:

(24.22) for any U attaining the minimum in (24.2), each maximum-size match-
ing M has exactly \_%|KH edges contained in any component K of
G — U, and each edge of M intersecting U also intersects some odd
component of G — U.

This implies the following. Call a graph G = (V| E) factor-critical if G — v has a
perfect matching for each vertex v.

Corollary 24.7a. Let G = (V, E) be a graph. Then each component K of G|D(G)]
is factor-critical.

Proof. Directly from Theorem 24.7 and (24.22): if v € K, then v € D(G), and
hence G — v has a maximum-size matching M missing v. By (24.22), M has | 1|K]|]
edges contained in K. So K — v has a perfect matching.

The Edmonds-Gallai decomposition can be found in polynomial time, since
the set D(G) of vertices missed by at least one maximum-size matching can be
determined in polynomial time (with the cardinality matching algorithm). In fact,
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with the alternating forest approach of Section 24.2a one can find the Edmonds-
Gallai decomposition in time O(n®). If we have a maximum-size matching, it takes
O(n?) time.

24.4c. Strengthening of Tutte’s 1-factor theorem

Tutte’s 1-factor theorem can be (self-)refined as follows (this theorem also can be
derived from Theorem 24.7 and Corollary 24.7a; we give a direct derivation from
Tutte’s 1-factor theorem):

Theorem 24.8. A graph G = (V, E) has a perfect matching if and only if for each
U CV, the graph G — U has at most |U| factor-critical components.

Proof. Necessity is easy, since each factor-critical component is odd. To see suffi-
ciency, let the condition be satisfied, and suppose that G has no perfect matching.
By Tutte’s 1-factor theorem, there is a subset U of V' such that G — U has more
than |U| odd components. Choose an inclusionwise maximal such set U.

By the condition, at least one component K of G —U is not factor-critical. That
is, K contains a vertex v such that K —v has no perfect matching. Then by Tutte’s
1-factor theorem, there exists a subset U’ of K — v such that K — v — U’ has more
than |U’| odd components, and hence at least |[U’| 42 odd components (since K —v
has an even number of vertices). Now define U” := U UU’ U {v}. Then G — U" has
more than |U”| odd components. As U D U, this contradicts the maximality olf
U.

24.4d. Ear-decomposition of factor-critical graphs

As mentioned, a graph G = (V, E) is factor-critical if, for each v € V| the graph
G — v has a perfect matching. Lovész [1972b] showed that all factor-critical graphs
can be constructed by ‘odd ear-decompositions’ in the following sense. We say that
graph H arises by adding an odd ear from G, if H arises from G by adding an
odd-length path at two (not necessarily distinct) vertices of G. That is, if there is
a path or circuit (vo,v1,...,v:) in H with ¢ odd, v1,...,v:—1 each having degree 2,
and G = H — {’U1, .. .,’Ut_1}.

It is easy to see that if H arises by adding an odd ear to a factor-critical graph
G, then H is again factor-critical. Now each factor-critical graph arises in this way
from the one-vertex graph:

Theorem 24.9. A graph G is factor-critical if and only if there exists a series of
graphs Go,...,G, with Gy being a one-vertex graph, G, = G, and G; arising by
adding an odd ear to Gi—1 (i=1,...,k).

Proof. For sufficiency, see above. To see necessity, fix, for each vertex v of G, a
perfect matching M, of G—v. Choose a vertex u of G. Let H be a maximal subgraph
of G such that

(24.23) (i) H arises by a series of odd ear addings from the one-vertex graph
on u;
(ii) for each edge e € M,, if e intersects V H, then e € EH.
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Such a graph trivially exists, as the one-vertex graph on w satisfies (24.23).

If FH = EG we are done, so assume FH # EG. As G is factor-critical, G is
connected, and hence there is an edge e = vw € EG \ EH with v € VH. Consider
M., UM,. One of its components is an even-length w —u path P = (v1,...,v;) with
vy = w and vy = u. So vy € VH. Let j be the smallest index with v; € VH. Then j
is odd, since otherwise v;_1v; € M, with v;_1 € VH and v; € VH, contradicting
(24.23) (ii).

Let @ be the path (v,v1,...,v;). Then H U Q arises by adding an odd ear to
H, and moreover, it satisfies (24.23)(ii) again, contradicting the maximality of H.

(This is the original proof of Lovész [1972b].)
As a consequence we have a recursive characterization of factor-critical graphs:

Corollary 24.9a. Let G = (V, E) be a graph with |V| > 2. Then G is factor-critical
if and only if G has an odd circuit C' with G/C factor-critical.

Proof. To see sufficiency, let C' be an odd circuit with G/C factor-critical. We show
that G is factor-critical. Choose v € V. If v € C, let M’ be a perfect matching of
G[C \ {v}]. Since G/C is factor-critical, G — C has a perfect matching M". Then
M U M"” is a perfect matching of G — v.

If v & C,let M" be a perfect matching of (G/C)—wv. In G this gives a matching
covering all vertices in V' \ (CU{v}) and exactly one vertex, u say, in C. Let M’ be
a perfect matching in G[C'\ {u}]. Then M’ U M" is a perfect matching of G — v.
This shows sufficiency.

Necessity is shown with Theorem 24.9. Let G be factor-critical. Consider an
odd ear-decomposition of G, and let C be the first odd ear. Then the remaining
ears form an odd ear-decomposition of G/C, and hence G/C is factor-critical. [

(Related results were given by Cornuéjols and Pulleyblank [1983].)

24.4e. Ear-decomposition of matching-covered graphs

A graph G = (V,E) is called matching-covered if each edge of G belongs to a
perfect matching of G. Matching-covered graphs can be constructed similarly to
factor-critical graphs, but now starting from an even circuit (however, the decompo-
sition does not characterize matching-covered graphs). This will be used in proving
Theorem 29.11 on the maximum size of a join.

Theorem 24.10. For each connected matching-covered graph G with at least four
vertices there exists a series of graphs Go,...,Gr with Go being an even circuit,
Gr = G, and G; arising by adding an odd ear to Gi—1 (i=1,...,k).

Proof. For each edge e of G, fix a perfect matching M. of G containing e. Fix a
perfect matching M of G. One easily checks that G contains an M-alternating even
circuit C'. Let H be a maximal subgraph of GG such that

(24.24) (i) H arises by a series of odd ear addings from C;
(ii) for each edge e € M, if e intersects VH, then e € EH.
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Such a graph trivially exists, as C satisfies (24.24).

If EH = EG we are done, so assume FH # EG. As G is connected, there is
an edge e € EG \ EH intersecting V H. Consider M, U M. Then the component of
M. U M containing e gives an odd ear that can be added to H, contradicting the
maximality of H. |

A direct algorithmic proof was given by Little and Rendl [1989]. Little [1974]
showed that in a matching-covered graph, any two edges belong to a circuit that
is in the symmetric difference of two perfect matchings. Carvalho, Lucchesi, and
Murty [1999] gave more results on ear-decompositions of matching-covered graphs.

24.4f. Barriers in matching-covered graphs

A barrier in a graph G = (V, E) is a subset B of V such that G — B has |B| odd
components. Note that if B is a barrier in a connected matching-covered graph G,
then B is a stable set and each component of G — B is odd.

Lovész and Plummer [1975,1986] showed:

Theorem 24.11. Let B and C be barriers in a connected matching-covered graph
G=(V,E) with BNC #0. Then BNC and BUC are barriers again.

Proof. We first show:

(24.25) if B and C are distinct barriers with BN C # 0, then there exists a
nonempty set D with D C B\ C or D C C'\ B such that BAD and
CAD are barriers again.

As B and C are stable sets, there is a path from BNC to BAC. Consider a shortest
such path, say it runs from BNC to C'\ B. It implies that G — B has a component
K with a neighbour in BN C and intersecting C'\ B. Define D := K N C. We show
that BU D and C'\ D are barriers again.

Fix an edge e connecting BN C' and K. Let L be the component of G — C
incident with e. Let M be a perfect matching containing e. As e connects K N L
and B N C, all other edges in M incident with K are contained in K. So if some
edge f € M leaves K N L' for some component L' of G — C, and f # e, then f does
not leave K. Hence f leaves L', implying L’ # L (otherwise, L is left by two edges
in M). It also implies that f connects K N L' and K N C and that f is the only
edge in M leaving K N L’. Moreover, each vertex in D is covered by an edge in M,
and hence it is such an edge f. Hence the number of components L’ of G — C with
KN L odd is equal to |D| + 1.

Now BUD is a barrier, since G[K\ D] has | D|+1 odd components. So G—(BUD)
has at least |B| + |D| odd components, and hence B U D is a barrier.

Hence, as G is matching-covered, each component of G — B — D is odd. So
each component of G[K \ D] is odd, and therefore G[K \ D] has exactly |D| + 1
components. So all but at most |D| 4+ 1 components of G — C' are also components
of G — (C'\ D). Hence the number of odd components of G — (C'\ D) is at least
|C| — |D| — 1, and hence, by parity, at least |C' \ D|. So C'\ D is a barrier. This
proves (24.25).
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Now to prove that B U C' is a barrier, we can assume that we have chosen B
and C inclusionwise maximal barriers contained in BUC. Then B = C' by (24.25).
Similarly, to prove that BN C' is a barrier, we can assume that we have chosen
B and C inclusionwise minimal barriers containing B N C. Again we have B = C'
by (24.25). |

This has the following consequence due to Lovédsz [1972¢] (cf. Kotzig [1960]
(Theorem 31)):

Corollary 24.11a. Any two distinct mazximal barriers in a connected matching-
covered graph are disjoint.

Proof. Directly from Theorem 24.11. |

Since each singleton is a barrier, Corollary 24.11a implies that the maximal
barriers in a connected matching-covered graph partition the vertex set of G. This
gives the result of Kotzig [1959b] (Theorem 11):

Corollary 24.11b. Let G = (V, E) be a connected matching-covered graph. For
u,v € V define u ~ v by:

(24.26) u ~ v if and only if G — u — v has no perfect matching.

Then ~ is an equivalence relation.

Proof. Note that u ~ v if and only if {u,v} is contained in some barrier. So the
corollary follows directly from Corollary 24.11a.

For much more on barriers in matching-covered graphs, see Lovasz and Plummer
[1986].

24.4g. Two-processor scheduling

The following problem was considered by Fujii, Kasami, and Ninomiya [1969]. Sup-
pose that we have to carry out certain jobs, where some of the jobs have to be done
before other. We can represent this by a partially ordered set (V, <) where V is the
set of jobs and z < y indicates that job = has to be done before job y. Each job
takes one time-unit, say one hour.

Suppose now that there are two workers, each of which can do one job at a time.
Alternatively, suppose that you have one machine, that can do at each moment two
jobs simultaneously (a two-processor).

We wish to do all jobs within a minimum total time span. This problem can
be solved with the matching algorithm as follows. Make a graph G = (V, E), with
vertex set V' (the set of jobs) and with edge set

(24.27) E = {{u,v} |u £ vand v L u}.

(So (V, E) is the complementary graph of the ‘comparability graph’ associated with
V,<).)
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Consider now a possible schedule of the jobs. That is, we have a sequence
Pi,...,pt, where each p; is either a singleton vertex or an edge of G such that
p1,...,p: partition V and such that if u < v and v € p; and v € p;, then i < j.

Now the pairs in this list should form a matching M in G. Hence ¢t = |V|—|M].
In particular, ¢ cannot be smaller than |V| — v(G), where v(G) is the matching
number of G.

Fujii, Kasami, and Ninomiya [1969] showed that in fact one can always make a
schedule with ¢t = |V| — v(G). For that it is sufficient to show:

Theorem 24.12. G contains a mazimum-size matching M = {e1,...,e:} such
that if u € e; and v € e; with uw < v, then i < j.

Proof. The proof is by induction on |V|. Let M be a maximum-size matching in
G. We may assume that M is a perfect matching, since otherwise we can delete all
vertices missed by M, and apply induction.

Let V™ be the set of minimal elements of (V' <). If V™™ contains an edge
uv € M as a subset, we can delete u and v from V, and apply induction. So we
may assume that each s € V™" is contained in an edge st € M with ¢t ¢ V™",
Choose an edge st € M with s € V™™ and with the height of ¢ as small as possible.
(The height of an element ¢ is the maximum size of a chain in (V, <) with maximum
element t.) As t € V™™ there exists an s't' € M with s’ € V™ and s’ < t.

Now clearly ss’ is an edge of G, as s and s’ are minimal elements. Moreover, tt’
is an edge of G. For if t < t', then s’ < t < t', contradicting the fact that s't’ € E;
and if ¢’ < ¢, then #' would have smaller height than t.

So replacing st and s't' in M by ss’ and tt’, we have ss’ C V™" and so by
deleting s and s’ from V we can apply induction as before. |

The theorem implies that there is a linear extension < of < and a maximum-size
matching M in G such that if uv € M, then v and v are neighbouring in <.

Coffman and Graham [1972] gave a direct, O(n?)-time algorithm. (Muntz and
Coffman [1969] gave an algorithm for the two-processor scheduling problem if jobs
may be interrupted and continued later.) This was improved to O(m + na(m,n))
by Gabow [1982] and to O(m + n) by Gabow and Tarjan [1983,1985].

24.4h. The Tutte matrix and an algebraic matching algorithm

Tutte [1947b] observed the following. Let G = (V, E) be a graph. Choose for each
edge e an indeterminate x.. Let M be a skew-symmetric3 V x V matrix with
My, = tze if e = {u,v} € E, and M,,, = 0 otherwise (including u = v) (the
Tutte matriz). Then the rank of M is equal to twice the matching number of G.

Lovéasz [1979c] showed that substituting random integers for the x., gives an
efficient randomized algorithm for finding the matching number of G. This idea was
extended by Geelen [2000], who proved the following:

(24.28) Let M’ arise from M by substituting the x. by integers from {1,...,n},
where n := |V|. If rank(M’) < rank(M), then there is an edge e of G
and a number b € {1,...,n} such that for the matrix M" arising from

3 A matrix M is skew-symmetric if MT = —M.
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M’ by resetting the tz. entries to +b, we have rank(M") > rank(M’),
or rank(M") = rank(M’) and D(M") > D(M’).

Here D(A) denotes the set of v € V such that the V' \ {v} x V'\ {v} submatrix of
A has the same rank as A.

(24.28) implies a polynomial-time algorithm to compute the matching number
of G (and hence to find a maximum-size matching in G): start with an arbitrary
matrix M’ obtained by substituting the x. by numbers in {1,...,n}, and iteratively
try to reset an entry to another number from {1,...,n}, as long as it either increases
the rank of M’ or maintains the rank and increases D(M’). The final matrix has
rank equal to the matching number of G.

L. Lovész (cf. Geelen [1995]) extended Tutte’s result to the rank of any (not
necessarily principal) submatrix of M. Geelen [1995] described the corresponding
system of linear inequalities and proved its total dual integrality, generalizing Ed-
monds’ matching polytope theorem.

24.4i. Further notes

Biedl, Bose, Demaine, and Lubiw [1999,2001] gave an O(nlog*n) time algorithm
to find a perfect matching in cubic bridgeless graphs (linear-time if the graph is
moreover planar). Biedl [2001] gave a linear-time reduction of the general matching
problem to the matching problem for cubic graphs.

Lower bounds on the maximum size of a matching were given by Nishizeki and
Baybars [1979] for planar graphs and by Biedl, Demaine, Duncan, Fleischer, and
Kobourov [2001] for several other classes of graphs.

Fulkerson, Hoffman, and McAndrew [1965] showed that any regular graph with
an even number of vertices and with the property that each two vertex-disjoint odd
circuits are connected by an edge, has a perfect matching (cf. Mahmoodian [1977],
Berge [1978b,1981]). Other sufficient conditions were given by Anderson [1972],
Sumner [1974a], Las Vergnas [1975a], and Chartrand, Goldsmith, and Schuster
[1979].

Plesnik [1972] showed that in a k-regular (k — 1)-edge-connected graph with
an even number of vertices, there is a perfect matching not containing £ — 1 pre-
scribed edges (cf. Chartrand and Nebesky [1979]). For k = 3 this was proved by
Schénberger [1934]. For general k, it can also be derived from Edmonds’ perfect
matching polytope theorem (Theorem 25.1 below). See also Plesnik [1979].

Further studies on the structure of matching-covered graphs (graphs in which
each edge belongs to a perfect matching) were made by Kotzig [1959a,1959b,1960],
Hetyei [1964], Lovasz [1970d,1972f,1972d,1972¢,1983a], Little, Grant, and Holton
[1975], Lovdsz and Plummer [1975], Gabow [1979], Edmonds, Lovész, and Pulley-
blank [1982], Naddef [1982], and Szigeti [1998b].

Gabow, Kaplan, and Tarjan [1999,2001] gave fast algorithms to test if a given
perfect matching is unique, to find it, and if it not unique to find another perfect
matching.

Sumner [1974b,1976] studied sets U with o(G —U) > |U|. Weinstein [1963,1974]
and Bollobds and Eldridge [1976] related the matching number to the minimum and
maximum degree and the connectivity. Chvétal and Hanson [1976] evaluated the
maximum number f(n,b,d) of edges of a graph with n vertices having no vertex of
degree > d and no matching of size > b.
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Implementing cardinality matching algorithms were studied by Burkard and
Derigs [1980], Crocker [1993], and Mattingly and Ritchey [1993]. A simulated an-
nealing approach was described by Sasaki and Hajek [1988].

Books covering nonbipartite matching algorithms include Christofides [1975],
Lawler [1976b], Minieka [1978], Papadimitriou and Steiglitz [1982], Systo, Deo, and
Kowalik [1983], Tarjan [1983], Gondran and Minoux [1984], Derigs [1988a], Nem-
hauser and Wolsey [1988], Cook, Cunningham, Pulleyblank, and Schrijver [1998],
Jungnickel [1999], Mehlhorn and Néaher [1999], and Korte and Vygen [2000]. Surveys
on matching algorithms were given by Galil [1983,19864a,1986b].

Motwani [1989,1994] investigated the expected running time of matching algo-
rithms.

Gallai [1950], Tutte [1950], Kaluza [1953], Steffens [1977], and Aharoni [1984a,
1984¢,1984d,1988] gave extensions to infinite graphs. The Edmonds-Gallai decom-
position was extended to locally finite graphs by Bry and Las Vergnas [1982] (cf.
Steffens [1985]).

The behaviour of a greedy heuristic for finding a large matching was investigated
by Dyer and Frieze [1991], Dyer, Frieze, and Pittel [1993], and Aronson, Dyer, Frieze,
and Suen [1994].

The standard work on matching theory is Lovész and Plummer [1986]. Other
books discussing nonbipartite matching include Berge [1973b], Bondy and Murty
[1976], Bollobés [1978,1979], Tutte [1984], and Diestel [1997]. Survey articles on
matchings were given by Akiyama and Kano [1985b] and Lovész and Plummer
[1986], Gerards [1995a], Pulleyblank [1995], and Cunningham [2002].

24.4j. Historical notes on nonbipartite matching
Petersen and Sylvester

Petersen [1891] was among the first to study perfect matchings (1-factors) in graphs,
introducing several basic concepts and methods, like factors and alternating paths.
He was motivated by finite basis theorems in invariant theory, especially by the ques-
tion which polynomials form a finite basis. Petersen cooperated with J.J. Sylvester,
who did similar studies, leading to an intensive correspondence on the topic in the
years 1889-1890 — see Sabidussi [1992] (unfortunately, the letters of Petersen to
Sylvester were not found).
In particular, they considered homogeneous polynomials of the form

(24.29) [ ==,

i<j
and were interested in conditions under which such a polynomial can be factorized
into other homogeneous polynomials of the same form. This is equivalent to char-
acterizing the existence of k-factors in regular graphs. (Graph terms like ‘factor’
and ‘degree’ introduced by Petersen are motivated by this interpretation.)

In a letter of 18 October 1889, Sylvester expressed to Petersen the conjecture
that each graph of minimum degree at least two has a 2-factor. He had checked it
for graphs with up to 7 vertices, and said that he had ‘not much doubt of being
able to establish the proof for all values of n by the same process which has been
successful for the earlier numbers’. Sylvester considered this as the most important
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theorem discovered hitherto in the science of chemical graphology, a field initiated
by Sylvester [1878].

Two days later, Sylvester wrote a letter in which he restricted his conjecture to
the case of regular graphs, and he was more doubtful on whether it is true. After
a reply of Petersen, Sylvester gave in a letter of 27 October 1889 an example of a
graph with 7 vertices, with degrees 2 and 3, not having a 2-factor. In this letter,
Sylvester also remarked that as a consequence of his conjecture, each regular graph
of odd order has a 2-factorization.

Then, in a letter of 8 November 1889, Sylvester observed that there is a cubic
graph on 10 vertices that has no factorization (Figure 24.3). (A graph is cubic if it

Figure 24.3
Sylvester’s graph

is 3-regular.)
Subsequently, on 16 November 1889, Sylvester wrote to Petersen:

Thanks for your interesting note—I also have a proof of the ‘theorem of Ablation’
for even equifrequencies.

Apparently, Petersen had written about his theorem that each regular graph of
even degree has a 2-factorization, for which Sylvester also said to have a proof.

Next follows correspondence on the proofs the two have, with a lot of mutual
misunderstanding. However, after hearing Petersen’s proof at a visit of Petersen to
Sylvester, at the end of December 1889, Sylvester became convinced of the correct-
ness of Petersen’s proof, and found it ‘a very beautiful method’. On the other hand,
Petersen remained very sceptical about Sylvester’s proof, which Sylvester said was
by induction on the number of vertices. They decided to publish their proofs sepa-
rately. However, Sylvester did not publish on the topic; Petersen’s proof appeared
in the paper Petersen [1891].

Petersen’s 1891 paper

In this paper, Petersen first observed that Gordan’s finite basis theorem implies
that for each n there exists a finite set G of regular graphs on n vertices (of nonzero
degree) with the property that each regular graph on n vertices contains at least
one graph in G as spanning subgraph (factor). (This result can also be proved
by elementary means.) Petersen next puts as his goal to characterize all primitive
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graphs, that is, all regular graphs that have no other factors than itself and the
O-regular subgraph.

First, Petersen observed that a 2-regular graph is primitive if and only if at
least one of its components is odd. Next, he showed that each 4-regular graph has
a 2-factor. To this end, he made an Eulerian tour along all edges, colouring them
alternatingly blue and red. The blue edges then form a 2-factor. He observed that
similarly one can show more generally that each 2k-regular graph with an even
number of edges has a k-factor.

Next, Petersen showed that each 2k-regular graph has a 2-factorization. His
proof is by observing that the existence of a 2-factorization is invariant under re-
placing any two disjoint edges ab and cd by ac and bd (by using the result that each
4-regular graph has a 2-factorization).

This solves the factorization problem for k-regular graphs with k even. Petersen
next considered the case of odd k. He gave an example of primitive k-regular graphs
for arbitrary odd k. He showed that each k-regular graph on n vertices with k& >
%n + 1 has a perfect matching. To this end, he considered a matching M and
observed that

(24.30) M has maximum size if and only if there is no M-augmenting path.

To formulate this, Petersen coloured the edges in M red, and all other edges blue.
A Wechselweg (alternating path) is a path coloured alternatingly red and blue. Let
2n be the number of vertices of the graph and let o be the size of the matching
(thus it misses 2n — 2« vertices). Then:

Wir sahen oben, dass « grosser gemacht werden konnte, wenn wir zwischen zwei
von den 2n — 2a Punkten einen Wechselweg cabd finden konnten; dasselbe gilt
wenn wir zwischen zwei von den 2n — 2o Punkten iiberhaupt einen Wechselweg
finden kénnen, denn verdndert man die Farben der Seiten eines solches Weges, so
wird die Anzahl der rothen Linien um eins vergrossert. Man beweist leicht, dass
diese Bedingung auch notwendig is.*

This brought Petersen to propose an algorithm to find a 1-factor:

Indem wir die « Linien aufs Geradewohl ausnehmen und dann mittelst Wechsel-
wege a zu vergrossern suchen, kénnen wir untersuchen, ob ein gegebener graph
primitiv ist oder nicht;?

Petersen however preferred a direct characterization:

es entsteht aber die Frage, ob die primitiven graphs sich nicht durch einfache
Kennzeichen von den zerlegbaren scheiden.®

He conjectured:

4 We saw above that o can be increased, if we could find an alternating path cabd between
two of the 2n—2a points; the same holds if we can find an alternating path at all between
two of the 2n — 2« points, because if one changes the colours of the edges in such a path,
then the number of red edges increases by one. One easily proves that this condition is
also necessary.

5 While we select the a edges arbitrarily and then try to increase a by alternating paths,
we can investigate if a given graph is primitive or not;

6 the question however arises if the primitive graphs are not distinguished from the fac-
torizable by simple characteristics.
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Es spricht etwas dafiir, dass ein primitiver graph Bldtter haben muss, indem ein
Blatt ein solcher Theil des graphs ist, der nur durch eine einzelne Linie mit dem
iibrigen Theil in Verbindung steht. Ich habe daher versucht dieses zu beweisen,
habe aber die Schwierigkeiten so gross gefunden, dass ich die Untersuchung auf
den graph dritten Grades beschrinkt habe.”

Petersen [1891] described the cubic graph on 10 vertices found by Sylvester that
has no 1-factor (Figure 24.3), which he called Sylvester’s graph.

Petersen showed that each primitive cubic graph has at least three leaves. As
mentioned, a leaf is a subset U of the vertices with |§(U)| = 1. (A graph is cubic if
it is 3-regular.)

Again, Petersen showed his theorem with the help of studying alternating paths.
Those edges that can be traversed in both directions by alternating paths starting
at a ‘free’ vertex are called ‘zweipfeilig’ (two-arrow as adjective). He then reduced
the problem by shrinking and stated:

Wir ziehen jetzt jedes zweipfeiliges System in einen Punkt zusammen;3

Proofs and extensions of Petersen’s theorem

Brahana [1917] gave a shorter proof of Petersen’s theorem. He restricted the concept
of leaf to a minimal set of vertices connected by only one edge to the remainder of
the graph. (In fact, also Petersen’s proof is valid for this restricted interpretation
of leaf.)

Brahana’s method is again based on augmenting paths and shrinking. Moreover,
he used a reduction to smaller graphs by deleting two adjacent vertices u and v and
connecting the two further vertices adjacent to u and v by new edges. This can be
done in such a way that the number of leaves remains at most 2.

In fact, part of Brahana’s method is algorithmic, and can be considered as a
specialization of Edmonds’ cardinality matching algorithm. Brahana needs to find
a 1-factor, given a matching M of size 3n — 1 (where n is the number of vertices).
He described a depth-first method to find an M-augmenting path starting from a
vertex missed by M. If it runs into a loop (a ‘bicursal circuit’), it can be removed
by shrinking:

We continue this shrinking process as long as there are such bicursal circuits.

Also Errera [1921,1922], Frink [1925], Schénberger [1934], Kénig [1936], and
Baebler [1954] gave alternative proofs of Petersen’s theorem (see also Sainte-Lagué
[1926b]). The proof of Frink is ‘by induction, no shrinking or counting processes
being used.” He overlooked however some complications (in relation to the con-
struction of a new 2-connected graph in the proof of his ‘Theorem II’) — they were
resolved by Kénig [1936]. The proof yields a polynomial-time algorithm to find a
perfect matching in a 2-connected cubic graph.

Schonberger [1934] showed that in any 2-connected cubic graph each edge is in
a perfect matching, and (more generally) for any two prescribed edges there is a
perfect matching not containing these edges.

7 Something speaks for it that a primitive graph must have leaves, while a leaf is such a
part of the graph that is in connection with the remaining part only by one single edge.
I therefore have tried to prove this, but have found the difficulties that big, that I have
restricted the investigation to the graph of third degree.

8 We now contract each two-arrow system to one point;
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Baebler [1937] showed that each k-regular l-edge-connected graph, with k odd
and [ even, has an [-factor. His proof is based on shrinking.

Tutte

Tutte [1947b] characterized the graphs that have a perfect matching. His proof is
essentially that given in Section 24.1a, defining a graph to be ‘hyperprime’ if it
has no perfect matching, but adding any edge creates a perfect matching. He used
‘pfaffians’ in order to show that, in a hyperprime graph, each component of the
subgraph induced by the set of vertices that are not adjacent to all other vertices,
is complete. A combinatorial proof of this fact was given by Maunsell [1952].

Tutte’s theorem was extended to arbitrary [-factors (I € Z4) by Belck [1950]
(see Chapter 33); the proof is by extension of Tutte’s method. This in turn was
generalized by Tutte [1952] to b-factors where b € ZK. As an ‘allied problem’, Tutte
[1952] considered perfect b-matchings, that is, functions f € Z¥ with f(§(v)) = b(v)
for each vertex v. The proof is by reduction to the b-factor case, by replacing each
edge by several parallel edges.

Then in Tutte [1954b] it is realized that the b-factor and b-matching theorems
can be reduced to the case b = 1 by splitting vertices and by the construction given
in the proof of Theorem 32.1.

Gallai [1950] gave a short proof of Tutte’s 1-factor theorem. He showed the
following. Let G be a graph without a perfect matching, let M be a maximum-size
matching in G, and let v be a vertex missed by M. Let U be the set of vertices u
for which there is an M-alternating v — u path of odd length. Then G — U has more
than |U| odd components. Gallai [1950] also gave several characterizations for the
existence of [-factors in regular graphs, and he considered the infinite case.

Also Tutte [1950] and Kaluza [1953] gave extensions to the infinite case. The
main theorem of Ore [1957] is an alternative characterization of the existence of a
b-factor. Berge [1958a] extended Tutte’s 1-factor theorem to a min-max relation for
the maximum size of a matching, the Tutte-Berge formula.

Kotzig [1959a,1959b,1960] studied the structure of matching-covered graphs,
leading to a decomposition of any graph (cf. Ore [1959]).

Augmenting paths

Like Petersen, Berge [1957] observed that a matching M is maximum if and only
if there is no M-augmenting path, and he suggested the following procedure for
solving the cardinality matching problem:

Construct a maximal matching V', and determine whether there exists an al-
ternating chain W connecting two neutral points. (The procedure is known.) If
such a chain exists, change V into (V \ W)U (W \ V), and look again for a new
alternating chain; if such a chain does not exist, V' is maximum.

In Berge [1958b], a depth-first search approach to finding an augmenting path is
sketched, however without shrinking, and not leading to a polynomial-time algo-
rithm.

Also Norman and Rabin [1958,1959] found the augmenting path criterion for
maximality of a matching (and similarly, for minimality of an edge cover):
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These results immediately lead to algorithms for a minimum cover and a maxi-
mum matching respectively.

Edmonds [1962] and Ray-Chaudhuri [1963] extended the augmenting path cri-
terion to arbitrary hypergraphs.

Edmonds

Edmonds observed that Berge’s proposal for finding an augmenting path (quoted
above) does not lead to a polynomial-time algorithm. In his personal recollections,
Edmonds [1991] stated:

It is really hard for anyone to see that it isn’t easy that when you’ve got a matching
in a graph and you are starting at a deficient node, that you cannot just grow a
tree looking for a Berge augmenting path.

Edmonds [1965d] argued:

Berge proposed searching for augmenting paths as an algorithm for maximum
matching. In fact, he proposed to trace out an alternating path from an exposed
vertex until it must stop and, then, if it is not augmenting, to back up a little
and try again, thereby exhausting possibilities.

His idea is an important improvement over the completely naive algorithm. How-
ever, depending on what further directions are given, the task can still be one of
exponential order, requiring an equally large memory to know when it is done.

In the summer of 1963, at a Workshop at the RAND Corporation, Edmonds
discovered that shrinking leads to a polynomial-time algorithm to find a maximum-
size matching in any graph. The result was described in the paper Edmonds [1965d]
(received 22 November 1963), in which paper he also described his views on algo-
rithms and complexity:

For practical purposes computational details are vital. However, my purpose is

only to show as attractively as I can that there is an efficient algorithm. According

to the dictionary, “efficient” means “adequate in operation or performance”. This

is roughly the meaning I want — in the sense that it is conceivable for maximum

matching to have no efficient algorithm. Perhaps a better word is “good”.

I am claiming, as a mathematical result, the existence of a good algorithm for

finding a maximum cardinality matching in a graph.

There is an obvious finite algorithm, but that algorithm increases in difficulty

exponentially with the size of the graph. It is by no means obvious whether or

not there exists an algorithm whose difficulty increases only algebraically with

the size of the graph.

Moreover:

For practical purposes the difference between algebraic and exponential order is
often more crucial than the difference between finite and non-finite.

Edmonds described his algorithm, in terms of paths, trees, flowers, and blossoms,
and concluded that the ‘order of difficulty’ is n* (more precisely, it is O(n*m)).

In this paper, Edmonds also introduced the decomposition of any graph which
is now called the Edmonds-Gallai decomposition. Also in 1963, Gallai submitted a
paper (Gallai [1963a]), in which this decomposition is described implicitly, which
was made more explicit in Gallai [1964].

In the Proceedings of the IBM Scientific Computing Symposium on Combinato-
rial Problems in March 1964 in Yorktown Heights, New York, at the end of Gomory
[1966], the following discussion is reported:
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J. EDMONDS: T have a comment on the polyhedral approach to complete analysis,
supplementing Professor Kuhn’s remarks. I do not believe there is any reason
for taking as a measure of the algorithmic difficulty of a class of combinatorial
extremum problems the number of faces in the associated polyhedra. For example,
consider the generalization of the assignment problem from bipartite graphs to
arbitrary graphs. Unlike the case of bipartite graphs, the number of faces in the
associated polyhedron increases exponentially with the size of the graph. On the
other hand, there is an algorithm for this generalized assignment problem which
has an upper bound on the work involved just as good as the upper bound for
the bipartite assignment problem.

H.W. Kunn: I could not agree with you more. That is shown by the unreasonable
effectiveness of the Norman-Rabin scheme for solving this problem. Their result is
unreasonable only in the sense that the number of faces of the polyhedron suggests
that it ought to be a harder problem than it actually turned out to be. It is not
impossible that some day we will have a practical combinatorial algorithm for
this problem.

J. EDMONDS: Actually, the amount of work in carrying out the Norman-Rabin
scheme generally increases exponentially with the size of the graph.

The algorithm I had in mind is one I introduced in a paper submitted to the
Canadian Journal of Mathematics (see Edmonds, 1965). This algorithm depends
crucially on what amounts to knowing all the bounding inequalities of the as-
sociated convex polyhedron—and, as I said, there are many of them. The point
is that the inequalities are known by an easily verifiable characterization rather
than by exhaustive listing—so their number is not important.

437



Chapter 25

The matching polytope

As a by-product of his weighted matching algorithm (to be discussed in
Chapter 26), Edmonds obtained a characterization of the matching poly-
tope in terms of defining inequalities. It forms the first class of polytopes
whose characterization does not simply follow just from total unimodular-
ity, and its description was a breakthrough in polyhedral combinatorics.

25.1. The perfect matching polytope

The perfect matching polytope of a graph G = (V,E) is the convex hull
of the incidence vectors of the perfect matchings in G. It is denoted by

Pperfect matching(G):
(25.1) Pperfect matching(G) =conv.hull{x* | M perfect matching in G}.

S0 Pperfect matching(G) is a polytope in RE.
Consider the following set of linear inequalities for x € RF:

(25.2) (i) ze>0 for each e € F,
(i) x(d(v))=1 foreachv eV,
(iii) «(06(U))>1 foreach U CV with |U| odd.

In Section 18.1 we saw that if G is bipartite, the perfect matching polytope
is fully determined by the inequalities (25.2)(i) and (ii). These inequalities
are not enough for, say, K3: taking z. := % for each edge e of K3 gives a
vector x satisfying (25.2)(i) and (ii) but not belonging to the perfect matching
polytope of K3 (as it is empty).

Edmonds [1965b] showed that for general graphs, adding (25.2)(iii) is
enough. It is clear that for any perfect matching M in G, the incidence
vector xM satisfies (25.2). S0 Pperfect matching(G) is contained in the polytope
determined by (25.2). The essence of Edmonds’ theorem is that one needs no
more inequalities.

Theorem 25.1 (Edmonds’ perfect matching polytope theorem). The perfect
matching polytope of any graph G = (V, E) is determined by (25.2).
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Proof. Clearly, the perfect matching polytope is contained in the polytope @
determined by (25.2). Suppose that the converse inclusion does not hold. So
we can choose a vertex = of @ that is not in the perfect matching polytope.

We may assume that we have chosen this counterexample such that |V|+
|E| is as small as possible. Hence 0 < z, < 1 for all e € E (otherwise, if
x. = 0, we can delete e, and if z, = 1, we can delete e and its ends). So each
degree of G is at least 2, and hence |E| > |V|. If |E| = |V, each degree is 2,
in which case the theorem is trivially true. So |E| > |V|. Note also that |V]|
is even, since otherwise @ = () (consider U := V in (25.2)(iii)).

As z is a vertex, there are |F| linearly independent constraints among
(25.2) satisfied with equality. Since |E| > |V, there is an odd subset U of V
with 3 < |U| < |V]| =3 and z(6(U)) = 1.

Consider the projections =’ and z” of x to the edge sets of the graphs
G /U and G/U, respectively (where U := V '\ U). Here we keep parallel edges.

Then 2’ and z” satisfy (25.2) for G/U and G/U, respectively, and hence
belong to the perfect matching polytopes of G/U and G /U, by the minimality
of |[V|+ |E|.

So G/U has perfect matchings M, ..., M] and G/U has perfect match-
ings MY, ..., M} with

T =

k k
(25.3) = ;;XMI' and 2’ = ;XMi :
(Note that x is rational as it is a vertex of Q).)

Now for each e € 6(U), the number of ¢ with e € M/ is equal to ka'(e) =
kx(e) = kz' (e), which is equal to the number of ¢ with e € M. Hence we
can assume that, for each i = 1,...,k, M/ and M/ have an edge in 6(U) in
common. So M; := M/ U M/ is a perfect matching of G. Then

k
1
25.4 = - M,
(25.4)  w=o ; X
Hence z belongs to the perfect matching polytope of G. |

Notes. This proof was given by Ardoz, Cunningham, Edmonds, and Green-Krétki
[1983] and Schrijver [1983c], with ideas of Seymour [1979a]. For other proofs, see
Balinski [1972], Hoffman and Oppenheim [1978], and Lovész [1979b]. A proof can
also be derived from Edmonds’ weighted matching algorithm (Chapter 26).

25.2. The matching polytope

The characterization of the perfect matching polytope implies Edmonds’
matching polytope theorem. It characterizes the matching polytope of a graph
G = (V, E), denoted by Puatching(G), which is the convex hull of the incidence
vectors of the matchings in G:
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(25.5) Pratehing(G) =conv.hull{x™ | M matching in G}.

Again, Ppagching(G) is a polytope in RE.

Corollary 25.1a (Edmonds’ matching polytope theorem). For any graph
G = (V, E), the matching polytope is determined by:

(25.6) (i) x>0 for each e € E,
(ii) z(0(v)) <1 for each v € V,
(iii) x(E[U]) < [3|U|] for each U C V with |U| odd.

Proof. Clearly, each vector = in the matching polytope satisfies (25.6). To
see that the inequalities (25.6) are enough, let x satisfy (25.6). Make a copy
G' = (V',E') of G, and add edges vv’ for each vertex v € V', where v’ is the
copy of v in V’. This makes the graph G = (V,E)

Define Z, := T := x, for each e € E, where €’ is the copy of e in E’, and
Z(vv') := 1 — x(8(v)) for each v € V. Then by Theorem 25.1, Z belongs to
the perfect matching polytope of 6’, since & satisfies (25.2) with respect to
G.

Indeed, for each v € V one has #(5(v)) = #(6(v')) = 1 (where 6 := 0g)-
Moreover, consider any odd subset U of V=Vu V', say U =W U X’ with
W, X C V. Then Z(5(U)) > £(0(W\ X))+ Z(6(X’\ W’)). So we may assume
that W N X = (), and by symmetry we may assume that W is odd, and
hence that X = (). So it suffices to show that for any odd U C V one has
Z(6(U)) > 1. Now

(25.7) &) +2E(EU]) =D i) = U],
veU

and hence
(25.8) E(0(U)) = |U| - 22(E[U]) > |U| - 2| 4|U[] = 1.

So by Theorem 25.1, Z belongs to the perfect matching polytope of (~¥, and
hence = belongs to the matching polytope of G. |

25.3. Total dual integrality: the Cunningham-Marsh
formula

With linear programming duality one can derive from Corollary 25.1a a min-
max relation for the maximum weight of a matching:

Corollary 25.1b. Let G = (V,E) be a graph and let w € R¥ be a weight
function. Then the mazimum weight of a matching is equal to the minimum
value of
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(25.9) > w+ > wwliUll,

veV U€Poaa(V)

where y € RY and z € Ri“dd(v) satisfy

(25.10) > wX*@+ Y x> w.
veV U€EPoaa(V)

Proof. Directly with LP-duality from Corollary 25.1a. |

The constraints (25.6) determining the matching polytope in fact are to-
tally dual integral, as was shown by Cunningham and Marsh [1978]. This
implies that a stronger min-max relation holds than obtained by linear pro-
gramming duality from the matching polytope inequalities: if w is integer-
valued, then in Corollary 25.1b we can restrict y and z to integer vectors:

Theorem 25.2 (Cunningham-Marsh formula). In Corollary 25.1b, if w is
integer, we can take y and z integer. We can take z moreover such that the
collection {U € P,ua(V) | zv > 0} is laminar.®

Proof. We prove the theorem by induction on |E| + w(FE). If w(e) = 0 for
some e € E, we can delete e and apply induction. So we may assume that
w(e) > 1 for each e € E.

First assume that there exists a vertex u of G covered by every maximum-
weight matching. Let w’ := w —x°®). By induction, there exist integer y/, 2},
that are optimum with respect to w’. Now increasing y., by 1, gives y,, 2y as
required for w, since the maximum of w’(M) over all matchings M is strictly
less than the maximum of w(M) over all matchings M, as each maximum-
weight matching M contains an edge e incident with wu.

So we may assume that for each vertex v there exists a maximum-weight
matching missing v. Hence if y € RY and z € Ri“dd(v) satisfying (25.10)
attain the minimum of (25.9), then y = 0. (If y,, > 0, then each maximum-
weight matching covers u, by complementary slackness.)

Now choose z attaining the minimum (with y = 0) such that

(25.11) > wliul?

UePoaa(V)

is as large as possible. Let F := {U &€ Poqa(V) | zuv > 0}. Then F is laminar.
For suppose not. Let UW € F with UNW # @ and U € W & U. Then
|[UNW| is odd. To see this, choose v € U N W. Then there is a maximum-
weight matching M missing v. Since zy > 0, E[U] contains ||U|] edges in
M, and hence each vertex in U \ {v} is covered by an edge in M contained in
U. Similarly, each vertex in W\ {v} is covered by an edge in M contained in

9 A collection F of sets is called laminar if UNW =@ or U C W or W C U for all
UWwWedF.
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W. Hence each vertex in (UNW)\ {v} is covered by an edge in M contained
in UNW. So |[(UNW)\ {v}| is even, and hence |U N W] is odd.

Now let « := min{zy, 2w}, and decrease zy and zw by « and increase
zunw and zpuw by a. This resetting maintains (25.10), does not change
(25.9), but increases (25.11), contradicting our assumption.

This shows that F is laminar. Now suppose that z is not integer-valued,
and let U be an inclusionwise maximal set in F with zy & Z. Let Uy, . .., Uy be
the inclusionwise maximal sets in F properly contained in U (possibly k& = 0).
As F is laminar, the U; are disjoint. Let a := 2y — |27 ]. Then decreasing zy
by « and increasing each zy, by o would maintain (25.10) (by the integrality
of w), but would strictly decrease (25.9) (since S3F_, L21Us|] < [3|U[)). This
contradicts the minimality of (25.9). |

(This proof follows the method given by Schrijver and Seymour [1977]. Other
proofs were given by Hoffman and Oppenheim [1978], Schrijver [1983a,1983c]|,
and Cook [1985].)

Note that the Cunningham-Marsh formula has the Tutte-Berge formula
(Corollary 24.1) as special case. The previous theorem is equivalent to:

Corollary 25.2a. System (25.6) is totally dual integral.

Proof. This follows from Theorem 25.2. |

25.3a. Direct proof of the Cunningham-Marsh formula

We give a direct proof of the Cunningham-Marsh formula, as given in Schrijver
[1983a] (generalizing the proof of Lovasz [1979b] of Edmonds’ matching polytope
theorem). It does not use Edmonds’ matching polytope theorem, which rather fol-
lows as a consequence.

Let G = (V, E) be a graph. For each weight function w € Zf, let v, denote the
maximum weight of a matching. We must show that for each w € Zf there exist
y€ZY and z € ZE"‘“(V) such that

212 Yt Y iUl <w

veV U€Poaa(V)

and

(25.13) Z X + Z zox PV > w.
veV UePoaa (V)

Suppose that G and w contradict this, with |V|+|E|+w(E) as small as possible.
Then G is connected (otherwise one of the components of G will form a smaller
counterexample) and w(e) > 1 for each edge e (otherwise we can delete e). Now
there are two cases.

Case 1: There is a vertex u covered by every mazimum-weight matching. In this
case, let w' := w — x*™. Then v, = v, — 1. Since w'(F) < w(F), there are ' and
2’ satisfying (25.12) and (25.13) with respect to w’. Increasing y, by 1 gives y and
z satisfying (25.12) and (25.13) with respect to w.
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Case 2: No vertex is covered by every mazimum-weight matching. Now let w’
arise from w by decreasing all weights by 1. Let M be a matching with w’(M) = v,
and with |M| as large as possible.

Then M does not cover all vertices, as, otherwise, for any matching N of max-
imum w-weight not covering all vertices:

(25.14) W' (N) = w(N) — |N| > w(N) — |[M| > w(M) — |M| = w' (M) = vy,

contradicting the definition of v,,.
Suppose that M covers all but one vertex (in particular, |V| is odd). Then

(25.15) v > w(M) =w' (M) + M| = v, + | |V]].

Since w'(E) < w(E), there are y’ and 2’ satisfying (25.12) and (25.13) with respect
to w’. Increasing 2y, by 1 gives y and z satisfying (25.12) and (25.13) with respect
to w (by (25.15)), a contradiction.

So we know that M leaves at least two vertices in V uncovered. Let u and v be
not covered by M. We can assume that we have chosen M, u,v under the additional
condition that the distance d(u,v) of v and v in G is as small as possible. Then
d(u,v) > 1, since otherwise we could augment M by edge {u, v}, thereby increasing
|M| while not decreasing w’(M). Let ¢t be an internal vertex of a shortest u — v
path. Let N be a matching not covering ¢, with w(N) = v,,.

Let P be the component of M U N containing ¢. Then P forms a path starting
at ¢t and not covering both u and v (as t is not covered by N and w and v are
not covered by M). We can assume that P does not cover u. Now the symmetric
differences M’ := MAP and N’ := NAP are matchings again, and |M’'| < |M]| (as
M covers t), implying

(25.16) W (M) —w! (M) = w(M") — [M'| — w(M) + M| > w(M’) - w(M)
=w(N) —w(N’) = vy —w(N') > 0.
So w'(M') > w'( ) = v, and hence we have equality throughout. So w(M') =
(M') =

>
w(M), w' (M’ w'(M), and |M’| = |M|. However, M’ does not cover ¢ and u
while d(u, t) < d(u,v), contradicting our choice of M, u,v.

25.4. On the total dual integrality of the perfect
matching constraints

System (25.2) determining the perfect matching polytope is generally not
totally dual integral. Indeed, consider the complete graph G = K, on four
vertices, with w(e) := 1 for each edge e; then the maximum weight of a
perfect matching is 2, while the dual of optimizing w'z subject to (25.2) is
attained only by taking y({v}) = 1 for each vertex v.

However, consider the following system, again determining the perfect
matching polytope (by Corollary 25.1a):

(25.17) (i) x>0 for each e € E;
(i) z(d(v)) =1 for each v € V;
(iii) «(E[U]) < [3|U|] for each U C V with |U| odd.
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Corollary 25.2b. System (25.17) is totally dual integral.

Proof. Directly from Corollary 25.2a, with Theorem 5.25. |
This implies a result stated by Edmonds and Johnson [1970]:

Corollary 25.2c. The perfect matching inequalities (25.2) form a totally
dual half-integral system.

Proof. Let w € Z”, and minimize wTz subject to (25.2). As it is the same as
minimizing w'x subject to (25.17), by Corollary 25.2b there is an optimum
dual solution y € ZV, z € Zz:“dd(v). Since z(E[U]) < [$|U]] is half of the
sum of the inequalities z(d(v)) =1 (v € U) and —z(6(U)) < —1, we obtain
the total dual half-integrality of (25.2).

This can be strengthened to (Barahona and Cunningham [1989]):

Corollary 25.2d. If w € Z¥ and w(C) is even for each circuit C, then the
problem of minimizing w'x subject to (25.2) has an integer optimum dual
solution.

Proof. If w(C) is even for each circuit, there is a subset T' of V' with {e €
E | w(e) is odd} = §(T'). Now replace w by w := w + > cp x?®). Then
w(e) is an even integer for each edge e. Hence by Corollary 25.2c there is an

optimum dual solution § € Z", z € ZE"“(V) for the problem of minimizing
W' x subject to (25.2). Now setting v, := ¢, — 1 ifv € T and y, := g, ifv ¢ T
gives an integer optimum dual solution for w. |

25.5. Further results and notes

25.5a. Adjacency and diameter of the matching polytope

Balinski and Russakoff [1974] and Chvétal [1975a] characterized adjacency on the
matching polytope:

Theorem 25.3. Let M and N be distinct matchings in a graph G = (V, E). Then
XM and XN are adjacent vertices of the matching polytope if and only if MAN is
a path or circuit.

Proof. To see necessity, let x™ and x be adjacent. Let P be any nontrivial
component of MAN and let M’ := MAP and N’ := NAP. So M’ and N’ are
matchings again. Then

(25.18)  30M M) = 50 M.

As x™ and x" are adjacent, it follows that {M’, N’} = {M,N}. So M’ = N and
N’ = M, and therefore MAN = P.



Section 25.5a. Adjacency and diameter of the matching polytope 445

To see sufficiency, let P := MAN be a path or circuit. Suppose that x™ and
x~ are not adjacent. Then there exists a matching L # M, N that belongs to the
smallest face of the matching polytope containing z := %(XM +xV). As 2. = 0
for each edge e ¢ M U N and z. = 1 for each edge e € M N N, we know that
MNN CLC MUN. Moreover, z(§(v)) = 1 for each vertex v covered both by M
and by N. Hence each vertex v covered both by M and by N is covered by L. As
P is a path or a circuit, it follows that L. = M or L = N, a contradiction. |

This has as consequence for the diameter:

Corollary 25.3a. The diameter of the matching polytope of any graph G = (V, E)
is equal to the mazimum size v(G) of the matchings.

Proof. First, by Theorem 25.3, for any two matchings M and N, the distance
of x™ and x" is at most the number of nontrivial components of MAN. Since
each such component contains at least one edge and since these edges are pairwise
disjoint, this number is at most v(G). So the diameter is at most v(G).

Equality follows from the fact that ® and any matching M have distance |M]|.
This follows from the fact that if M and N are adjacent, then ||M|— |N|| <1 by
Theorem 25.3.

Another direct consequence concerns adjacency on the perfect matching poly-
tope:

Corollary 25.3b. Let M and N be perfect matchings in a graph G = (V, E). Then
XM and XN are adjacent vertices of the perfect matching polytope if and only if
MAN is a circuit.

Proof. Directly from Theorem 25.3. |
This in turn implies for the diameter of the perfect matching polytope:

Corollary 25.3c. The perfect matching polytope of a graph G = (V, E) has diam-
eter at most L|\V| (X|V] if G is simple).

Proof. For any two perfect matching M, N, the symmetric difference has at most
1|V| components (each being a circuit). Hence Corollary 25.3b implies that x*
and x" have distance at most %|V|

If G is simple the bounds can be sharpened to i|V\, as each even circuit has at
least four vertices. |

Padberg and Rao [1974] showed that if G is a complete graph with an even
number 2n of vertices, then Pyerfect matching(G) has diameter at most 2. (This can
be derived from Theorem 18.5, since any two perfect matchings belong to some
K, n-subgraph of G, which subgraph gives a face of Pperfect matching(G)-)
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25.5b. Facets of the matching polytope

Pulleyblank and Edmonds [1974] (cf. Pulleyblank [1973]) characterized which of
the inequalities (25.6) give a facet of the matching polytope:
Let G = (V, E) be a graph. Define
(25.19) I:={v eV |degs(v) > 3, or deg(v) = 2 and v is contained in no
triangle, or deg.(v) = 1 and the neighbour of v also has degree 1},
T ={U CV ‘ [U| > 3, G[U] is factor-critical and 2-vertex-
connected}.

(Recall that graph G is factor-critical if, for each vertex v of G, G — v has a perfect

matching.)
Consider the system
(25.20) (i) x>0 foreec E,

(i) z(0(w)) <1 for v € I,
(iii) «z(EU) < [4|U|) forUe€eT.

We first show:

Theorem 25.4. Fach inequality in (25.6) is a nonnegative integer combination of
inequalities (25.20).

Proof. First consider a vertex v & I. If deg,(v) = 1, let u be the neighbour of v.
Then v € I and

(25.21) z(6(v)) = z(6(u)) — Z Te.

e€d(u)—6(v)
If deg (v) = 2 and v is contained in a triangle G[U], then z(§(v)) = z(E[U]) — =,
where e is the edge in E[U] not incident with v.

Next consider a subset U of V with |U| odd and |U| > 3. We show that
z(E[U]) < [4|U]] is a sum of constraints (25.20), by induction on |U|. If U € T
we are done. So assume that U ¢ T. Let H := G[U]. If H is not factor-critical,
there is a vertex v such that H — v has no perfect matching. Let U’ = U \ {v}.
Then z(E[U']) < [3|U]] — 1 for the incidence vector z of any matching, and hence
also for each vector x in the matching polytope. By the total dual integrality of
the matching constraints (Corollary 25.2a), this constraint is a sum of constraints
(25.6), and hence, by induction, of constraints (25.20). So z(E[U]) < [$|U|] is a
sum of constraints (25.20), as E[U] C E[U']U4(v).

If H is factor-critical, it has a cut vertex v. Let Ki,..., K; be the components
of H—v and let U; := K; U {v} for each i. As H is factor-critical, each |U;| is odd.
Hence z(E[U]) < [3|U]] is a sum of the constraints z(E[U;]) < | 1|Us]. |

This implies that (25.20) is sufficient:

Corollary 25.4a. (25.20) determines the matching polytope.

Proof. Directly from Corollary 25.1a and Theorem 25.4. |

Another consequence is the result of Cunningham and Marsh [1978] that the
irredundant system still is totally dual integral:
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Corollary 25.4b. (25.20) is TDI.

Proof. Directly from Theorem 25.4, using the total dual integrality of system
(25.6).

(For a short proof of this result, see Cook [1985].)
Next we show that each inequality in (25.20) determines a facet. To this end,
we first show:

Lemma 25.5a. Let G = (V, E) be a 2-vertez-connected factor-critical graph and
let W be a proper subset of V. with |W| odd and > 3. Then G has a matching of
size | $|V|] containing less than | $|W|| edges in E[W].

Proof. Choose a vertex v € W that is adjacent to at least one vertex in V' \ W. If
v has no neighbour in W, choose uw € W \ {v} and let M be a perfect matching in
G — u. This matching has the required properties.

So we may assume that v has a neighbour in W. Make from G a graph G’, by
splitting v into two vertices v" and v”, where v’ is adjacent to all vertices in W
adjacent to v and where v” is adjacent to all vertices in V' \ W adjacent to v.

If G’ has a perfect matching M’, then deleting the edge in M’ covering v’,
and identifying v" and v”, gives a matching M in G with [M| = |[5|V|], but with
MO EW]| < [5]W]].

So we can assume that G’ has no perfect matching. Then by Tutte’s 1-factor
theorem, there is a subset U of VG’ such that G’ — U has more than |U| odd
components. Since the graph G’ U {v/v”'} has a perfect matching'® (as G is factor-
critical), we know that v’,v"” € U.

If U = (), G’ has an odd component, contradicting the fact that G’ is connected
(since G is 2-vertex-connected) and has an even number of vertices. So U # {.
Choose uw € U, and let M be a perfect matching in G — u. Then M yields a
matching M’ in G’ missing u and exactly one of v',v”. So G' U {uv'} or G' U {uv"'}
has a perfect matching, contradicting the fact that 4 € U and G’ — U has more
than |U| odd components. |

This lemma is used in proving:

Theorem 25.5. Each inequality in (25.20) determines a facet.

Proof. We clearly cannot delete any inequality x. > 0, since otherwise the vector
x defined by z. := —1 and z. := 0 for each ¢’ # e would be a solution. So it
determines a facet.

Consider next an inequality

(25.22) z(0(v)) <1

for some v € I. Let F be the set of vectors x in the matching polytope satisfying
z(6(v)) = 1. Suppose that F is not a facet. Then there is a facet F' with F' D F.
So F’ is determined by one of the inequalities (25.20).

10 By G’ U {uv} we denote the graph obtained from G’ by adding edge uv.
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If F' is determined by x. = 0 for some e € E, choose a matching M with e € M
and covering v (the existence of such a matching follows from the definition of I).
Then x™ € F\ F’, a contradiction.

If F' is determined by z(§(u)) = 1 for some u € I, then u # v (since F' # F)
and there is an edge e incident with u but not with v (since u,v € I). Hence for
matching M := {e} we have x™ € F'\ F’, a contradiction.

If F' is determined by z(E[U]) = [$|U|] for some U € T, then 6(u) C E[U]
and |1|U|] =1 (since x™ € F C F’ for M = {e}, for each e € §(v)). So |U| = 3.
Since F’ # F', U determines a triangle, contradicting the fact that v € I.

Finally consider an inequality

(25.23) z(E[U)) < |51U1]

for some U € T. Let F be the set of vectors x in the matching polytope satisfying
2(E[U]) = [3[U])-

Suppose that F is not a facet, and let F’ be a facet with F/ D F.

First assume that F’ is determined by x. = 0 for some e € E. If e is not spanned
by U, there is a v € U such that U \ {v} is not intersected by e. Let M be a perfect
matching of G[U] — v. Then xMY{¢} € F\ F', a contradiction. If e is spanned by
U, choose v € e and let M be a perfect matching of G[U] — v. Let f € M intersect
e, and define M’ := (M \ {f}) U {e}. Then x™' € F\ F’, a contradiction.

Next assume that F’ is determined by z(d(v)) = 1 for some v € I. Then, as G[U]
is factor-critical, there is a matching M with [MNE[U]| = [$|U|] and MN§(v) = 0.
So x™ € F\ F’, a contradiction.

Finally assume that F’ is determined by z(E[U']) = | 5|U’|] for some U’ € T.
If U/ ¢ U, there is a matching M with |[M N E[U]| = | |U|| missing at least two
vertices in U’ and hence [M NE[U’]| < |3|U’|]. Then x* € F\ F’, a contradiction.

So U’ C U. By Lemma 25.5¢, G[U] has a matching M of size | |U|| such that
less than [2|U’|] edges in M are spanned by U’. Then x™ € F\ F’, a contradiction.

(This proof is due to L. Lovész (cf. Cornuéjols and Pulleyblank [1982]). For another
proof, see Cook [1985]. See also Giles [1978b].)

Edmonds, Lovész, and Pulleyblank [1982] gave an irredundant system of linear
inequalities describing the perfect matching polytope. More on the combinatorial
structure of the (perfect) matching polytope is given by Naddef and Pulleyblank
[1981a].

25.5c. Polynomial-time solvability with the ellipsoid method

In Chapter 26 we shall describe Edmonds’ strongly polynomial-time algorithm for
the weighted matching problem. This algorithm gives as a by-product the inequal-
ities describing the perfect matching polytope, as we shall see in Section 26.3b.

It turns out that conversely one can derive the strong polynomial-time solvabil-
ity of the weighted matching problem from the description of the perfect matching
polytope (albeit that the method is impractical).

Indeed, the weighted perfect matching problem is equivalent to the optimization
problem over the perfect matching polytope. So, by the ellipsoid method, there
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exists a polynomial-time weighted perfect matching algorithm if and only if there
exists a polynomial-time separation algorithm for the perfect matching polytope.

Such a polynomial-time algorithm indeed exists (and would follow conversely
also with the ellipsoid method from the polynomial-time solvability of the weighted
matching problem). A direct proof was given by Padberg and Rao [1982], and is as
follows.

The separation problem for the perfect matching polytope is: given a graph
G = (V,E) and a vector € R¥, decide if = belongs to the perfect matching
polytope, and if not, find a separating hyperplane. To answer this question we
can first check the constraints (25.2)(i)(ii) in polynomial time. If one of them is
violated, it gives a separating hyperplane. If each of them is satisfied, we should
check if z(6(U)) < 1 for some odd subset U of V. Considering z as a capacity
function, we should find an odd cut of capacity less than 1. Here an odd cut is a
cut 6(U) with |U| odd.

Such a cut can be found in strongly polynomial time. For a graph G = (V, E)
and a tree T' = (V, F), a fundamental cut determined by T is a cut dg(Wy), where
f € F and Wy is one of the components of T' — f. Then:

Theorem 25.6. Let G = (V, E) be a graph with |V| even, let ¢ € RY be a capacity
function, and let T = (V, F) be a Gomory-Hu tree for G and c. Then one of the
fundamental cuts determined by T is a minimum-capacity odd cut in G.

Proof. For each f € F, choose W} as one of the two components of T'— f. Let d¢ (U)
be a minimum-capacity odd cut of G. Then U or V \ U is equal to the symmetric
difference of the Wy over f € §r(U). Hence |Wy| is odd for at least one f € 0r(U).
So 6q(Wy) is an odd cut. Let f = wv. As dg(Wy) is a minimum-capacity u — v
cut and as 6g(U) is a u — v cut, we have c¢(dag(Wy)) < ¢(da(U)). So da(Wy) is a
minimum-capacity odd cut.

This gives algorithmically:

Corollary 25.6a. A minimum-capacity odd cut can be found in strongly polynomial
time.

Proof. This follows from Theorem 25.6, since a Gomory-Hu tree can be found in
strongly polynomial time, by Corollary 15.15a. |

As the separation problem for the perfect matching polytope can be reduced to
finding a minimum-capacity odd cut, this implies:

Corollary 25.6b. The separation problem for the perfect matching polytope can be
solved in strongly polynomial time.

Proof. See above. I

Corollary 25.6c. A minimum-weight perfect matching can be found in strongly
polynomial time.

Proof. This follows from Corollary 25.6b, with Theorem 5.11. |
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25.5d. The matchable set polytope

Let G = (V, E) be a graph. A subset U of V is called matchable if the graph G[U]
has a perfect matching. The matchable set polytope of G is the convex hull (in RY)
of the incidence vectors of matchable sets.

Balas and Pulleyblank [1989] characterized the matchable set polytope as fol-
lows (where N(U) is the set of neighbours of U and o(G[U]) is the number of odd
components of G[U]):

Theorem 25.7. The matchable set polytope of a graph G = (V, E) is determined
by:
(25.24) (i) 0<z,<1 forv eV,

(ii)) z(U)—=z(NU)) <|U|-0o(G[U]) forUCV.

Proof. Each vector in the matchable set polytope of G satisfies (25.24), since the
incidence vector of any matchable set satisfies (25.24), since if any odd component
K of G[U] is covered by a matching M, then M has an edge connecting K and
N(U).

To see the reverse, choose a counterexample with |V| + |E| minimal, and let =
be a vertex of the polytope determined by (25.24) that is not in the matchable set
polytope.

Then z, > 0 for each vertex v, since otherwise we can obtain a smaller coun-
terexample by deleting v. Moreover, there exists at least one vertex v with =, < 1,
since otherwise = x", while V is matchable (as follows from Tutte’s theorem,
using (25.24)(ii)).

Hence, since z is a vertex of the polytope determined by (25.24), at least one
constraint in (25.24)(ii) is attained with equality for some U with o(G[U]) > 1 (for
any other U, (ii) follows from (i)).

Choose such a U with U inclusionwise minimal. Let I be the collection of
components of G[U]. Then

(25.25) G[K] is factor-critical for each K € K.
Otherwise, if K is even, then
(2526)  a(U\ K) - a(N(U\ K)) > a(U) — 2(K) — (N(U))
2 2(U) — |K| = 2(N(U)) = [U| = o(G[U]) - |K]
=[U\ K[ - o(G[U\ K]),
contradicting the minimality of U.
So K is odd. If G[K] is not factor-critical, then by Tutte’s 1-factor theorem, K
has a nonempty subset C' with o(G[K] — C) > |C| + 1. Then

(25.27) 2(U\C) —z(NU\C)) 2 z(U) - 22(C) —2(N(U))
= |U] = o(G[U]) = 22(C) = |U] = o(G[U]) —2|C]
=|U\C|=o(G[U]) = |C = [U\ C| = o(G[U]) — o(GIK \ C]) +1
=|U\C[ = o(GU\C]).
So we have equality by (25.24)(ii), contradicting the minimality of U. This shows
(25.25).
Let S:=UUN(U). Let G’ := G — S and let 2’ be the restriction of = to V'\ S.
Then z’ satisfies (25.24) with respect to G’. Indeed, (i) is trivial. To see (ii), choose
a subset U C V' \ S. Then (since no edge connects U and U’):
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(25.28) @' (U )—w'(NG'(U')) =a(U') = z(N(U")\ S)
=z(UUU’) —z(N(UUU") — (2(U) - z(N(U)))
<UL+ U] = o(GIU U U']) = (U] = o(GIU])) = |U'| = o(G'[U")),

as required.

Hence, by the minimality of G, 2’ belongs to the matchable set polytope of G’.
Hence we are done if we have shown that the restriction of z to G[S] belongs to
the matchable set polytope of G.

Let H be the bipartite graph obtained from G[S] by deleting all edges spanned
by N(U) and by contracting each K € K to one vertex, ux say. Define y on the
vertices of H by: y(v) := z(v) if v € N(U) and y(ux) := «(K) — |K|+1 for K € K.

Then y belongs to the matchable set polytope of H. To see this, we apply
Theorem 21.30. Trivially 0 < y(v) < 1 for each v € N(U). Moreover, y(ux) > 0 for
each K € K, since otherwise z(K) < |K| — 1 implying
(25.29) 2(U\K)—z(NU\K)) >z(U) —z(K) —z(NU))

= U] = o(G[U]) = z(K) > |U| = o(G[U]) — |K[ + 1
=|U\K| = o(GU\ K]),
contradicting (25.24)(ii). The inequality y(ux) < 1 follows from the fact that

2(K) < |K]|.
Now
(2530) Y ylux) =a(U) — U]+ K| =2(N(U) = 3 y(v).
KeK veN(U)

This implies, by Theorem 21.30, that if y is not in the matchable set polytope of
H, then there exists a subcollection £ of I with

(25.31)  y(NU") < Y ylux),

Kec
’ Pp—
w U’ . However, 24) w
here = |J L. However, by (25.24) we have

(25.32) Do yuk) =Y (@(K) = |K|+1) = 2(U") - [U| +|£]

KeLl KeLl

=a(U) = U+ o(G[U']) < o(N(U")) = y(N(U")).

So y belongs to the matchable set polytope of H. Assuming that the restriction

of z to S does not belong to the matchable set polytope of G[S], there exists a
vector w € RY with w'z > w(Y) for each matchable set Y of G[S] and with
w(v) = 0if v ¢ S. For each K € K, let vk € K minimize w(v) over K. Define
w’ on the vertices of H by: w'(v) := w(v) for v € N(U) and w'(uk) := w(vk) for
K € K. Since y belongs to the matchable set polytope of H, H has a matchable
set Y satisfying w’(Y’) > w'"y. Let Y be the union of Y, of all K with ux € Y,
and of all K \ {vk}. Since each G[K] is factor-critical, Y is matchable. Moreover,

(25.33)  w(Y) )+ D wE N\ {ox}) > w' Ty + Y w(E \ {v})

Kek Kek

= > wz() + Y wex)@(K) — K|+ 1)+ Y w(k \ {vx})

vEN(U) Kek Kek

> 3w+ 3 3 () - wlvk) + wlvr)e(v))

vEN(U) KeK veK

> Z w(v)z(v) + Z Z wv)z(v) =w'z

veEN(U) KekKveK
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(the last inequality follows from (w(v) — w(vk))(1 — z(v)) > 0), contradicting our
assumption.

Cunningham and Green-Krétki [1994] gave a combinatorial, polynomial-time
separation algorithm for the matchable set polytope that implies a proof of Theo-
rem 25.7. A combinatorial, strongly polynomial-time algorithm was given by Cun-
ningham and Geelen [1996,1997]. Qi [1987] characterized adjacency of vertices on
the matchable set polytope. Related work can be found in Barahona and Mahjoub
[1994a].

25.5e. Further notes

We postpone a discussion of the dimension of the perfect matching polytope to
Chapter 37.

Note that Edmonds’ matching polytope theorem gives the linear inequalities
determining the convex hull of all symmetric permutation matrices.

Hoffman and Oppenheim [1978] showed that for each graph G = (V, F) and for
each vertex z of the matching polytope of G, there exist |E| linearly independent
constraints among (25.6) satisfied by z with equality and yielding a matrix of
determinant £1. This also implies the total dual integrality of the constraints (25.6).

Unlike in the bipartite case, the convex hull of incidence vectors of edge sets
containing a perfect matching is not determined by linear inequalities with 0,1
coefficients (in the left-hand side), as was shown by Cunningham and Green-Kroétki
[1986]. They showed that for each integer n > 0 there exists a graph G = (V, E) with
|V| = 2n+4 such that the convex hull of the incidence vectors of supersets of perfect
matchings has facet-inducing inequalities with coefficient set {0, 1,...,n}. They also
showed that for odd n a similar result holds for subsets of perfect matchings. So
the polyhedra Pgerfect matching(G) and P;erfect mMChing(G) are not determined by
0, 1 inequalities.

Naddef and Pulleyblank [1981b] observed that Edmonds’ perfect matching poly-
tope theorem implies that any (k — 1)-edge connected k-regular graph G = (V, E)
with an even number of vertices, is matching-covered. (This can be seen by showing
that the all—% vector in R” belongs to the perfect matching polytope.)

Rispoli [1992] noticed that the ‘monotonic diameter’ of the perfect matching
polytope of K, is equal to | §]. So for any weight function w there is a polytopal
path with monotonically increasing w'z and leading from any vertex to a vertex
maximizing w'z, of length at most | 2].



Chapter 26

Weighted nonbipartite matching
algorithmically

In the previous chapter we gave good characterizations for the maximum-
weight matching problem. In the present chapter we go over to the algo-
rithmic side, and describe Edmonds’ strongly polynomial-time algorithm
for finding a minimum-weight perfect matching in any graph. It implies a
strongly polynomial-time algorithm for finding a maximum-weight match-
ing.

In this chapter, graphs can be assumed to be simple.

26.1. Introduction and preliminaries

As an extension of the cardinality matching algorithm, Edmonds [1965b]
proved that also a maximum-weight matching can be found in strongly poly-
nomial time. Equivalently, a minimum-weight perfect matching can be found
in strongly polynomial time.

Like the cardinality matching algorithm, the weighted matching algorithm
is based on shrinking sets of vertices. Unlike the cardinality matching algo-
rithm however, for weighted matchings one has, at times, to ‘deshrink’ sets
of vertices (the reverse operation of shrinking). For this purpose we have to
keep track of the shrinking history throughout the iterations.

Let G = (V, E) be a graph and let w € QF be a weight function. We de-
scribe a strongly polynomial-time algorithm to find a minimum-weight perfect
matching in G. We can assume that G has at least one perfect matching and
that w > 0.

The algorithm is ‘primal-dual’. The ‘vehicle’ carrying us to a minimum-
weight perfect matching is a pair of a laminar'® collection 2 of odd-size
subsets of V' and a function 7 : 2 — Q satisfying:

(26.1) (i) «U)>0 if U € 2 and |U| > 3,
(ii) Z m(U) <w(e) foreachec E.
Uen
e e 3(U)

11 A collection £2 of sets is called laminar if UNW =@ or U C W or W C U for any
U W € 0.
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Condition (26.1) implies

(26.2) w(M) > Y =(U)

ve?

for each perfect matching M in G, since

(26.3) wM)=> wle)=> > wU)=> wU)MnsU)

ee M eEM U e ves?

e € d(U)
> Z w(U).

ven

Hence M is a minimum-weight perfect matching if equality holds throughout
in (26.3).

Notation. Let be given {2 and 7 : {2 — Q. Define for any edge e:

(26.4) wr(e) =wle)— Y (V).

Uen

e € d(U)
So (26.1)(ii) says that w,(e) > 0 for each e € E. Let E, denote the set of
edges e with w,(e) =0, and let G, = (V, Ey).

Throughout the algorithm we will have that {v} € 2 for each v € V.
Hence, as {2 is laminar, the collection 2™#* of inclusionwise maximal sets in
{2 is a partition of V.

By G’ we denote the graph obtained from G, by shrinking all sets in
Qmax:

(26.5) G = Gy )™

(So G’ depends on 2 and 7.) The vertex set of G’ is 2™** with two distinct
elements U, U’ € 2™ adjacent if and only if G, has an edge connecting U
and U’. We denote any edge of G’ by the original edge in G.

Finally, for U € {2 with |U| > 3, we denote by Hy the graph obtained
from G,[U] by contracting each inclusionwise maximal proper subset of U
that belongs to f2.

26.2. Weighted matching algorithm

We keep a laminar collection {2 of odd-size subsets of V', a function 7 : {2 — Q
satisfying (26.1), a matching M in G’, and for each U € 2 with |U| > 3, a
Hamiltonian circuit Cy in Hy. We assume that G is simple and has at least
one perfect matching.

Initially, we set 2 := {{v} | v € V}}, 7({v}) := 0 for each v € V, and
M := (). The iteration is as follows. Let X be the set of vertices of G’ missed
by M. (In the algorithm, ‘positive length’ means: having at least one edge.)
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(26.6) Case 1: G’ has an M-alternating X — X walk of positive
length. Choose a shortest such walk P. If P is a path, it is
an M-augmenting path in G’. Reset M := MAEP (matching
augmentation) and iterate.

If P is not a path, it contains an M-flower (Theorem 24.3). Let
C be the circuit in it. Add U := JVC to 2 (shrinking), set
m(U):=0, M := M\ EC, and Cy := C, and iterate.

Case 2: G’ has no M-alternating X — X walk of positive
length. Let S be the set of vertices U of G’ for which G’ has
an odd-length M-alternating X — U walk and let 7 be the set of
vertices U of G’ for which G’ has an even-length M-alternating
X — U walk. Reset n(U) := 7(U)+a if U € T and #n(U) :=
m(U) —«a if U € S, where « is the largest value maintaining
(26.1). If after this resetting m#(U) = 0 for some U € S with
|U| > 3, delete U from {2 (deshrinking), extend M by the perfect
matching of Cy — v, where v is the vertex of Cy covered by M,
and iterate.

In Case 2, « is bounded, since |T| > |S| if M is not perfect and since by
(26.3), > e m(U) is bounded (as there exists at least one perfect matching
by assumption).

The iterations stop if M is a perfect matching in G’, and then we are
done: using the Cy we can expand M to a perfect matching NV in G with
wy(N) = 0 and [N N§U)| = 1 for each U € 2. Then N has equality
throughout in (26.3), and hence it is a minimum-weight perfect matching.

As for estimating the number of iterations, it is good to observe that the
laminarity of {2 implies (cf. Theorem 3.5)

(26.7) 2] <2|V|,
assuming V # ().

Theorem 26.1. There are at most 2|V |? iterations.

Proof. There are at most %|V| matching augmentations, since at each match-
ing augmentation the size of X decreases by 2, and remains unchanged in
any other iteration.

The further proof is based on the following observation:

(26.8) Any set U added to §2 (‘shrinking’) will not be removed from (2
(‘deshrinking’) before the next matching augmentation.

Indeed, after shrinking U, there exists an even-length M-alternating X — U
path. Until the next matching augmentation, this remains the case, or U is
swallowed by a larger set that is shrunk. So U is not in S before the next
matching augmentation, proving (26.8).

Consider any sequence of iterations between two consecutive matching
augmentations. By (26.8), the number of deshrinkings is not more than the
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size of 2 at the start of the sequence. Similarly by (26.8), the number of
shrinkings is not more than the size of 2 at the end of the sequence. So, by
(26.7), both the number of shrinkings and the number of deshrinkings are at
most 2|V|.

If in Case 2 we do not deshrink, then there is an edge e connecting a
vertex U € T with a vertex W € S of G’ for which w,(e) has decreased to 0.
If W & T, then after resetting m, W € S, and hence the number of vertices
of G’ not in SU T decreases. If W € T, then, in the next iteration, Case 1
applies. So the number of Case 2 iterations in which we do not deshrink is at
most |V|. This proves the theorem. |

This gives the theorem of Edmonds [1965b]:

Corollary 26.1a. A minimum-weight perfect matching can be found in time

O(n?m).

Proof. By Theorem 26.1, since each iteration can be performed in time O(m).

This implies that also a maximum-weight matching can be found in time

O(n®*m):

Corollary 26.1b. A mazimum-weight matching can be found in time O(n*m).

Proof. Let G = (V,E) be a graph with weight function w € QF. Extend
G as follows. Make copies G’ and w’ of G and w. Connect each v € V to
its copy in V', by an edge of weight 0. Let M be a maximum-weight perfect
matching in the extended graph. The restriction of M to the original edges
is a maximum-weight matching in G. |

Notes. In fact, a bound of 2|V| can be shown in (26.7) (as the size of any set in
2 is odd), implying a bound of |V|? on the number of iterations in Theorem 26.1.

26.2a. An O(n®) algorithm

In the above description, we estimated the time required for any iteration by O(m).
This leaves time to find the walk in each iteration just from scratch, and to construct
the graph G’ = G /{2 from scratch, after any shrinking or deshrinking step.

Like in the cardinality case, we can speed this up (i) by using the result of the
previous walk-search in the next walk-search, and (ii) by constructing the graph
G’ only in an implicit way. In this way we can reduce the time per iteration from
O(m) to O(n) on average, leading to an overall time bound of O(n?).

Again we use M-alternating forests to reach this goal. Thus, next to £2, w, M,
and the Cy, we keep an M-alternating forest F in G’ := G /2™,



Section 26.2a. An O(n®) algorithm 457

We do not keep the graph G’. Instead, we keep for each pair Y, Z of disjoint
sets in {2 an edge ey z of G connecting Y and Z and minimizing w(ey z). We take
ey z void if no such edge exists. We keep the ey z as lists: for each Y € 2 we have
a list containing the ey z.

Moreover, for each Y € (2 we keep an edge ey with ey = eyz for some Z €
even(F) and with wx(eyz) minimal. Again, if no such ey z exists, ey is void.

Finally, for each v € V' we keep

(26.9) p():= > w(U).

Uen
cevU

Initially, we set 2 := {{v} | v € V}, m({v}) := 0 and p(v) := 0 for each v € V,
and M := 0, F := (. The eyz and ey are easily set.
Next we apply the following iteratively:

(26.10) Reset 7(U) := 7(U) — a for U € odd(F) and n(U) := w(U) + « for
U € even(F), where « is the largest value maintaining (26.1). Update p
accordingly. After that, at least one of the following three cases applies.
Case 1: wx(ey) = 0 for some U € free(F). Extend F by ey and
update the ey (forest augmentation).

Case 2: wr(ey) = 0 for some U € even(F'). Let ey connect
vertices U and W in even(F). Let P and @ be the X — U and the
X — W path in (£27% F'), respectively.

Case 2a: Paths P and Q are disjoint. Then P and @ form with
ey an M-augmenting path, yielding a matching M’ in G’ with |[M'| =
IM| + 1. Reset M := M', F := M’', and update the ey (matching
augmentation).

Case 2b: Paths P and Q intersect. Then they contain (with ey)
an M-blossom B. Let T be the union of the sets (in 27%) forming
the vertices of B. Add T to 2, setting Cr := B and 7(T') := 0. Reset
F:= F\ EB and M \ EB, and update the eyz and ey (shrinking).
Case 3: w(U) = 0 for some U € odd(F) with |U| > 3. Let v
be the vertex in Cy covered by an edge in M and let u be the vertex
in Cy covered by an edge in F'\ M. Let P be the even-length u — v
path in Cy and let N be the matching in Cyy — v. Delete U from {2,
reset F':= FUEPUN and M := M U N, and update the ey z and ey
(deshrinking).

(In updating F' and M, we update them as graphs on 2™%.)

The number of iterations between any two matching augmentations is at most
|V'|, as may be proved similarly to the proof of Theorem 26.1 (replacing S by odd(F’)
and T by even(F)).

In the iteration (26.10), we can find the value o in O(n) time, as it is the
minimum of wx(ev) over U € free(F), of 2wx(ev) over U € even(F), and of 7(U)
over U € odd(F) with |U| > 3. So we can update 7 and p in O(n) time. Also F
and M can be updated in O(n) time (as they have O(n) edges).

Note that each time we need the value of wx(e) for some edge e (when deter-
mining a or the eyz and ey ), then e connects two disjoint sets in 2%, and hence
wr(e) = w(e) — p(u) — p(v). Note also that the resetting of 7 on 2™** changes no
eyz and ey.
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In Case 1, 2, m, p, and the eyz are unchanged. The set U € ™% is moved
from free(F) to odd(F), and a set W € 2™ (the mate of U in M) is moved from
free(F') to even(F'). To update the ey, it suffices to scan the list of the ew z. This
can be done in O(n) time.

In Case 2a, {2, 7, p, and the eyz are unchanged. Since (in the new situation)
F = M, we delete from even(F') and odd(F) all sets in 2™** covered by M. We
can find the ey by scanning all ey z. We have O(n?) time for this, since there are
only £|V| matching augmentations.

In Case 2b, set T is inserted into 2™ and into even(F'), and the sets in VB
are removed from even(F') and odd(F'). We need to find the erz, which can be done
by scanning the ey z for each Y € V B. At the same time, the ez can be updated.
This can be done in O(|V B|n) time.

In Case 3, set U is removed from 2™* and from odd(F’), and the sets in VCy
become members of 27* and are inserted into even(F) or odd(F’). This modifies
no eyz (except that all eyz disappear). By scanning the ey z for each Y € Vv,
we can update the ez. This can be done in O(]VCy|n) time.

Now, between any two matching augmentations, the sum of the |V Cy| over the
U added or removed is O(n), since any set added will not be removed before the next
matching augmentation (cf. (26.8)). So between any two matching augmentations,
the iterations can be done in O(n?) time.

This gives the result of Gabow [1973] and Lawler [1976b]:

Theorem 26.2. A minimum-weight perfect matching can be found in O(n®) time.
Proof. See above. |

Several ingredients in this method can be implemented so as to require only
O(m) time between any two matching augmentations. However, reducing the time

needed to administer {2 requires additional data structure — see the references in
Section 26.3a.

26.3. Further results and notes

26.3a. Complexity survey for weighted nonbipartite matching

Complexity survey for weighted nonbipartite matching (x indicates an asymptoti-
cally best bound in the table):

O(n*) Edmonds [1965b]
O(n?) Gabow [1973], Lawler [1976b]

Galil, Micali, and Gabow [1982,
1986] (cf. Ball and Derigs [1983])

Gabow, Galil, and Spencer [1984,
1989

O(n**mlog W) Gabow [1985a,1985b]

O(nmlogn)

O(n(mlogloglog,,,, n + nlogn))

>
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continued
* O(n(m + nlogn)) Gabow [1990]
* O(mlog(nW)/na(m,n)logn) Gabow and Tarjan [1991]

Here W is the maximum absolute value of the weights, assuming they are integer.

Cunningham and Marsh [1978] gave a primal algorithm for weighted nonbipar-
tite matching that takes O(n*m) time (where, throughout the algorithm, there is a
perfect matching at hand, the weight of which is improved iteratively). They state
that it can be improved to O(n®). Derigs [1981] gave a shortest augmenting path
method of running time O(n?). In Derigs [1988b] an O(min{n® nmlogn}) algo-
rithm is given based on successive improvement of a perfect matching by choosing
an improving alternating circuit.

26.3b. Derivation of the matching polytope characterization from
the algorithm

Edmonds’ weighted matching algorithm directly yields the description of the perfect
matching polytope. Indeed, one can derive from Edmonds’ algorithm the following.
Let G = (V, E) be a graph and let w € QF be a weight function. Then:

(26.11) the minimum weight of a perfect matching is equal to the maxi-
mum value of > p o m(U) where m ranges over all functions
7 Poaa(V) — Q satisfying (26.1),

where Pyqq(V) denotes the collection of odd-size subsets of V.

To see this, we may assume that w is nonnegative: if p is the minimum value of
w(e) over all edges e, decreasing each w(e) by u decreases both the maximum and
the minimum by $|V|u.

That the minimum is not smaller than the maximum follows from (26.3). Equal-
ity follows from the fact that in the algorithm the final perfect matching and the
final function 7 have equality throughout in (26.1). This shows (26.11).

It implies Edmonds’ perfect matching polytope theorem: the perfect matching
polytope of any graph G = (V,E) is determined by (25.2). Indeed, by (weak)
LP-duality, for any weight function w € QF, the minimum weight of a perfect
matching is equal to the minimum of w'z taken over the polytope determined by
(25.2). Hence the two polytopes coincide.

26.3c. Further notes

Weber [1981] and Derigs [1985a] analyzed the sensitivity of minimum-weight perfect
matchings to changing edge weights. White [1974] studied the maximum weight of
a matching of size k, as a function of k.

An outstanding open problem is to formulate the weighted matching problem
as a linear programming problem of size polynomial in the size of the graph, by
extending the set of variables. That is, is the matching polytope of a graph G =
(V, E) equal to the projection of some polytope {z | Az < b} with A and b having
size polynomial in |V| + |E|?
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Yannakakis [1988,1991] showed that this is not possible in a symmetric fashion.
(That is, for G = K, there is not a system Az < b which is invariant under each
permutation of the vertex set.) For further partial results, see Yannakakis [1988,
1991], Gerards [1991], and Barahona [1993a,1993b].

Gabow, Kaplan, and Tarjan [1999,2001] gave fast algorithms to test uniqueness
of a minimum-weight perfect matching.

For heuristics and fast approximation methods for the weighted matching prob-
lem if the weight function satisfies the triangle inequality (including matching points
in Euclidean space), see Papadimitriou [1977b], Avis [1978,1981,1983], Supowit,
Plaisted, and Reingold [1980], Iri, Murota, and Matsui [1981,1983], Reingold
and Tarjan [1981], Bartholdi and Platzman [1983], Reingold and Supowit [1983],
Supowit and Reingold [1983], Supowit, Reingold, and Plaisted [1983], Plaisted
[1984], Grigoriadis and Kalantari [1986,1988], Grigoriadis, Kalantari, and Lai [1986],
Imai [1986], Weber and Liebling [1986], Avis, Davis, and Steele [1988], Vaidya [1988,
1989a,1989b], Kalyanasundaram and Pruhs [1991,1993], Marcotte and Suri [1991],
Goemans and Williamson [1992,1995a], Osiakwan and Akl [1994], Williamson and
Goemans [1994], Jiinger and Pulleyblank [1995], Arora [1997,1998], Varadarajan
[1998], and Varadarajan and Agarwal [1999].

For studies of implementing weighted matching algorithms, see Cunningham
and Marsh [1978], Burkard and Derigs [1980], Derigs [1981,1986a,1986b,1988b],
Lessard, Rousseau, and Minoux [1989], Derigs and Metz [1991], Applegate and
Cook [1993], and Cook and Rohe [1999].

Grotschel and Holland [1985] report on implementing a cutting plane algo-
rithm for the weighted matching problem based on the simplex method (cf. Derigs
and Metz [1991]). For an alternative approach, see Lessard, Rousseau, and Mi-
noux [1989]. Derigs and Metz [1986b] showed how solving the matching problem
fractionally can help in finding a shortest augmenting path.

Megiddo and Tamir [1978] gave an O(nlogn) algorithm to find a maximum-
weight matching in a graph G = (V, E), if each weight w(uv) is equal to a(u) +b(v)
for u < v, where the vertices are ordered by < and where a,b: V — Q.

For weighted matching problems with side constraints, see Ball, Derigs, Hil-
brand, and Metz [1990].

For a survey on weighted matching algorithms, see Galil [1983,1986a,1986b].
Books covering weighted nonbipartite matching algorithms include Christofides
[1975], Lawler [1976b], Minieka [1978], Papadimitriou and Steiglitz [1982], Gondran
and Minoux [1984], Derigs [1988a], Nemhauser and Wolsey [1988], Cook, Cunning-
ham, Pulleyblank, and Schrijver [1998], Jungnickel [1999], and Korte and Vygen
[2000].



Chapter 27

Nonbipartite edge cover

Edge cover is closely related to matching, through a construction described
by Gallai. In this chapter we derive basic results on edge covers (min-max
relation, polyhedral characterization, strongly polynomial-time algorithm)
from the results on matchings given in the previous chapters.

In this chapter, graphs can be assumed to be loopless.

27.1. Minimum-size edge cover

With Gallai’s theorem, the Tutte-Berge formula implies a formula for the edge
cover number p(G) (where o(G[U]) denotes the number of odd components
of G[U]):

Theorem 27.1. Let G = (V, E) be a graph without isolated vertices. Then
_ U]+ o(G[U])

(27.1) p(G) = max 5 .

Proof. By Gallai’s theorem (Theorem 19.1) and the Tutte-Berge formula

(Theorem 24.1),

(27.2) p(G) = V| = v(G) = |V| — min [V|+|U| - o(G-TU)

UcCv 2
a0+ oG],
UCV 2

This min-max relation is equivalent to: p(G) is equal to the maximum
value of

(27.3) > T3V,
Ueu
where U is a collection of disjoint odd subsets of V' such that no edge of G
connects two distinct sets in U.
By the method of Gallai’s theorem, one can derive a minimum-size edge
cover from a maximum-size matching M, just by adding for each vertex v
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missed by M, an arbitrary edge incident with v. Hence a minimum-size edge
cover can be found in polynomial time.

One can reduce the problem of finding a minimum-weight edge cover to
that of finding a minimum-weight perfect matching, as described in Section
19.3. It gives the following result of Edmonds and Johnson [1970]:

Theorem 27.2. A minimum-weight edge cover can be found in O(n3) time.

Proof. From Corollary 26.1b, with the method of Section 19.3. |

27.2. The edge cover polytope and total dual integrality

The edge cover polytope of a graph G = (V, E) is the convex hull of the
incidence vectors of edge covers. We will show that the edge cover polytope
is determined by

(27.4) (i) 0<z.<1 for each e € E,
(i) «z(EUJUsU)) > [3|U[] for each U C V with |U| odd,

and moreover, that this system is totally dual integral. The latter statement
will be derived from the Cunningham-Marsh formula (Theorem 25.2), and is
equivalent to:

Theorem 27.3. Let G = (V, E) be a graph without isolated vertices and let
w € Zf be a weight function. Then the minimum weight of an edge cover is
equal to the mazximum value of

(27.5) > zl3lul,

UePoaa(V)
where zy € Zy for each U € Poga(V) such that
(27.6) Z 2ux PUIW) < oy,
U€Poaa(V)

Proof. We first show:

(27.7) in the Cunningham-Marsh formula one can assume that for each

v € V there is an edge e € §(v) with y, + Z zu < w(e).
Usv

Indeed, by Theorem 25.2 we can take y, z such that F := {U | zy > 0} is
laminar. Now choose v € V. Suppose that v, + > 5, 2v > w(e) for each
edge e € §(v). If no set in F covers v, then reducing y, by 1 would maintain
the conditions, contradicting the fact that y,z attain the minimum in the
Cunningham-Marsh formula.

So some T € F covers v. Choose an inclusionwise minimal set T € F
covering v. As F is laminar, U DO T for each U € F containing v. Then for
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each edge e = uv with v € e C T one has for each U € F: if v € U, then
e C U. So for each such edge e = uv,

(278)  wutyet ) w2yt ) v > wle).
UDe Usv

Hence, if we choose s € T'\ {v}, then decreasing zr by 1 and increasing ys
and 27\ (4,5} by 1, gives again an optimum solution. Iterating this for all v,
gives a solution as in (27.7).

We next show the theorem. For each vertex v, let e, be an edge incident
with v of minimum weight and let p(v) := w(e,). For each edge e = uwv,
define w'(e) := p(u) + p(v) — w(e).

By the Cunningham-Marsh formula, there exists a matching M and y, €
Zy (veV)and z; € Zy (U € Poaa(V)) such that

(27.9) () Yu + Yo + Z 2y > w'(e) for each edge e = uv;

UDe
(i) (M) =>"y+ Y, zl5lUl)
veV UE'Podd(V)

We may assume that z;; = 0 if |[U| = 1. By (27.7) we may assume that for
each v € V:

(27.10) Yo + Z 2 <w'(e)
T>v

for some edge e incident with v.
Let F' be the edge cover obtained from M by adding the edge e, for each
vertex v missed by M. For each U € Pyqq(V), define:

) =y = s, 2y iU = {u},
(27.11) 2y = { 0 i U] > 3
Clearly zy > 0if |[U| > 3. If U = {v}, then let e = uv € §(v) satisfy satisfying
(27.10). Hence
(27.12) 2y = pl0) — g0 — 3 2 2 u(v) — w'(€) = w(e) — u(u) > 0.
T>v

So z is nonnegative.
Now for each edge e = uv one has:

Une#0 Une#0
=) = ygu = Y )~y = D+ Y
Usu Usv Une#0
= p(u) + p(v) = yu —yo — Y, 21 < plu) + p(v) — w'(e)
UDe
= w(e).

Moreover,
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27.14) Dz [3UN =D (@) =y = D 2) + > 2 [3U]]
U

U veV Usv
= w@W)=> = 25U = ulv) —w' (M) = w(F).
veV veV U veV

(The idea of using w’ was given by J.F. Geelen.)
Equivalently, we can state:

Corollary 27.3a. System (27.4) determines the edge cover polytope and is
TDI.

Proof. This is equivalent to Theorem 27.3. |

27.3. Further notes on edge covers

27.3a. Further notes

Inspired by Edmonds’ algorithm for maximum-weight matching, White [1967] and
Murty and Perin [1982] described minimum-weight edge cover algorithms based on
blossoms.

White and Gillenson [1975] and Murty and Perin [1982] described a blossom-
type algorithm to find a minimum-weight edge cover of given size k. Also White
[1971] considered the problem of finding a minimum-weight edge cover of a given
size, by parametrizing the weight function.

In fact, the convex hull of incidence vectors of edge covers F' with k < |F| <
is equal to the edge cover polytope intersected with {z € R® | k < z(F) < I}. This
can be proved similarly to the proof of Corollary 18.10a.

Hurkens [1991] characterized adjacency on the edge cover polytope and derived
that its diameter is equal to |E| — p(G). (This turns out to be harder to prove than
the corresponding results for the matching polytope given in Section 25.5a.)

27.3b. Historical notes on edge covers

The nonbipartite edge cover problem was considered by Gallai [1959a] and Norman
and Rabin [1959]. The latter were motivated by a problem of Roth [1958] related to
minimizing the number of switches in a switching systems, for which they considered
the problem of finding a minimum cover for a cubical complex.

Norman and Rabin [1959] showed that an edge cover F' in a graph has minimum
size if and only if there is no path P such that the end vertices of P are covered
more than once by F', while all intermediate vertices are covered exactly once by
F', and such that the edges of P are alternatingly in and out F', with the first and
last edge in F. (Thus FAP is an edge cover of smaller size than F'.)
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Edge-colouring

Edge-colouring means covering the edge set by matchings. The problem
goes back to Tait [1878b], who showed that the four-colour conjecture is
equivalent to the 3-edge-colourability of any bridgeless cubic planar graph.
Nonbipartite edge-colouring is less tractable than in the special case of bi-
partite graphs. No tight min-max relation is known and finding a minimum
edge-colouring is NP-complete. In this chapter we prove Vizing’s theorem,
which gives an almost tight min-max relation. Moreover, we consider the
‘fractional’ edge-colouring number, which approximates the edge-colouring
number. It can be characterized and computed with the help of matching
results. We also consider the related problem of packing edge covers.

28.1. Vizing’s theorem for simple graphs

We recall some definitions and notation. Let G = (V, E) be a graph. An
edge-colouring is a partition of F into matchings. Each matching in an edge-
colouring is called a colour or an edge-colour. A k-edge-colouring is an edge-
colouring with k£ colours. G is k-edge-colourable if a k-edge-colouring exists.
The smallest k£ for which G is k-edge-colourable is called the edge-colouring
number of G, denoted by x/'(G). Since an edge-colouring of G is a vertex-
colouring of the line-graph L(G) of G, we have that x'(G) = x(L(G)).

Clearly x'(G) > A(G), where A(G) denotes the maximum degree of G.
We saw that x'(G) = A(G) if G is bipartite (Kénig’s edge-colouring theorem
(Theorem 20.1)). On the other hand, x'(G) > A(G) if G = K3. It was proved
by Holyer [1981] that deciding if x(G) < 3 is NP-complete.

Nevertheless, A(G) is a good estimate of the edge-colouring number as
Vizing [1964,1965a] showed the following (our proof roots in Ehrenfeucht,
Faber, and Kierstead [1984]):

Theorem 28.1 (Vizing’s theorem for simple graphs). A(G) < x'(G) <
A(G) + 1 for any simple graph G.

Proof. The inequality A(G) < x/(G) being trivial, we show x'(G) < A(G) +
1. To prove this inductively, it suffices to show for any simple graph G:
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(28.1) Let v be a vertex such that v and all its neighbours have degree
at most k, while at most one neighbour has degree precisely k.
Then if G — v is k-edge-colourable, also G is k-edge-colourable.

We prove (28.1) by induction on k, the case k = 0 being trivial. We can
assume that each neighbour u of v has degree k — 1, except for one neighbour
having degree exactly k, since otherwise we can add a new vertex w and an
edge ww without violating the condition in (28.1).

Consider any k-edge-colouring of G — v. For i = 1,...,k, let X; be the
set of neighbours of v that are missed by colour i. Choose the colouring such
that Zle |X;|? is minimized.

First assume that |X;| # 1 for all 4. Since all but one neighbour of v is in
precisely two of the X;, and one neighbour is in precisely one X;, we have

k
(28.2) D 1Xi| = 2deg(v) — 1 < 2k.
i=1

Hence there exist ¢, j with |X;| < 2 and |X;| odd. So |X;| = 0 and |X;| > 3.
Consider the subgraph H made by all edges of colours ¢ and j, and consider
a component of H containing a vertex in X,;. This component is a path
P starting in X;. Exchanging colours i and j on P reduces |X;|* + |X;|?,
contradicting our minimality assumption.

So we can assume that |Xg| = 1, say X = {u}. Let G’ be the graph
obtained from G by deleting edge vu and deleting all edges of colour k. So
G’ —wv is (k—1)-edge-coloured. Moreover, in G’, vertex v and all its neighbours
have degree at most £ — 1, and at most one neighbour has degree kK — 1. So
by the induction hypothesis, G’ is (k — 1)-edge-colourable. Restoring colour
k, and giving edge vu colour k, gives a k-edge-colouring of G. |

Notes. This theorem was also announced in an abstract of Gupta [1966].

The above proof implies the stronger result of Fournier [1973] that a simple
graph G is A(G)-edge-colourable if the maximum-degree vertices span no circuit
(since this last condition implies that the maximum-degree vertices induce a forest
as subgraph, and hence there exists a maximum-degree vertex v with at most one
neighbour that has maximum degree).

Petersen [1898] gave the example of the (now-called) Petersen graph (Figure
28.1) which is 2-connected and cubic but not 3-edge-colourable. It was conjectured
by Tutte [1966] that each 2-connected cubic graph without Petersen graph minor, is
3-edge-colourable. This conjecture was proved (using the 4-colour theorem) by the
combined efforts of Robertson, Seymour, and Thomas [1997], Sanders, Seymour,
and Thomas [2000], and Sanders and Thomas [2000].

Complexity. The proof gives a polynomial-time algorithm to find a (A + 1)-edge-
colouring of a simple graph, in fact, O(An?)-time. As we can assume that An =
O(m) (since we can merge vertices of degree at most 1 A), this implies an O(nm)-
time algorithm.

Gabow, Nishizeki, Kariv, Leven, and Terada [1985] gave algorithms finding a
(A + 1)-edge-colouring of a simple graph G of maximum degree A, with running
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Figure 28.1
The Petersen graph

times O(mAlogn) and O(my/nlogn) (improving O(nm) of Terada and Nishizeki
[1982]).

28.2. Vizing’s theorem for general graphs

In Theorem 28.1 we cannot delete the condition that G be simple: the graph G
obtained from K3 by replacing each edge by two parallel edges, has x'(G) = 6
and A(G) = 4. However, Vizing’s theorem can be extended so as to take also
the nonsimple case into account. For any graph G = (V, E) and u,v € V|, let
u(u, v) denote the number of edges connecting u and v, called the multiplicity
of {u,v}. Let u(G) denote the maximum of u(u,v) over all distinct u,v € V.
Then Vizing [1964,1965a] showed (again, our proof roots in Ehrenfeucht,
Faber, and Kierstead [1984]):

Theorem 28.2 (Vizing’s theorem). A(G) < x'(G) < A(G) + pu(G) for any
graph G.

Proof. The inequality A(G) < x/(G) being trivial, we show x'(G) < A(G) +
1(G). To prove this inductively, it suffices to show for any graph G:

(28.3) Let v be a vertex of degree at most k such that each neighbour
u of v satisfies deg(u) + p(u,v) < k + 1, with equality for at
most one neighbour. Then if G — v is k-edge-colourable, also G is
k-edge-colourable.

We prove (28.3) by induction on k, the case k = 0 being trivial. We can
assume that for each vertex u in N(v) (the set of neighbours of v) we have
deg(u) + p(u,v) = k, except for one satisfying deg(u) 4+ p(u,v) = k+1, since
otherwise we can add a new vertex w and an edge uw without violating the
condition in (28.3).
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Consider any k-edge-colouring of G — v. For i = 1,...,k, let X; be the
set of neighbours of v that are missed by colour i. Choose the colouring such
that 5| [X;? is minimized.

First assume that |X;| # 1 for all 7. As each v € N(v) is in precisely
2p(u,v) of the X;, except for one u € N(v) being in 2u(u,v) — 1 of the X,
we know

(28.4) SIXil=-142 > p(u,v) =2deg(v) — 1 < 2k,
i=1 uEN (v)

Hence there exist ¢, with |X;| < 2 and |X;| odd. So |X;| = 0 and |X;| > 3.
Consider the subgraph H made by all edges of colours ¢ and j, and consider
a component of H containing a vertex in X,;. This component is a path
P starting in X;. Exchanging colours i and j on P reduces |X;|? + |X;|?,
contradicting our minimality assumption.

So we can assume that |Xj| = 1, say Xi = {u}. Let G’ be the graph
obtained from G by deleting one of the edges vu and deleting all edges of
colour k. So G’ — v is (k — 1)-edge-coloured. Moreover, in G’, vertex v has
degree at most k—1 and each neighbour w of v satisfies degq, (w)+pg (w,v) <
k, with equality for at most one neighbour. So by the induction hypothesis,
G’ is (k —1)-edge-colourable. Restoring colour k, and giving the deleted edge
vu colour k, gives a k-edge-colouring of G. |

Notes. The proof of Theorem 28.2 in fact implies that the edge-colouring number
of a graph G is at most
(28.5) max(deg(u) + max{1, max w(u,v)}),
ueV veV
deg(v) > deg(u)

where p(u, v) is the number of edges connecting u and v (cf. Ore [1967]).

Other proofs of Vizing’s theorem were given by Ore [1967], Fournier [1973],
Berge and Fournier [1991], Misra and Gries [1992], Rao and Dijkstra [1992], and
Chew [1997b].

28.3. NP-completeness of edge-colouring

Vizing’s theorem gives us a close approximation to the edge-colouring number
of a simple graph. The error is at most 1. However, it turns out to be NP-
complete to determine the edge-colouring number precisely, even for cubic
graphs, which was shown by Holyer [1981]:

Theorem 28.3. It is NP-complete to decide if a given cubic graph is 3-edge-
colourable.

Proof. We show that the 3-satisfiability problem (3-SAT) can be reduced
to the edge-colouring problem of graphs of maximum degree 3. One easily
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reduces this last problem to the edge-colouring problem for cubic graphs (by
deleting iteratively all vertices of degree < 1, next making a copy of the graph
left, and adding an edge between each degree-2 vertex and its copy).

Consider the graph fragment, called the inverting component, given by
the left-hand picture of Figure 28.2, where the right-hand picture gives its
symbolic representation if we take it as part of larger graphs. The pairs a, b
and ¢, d are called the output pairs.

Figure 28.2
The inverting component and its symbolic representation.
This graph fragment has the property that a 3-colouring of the edges
a, b, ¢, d, and e is extendible to a 3-edge-colouring of the fragment if
and only if either a and b have the same colour while ¢, d, and e have
three distinct colours, or ¢ and d have the same colour while a, b, and
e have three distinct colours.

Consider now an instance of the 3-satisfiability problem. From the in-
verting component we build larger graph fragments. A splitting component is
given in Figure 28.3(a). For each variable u, occurring k times, as u or —w,
we introduce a fragment I, by concatenating k — 2 splitting components. So
I, has k output pairs, and it has the property that in any colouring either
all output pairs are monochromatic, or they all are nonmonochromatic.

For each clause C' we introduce a component A¢ given by Figure 28.3(b).
If a variable u occurs in a clause C' as u, we connect one of the output pairs
of I, with one of the output pairs of Ag. If a variable u occurs in a clause C'
as —u, we connect one of the output pairs of I, with one side of an inverting
component, and connect the other side of this inverting component with one
of the output pairs of Ac.

In this way we can match up all output pairs of the I';, and those of the
Ac. Deleting all loose ends, we obtain a graph G of maximum degree 3. Now,
given the properties of the fragments, one easily checks that the input of the
3-satisfiability problem is satisfiable if and only if G is 3-edge-colourable. [
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(a) (b)

Figure 28.3
Fragment (a) (the splitting component) has the property that for any
3-edge-colouring either all three output pairs are monochromatic or all
are nonmonochromatic.
Fragment (b) has the property that a colouring of the output edges is
extendible to a 3-edge-colouring of the fragment if and only if at least
one of the output pairs is monochromatic.

Leven and Galil [1983] showed more generally that for each k, finding the
edge-colouring number of a k-regular graph is NP-complete. (This does not
seem to follow from the case k = 3.)

28.4. Nowhere-zero flows and edge-colouring

Let D = (V, A) be a directed graph and let I" be an additive abelian group.
A flow over I' is a function f : A — I' such that for each v € V:

(28.6) F(@™ () = f(8°(v)).

The flow is called nowhere-zero if all values of f are nonzero.

If G is an undirected graph, then a flow over I' is a flow over I" in some
orientation of G. We say that an undirected graph G has a nowhere-zero flow
over I' if G has an orientation having a nowhere-zero flow over I

Colouring the edges of an undirected graph is related to the problem of
finding a nowhere-zero flow over a finite abelian group in the graph. This
might be illustrated best by the following easy fact:

(28.7) a cubic graph G is 3-edge-colourable <= G has a nowhere-zero
flow over GF(4).

Since —z = z for each x € GF(4), the orientation is irrelevant in this case.
Statement (28.7) implies that the four-colour theorem is equivalent to:
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(28.8) each bridgeless cubic planar graph has a nowhere-zero flow over
GF(4)

(since the four-colour theorem is equivalent to each bridgeless cubic planar
graph being 3-edge-colourable (Tait [1878b])).

In studying nowhere-zero flows, the following theorem shows that for the
existence of a nowhere-zero flow, only the size of the group is relevant (the
equivalence (i)<(ii) was shown by Tutte [1947a], the equivalence (1)< (iii) by
Tutte [1949], and the equivalence (iii)<(iv) by Minty [1967]):

Theorem 28.4. Let G = (V, E) be a graph and let k € Z with k > 1. Then
the following are equivalent:

(28.9) (i) G has a nowhere-zero flow over some abelian group with pre-
cisely k elements;
(ii) G has a nowhere-zero flow over each abelian group with at least
k elements;
(iii) G has a flow over Z taking values in the interval [1,k—1] only;
(iv) G has an orientation D = (V, A) with d}(U) > +dg(U) for
each U C V.

Proof. The implication (ii)=-(i) is trivial, while the implication (iii)=-(i) is
easy, by considering the integer values of (iii) as values in the group of integers
mod k.

For any graph G = (V, E) and any finite abelian group I, let ¢r(G)
denote the number of nowhere-zero flows over I" in G. Then for any nonloop
edge e of G one has (where G/e is the graph obtained from G by contracting

e):

(28.10) or(G) = ¢r(G/e) — ér(G —e).
Moreover, if each edge of G is a loop, then:
(2811)  ¢r(G) = (|- 1"

This proves that if I" and I are finite abelian groups with |I"| = |I"’|, then
¢r(G) = ¢r(G). Hence G has a nowhere-zero flow over I if and only if G
has a nowhere-zero flow over I''. Therefore:

(28.12) if G has a nowhere-zero flow over some abelian group of size k,
then it has one over each abelian group of size k.

We now consider (i)=-(iii). By (28.12), (i) implies that G has a nowhere-
zero flow over the group of integers mod k. This implies that there is an
orientation D = (V, A) of G and a function f: A — {1,...,k — 1} such that
for each v € V:

(28.13) f(6m(v)) = £(5°*(v)) (mod k).

We choose the orientation D and the function f such that the sum
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(2s11) I () ~ FE W)

veV
is minimized. If the sum is 0, we are done. So assume that the sum is nonzero.
Define

(28.15) Uy :={ve V| f(™()) > f(5°(v))} and
U ={veV|[f(d™(v) < f(6°"(v))}.

Necessarily, there is a directed path P in D from U_ to Uy (Theorem 11.1).
Now reverse the orientation of each arc a on P to its reverse a~!, and define
f(a™!) := k — f(a). This maintains (28.13) but reduces the sum (28.14), a
contradiction.

This proves (i)=-(iii), and hence (i)<(iii). Since (iii) is maintained if we
increase k, also (i) is maintained if we increase k. So with (28.12), (i) implies
(i) if (ii) is restricted to finite groups. Since each infinite abelian group has
Z as subgroup or has arbitrarily large finite subgroups, (iii)=-(ii) also follows
for infinite groups.

The equivalence of (iii) and (iv) follows directly from Hoffman’s circula-
tion theorem (Theorem 11.2). |

This theorem implies that in studying the existence of nowhere-zero flows,
we can restrict ourselves to the group Zj with elements 0,...,k — 1 and
addition mod k. A nowhere-zero k-flow is a nowhere-zero flow over Z.

It is easy to characterize the graphs having a nowhere-zero 2-flow: they are
precisely the Eulerian graphs. As to larger values of k there are the following
three famous conjectures of Tutte. The 5-flow conjecture (Tutte [1954a]):

(28.16) (?) each bridgeless graph has a nowhere-zero 5-flow, (?)
the 4-flow conjecture (Tutte [1966]):

(28.17) (?) each bridgeless graph without Petersen graph minor has a
nowhere-zero 4-flow, (?7)

and the 3-flow conjecture (W.T. Tutte, 1972 (cf. Bondy and Murty [1976],
Unsolved problem 48)):

(28.18) (?) each 4-edge-connected graph has a nowhere-zero 3-flow. (?)

For planar graphs this is equivalent to the theorem of Grotzsch [1958] that
each loopless triangle-free planar graph is 3-vertex-colourable.

It may be seen that a cubic graph G has a nowhere-zero 3-flow if and
only if G is bipartite. This follows from the fact that the existence of such a
flow implies that G has an orientation such that in each vertex the indegree
and outdegree differ by a multiple of 3. Hence, one of them is 3, the other
0. Hence each arc is oriented from a source to a sink, and so G is bipartite.
The reverse implication is easy, by orienting each edge from one colour class
to the other.
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Jaeger [1979] showed that each 4-edge-connected graph has a nowhere-
zero 4-flow: a 4-edge-connected graph G = (V, E) has two edge-disjoint span-
ning trees T} and Ty (by Corollary 51.1a). For ¢ = 1,2, let C; be the sym-
metric difference of all fundamental circuits of T;. Then C; and Cs are cycles
covering F. This gives a nowhere-zero 4-flow.

Jaeger [1988] proposed a weakened version of the 3-flow conjecture, the
weak 3-flow conjecture:

(28.19) (?) there exists a number k such that each k-edge-connected graph
has a nowhere-zero 3-flow. (?)

By (28.8), the 4-flow conjecture implies the four-colour theorem. For cu-
bic graphs, (28.17) was proved by Robertson, Seymour, and Thomas [1997],
Sanders, Seymour, and Thomas [2000], and Sanders and Thomas [2000].

One should note that having a nowhere-zero 4-flow is equivalent to the
existence of two cycles covering the edge set. In other words, there exist two
disjoint T-joins, where T is the set of odd-degree vertices (see Chapter 29).

It was proved by Seymour [1981b] that each bridgeless graph has a
nowhere-zero 6-flow. (Inspired by Seymour’s method, Younger [1983] gave
a polynomial-time algorithmic proof.)

Seymour’s theorem improves an earlier result of Jaeger [1976,1979] that
each bridgeless graph has a nowhere-zero 8-flow. This is equivalent to: each
bridgeless graph contains three cycles covering all edges.

Jaeger [1984] offered a conjecture, the circular flow conjecture, that im-
plies both the 3-flow and the 5-flow conjecture:

(28.20) (?) for each k > 1, each 4k-connected graph has an orientation
such that in each vertex, the indegree and the outdegree differ by
an integer multiple of 2k + 1. (7?)

For k = 1, this is equivalent to the 3-flow conjecture. For k = 2, it implies the
5-flow conjecture: Let G = (V, E) be a 3-edge-connected graph, and replace
each edge by 3 parallel edges. The new graph, H say, is 9-edge-connected.
If (28.20) is true for &k = 2, H has an orientation such that in each vertex,
the indegree and the outdegree differ by a multiple of 5. This can easily be
transformed to a nowhere-zero 5-flow in G.!?

More on the 3-flow conjecture can be found in Fan [1993] and Kochol
[2001]. Jaeger [1979,1988] and Seymour [1995a] gave surveys on nowhere-zero
flows, and a book on this topic was written by Zhang [1997b]. We continue
discussing nowhere-zero flows in Section 38.8.

12 Orient any edge e of G in the direction of the majority of the direction of the three

parallel edges in H made from e, with flow equal to 3 if all three edges have the same
orientation, and 1 otherwise.
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28.5. Fractional edge-colouring

Determining the edge-colouring number of a graph is NP-complete, but with
matching techniques one can determine a fractional version of it in polynomial
time.

Let G = (V, E) be a graph. The fractional edge-colouring number x'*(G)
of G is defined as

(2821)  X7(G):=min{ > Ay [AeRY, Y MM =1},
MeM MeM

where M denotes the collection of all matchings in G.
So if we require the Ays to be integer, this would define the edge-colouring
number of GG. Therefore, we have

(28.22)  X(G) <X(G).

The Petersen graph is an example of a graph G with x’*(G) = 3 and }/(G) =
4. In Section 28.7 we shall see that x'*(G) can be computed in polynomial
time.

X"*(G) can be characterized as follows. For any natural number k > 1, let
G be the graph obtained from G by replacing each edge by k parallel edges.
Then

oy — o X (Gr)
(28.23) X (G)—Iknzllll o

This follows from the fact that the minimum in (28.21) is attained by rational
Arr- Then the minimum in (28.23) is attained by k := the lc.m. of the
denominators of the Aj,.

From Edmonds’ matching polytope theorem (Corollary 25.1a), a charac-
terization of the fractional edge-colouring number follows:

Theorem 28.5. The fractional edge-colouring number x'* (G) satisfies:

20,

(2824)  X7(C) = max{A(G), max T

Proof. Let p be equal to the maximum in (28.24). Then x'*(G) > u, since
if Aps attains minimum (28.21) and if vertex v has maximum degree, then

(28.25)  X"(G) =D A=Y alMns@)l= Y > Ay

e€d(v) M>e
= ) 1=A(G).
e€d(v)

Moreover, for each U C V with |U| > 3,
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. MNE[U
(28.26)  x Z)\M>Z)\M| LIUIJ = J S > A

e€E|U] M>e

EU]|
15101
To see that x'*(G) = u, let = be the all—% vector in RE. Then z(5(v)) <1

for each v € V and z(E[U]) < |1|U|] for each U C V with |U| > 3. Hence
x belongs to the matching polytope of G. So x is a convex combination of
incidence vectors of matchings. Therefore 1 = -2 =37, A wuxM for some
A > 0 with >, Ay = p, showing that x'*(G) < p.

This implies for regular graphs:

Corollary 28.5a. Let G = (V,E) be a k-regular graph. Then X' (G) = k if
and only if |0(U)| > k for each odd subset U of V.

Proof. By Theorem 28.5, x'*(G) = k if and only if |E[U]| < k[3|U|] for
each subset U of V. This last is equivalent to |§(U)| > k for each odd subset
Uof V. 1

Call a graph G = (V,E) a k-graph if G is regular of degree k and if
[0(U)| > k for each odd subset U of V. So by Corollary 28.5a, a k-regular
graph G is a k-graph if and only if x'*(G) = k.

28.6. Conjectures

Seymour [1979a] conjectures that

(2827) (1) X"(@)] = [3x'(G2)] (7)

for each graph G, where Gy arises from G by replacing each edge by two
parallel edges. Conjecture (28.27) is equivalent to the conjecture that, for
each k,

(28.28) (?) for each k-graph G one has x'(Gz2) = 2k (?);

equivalently, for each k-graph G, the minimum (28.21) for x'*(G) is attained
by half-integer Ap;. In other words, it is conjectured that any k-graph has
2k perfect matchings covering each edge exactly twice. (The equivalence of
(28.27) and (28.28) can be seen as follows. The implication (28.27)=-(28.28)
is easy. To see the reverse implication, let G be any graph and define k :=
[x'"(G)]. Make a disjoint copy G’ of G, and connect each vertex v of G by
k — degq(v) parallel edges to its copy v’ in G’. This makes a k-regular graph
H with x'"*(H) = k. So H is a k-graph, and hence by (28.28), x'(Hz) = 2k.
Hence x'(G2) < 2k, implying (28.27).)
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Seymour called (28.28) the generalized Fulkerson conjecture, as it general-
izes the special case k = 3 asked (but not conjectured) by Fulkerson [1971a].
This special case is called the ‘Fulkerson conjecture’*3. (By Corollary 28.5a,
a cubic graph G has x'*(G) = 3 if and only if G is bridgeless.) For a partial
result, see Corollary 38.11e.

Berge [1979a] conjectured that the edges of any bridgeless cubic graph
can be covered by 5 perfect matchings. This would follow from the Fulkerson
conjecture.

A conjecture of Gol’dberg [1973] (and also of Seymour [1979a]) is that for
each (possibly nonsimple) graph G one has

(2829)  (7) X'(G) < max{A(G) + 1L, X" (G)]}. (7)

(An equivalent conjecture was stated by Andersen [1977].)

As X' (G) > max{A(G), [x'"(G)]}, validity of (28.29) would yield a tight
(gap 1) bound for x'(G) also for nonsimple graphs. In particular, if A(G) <
X" (G), we would have equality in (28.29). Seymour [1979a] mentioned that
he has shown that x'(G) < [x'*(G)] + 1 for graphs G with x'*(G) < 6.

Conjecture (28.29) would generalize Theorem 28.2 due to Vizing. For let
1(G) again denote the maximum multiplicity of any edge of G = (V, E).
Then for any subset U of V,

(28.30)  [E[U]] < 3AGUDU| < (AG[U]) + w(G)5(IU] = 1)
< (A(G) + n(@))51U1]

(The second inequality follows from A(G[U]) < wp(G)(JU| — 1).) So with
Theorem 28.5 we know that x'*(G) < A(GQ) + u(G).

A well-known equivalent form of the four-colour theorem is that each
bridgeless cubic planar graph is 3-edge-colourable. This equivalence was dis-
covered by Tait [1878b]. Seymour [1981c] conjectures the following general-
ization:

(28.31) (?) each planar k-graph is k-edge-colourable. (?)

This was proved for k =4 and k = 5 by Guenin [2002b].
A consequence of the 4-flow conjecture of Tutte [1966] is:

(28.32) each bridgeless cubic graph without Petersen graph minor is 3-
edge-colourable.

This was proved jointly by Robertson, Seymour, and Thomas [1997], Sanders,
Seymour, and Thomas [2000], and Sanders and Thomas [2000].
(28.31) and (28.32) made Lovdsz [1987] conjecture:

(28.33) (?) each k-graph without Petersen graph minor is k-edge-colour-
able. (?7)

13 Seymour [1979a] says that it was first conjectured by C. Berge, but that it is usually
called Fulkerson’s conjecture because the latter put it into print.
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(An equivalent conjecture was given by Rizzi [1997,1999].) This is equivalent
to stating that the incidence vectors of perfect matchings in a graph without
Petersen graph minor, form a Hilbert base (cf. Section 5.18). It relates to
Lovasz’s work on the perfect matching lattice — see Chapter 38.

Goddyn [1993] noted that (28.33) would not yield a full characterization,
since also the perfect matchings of the Petersen graph form a Hilbert base.
(This is due to the fact that the all-one vector does not belong to the perfect
matching lattice of the Petersen graph.)

Notes. Seymour [1979a] conjectured that if k > 4, any k-graph G = (V, E) has a
perfect matching M such that G— M is a (k—1)-graph. However, this was disproved
by Rizzi [1997,1999], who showed that for any k > 3, there exists a k-graph in which
any two perfect matchings intersect. Hence, for any k > 3 there exists a k-graph
that cannot be decomposed into a ki- and a ko-graph for any ki,ke > 1 with
ki1 + ko = k.

Nishizeki and Kashiwagi [1990] showed that

(28.34) ¥'(G) < max{ZAG) + £, [x'"(G)},

and they gave a polynomial-time algorithm finding an edge-colouring fulfilling this
bound. (This improves earlier results of Andersen [1977], Goldberg [1984], and
Hochbaum, Nishizeki, and Shmoys [1986].)

Marcotte [1986,1990a,1990b,2001], Seymour [1990a], Lee and Leung [1993], and
Caprara and Rizzi [1998] gave other partial results on conjecture (28.29).

28.7. Edge-colouring polyhedrally

Let G = (V, E) be a graph and let @ be the polytope determined by

(28.35) Ze >0 (e € B),
(M) <1 (M matching).

So @ is the antiblocking polyhedron of the matching polytope. By the descrip-
tion of the matching polytope and by the theory of antiblocking polyhedra,
Q is equal to the convex hull of the following set of vectors:

(28.36) x° S substar,
—L ¥ for nonempty F C E.
Zrurn X P =
Here a substar is any set S of edges with S C §(v) for some v € V. By JF
we denote the set of vertices covered by F'.
Now the fractional edge-colouring number x'*(G) is equal to the maxi-
mum value of 172 over @ (by LP-duality). The ellipsoid method then gives:

Theorem 28.6. The fractional edge-colouring number of a graph can be de-
termined in polynomial time.



478 Chapter 28. Edge-colouring

Proof. The separation problem over @ is equivalent to the weighted matching
problem, and hence is solvable in polynomial time. Therefore, with the ellip-
soid method, also the optimization problem over @ is solvable in polynomial
time. This gives the fractional edge-colouring number.

For any weight function w € ]Rf , the maximum of w'x where x ranges
over the vectors (28.36), is equal to the minimum value of >, Ays where
Ay > 0 for M € M such that ZM Avrx™ = w. Thus we have a min-max
relation for the ‘weighted fractional edge-colouring number’.

We should note that (generally) the matching polytope does not have the
integer decomposition property, and (equivalently) that system (28.35) does
not have the integer rounding property. Indeed, for the Petersen graph, the
maximum of 17z over (28.35) is equal to 3. So it has a fractional optimum
dual solution of value 3. However, there is no integer optimum dual solu-
tion, since the edges of the Petersen graph cannot be decomposed into three
matchings.

28.8. Packing edge covers

The results on edge-colouring (which is essentially covering by matchings),
can be dualized to packing edge covers, as observed by Gupta [1974] (where
0(G) denotes the minimum degree of G):

Theorem 28.7. A simple graph G = (V, E) has 6(G)—1 disjoint edge covers.

Proof. Make an auxiliary graph H as follows. For each v € V', do the follow-
ing. Make degq(v) — §(G) new vertices, and reconnect degq(v) — 6(G) of the
edges incident with v with the new vertices, in such a way that v has degree
0(G), while each new vertex has degree 1.

Then H has maximum degree 6(G) and there is a one-to-one mapping
between the edges of G and those of H. By Vizing’s theorem for simple
graphs (Theorem 28.1), H has matchings Mj, ..., M54+ partitioning E.
We denote the corresponding edge sets in G also by M;.

Then each vertex v of GG is covered by all but at most one of the match-
ings My, ..., Msc)+1- Let U be the set of vertices of G missed by one of
My, ..., Msigy—1- Then each vertex in U is covered by both Ms) and
Msay+1- So M5y Y Msiay+1 forms a graph on V where each vertex in
U has degree at least 2. Hence we can orient the edges in Msgy U Msg)+1
such that each vertex in U is head of at least one of the oriented edges.

Now for each i = 1,...,6(G) — 1, add to M; all edges in Ms(q) U Ms(c)+1
that are oriented towards a vertex missed by M;. This gives 6(G) — 1 disjoint
edge covers.
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This can be formulated in terms of the edge cover packing number £(G)
of G, which is the maximum number of disjoint edge covers in G. Then, if G
is simple,

(28.37)  €(G) > 8(G) — 1.

Gupta [1974] showed more generally for not necessarily simple graphs
(where u(G) denotes the maximum multiplicity of the edges of G):

Theorem 28.8. Any graph G has 6(G) — u(G) disjoint edge covers.

Proof. Let § := §(G) and p := pu(G). Make an auxiliary graph H as follows.
For each v € V, do the following. Make deg(v) — 0 new vertices, and recon-
nect degq(v) — § of the edges incident with v with the new vertices, in such
a way that v has degree §, while each new vertex has degree 1.

Then H has maximum degree §(G), and there is a one-to-one mapping
between the edges of G and those of H. By Vizing’s theorem (Theorem 28.2),
H has matchings M, ..., Ms, partitioning . We denote the corresponding
edge sets in G also by M;. Let

(28.38)  F:=M;s_, 1 U---UMsy,.

Orient the edges in F' such that each vertex v is entered by at least
|2 degp(v)] of the edges incident with v.

Consider any vertex v, and let v be missed by « of the My,..., Ms_,.
Let k be the number of Ms_,,y1,..., Msi, covering v. As v is covered by at
least ¢ of the M, ..., Msy,, we know k+ (6 —pu—a) > 4§, that is, k > p+ .
Since k < 2u, it follows that degp(v) > k =2k — k > 2(p + a) — 2u = 20
Hence v is entered by at least a edges.

So for each i =1,...,8 — u, if v is missed by M;, then we can extend M;
by an edge in F' oriented towards v. Doing this for each vertex v, we obtain
0 — p disjoint edge covers. |

Equivalently, for any graph,
(28.39)  &(G) =2 46(G) — p(G).

Gupta [1974] announced (without proof) and Fournier [1977] showed that
for any graph G = (V, E) and any k € Z,, FE can be partitioned into classes
F4, ..., Ey such that each vertex v is covered by at least

(28.40) min{k, deg(v), max{k, deg(v)} — p(v)}

of the E;, where u(v) denotes the maximum multiplicity of the edges incident
with v.
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28.9. Further results and notes

28.9a. Shannon’s theorem

Shannon [1949] gave the following upper bound on the edge-colouring number that
can be better than Vizing’s bound if G is not simple. As Vizing [1965a] observed,
the bound can be derived from Vizing’s theorem, as below.

Theorem 28.9. The edge-colouring number X' (G) of a graph G = (V, E) is at most
[3AG)].

Proof. Let G be a counterexample with a minimum number of edges. Define k :=
[2A(G)]. So x'(G) > k and by Vizing’s theorem (Theorem 28.2), x'(G) < A(G) +
p(G), where p(G) is the maximum edge-multiplicity of G. Hence u(G) > 2 A(G).

Let w and v be vertices connected by u(G) parallel edges. Choose one such
edge, e say. By the minimality of G, x'(G — ¢) < k. Consider a k-edge-colouring
of G —e. Let I, and I, be the sets of colours covering u and v respectively. Then
[I. N I,| > p(G) — 1, since pu(G) — 1 edges of G — e connect u and v. Moreover,
|1.] < A(G)—1, since u has degree less than A(G) in G—e; similarly, |I,,| < A(G)—1.
So

(28.41) [Lu ULy = L] + L] — [T N 1| < 2(A(G) — 1) — (u(G) — 1)
=2A(G) —pu(G) -1 < 3AG) - 1<k

(since u(G) > 3A(G)), and hence at least one colour does not occur in I, U I,.
This colour can be given to edge e to obtain a k-edge-colouring of G. |

The bound in this theorem is sharp, as is shown by a graph H on three ver-
tices u, v, and w, with (%A] parallel arcs connecting v and v, L%AJ parallel arcs
connecting u and w, and |3 A] parallel arcs connecting v and w. Then A(H) = A
and }'(H) = [3A].

Vizing [1965a] showed that any graph G with A(G) > 4 and x'(G) = [2A(G)]
contains this graph H as a subgraph.

The case A(G) even in Theorem 28.9 can be proved simpler as follows. We may
assume that each degree of G is even (we can pair up the odd-degree vertices by
new edges). Let k := 3 A(G). Make an Eulerian orientation of G. Split each vertex
v into two vertices v’ and v”, and replace any edge oriented from w to v, by an
edge connecting u’ and v”. In this way we obtain a bipartite graph H, of maximum
degree k. Hence, by Kénig’s edge-colouring theorem, H has a k-edge-colouring. This
yields a decomposition of the edges of G into classes FEi,..., Ex such that each
graph G; = (V, E;) has maximum degree 2. Hence each G; is 3-edge-colourable,
and therefore G is 3k-colourable.

28.9b. Further notes

For simple planar graphs, if A(G) > 7, then X' (G) = A(G) (for A > 8, this was
proved by Vizing [1965b], and for A = 7 by Sanders and Zhao [2001] and Zhang
[2000]). For 2 < A < 5 there exist simple planar graphs of maximum degree A with
X' (G) = A+ 1. This is unknown for A = 6 (and constitutes a question of Vizing
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[1968]). For A > 8, polynomial-time algorithms finding a A-edge-colouring of a
simple planar graph were given by Terada and Nishizeki [1982] (O(n?)), Chrobak
and Yung [1989] (O(n) if A > 19), and Chrobak and Nishizeki [1990] (O(nlogn) if
A>9).

Kotzig [1957] showed the following theorem:

Theorem 28.10. Let G = (V, E) be a connected cubic graph with an even number
of edges. Then G is 3-edge-colourable if and only if the line graph L(G) of G is
4-edge-colourable.

Proof. 1. First assume that L(G) is 4-edge-colourable, say with colours 0, 1, 2,
and 3. We colour the edges of G with colours labeled by the three partitions of
{0,1,2,3} into pairs. Consider an edge e = uv of G. Let f1 and f2 be the two other
edges incident with u and let g1 and g2 be the two other edges incident with v. Let
i1 and 42 be the colours of the edges efi and ef> of L(G) and let j1 and j2 be the
colours of the edges eg1 and egs of L(G). Give e the colour labeled by the partition
of {0,1,2,3} into the pairs {i1,42} and {j1,j2}. This gives a 3-edge-colouring of G.

II. Conversely, assume that G is 3-edge-colourable. We first show that L(G)
has a perfect matching. Indeed, there is a subset M of the edge set of L(G) such
that each vertex of L(G) is covered an odd number of times. To see this, choose an
arbitrary partition IT of the vertices of L(G) into pairs, and for each pair {e, f} € II,
we choose an e — f path P. s in L(G). Then the symmetric difference of all these
paths is a subset M as required.

Now choose such an M with |M| as small as possible. We claim that each vertex
of L(Q) is covered exactly once by M; that is, M is a perfect matching in L(G).
Suppose that vertex e of L(G) is covered by three edges in M, say ee1, eez, and ees.
We can assume that e, e; and ez are pairwise adjacent in L(G). Hence, replacing
M by MA{eei,ees,erea}, gives a subset M’ covering each vertex an odd number
of times, however with |[M’| < |M|. This contradicts our assumption.

So M is a perfect matching in L(G), forming our first colour 0. Let G be edge-
coloured with colours 1, 2, and 3. Consider an edge eje2 of L(G) not having colour
0. Let eo be the third edge of G incident with the common vertex of e; and es. If
epe1 has colour 0, give e1ez the colour of edge e;. If epez has colour 0, give ejez the
colour of edge es. If neither eger nor eges has colour 0, give eies the colour of edge
eo. It is straightforward to check that this gives a 4-edge-colouring of L(G). |

For more on edge-colouring cubic graphs, see Kotzig [1975,1977].

McDiarmid [1972] observed that in any graph G = (V, E), if p > x'(G), then
there is a p-edge-colouring with ||E|/p] < |M| < [|E|/p] for each colour M. This
can be proved in the same way as Theorem 20.8.

Meredith [1973] gave k-regular non-Hamiltonian non-k-edge colourable graphs
with an even number of vertices, for each k > 3 (cf. Isaacs [1975]). Johnson [1966a]
gave a short proof that any cubic graph is 4-edge-colourable.

Vizing [1965a] asked if the minimum number of colours of the edges of a graph
can be obtained from any edge-colouring by iteratively swapping colours on a colour-
alternating path or circuit and deleting empty colours.

Marcotte and Seymour [1990] observed that the following is a necessary con-
dition for extending a partial k-edge colouring a graph G = (V, E) to a complete
k-edge colouring:
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k
(28.42) |F| <> pi(F) for each F C E,
i=1

where p;(F) is the maximum size of a matching M C F not covering any vertex
covered by the ith colour. They studied graphs where this condition is sufficient as
well.

Vizing [1965a] showed that if G is nonsimple and A(G) = 2u(G) + 1, then
X' (G) < 3u(G) (where u(G) is the maximum edge-multiplicity of G).

The list-edge-colouring number x'(G) of a graph G = (V, E) is the minimum
number k such that for each choice of sets L. for e € E with |L.| = k, one can
select le € L. for e € E such that for any two incident edges e, f one has l. # 5.
Vizing [1976] conjectures that x'(G) is equal to the edge-colouring number of G,
for each graph G (see Haggkvist and Chetwynd [1992]).

The total colouring number of a graph G = (V, E) is a colouring of V U E such
that each colour consists of a stable set and a matching, vertex-disjoint. Behzad
[1965] and Vizing [1968] conjecture that the total colouring number of a simple
graph G is at most A(G) + 2. Molloy and Reed [1998] showed that there ex-
ists a constant C' such that the total colouring number of any simple graph is
at most A(G) + C. A polynomial-time algorithm finding a total colouring with
A(G)+poly(log A) colours is given by Hind, Molloy, and Reed [1999].

More generally, Vizing [1968] conjectures that the total colouring number of a
graph G is at most A(G) 4+ u(G) + 1, where pu(G) is the maximum size of a parallel
class of edges. Partial results have been found by Kostochka [1977], Hind [1990,
1994], Kilakos and Reed [1992], and McDiarmid and Reed [1993].

For extensions of Vizing’s theorem, see Vizing [1965b], Fournier [1973], Jakob-
sen [1973], Gol’dberg [1974], Fiorini [1975], Hilton [1975], Jakobsen [1975], Ander-
sen [1977], Kierstead and Schmerl [1983], Kostochka [1983], Ehrenfeucht, Faber,
and Kierstead [1984], Goldberg [1984], Hilton and Jackson [1987], Berge [1990],
and Chew [1997a]. The fractional edge-colouring number x'*(G) was studied by
Hilton [1975] and Stahl [1979]. A computational study based on fractional edge-
colouring was made by Nemhauser and Park [1991]. Equitable edge-colourings were
investigated by de Werra [1981].

Generalizations of edge-colouring were studied by Hakimi and Kariv [1986] and
Nakano, Nishizeki, and Saito [1988,1990]. Fiorini and Wilson [1977,1978], Fiorini
[1978], Jensen and Toft [1995], Nakano, Zhou, and Nishizeki [1995], and Zhou and
Nishizeki [2000] gave surveys on edge-colouring and extensions.

28.9c. Historical notes on edge-colouring

Historically, studying edge-colouring was motivated by the equivalence of the four-
colour conjecture with the 3-edge-colourability of planar bridgeless cubic graphs.
The four-colour conjecture was raised in 1852 by F. Guthrie. An early attempt
to prove the conjecture by Kempe [1879,1880] was shown by Heawood in 1890 to
contain an error — see below.

Also Tait [1878a] studied the four-colour problem. He claimed without proof
that each triangulated planar graph has two disjoint sets of edges such that each
triangular face is incident with exactly one edge in each of these sets. From this he
derived (correctly) that each loopless planar graph is 4-vertex-colourable. He also
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observed that his claim implies that each planar bridgeless cubic graph is 3-edge-
colourable.

In a note following a note of Guthrie [1878] (describing the very early history
of the four-colour problem, which note itself was a reaction to the article of Tait
[1878a]), Tait [1878b] remarked that in his earlier paper

I gave a series of proofs of the theorem that four colours suffice for a map. All of
these were long, and I felt that, while more than sufficient to prove the truth of
the theorem, they gave little insight into its real nature and bearings. A somewhat
similar remark may, I think, be made about Mr Kempe’s proof.

He therefore withdrew the former paper, and replaced it by the present note, in
which, without proof, the following ‘elementary theorem’ is formulated:

if an even number of points be joined, so that three (and only three) lines meet
in each, these lines may be coloured with three colours only, so that no two
conterminous lines shall have the same colour. (When an odd number of the
points forms a group, connected by one line only with the rest, the theorem is
not true.)

Tait next gave the now well-known construction of deriving 3-edge-colourability
of bridgeless planar cubic graphs from the 4-vertex-colourability of planar loopless
graphs. At that time, the error in Kempe’s proof of the four-colour conjecture was
not yet detected.

But Tait also said:

The proof of the elementary theorem is given easily by induction; and then the
proof that four colours suffice for a map follows almost immediately from the
theorem, by an inversion of the demonstration just given.

Tait [1880] claimed that in Tait [1878b] the 3-edge-colourability of bridgeless
planar cubic graphs had been shown:

If 2n points be joined by 3n lines, so that three lines, and three only, meet at
each point, these lines can be divided (usually in many different ways) into three
groups of n each, such that one of each group ends at each of the points.

While Tait did not mention it explicitly, he restricted himself to planar cubic graphs,
since he considered them equivalently as the skeletons of polytopes'*. Also the
figures given in Tait [1880] are planar (and also those in Tait [1884], where similar
claims are made).

The validity of Kempe’s proof of the four-colour conjecture was accepted until
Heawood [1890] discovered a fatal error in Kempe’s proof, and showed that it in
fact gives a five-colour theorem for planar graphs. The error in his proof was ac-
knowledged by Kempe [1889]. (For an account of the early history of the four-colour
problem, see Biggs, Lloyd, and Wilson [1976].)

After that, the problem of the 3-edge-colourability of bridgeless planar cubic
graphs was open again. At several occasions, this problem was advanced (cf. Goursat
[1894]). It was only resolved in 1977 when Appel and Haken proved the four-colour
theorem.

Petersen [1898] asserted that Tait had claimed to have proved the 3-edge-
colourability of any (also nonplanar) bridgeless cubic graph. It motivated him to
present, as a counterexample, the now-called Petersen graph, which is a bridgeless
cubic graph that is not 3-edge-colourable:

14 Tait’s polytopes are 3-dimensional, since each vertex has degree 3.
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j’ai réussi & construire un graphe oti le théoréme de Tait ne s’applique pas.!®

Petersen [1898] drew the Petersen graph as follows:

Figure 28.4

For another purpose, the Petersen graph was given earlier by Kempe [1886], who
represented it as follows:

Figure 28.5

Sainte-Lagué [1926a] introduced the term class for the edge-colouring number
of a graph. He noted (without exact argumentation) that Petersen’s theorem on
the existence of a perfect matching in a bridgeless cubic graph implies that each
cubic graph has edge-colouring number 3 or 4.

15 T have succeeded in constructing a graph where the theorem of Tait does not apply.



Chapter 29

T'-joins, undirected shortest
paths, and the Chinese postman

The methods for weighted matching also apply to shortest paths in undi-
rected graphs (provided that each circuit has nonnegative length) and to
the Chinese postman problem — more generally, to T-joins.

29.1. T-joins

Let G = (V, E) be a graph and let T C V. A subset J of E is called a T-join
if T is equal to the set of vertices of odd degree in the graph (V,J). So if a
T-join exists, then |T| is even. More precisely,

(29.1) G has a T-join if and only if |[K NT| is even for each component
K of G.

T-joins are close to matchings. In fact, from Corollary 26.1a it can be
derived that a shortest T-join can be found in strongly polynomial time. To
see this, one should observe the following elementary graph-theoretical fact
representing T-joins as sets of paths:

(29.2) each T-join is the edge-disjoint union of circuits and %|T’| paths
connecting disjoint pairs of vertices in T';
the symmetric difference of a set of circuits and £|7'| paths con-
necting disjoint pairs of vertices in T is a T-join.

This is used in showing that a shortest T-join can be found in strongly pol-
ynomial time:

Theorem 29.1. Given a graph G = (V, E), a length function | € QF, and a
subset T of V', a shortest T-join can be found in strongly polynomial time.

Proof. First we dispose of negative lengths. Let N be the set of edges e with
I(e) < 0, let U be the set of vertices v with degy(v) odd, let T7 := TAU,
and let ' € Q¥ be defined by I'(e) := |i(e)| for e € E.

Then, if J' is a T'-join minimizing I'(J’), the set J := J'AN is a T-join
minimizing {(J). To see this, let J be any T-join. Then JAN is a T’-join,
and hence I'(J’) < I'(JAN). Therefore,
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(29.3) I(J)=1(J)+1(N) <U(JAN) +1(N) =1(J).

So we can assume [ > 0. Now consider the complete graph K with vertex
set T'. For each edge st of K, determine a path Py in G of minimum length,
say, w(st). Find a perfect matching M in K7 minimizing w(M). Then the
symmetric difference of the paths Py for st € M is a shortest T-join in G.
This follows directly from (29.2). |

(This method is due to Edmonds [1965€].)
Note that a T-join J has minimum length if and only if ((C'NJ) < 21(C)
for each circuit C. (This was observed essentially by Guan [1960].)
Theorem 29.1 implies that also a longest T-join can be found in strongly
polynomial time:

Corollary 29.1a. Given a graph G = (V, E), a length function | € QF, and
a subset T of V', a longest T-join can be found in strongly polynomial time.

Proof. Apply Theorem 29.1 to —I. |

An application is finding a maximum-capacity cut in a planar graph G =
(V, E) (Orlova and Dorfman [1972]'6, Hadlock [1975]): it amounts to finding
a maximum-capacity @-join in the planar dual graph. (Barahona [1990] gave
an O(n*/?logn) time bound.)

Another consequence is:

Corollary 29.1b. Given a graph G = (V, E) and a length functionl: E —
Q, one can check if there is a negative-length circuit in strongly polynomial
time.

Proof. There is a negative-length circuit if and only if there exists an (-join
J with I(J) < 0. So Theorem 29.1 gives the corollary. |

Complexity. With Dijkstra’s shortest path method (Theorem 7.3) one derives from
Theorem 26.2 that a shortest T-join can be found in O(n?®) time. Generally, one has
an O(APSP4 (n,m, L) + WM(n, n®, nL))-time algorithm, where L is the maximum
absolute value of the lengths of the edges in G (assuming they are integer), where
APSP(n,m, L) is the time in which the all-pairs shortest paths problem can be
solved, in an undirected graph, with n vertices and m edges and with nonnegative
integer lengths at most L, and where WM(n, m, W) is the time in which a minimum-
weight perfect matching can be found, in a graph with n vertices and m edges and
with integer weights at most W in absolute value.

16 Orlova and Dorfman observed that finding a maximum-size cut in a planar graph
amounts to finding shortest paths connecting the odd-degree vertices in the dual graph,
but described a branch-and-bound method for it, and did not state that it can be solved
in polynomial time by matching techniques.
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29.2. The shortest path problem for undirected graphs

In Chapter 8 we saw that a shortest path in a directed graph without negative-
length directed circuits, can be found in strongly polynomial time. It implies a
strongly polynomial-time shortest path algorithm for undirected graphs, pro-
vided that all lengths are nonnegative. This, because the reduction replaces
each undirected edge uv by two directed edges (u,v) and (v,u) — which
would create a negative-length directed circuit if uv has negative length.

However, Theorem 29.1 implies that one can find (in strongly polynomial-
time) a shortest path in undirected graphs even if there are negative-length
edges, provided that all circuits have nonnegative length:

Corollary 29.1c. Given a graph G = (V,E), s,t € V, and a length function
1 € QF such that each circuit has nonnegative length, a shortest s —t path
can be found in strongly polynomial time.

Proof. Define T := {s,t} and apply Theorem 29.1. By observation (29.2),
a shortest T-join J can be partitioned into an s — ¢ path and a number
of circuits. Since by assumption any circuit has nonnegative length, we can
delete the circuits from J. |

Complexity. Since by Gabow [1990] the weighted matching problem is solvable in
O(n(m + nlogn)) time, a shortest path in an undirected graph, without negative-
length circuits, can be found in O(n(m + nlogn)) time. This can be derived as
follows: If we want to find a shortest s —t path, add to each vertex v a ‘copy’ v’, for
each edge uv add edges uv’, u'v, and u'v’ (each with the same length as uv), and
for each vertex v add an edge vv’, of length 0. Let G’ be the graph obtained. Then
a minimum-weight perfect matching in G’ — s’ —t' gives a shortest s —t path in G.

Gabow [1983a] gave an O(n min{mlogn,n>})-time algorithm for the all-pairs
shortest paths problem in undirected graphs.

29.3. The Chinese postman problem

Call a walk C = (v, e1,v1,...,e,v) in a graph G a Chinese postman tour if
v = vo and each edge of G occurs at least once in C. The Chinese postman
problem, first studied by Guan [1960] (and named by Edmonds [1965¢]), is:

(29.4) given: a connected graph G = (V| E) and a length function [ €
Qf,
find: a shortest Chinese postman tour C.
By Euler’s theorem, if each vertex has even degree, there is an Eulerian tour,
that is, a walk traversing each edge exactly once. So in that case, any Eulerian
tour is a shortest Chinese postman tour.
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But if not all degrees are even, certain edges have to be traversed more
than once. These edges form in fact a shortest T-join for T := {v | degq(v)
odd}. This is the base of the following consequence of Theorem 29.1:

Corollary 29.1d. The Chinese postman problem can be solved in strongly
polynomial time.

Proof. Let T := {v | degs(v) odd}. Find a shortest T-join J. Add to each
edge e in J an edge ¢’ parallel to e. This gives the Eulerian graph G’. Then
any Eulerian tour in G’ gives a shortest Chinese postman tour (by identifying
any new edge e’ with its parallel e).

To see this, note that obviously the Eulerian tour gives a Chinese postman
tour C' of length I(F) + I(J). Suppose that there is a shorter tour C’. Let J’
be the set of edges traversed an even number of times by C’. Then J' is a
T-join, and so I[(J') > I(J). Hence I(C") > I(E) +1(J") > I(E) +1(J) =1(C).

|

Observe that a postman never has to traverse any street more than twice.

Complexity. The above gives an O(n®)-time algorithm for the Chinese postman
problem (more precisely, O(k(m + nlogn) + k* 4+ m), where k is the number of
vertices of odd degree).

29.4. T-joins and T-cuts

There is an interesting min-max relation for the minimum size of T-joins. To
this end, call, for any graph G = (V, E) and any T C V, a subset C of E a
T-cut if C = §(U) for some U C V with |UNT| odd.

Trivially, each T-cut intersects each T-join. Moreover, each edge set C
intersecting each T-join contains a T-cut (since otherwise each component of
(V,E \ C) has an even number of vertices in T, and hence there is a T-join
disjoint from C). So the inclusionwise minimal T-cuts are exactly the inclu-
sionwise minimal edge sets intersecting all T-joins. Hence the inclusionwise
minimal T-joins are exactly the inclusionwise minimal edge sets intersecting
all T-cuts.

Call a family F of cuts in G = (V, E) cross-freeift F = {6(U) | U € C} for
some cross-free collection C of subsets of V'; that is, a collection C with

(29.5) UCWoaWCUoaUNW=0orUUW =V

for all U, W € C.

The following min-max relation for minimum-size T-joins in bipartite
graphs was proved by Seymour [1981d] — we give the simple proof due to
Sebd [1987]:
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Theorem 29.2. Let G = (V, E) be a bipartite graph and let T C V. Then
the minimum size of a T-join is equal to the mazimum number of disjoint
T-cuts. The mazimum is attained by a cross-free family of cuts.

Proof. We may assume T # ). Let J be a minimum-size T-join in G. Define
a length function | : E — {4+1,—1} by: l(e) := —1 if e € J and I(e) := +1
if e € J. Then every circuit C' has nonnegative length, since JAC' is again a
T-join, and hence |JAC| > |J|, implying {(C) = |C\ J| — |C N J| > 0.

Let P be a minimum-length walk in G traversing no edge more than once.
Choose P such that it traverses a minimum number of edges. So P is a path
(as we can delete any circuit occurring in P). Let ¢ be an end vertex of P
and let f be the last edge of P.

Then f € J, since otherwise we could make the walk shorter by deleting
f from P. Moreover, deg;(t) = 1, as if J has another edge, e say, incident
with ¢, then extending P by e would make the walk shorter.

We next show:

(29.6) Each circuit C traversing ¢ and not traversing f has positive
length.

If C has only vertex ¢t in common with P, let e be the first edge of C. So
I(e) = 1. Consider the walk P’ := PU (C —¢). Then I(P’) > I(P) and hence
I(C—e€)>0.S501(C)>0.

If C has another vertex in common with P, let u be the last vertex on
P with u # t and traversed by C. Let P’ be the u — t part of P. Split C
into two u — ¢ paths €’ and C”. By the minimality of |P|, [(P’) < 0. Hence,
as C' U P' and C” U P’ are circuits, {(C") > 0 and [(C"”) > 0. This implies
I(C)>0.

Now shrink {t} U N(¢) to one new vertex vy, giving the graph G’. If
TN ({t}UN(t))| is odd, let T" := (T'\ ({t} UN(¢))) U{vo}, and otherwise
let T := T\ ({t} UN(t)). Let J' := J \ {f}.

Then J’ is a minimum-size T"-join in G’. For suppose to the contrary that
G’ contains a circuit C’ with |C"\ J'| < |C' N J'|. If C’ comes from a circuit
C in G not traversing ¢, we would have |C'\ J| < |C' N J|, a contradiction. So
C' comes from a circuit C in G traversing t.

If C traverses f, then |C'\ J'|—|C'NJ'| =|C\J —-|CNJ| >0,a
contradiction. If C' does not traverse f, then, by (29.6), [(C) > 0, and hence
I(C)>2.S0|C'\J|=|C\J|-2>|CNnJ|=|C"NJ|, again a contradiction.

Now by induction (on |V| + |T|), G’ has disjoint cross-free T’-cuts
Dy, ..., D). With the T-cut §(t) this gives |J| disjoint cross-free T-cuts
in G. |

(For another, algorithmic proof, see Barahona [1990].)
This implies for not necessarily bipartite graphs (Lovédsz [1975a]):
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Corollary 29.2a. Let G = (V,E) and let T C V with |T| even. Then the
minimum size of a T-join is equal to half of the maximum number of T-cuts
covering each edge at most twice. The maximum is attained by a cross-free
family of cuts.

Proof. Replace each edge of G by a path of length two, thus obtaining the
bipartite graph G’. Applying Theorem 29.2 to G’ gives the corollary. |

In general it is not true that the minimum size of a T-cut is equal to the
maximum number of disjoint 7T-joins — see Section 29.11c.

Notes. Frank, Tardos, and Sebd [1984] sharpened Theorem 29.2 to the following.
Let G = (V, E) be a bipartite graph, with colour classes U and W, and let T C V.
Then the minimum size of a T-join is equal to the maximum of

7 Y ar(S),
Selr

where IT ranges over all partitions of U. Here g7 (S) denotes the number of com-
ponents K of G — S with |[K NT| odd. If G is arbitrary one takes the maximum of
3 > semr qr(S) over all partitions IT of V. (For extensions, see Kostochka [1994].)

29.5. The up hull of the T-join polytope

The last corollary implies a polyhedral result due to Edmonds and Johnson
[1973] (also stated by Seymour [1979b]). Let G = (V, E) be a graph and let
T C V. The T-join polytope, denoted by Pr_join(G), is the convex hull of the
incidence vectors of T-joins. So it is a polytope in RF.

We first consider the ‘up hull’ of Pr_jin(G), that is,

(G) = PT—join(G) + R_IE,
which turns out to be determined by the system:

(29.9) (i) x>0 for each e € E,
(i) «(C)>1 for each T-cut C.

(29.8) Pl

T-join

Corollary 29.2b. The polyhedron P;_ (GQ) is determined by (29.9).

join
Proof. It is easy to see that P}_join(G) is contained in the polyhedron de-
termined by (29.9). If the converse inclusion does not hold, there is a weight
function w € QF with w > 0 such that the minimum value of w'z subject
to (29.9) is less than the minimum weight « of any T-join. We may assume
that each w(e) is an even integer.

We make a new graph G’ = (V’, E’) as follows. Replace each edge e = uv
of G by a path from u to v of length w(e). Then « is equal to the minimum
size of a T-join in G’. Hence by Theorem 29.2, G’ has « disjoint T-cuts. This
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gives a family of a T-cuts in G such that each edge e of G is in at most w(e)
of these T-cuts. Let yc be the number of times that T-cut C occurs in this
list. Then the yo give a feasible dual solution to the problem of minimizing
w'z over (29.9), with value Y ~yc = a. This contradicts our assumption

that the minimum value of w'z subject to (29.9) is less than a. |

(Gastou and Johnson [1986] gave a proof based on binary groups.)
By adding z. < 1 for each e € E we obtain from (29.9) the system

(29.10) (i) 0<x.<1 foreache€kF,
(i) z(C)>1 for each T-cut C.

Corollary 29.2c. The convex hull of the incidence vectors of edge sets con-
taining a T-join as a subset is determined by (29.10).

Proof. Directly from Corollary 29.2b, with Theorem 5.19. |
These systems are totally dual half-integral:

Corollary 29.2d. Systems (29.9) and (29.10) are totally dual half-integral.

Proof. This follows from the proof of Corollary 29.2b, observing that the y¢
are integer if each w, is an even integer. |

Generally these systems are not TDI, as is shown by taking G = K, and
T =V — see Section 29.11b.

Barahona [2002] gave an O(n®)-time algorithm to decompose a vector
in the up hull of the T-join polytope as a convex combination of incidence
vectors of T-joins, added with a nonnegative vector.

29.6. The T-join polytope

In the previous section we considered the up hull of the T-join polytope.
We can derive from it an inequality system determining the 7-join polytope
itself. Consider the following system of linear inequalities for 2 € R¥:

(29.11) (i) 0<z. <1 (e € E),
(i) z(8(U)\F)—xz(F)>1—|F| (UCV,FCsU),
U NT|+|F| odd).

Corollary 29.2e. The T-join polytope is determined by (29.11).

Proof. First, the incidence vector x of any T-join J satisfies (29.11). Indeed,
it U C V, then [6(U)NJ| = |UNT| (mod 2). Hence if FF C §(U) with
[UNT|+|F| odd, then |6(U) N J|+ |F| is odd, and hence if z(F) = |F| one
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has z(6(U) \ F) > 1. This shows (29.11). So the T-join polytope is contained
in the polytope determined by (29.11).

To see the reverse inclusion, choose a weight function w € QF. We show
that the minimum value of w'x subject to (29.11) is equal to w(J) for some
T-join J.

Define

(29.12) N :={e|w(e) <0} and T := TA{v | degy (v) odd}.

Let w'(e) := |w(e)| for each e € E. Let J' be a T'-join minimizing w’(J’). By
Corollary 29.2¢, there exist Ay for U C V with [U NT"| odd, such that

(29.13) (i) Ay >0 for each U with |[UNT’| odd,
with equality if |J' N6(U)| > 1,
(ii) Z Av <w'(e) for each e € E, with equality if e € J'.
U

ee€d(U)

Define p, v : E — R by the conditions that u(e)v(e) = 0 for each e € E and
that

(29.14) v—p+ Z A (CONN _ \SWINNY
U

So the v(e), p(e), and Ay give a feasible dual solution to the problem of
minimizing w'z subject to (29.11) (taking F := 6(U) N N).

Let J:= J'AN. So J is a T-join. We show that J, u(e), v(e), Ay satisfy
the complementary slackness conditions, thus finishing our proof.

First we show that if e € J, then v(e) = 0. Indeed, if e € J \ N, then
e € J', and hence

(29.15) - D> W

U,ee§(U)\N U,eed(U)NN

is equal to w'(e) = w(e) by (29.13)(ii), and hence v(e) = 0. If e € JN N,
then (29.15) is at least —w'(e) = w(e) by (29.13)(ii), and hence v(e) = 0.
Second we show that if e & J, then u(e) = 0. If e ¢ JU N, then (29.15)
is at most w’(e) = w(e) by (29.13)(ii), implying u(e) = 0. If e € N'\ J, then
e € J', and hence (29.15) is equal to —w’(e) = w(e) by (29.13)(ii), implying
w(e) =0.
Finally if Ay > 0, then (as J = JAN and |J' Né(U)| =1 by (29.13)(i))

(29.16)  |JN(8(U)\ N)| —|J N (BU)NN)
=[(J'\N)NU)| = |[(N\J)NnoU)|
= I N8U)| — INNSU)| =1—|s(U)NN]. 1

In Section 29.11b we show that (29.11) is TDI if and only if G is series-
parallel.
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29.7. Sums of circuits

Given a graph G = (V, E), the circuit cone is the cone in R” generated by
the incidence vectors of circuits. Seymour [1979b] showed that this cone is
determined by:

(29.17) (i) z>0 for each e € E,
(ii) «(D)> 2z, foreach cut D and e € D.

As J. Edmonds (cf. Seymour [1979b]) pointed out, this can be derived from
(essentially) matching theory:

Corollary 29.2f. The circuit cone is determined by (29.17).

Proof. Since the incidence vector = of any circuit satisfies (29.17), the circuit
cone is contained in the cone determined by (29.17).

To see the converse inclusion, let x satisfy (29.17). To show that = belongs
to the circuit cone, we may assume (by scaling) that z(E) < 1. Tt suffices to
show that = belongs to the ()-join polytope of G. Hence, by Corollary 29.2e,
it suffices to show that x(§(U)) — 2z(F) > 1 — |F| for each U C V and
F C 6(U) with |F| odd. If |F| = 1, this follows from (29.17)(ii). If | F| > 3,
then z(6(U)) — 2x(F) > —z(E) > —1>1—|F]|. |

(This proof is due to Ardoz, Cunningham, Edmonds, and Green-Krétki
[1983]. Hoffman and Lee [1986] gave a ‘different (but not shorter) proof’.
Coullard and Pulleyblank [1989] gave a short elementary proof, together with
decomposition results.)

Seymour [1979b] in fact characterized when a box has a nonempty inter-
section with the circuit cone:

Corollary 29.2g. Let G = (V,E) be a graph and let l,u € RE satisfying
I < u. Then there exists an x in the circuit cone of G with | < x < u if and
only if

(29.18) u(D\ {e}) > l(e) for each cut D and each e € D.

Proof. Necessity being trivial, we show sufficiency. Choose a counterexample
with ZeeE(“e — l.) minimum. Suppose that u. > I, for some edge e. Then
there exist a cut D and e € D with u(D \ {e}) = l(e) and there exist a cut
D’ containing e, and f € D'\ {e} with u(D’\ {f}) = I(f). Then f & D, since
otherwise e, f € D N D', implying

(29.19)  w(DAD') <u(D\{e, f}) +u(D"\ {e, f})
=l(e) —u(f) +U(f) — ule) <0.
Hence the cut DAD’ satisfies

(29.20)  w(DAD'\{f}) <u(D\{e})+u(D"\{e, f}) = l(e) —ule) +1(f)
<I(f),
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contradicting (29.18).
So ue = [, for each edge e, and hence the corollary follows from Corollary
29.2f. I

Let G = (V, E) be a graph. A function [ : E — R is called conservative
if I(C) > 0 for each circuit C. The conservative functions form a polyhedral
convex cone, and Corollary 29.2f gives functions that generate this cone:

Corollary 29.2h. The cone of conservative functions is generated by the
nonnegative functions and by the functions l for which there is a subset U of
V and an edge e € 5(U) such that

(29.21) = OONe} _ye

Proof. Directly by polarity (cf. Section 5.7) from Corollary 29.2f. |

In Section 29.11b we show that system (29.17) is TDI if and only if G is
series-parallel.

29.8. Integer sums of circuits

Seymour [1979b] gave the following characterization of integer sums of circuits
in planar graphs. It is equivalent to saying that the incidence vectors of
circuits in a planar graph form a Hilbert base. (We follow a proof suggested
by A.V. Karzanov, which starts like Seymour’s proof but does not use the
four-colour theorem.)

Theorem 29.3. Let G = (V, E) be a planar graph and let x € R¥. Then x
18 a nonnegative integer combination of incidence vectors of circuits if and
only if x is an integer vector in the circuit cone with x(J(v)) even for each
vertex v.

Proof. Necessity being easy, we show sufficiency. Consider a counterexample
with

(29.22) V|4 > (a(e) +1)

eckE

minimal. Then G is connected (otherwise one of the components forms a
counterexample with (29.22) smaller), z(e) > 1 for each e € E (otherwise we
can delete ), and each vertex v has degree at least 3 (the degree is at least 2
by (29.17)(ii); if it is precisely 2, then x has the same value on the two edges
incident with v (by (29.17)(ii)), and hence we can replace them by one edge).

Consider any edge ey with x(eg) > 2 and z(eg) minimal. Let ey connect
vertices p and ¢ say. Let G’ be the graph obtained from G by adding a new
(parallel) edge f between p and ¢. Define z'(eg) := x(ep) — 1, 2/(f) := 1, and
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a'(e) := z(e) for all other edges e of G'. Then condition (29.17) is maintained,
but sum (29.22) decreases. So 2’ is a sum of circuits!” in G’. If none of these
circuits consist of ey and f, then x is a sum of circuits in G, a contradiction.
So {eo, f} is one of the circuits. Therefore, in G, the vector

(29.23) yi=x — 2x*°

is a sum of circuits, say

(2021)  y=3 Aox"C,
cecC

where C is a collection of circuits and where the A¢ are positive integers. Let
Co be the collection of circuits in C traversing eg, and let C; :=C \ C.

We construct a directed graph D = (V, A). We say that a circuit C' gen-
erates a pair (u,v) of distinct vertices if C' traverses both u and v, in such a
way that if C' traverses ey, then C traverses p, q,u, v cyclically in this order
(possibly u = ¢ or v = p). The arc set A of D consists of all pairs (u,v)
generated by at least one C' € C. Then:

(29.25) D contains a directed path from p to gq.

For suppose not. Let U be the set of vertices reachable in D from p. So ¢ € U,
and no arc of D leaves U. Hence no C' € C; intersects 0g(U), and each C € Cqy
intersects 0 (U) precisely twice: once in ey and once elsewhere. So

(29.26)  2(3p(U) \ {eo}) = y(3e(U) \ {eo}) = y(eo) < z(e0),

contradicting (29.17). This shows (29.25).

Now choose a shortest directed p—q path P in D, say P = (vg, v1, ..., V),
with vy = p and vy, = ¢. Let C’ be an inclusionwise minimal subcollection of
C with the property that each arc of P is generated by some C' in C’. Define
Cy :=C"'NCy, and

(2927)  z=2" 4 > X
cec’

We show:
(29.28) z=ux,C" =C, and A\¢ =1 for each C € C.

It suffices to show that z = z. Suppose z # x. Then, since z < z, by the
minimality of (29.22), z is a sum of circuits. To see this, it suffices to show
that (29.17) is satisfied by z. To this end, let U C V and e € §(U). If e # ey,
then (29.17)(ii) follows since z — 2x® is a sum of circuits. If e = eg, then
we can assume that p € U, ¢ € U. Hence some arc (v;_1,v;) leaves U. Let
C’ € (' generate (v;—1,v;). Then C” has at least two edges in §(U), and at
least four if C' € Cj. Moreover, any C' € C{ has at least two edges in §(U).
Hence

17 By a ‘sum of circuits’ we mean a sum of incidence vectors of circuits.
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(2029)  2(8(U)\{eo}) = Y [ECNS(U)\{eo}| = [Ch| +2 = 2(eo).
cec’

So (29.17) is satisfied by z. Hence z is a sum of circuits. But then also x is a
sum of circuits, since

(2030)  w—z=y— Y xPT=AexFO- Y xFC

cec cec cec
= > A+ D (e - DxC
cee\e cec
This contradicts our assumption, proving (29.28).
Then:
(29.31) each vertex v is traversed by at most two circuits in C;.

Otherwise, there exist three arcs on P generated by circuits in C; traversing
v. Hence there exist arcs (v;—1,v;) and (v;—1,v;) on P generated by circuits
C and C' in C; traversing v, with ¢ < j — 1. This implies that we can make
P shorter (by replacing v;, vi11,...,vj—1 by v), a contradiction. This shows
(29.31).

Consider now any vertex v # p,q and any f € §(v) with z(f) > 2. By the
choice of ey we know x(f) > x(ep). Hence, using (29.31),

(29.32) 2z(f) < z(0(v)) < 2|Col + 4 = 2(y(eo) + 2) = 2x(eg) < 2z(f).

So we have equality throughout. In particular, v is traversed by precisely two
circuits in Cy, and z(f) = z(ep).

It follows that, for any ¢ = 1,...,k — 1, the arcs (v;—1,v;) and (v, v;41)
are generated by circuits in C; (by taking v = v;). Trivially, if £ = 1, the arc
(vo,v1) is not generated by any circuit in Cy, and hence by some circuit in
C1. Therefore, by the minimality of C, Cy = ) and C; = C. Hence y(eg) = 0,
and so xz(eg) = 2. Therefore, z(e) € {1,2} for each edge e.

Since each vertex v # p, q is traversed by precisely two circuits in C, we
know that v is incident with at most one edge e with x(e) = 2. Since any e
with z(e) = 2 can play the role of eq, this also holds for v € {p, q}. So

(29.33) the edges e with z(e) = 2 form a matching M in G.

Consider the path P above. Let arc (v;_1,v;) be generated by circuit
C; €C, fori=1,...,k. By the minimality of k, C; and C; are vertex-disjoint
if j > ¢+ 1. Let D; be the union of the EC; for odd 4, and let Dy be the
union of the EC; for even i. So (for each ¢ = 1,2) D; consists of vertex-disjoint
circuits, and Dy N Dy = M \ {eg}.

This is used in proving:

(29.34) each nonempty cut D contained in M is odd.

Indeed, by symmetry we may assume that eg € D. Then D\ {eq} = DN D,
(since D\ {ep} € M\ {ep} C D; and since eg & D1). Moreover, |D N Dy] is
even, since D; is a disjoint union of circuits.
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This proves (29.34), which implies that
(29.35) G — M has at most two components,

since if K and L are components with K UL # V', then at least one of 0 (K),
0g(L), and 0g(K U L) is nonempty and even, contradicting (29.34).
Moreover:

(29.36) M forms a cut in G.

Otherwise, M has an edge spanned by a component of G — M. Hence G has a
circuit C with |CNM| = 1 By symmetry, we may assume that CNM = {eg}.
Then CAD; and CA Dy form cycles whose incidence vectors add up to x.
Hence x is a sum of circuits, a contradiction. So we have (29.36).

Now let K; and K3 be the components of G — M. They are connected
Eulerian graphs. Since M forms a cut, we can assume that the attachments
of M at K; and at K5 are at the outer boundaries By of K7 and By of Ks.
By the planarity of G, the attachments of M occur in the same order on B
as on By. So xFB1 + yFB2 4 2xM is a sum of circuits. Since EK; \ EB; and
EKs, \ EB;y are cycles, this gives x as a sum of circuits. |

(The proof of Seymour [1979b] of Theorem 29.3 uses the four-colour theorem.
Fleischner and Frank [1990] showed that a method of Fleischner [1980] gives
a proof not using the four-colour theorem. Also Alspach and Zhang [1993]
gave a proof not using the four-colour theorem.)

In Theorem 29.3 we cannot delete the planarity condition, as is shown by
the Petersen graph: fix a perfect matching M, and set z. := 2 if e € M and
xz. :=1if e ¢ M. Alspach, Goddyn, and Zhang [1994] (extending Alspach
and Zhang [1993]) proved that the Petersen graph is the critical example:

Theorem 29.4. For any graph G = (V, E), the following are equivalent:

(29.37) (i) each integer vector x in the circuit cone with x(6(v)) even for
each vertex v is a nonnegative integer combination of incidence
vectors of circuits;

(ii) G has no Petersen graph minor.

(This was generalized to binary matroids by Fu and Goddyn [1999] — see
Section 81.9.)

Seymour [1979b] conjectures that each even integer vector  in the circuit
cone is a nonnegative integer combination of incidence vectors of circuits.
A special case of this is the circuit double cover conjecture (it was asked by
Szekeres [1973] and conjectured by Seymour [1979b]): each bridgeless graph
has circuits such that each edge is covered by precisely two of them. Thus
Theorem 29.4 implies that the circuit double cover conjecture is true for
graphs without Petersen graph minor.
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It has been proved that for any even integer k > 4, each bridgeless graph
has circuits such that each edge is covered by precisely k of them. (For k = 6
by Jaeger [1979] and for k = 4 by Fan [1992] — hence any even k > 4 follows.)

This relates to the 4-flow conjecture of Tutte [1966], which generalizes the
four-colour theorem:

(29.38) (?) The edges of any bridgeless graph without Petersen graph
minor can be covered by two Eulerian subgraphs. (?)

(It is called the 4-flow conjecture, since it is equivalent to saying that for
each bridgeless graph G = (V, E) without Petersen graph minor, there is an
orientation D = (V, A) of G and a function f : A — {1,2,3} with f(6™(v)) =
f(6°"(v)) for each v € V' — see Section 28.4.)

Conjecture (29.38) was proved for 4-edge-connected graphs by Jaeger
[1979], and for cubic graphs jointly by Robertson, Seymour, and Thomas
[1997], Sanders, Seymour, and Thomas [2000], and Sanders and Thomas
[2000].

(29.38) is equivalent to:

(29.39) (?) Any bridgeless graph without Petersen graph minor has two
disjoint T-joins, where T is the set of vertices of odd degree (?)

(since J is a T-join if and only if E'\ T yields an Eulerian graph).
It is NP-complete to decide if a graph has two disjoint T-joins, since for
cubic graphs it is equivalent to 3-edge-colourability (cf. Theorem 28.3).
Related work can be found in Zhang [1993c]. Surveys on the circuit dou-
ble cover conjecture were given by Jaeger [1985], Jackson [1993], and Zhang
[1993a,1993b,1997b], and on integer decomposition of the circuit cone (and
more general decompositions) by Goddyn [1993].

29.9. The T-cut polytope

The T-cut polytope Pr.cut(G) — the convex hull of the incidence vectors of
T-cuts — is a ‘hard’ polytope, even if |T'| = 2, since finding a maximum cut
separating two given vertices in a graph is NP-complete. However, the up
hull of the T-cut polytope:

(29.40) Pit—cut (G) = Prcu(G) + RE

is tractable, as follows directly with the theory of blocking polyhedra from
the results above on the up hull of the T-join polytope, and is determined
by:

(29.41) (i) x>0 for each e € E,
(i) «=(J)>1 for each T-join J.
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Theorem 29.5. The up hull P}..
mined by (29.41).

(Q) of the T-cut polytope of G is deter-

cut

Proof. Directly with the theory of blocking polyhedra from Corollary 29.2b.

This implies that the following system:

(20.42) (i) 0<z <1 foreachec E,
(i) =z(J)>1 for each T-join J,

describes a convex hull as follows.

Corollary 29.5a. The convex hull of the incidence vectors of edge sets con-
taining a T-cut is determined by (29.42).

Proof. Directly from Theorem 29.5 with Theorem 5.19. |

(For a direct derivation from Edmonds’ perfect matching polytope theorem,
see Seymour [1979a].)

In general, (29.41) is not TDI, not even totally dual half-integral (Seymour
[1979a]). Seymour [1977b] characterized pairs of G, T for which (29.41) is TDI
— see Section 29.11c.

Rizzi [1997] showed that the minimal TDI-system for the up hull of the
T-cut polytope can have arbitrarily large coefficients and right-hand sides.

29.10. Finding a minimum-capacity 7T-cut

Like in Section 25.5¢ we can find a minimum-capacity T-cut by construct-
ing a Gomory-Hu tree (for a graph G = (V,E) and a tree H = (V, F), a
fundamental cut is a cut dg(Wy), where f € F and Wy is a component of

H—f):

Theorem 29.6. Let G = (V, E) be a graph and let T C 'V with |T| even.
Let c € Rf be a capacity function and let H = (V, F) be a Gomory-Hu tree.
Then one of the fundamental cuts of H is a minimum-capacity T-cut in G.

Proof. For each f € F, choose Wy to be one of the two components of H — f.
Let 6¢(U) be a minimum-capacity T-cut of G. So |[UNT| is odd.

Then U or V \ U is equal to the symmetric difference of the W over
f €drp(U). Hence [W; N T is odd for at least one f € 6p(U). So dg(Wy) is
a T-cut.

Let f = uv. As 6q(Wy) is a minimum-capacity u—wv cut and as §g(U) is a
u—v cut, we have ¢(0g(Wy)) < ¢(dq(U)). So dg(Wy) is a minimum-capacity
T-cut. |
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This gives algorithmically (Padberg and Rao [1982]):

Corollary 29.6a. A minimum-capacity T-cut can be found in strongly pol-
ynomial time.

Proof. This follows from Theorem 29.6, since a Gomory-Hu tree can be found
in strongly polynomial time, by Corollary 15.15a. |

Barahona and Conforti [1987] showed that a cut 6(U) with T N U and
T\ U even and nonempty, and of minimum capacity, can be found in strongly
polynomial time.

Barahona [2002] gave a combinatorial strongly polynomial-time algorithm
to solve the dual of maximizing ¢'x over (29.41) (yielding a fractional packing
of T-joins).

29.11. Further results and notes

29.11a. Minimum-mean length circuit

Let G = (V, E) be an undirected graph and let | € QF be a length function. The
mean length of a circuit C' is equal to I(C)/|C|. Barahona [1993b] showed (using
an argument of Cunningham [1985¢]) that a minimum-mean length circuit in an
undirected graph can be found in strongly polynomial time, by solving at most m
Chinese postman problems.

Theorem 29.7. A minimum-mean length circuit in an undirected graph can be
found in strongly polynomial time.

Proof. Let G = (V, E) be an undirected graph and let [ € QF be a length function.
Note that by adding a constant ~ to all edge-lengths, the collection of minimum-
mean length circuits does not change (as the mean length of any circuit increases
by exactly 7). So we can assume that there exists a circuit C with I(C) < 0.

The algorithm is as follows:

(29.43) Find a minimum-length (-join J.
If I(J) = 0, output a circuit of length 0, and stop.
If i(J) < 0, add v := —I(J)/|J]| to all edge-lengths, and iterate.

We first show that the algorithm stops; in fact, in at most |E| + 1 iterations. To
this end, consider two subsequent iterations. Let [ and I’ be two subsequent length
functions and let J and J’ be the shortest (-joins found. So I'(e) = I(e) — I(J)/|J|
forallee E. If I'(J') < 0, then |J'| < |J|, since

) ) 71,
|| || ||

(note that 1(J) < 0 and I(J’) > 1(J)). This shows that the algorithm stops after at

most |E| + 1 iterations.

(29.44) 0>1'(J)=1J) |J'| > 1(J) |J'| = 1(J)1 —
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As throughout the iterations, the collection of minimum-mean length circuits
is invariant, a minimum-mean length circuit for the final length function, is also a
minimum-mean length circuit for the initial length function. Hence the output is
correct.

Finally, for the O-length circuit C in the final iteration we can take any circuit
contained in the (-join J found in the one but last iteration (as J has length 0 in
the last iteration). |

Barahona [1993b] also showed that, conversely, the minimum-length 7-join
problem can be solved by solving O(m?logn) minimum-mean length circuit prob-
lems, as follows. Let | € QF be a length function. Start with any T-join J. Find a
minimum-mean length circuit C for the length function I’ given by: I'(e) := —I(e)
ife € T and I'(e) := I(e) otherwise. If I'(C)) > 0, then J is a T-join minimizing I(.J).
Otherwise, reset T := TAC, and iterate.

(We note here that Guan [1960] proposed to find a circuit C' minimizing I’ (C')
and iteratively reset T as above, until I'(C) > 0. It is however NP-complete to
find such a circuit, and moreover, no polynomial upper bound on the number of
iterations is known.)

Barahona [1993b] also observed that the minimum-mean length circuit problem
can be solved by solving a ‘compact’ linear programming problem (that is, one in
which the number of variables and constraints is bounded by a polynomial in the
size of the graph).

This follows from the fact that, for any graph G = (V, E), the convex hull of

(29.45) {ﬁxc | C circuit}

(where x© is the incidence vector of C' in R¥) consists of all vectors  in the circuit
cone of G satisfying 17z = 1; moreover, by Corollary 29.2f, z belongs to the circuit
cone of G if and only if for each edge e = st there existsan s—t flowy < xin G—e
of value z.. Here the flow is described on the directed graph obtained from G — e
by replacing each edge uv by two arcs (u,v) and (v, u). As the flows are determined
by flow conservation constraints (next to the negativity and capacity constraints),
this yields a compact linear program.

A minimum mean-weight circuit therefore can be found in polynomial time with
any polynomial-time LP-algorithm.

29.11b. Packing T-cuts

System (29.9) generally is not TDI, as is shown by taking G = K4 and T = V Kj4.
This example is the critical example, since Seymour [1977b] showed that if system
(29.9) is not TDI, then G,T contains K4,V K4 as a ‘minor’ — see Corollary 29.9b
below. To prove this, we follow the approach of Frank and Szigeti [1994] using the
results of Sebd [1988b].

Each polyhedron is determined by a TDI-system, albeit not necessarily the
minimal system defining the polyhedron. Sebd [1988b] showed that system (29.9)
can be extended as follows to a TDI-system defining the up hull of the T-join
polytope.

Let G = (V, E) be a graph and let T' be an even-size subset of V. Call a set
B of edges a T-border if there exists a partition P = (Uy,...,Us) of V such that
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|U; NT| is odd for each ¢ and such that B is equal to the set of edges connecting
distinct classes of P. The value val(B) of the T-border B is, by definition, half of
the number of components K of G — B with [K NT| odd. (This is at least 1k.) So
a T-border is a T-cut if and only if val(B) = 1. Moreover, each T-join intersects
any T-border B in at least val(B) edges. Hence the minimum size of any T-join is
at least the maximum total value of any packing of T-borders. (The total value of a
collection of T-borders is the sum of the values of the T-borders in the collection.)
Sebd [1988b] showed that the minimum and maximum are equal:

Theorem 29.8. Let G = (V, E) be a graph and let T C V. Then the minimum size
of a T-join is equal to the mazximum total value of a packing of T-borders.

Proof. Choose a counterexample with |V'| as small as possible. Then G is connected.

By Corollary 29.2a, it suffices to show that the maximum total value of a packing
of T-borders is at least half of the maximum size of a 2-packing of T-cuts'® Choose
a maximum-size 2-packing of T-cuts §(U1), ..., d(Ux), which by Corollary 29.2a we
may assume to be cross-free. We must find a packing of T-borders of total value
1.
’ We choose the U; such that

k
(29.46) > (Uil
i=1

is as small as possible. In particular, |U;| < |V \ U;| for each i.

For each such 2-packing we have

(29.47) §(U;) # 6(U;) if i # 5,

since otherwise we can contract the edges in §(U;) to obtain G’,T’ and apply
induction. We obtain a packing of 7"-borders in G, of total value %(ka). Together
with the T-border B := §(U;) this gives a packing of T-borders in G of total value
1k. This shows (29.47).

We next show

(29.48) |U;| =1 for each i.

Suppose not. Choose an inclusionwise minimal set U; with |U;| > 1. So for any j,
if U; C U;, then U;j = {t} for some ¢t € T'N U;. Moreover, for each t € T'NU;, there
is a j with U; = {t}, since otherwise we could reset U; := {t¢}, contradicting the
minimality of the sum (29.46). Then U; C T, since otherwise we can replace U; by
T N U;, again contradicting the minimality of the sum (29.46). It follows that the
union of the §(t) for ¢t € U; forms a T-border B of value (|U;| + 1). Contracting
the edges in B gives G’, T" say. Applying induction to G’,T” (in which there exists
a 2-packing of T'-cuts of size k — (|U;| + 1)), gives a packing of T'-borders in G’ of

total value % (k — |Ui| — 1). Adding B, gives a packing of T-borders in G of total

value %k
So we can assume that |U;| = 1 for each i. Then the union of the §(U;) for
i=2,...,k forms a T-border of value %k |

This theorem bears upon the system

18 A 2-packing is a family of sets such that no element is in more than two of them.
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(29.49) (i) ze>0 for each e € E,
(i) =(B) > val(B) for each T-border B.

Since each inequality (29.9)(ii) occurs among (29.49), and since, conversely, each
inequality (29.49)(ii) is a half-integer sum of inequalities (29.9)(ii), the two systems
(29.9) and (29.49) define the same polyhedron — namely Pj ;. (G). In fact:

Corollary 29.8a. System (29.49) is TDI.

Proof. For any weight function w € Zf we can replace any edge e = uv by au—v
path of length w(e), contracting e if w(e) = 0. Applying Theorem 29.8 to the new
graph gives an integer optimum dual solution to the problem of minimizing w'x

subject to (29.49). |

We next use Theorem 29.8 to show that system (29.9) is TDI if G, T contains
no K4, VK4 as a ‘minor’. We follow the line of proof given by Frank and Szigeti
[1994]. We first prove the following.

Call a graph G = (V, E) bicritical if G — u — v has a perfect matching for each
pair of distinct vertices u and v. Call a graph G = (V, E) oddly contractible to K4
if V' can be partitioned into four odd sets Vi, Va, V3, Vi such that G[V; UV}] is
connected for all ¢, j (also if ¢ = j). The following result is due to A. Seb6 (cf. Frank
and Szigeti [1994]):

Theorem 29.9. A bicritical graph with at least four vertices is oddly contractible
to K4.

Proof. Let G = (V, E) be a bicritical graph with |V'| > 4. This immediately implies
that G is connected and has a perfect matching M. Moreover,

(29.50) for all u,v € V with u # v there is an odd-length M-alternating v — v
path P, , with first and last edge not in M.

To see this, first assume that uv € M. Then there is a perfect matching N not
containing uwv (since there exists an edge uw with w # v (by the connectedness of
G), and hence the perfect matching of G = {u, w} together with uw forms a perfect
matching). Let C be the circuit in M U N containing uwv. Then C' — uv is a path as
required in (29.50).

If uv € M, let v’ and v’ be such that uu’ € M and vv’ € M. Let N be a perfect
matching in G—u'—v'. Then (M UN)\ {uv,vv'} contains a v —v path as required.
This shows (29.50).

Now (29.50) implies:

(29.51) there exists an odd-length M-alternating circuit C' = (vo, v1, ..., vt).

(So t is odd, and v;v;41 € M if and only if 4 is odd.) To see (29.51), choose edges
uwv € M and vw ¢ M. Then P, ., does not traverse v (otherwise uv is on Py ). So
C := EP, . U {uv,vw} is a circuit as required in (29.51).

Let w be such that wvg € M. Let K be the component of G —V C containing w.
So N(K) C VC. We first show that |N(K)| > 3. Indeed, first we have vy € N(K).
Let s be the first vertex in P, contained in VC. Then s # wvo, since otherwise
vow € EPy 4, . Let s’ be such that ss’ € M. So s’ # vg. Let 7 be the first vertex in
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P, s contained in VC. Again r # vo. Moreover, r # s, since otherwise ss’ € EP,, o
(implying that the last edge of P, ¢ is in M, a contradiction). As v, s,r € N(K),
we have |[N(K)| > 3.

As K is the union of w with a number of edges in M, | K| is odd. Similarly, any
other component of G — V(' is even. As C is an odd circuit, VC can be partitioned
into three paths with an odd number of vertices, each containing a neighbour of K.
Hence G is oddly contractible to Ky4. |

We define deletion, contraction, and minor for pairs G,T. Let G = (V, E) be a
graph, T'C V, and e = uwv € E. We say that G — e, T arises from G,T by deleting
e. Let G/e be the graph obtained from G by contracting e. Denote the new vertex
to which e is contracted by v°. Define T := T \ {u,v} if [T N {u,v}| is even, and
T := (T\{u,v})U{v} if [T N{u,v}| is odd. Then we say that G/e, T" arises from
G, T by contracting e.

We say that the pair G', T’ is a minor of the pair G, T if G’, T" arises from G, T
by a series of deletions and contractions of edges, and of deletions of vertices not
in T'. Then the following is a special case of a more general hypergraph theorem of
Seymour [1977b] (Theorem 80.1):

Corollary 29.9a. Let G = (V, E) be a graph and let T C V with |T| even, such
that K4,V K4 is not a minor of G,T. Then the minimum size of a T-join is equal
to the maxzimum number of disjoint T -cuts.

Proof. By Theorem 29.8, the minimum size of a T-join is equal to the maximum
total value of a packing of T-borders. Consider such an optimum packing, with the
number of T-borders as large as possible. If each T-border is a T-cut, we are done. So
assume that one of the T-borders, B say, has value at least 2. Let P = (Ux,...,Us)
be a partition of V' with |U; NT| odd for each ¢ and such that B is the union of the
0(Us).

Let G' = (V',E’), T’ be obtained from G,T by contracting each U; to one
vertex. So T' = V'. As G', T’ contains no K4,V K, as a minor, G is not bicritical,
by Theorem 29.9. Hence there are distinct u,v € V' such that G’ — u — v has no
perfect matching. By Tutte’s 1-factor theorem this implies that there is a subset U
of V' with u,v € U and with o(G’ — U) > |U|. Take such a U with |U| maximal.
Then each component of G’ — U is odd. (Otherwise, we can add an element of some
even component to U, contradicting the maximality of |U]|.)

For each component K of G’ — U, the set of edges of G’ incident with K form a
V'-border in G’ of value 3 (|K|+1). So G’ has a packing of V'-borders of total value
[V'\U|4+0o(G'=U) > |V’'| = k. Since |U| > 2 (as u,v € U), we have o(G' = U) > 2,
so there are at least two such components. Hence the packing contains at least two
V’-borders. Decontracting the U; gives a decomposition of B into a packing of at
least two T-borders, of total value k. This contradicts the maximality of the number
of T-borders in the original packing. |

This can be formulated equivalently in terms of total dual integrality. Note that
total dual integrality of system (29.9) is closed under taking minors: deletion of an
edge e corresponds to intersection with the hyperplane H := {z | z. = 0}, while
contracting e corresponds to projecting on H. Hence total dual integrality of (29.9)
can be characterized by forbidden minors; in fact, there is only one forbidden minor:
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Corollary 29.9b. System (29.9) is totally dual integral if and only if G,T has no
minor K4, VKy.

Proof. To see necessity, it suffices to show that if G = K4 and T = V K4, then
(29.9) is not TDI. Taking w, := 1 for each e € EG, the minimum weight of a T-join
equals 2, while each two T'-cuts intersect, implying that there is no integer optimum
dual solution.

To see sufficiency, let K4, V K4 not be a minor of G = (V, E), T. Let w € Z%. Let
G',T" arise from G, T by replacing each edge e by a path of length w., contracting e
if we = 0. Then also G’, T” has no minor K4,V K4. Moreover, the minimum weight
k of a T-join in G is equal to the minimum size of a T’-join in G’. By Corollary
29.9a, G’ contains a T"-cut packing of size k. So G contains k T-cuts such that each
edge e of G is in at most w(e) of them. This gives an integer optimum dual solution
to the problem of minimizing w2 subject to (29.9). |

This implies a characterization of series-parallel graphs:

Corollary 29.9c. The following are equivalent for any graph G = (V, E):
(29.52) (i) G s series-parallel;

)
) (29.11) is TDI for each choice of T';
) (29.11) is TDI for some choice of T';
) (29.17) is TDI.

Proof. The equivalence of (i) and (ii) follows from Corollary 29.9b, since a graph
G is series-parallel if and only if G has no K4 minor. The implication (iii)=(iv) is
direct.

We next show (v)=-(ii). Let (29.17) be TDIL. Choose T'C V and w € Z¥. Let J
be a T-join minimizing w(J). Define w(e) := w(e) if e € E'\ J and w(e) := —w(e)
if e € J. Then 0 is a w-minimal {-join. Since (29.17) is TDI, there exist Ay, € Z+
for U CV and e € §(U) with

(29.53) > Aue (OO —x).
U,e

Choose the Ay, such that ZU@ Av,e is minimized. Then
(29.54) if \v,e > 1and Ay s > 1, then €' € 6(U) \ {e}.
Otherwise, if e € §(U’), then

’

(29.55) (X5(U)\{e} _ Xe) + (X5(U N{e'} Xe )

is nonnegative, and hence we can decrease Ay, and Ay s by 1, without violating
(29.53), contradicting our minimality assumption.
If e € §(U’), then e € §(UAU"). Also, (29.55) is at least

(2956) XE(UAU')\{&} _ Xe’

and hence we can decrease Ay and Ays o by 1, and increase Ayay-,. by 1, without
violating (29.53), again contradicting our minimality assumption.
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This shows (29.54). So there are no two Ay, > 1 and Ays s > 1 such that the
vectors x*(WMed — ye and X‘S(U/)\{E/} — XE/ have opposite signs in some position.
The minimality of > Ay. then implies that Y Ay = —@(J) = w(J) and that
JN§(U) = {e} for each U, e with Ay,e > 1. So each such §(U) is a T-cut. Moreover,

(29.57) w > Avex™™.

U,e

So we have an integral dual solution for the problem of minimizing w"x over (29.9).
This proves (v)=-(ii).

We next show the reverse implication (ii)=-(v). Let (29.9) be TDI for each choice
of T'. To prove that (29.17) is TDI, choose w € 7, such that minimizing w'z over
(29.17) is finite — that is (as (29.17) determines the circuit cone) w(C) > 0 for
each circuit C.

Define J :={e € E | w(e) < 0} and T := {v € V | deg,(v) is odd}. Moreover,
w(e) := |w(e)| for e € E. Then J is a T-join minimizing @w(J) (as w(C) > 0 for
each circuit C'). Hence, as (29.9) is TDI, there exist Ay € Z4 for U with TNU odd,
such that

(29.58) S A < and = w(J).
U U

For each U with Ay > 1 one has |J N§(U)| = 1; let ey be the edge in J N (V).
Then

(29.59) w> > AN — X)),
U
proving total dual integrality of (29.17).
Finally we show (v)<(iii)«< (iv). Consider any T C V and any vertex x” of the

T-join polytope, determined by T-join J. Total dual integrality of (29.11) in x’
means that the following system is TDI:

(29.60) Te >0 for each e € E'\ J,
Te <1 for each e € J,
z(H) —xz(F)>1—|F|, foreach U CV and partition F, H of
0(U) with |UNT| + |F| odd and
[HNJ|+|F\J| =1.
The condition |H N J|+ |F\ J| =1 implies that there exists an edge e € §(U) with
F=U)nJ)Ae} and H = (6(U) \ J){e}.
Setting Z. := 1 —z. if e € J and T, := z. if e € E'\ J, (29.60) is equivalent to:
(20.61) & >0forec E,
Z(H\J)+|HNJ|—z(HNJ)—&(F\J)—|FNJ|+Z(FNJ)>1—|F|
for each U, F, H as described in (29.60). The second line in (29.61) is equivalent to:
(20.62)  FHAJINSWU))) — FFAJ N6U))) > 1— |FAWJNSU)).

and hence to

(29.63) Z(8(U) \ {e}) — e > 0,
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where {e} := FA(JNJ§(U)). As this equivalence holds for any fixed T', this proves
both (iv)=-(v) and (v)=>(iii).

(Korach [1982] gave an algorithmic proof of this corollary.)

Seb& [1988b] also characterized the minimal TDI-system for the polyhedron
Pjt_join(G). Call a T-border B reduced if B = 6(U1)U---UJ(Uy) for some partition
P = (Ui,...,Us) of V such that |U; N T| is odd and G[U;] is connected for each ¢
and such that the graph obtained by contracting each U; to one vertex is bicritical.

Then the following is a minimal TDI-system for connected graphs:

(29.64) (i) z>0 for each edge e for which {e} is not a T-cut,
(i) x(B)>val(B) for each reduced T-border B.

Sebé [1993c] showed that for each fixed k, the problem of finding a maximum in-
teger packing of T-cuts subject to a capacity constraint is polynomial-time solvable
if |T| = k. The method uses that integer linear programming is polynomial-time
solvable in fixed dimension (Lenstra [1983]).

29.11c. Packing T-joins

In the previous section we considered packing T-cuts, which relates to the total
dual integrality of system (29.9). We now consider packing T-joins, which relates
to the total dual integrality of system (29.41).

System (29.41) generally is not TDI. Indeed, let G be the graph Ks 3 and let
To := VKa3 \ {vo}, where vg is one of the two vertices of degree 3 in Kz 3. Then
the minimum size of a Tp-cut in K> 3 is equal to 2, while there are no two disjoint
To-joins. This again is the critical example, as follows again from a more general
hypergraph theorem of Seymour [1977b] (Theorem 80.1). For this special case, we
follow the line of proof given by Codato, Conforti, and Serafini [1996].

Theorem 29.10. Let G = (V, E) be a graph and let T C V, such that K23,To is
not a minor of G,T. Then the minimum size of a T-cut is equal to the mazimum
number of disjoint T-joins.

Proof. Let G, T form a counterexample, with |V| + |E| as small as possible. Let k
be the minimum size of a T-cut. Then trivially G is connected. Moreover:

(29.65) any T-cut C' of size k satisfies C' = 6(¢) for some ¢t € T'.

Indeed, let C = §(U) for U C V with |[UNT| odd and |C| = k. Assume that
1 < |U|] < |V|— 1. Then G[U] is connected, since otherwise there would exist a
T-cut smaller than k. Similarly, G — U is connected.

Now contract U to one vertex v’, yielding minor G’,T” of G,T. The minimum
size of a T'-cut in G’ equals k. As |[VG'| < |[VG|, we know that G’ has k disjoint
T’-joins. Each of them intersects dg/(v') in exactly one edge (as it is a T"-cut of
size k).

We can contract V \ U to one vertex v”’, yielding minor G”,T" of G, T. Again,
G" has k disjoint T"'-joins, each intersecting g (v"") in exactly one edge.

Using the one-to-one correspondence between d¢ (v') and dgr (v”), we can glue
the two collections of joins together, to obtain k£ disjoint T-joins in G, contradicting
our assumption. This gives (29.65).

Let 7' := {t € T | deg(t) = k}. Then (29.65) implies that
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(29.66) each edge of G intersects T".

Otherwise we could delete the edge without decreasing the minimum size of a
T-cut, by (29.65). This would give a smaller counterexample, contradicting our
assumption.

We next have:

(29.67) [V\T'| > 2.

For suppose |V \ T'| < 1. We know that G has k — 1 disjoint T-joins (by the
minimality of |V| 4+ |E| — otherwise deleting any edge would give a smaller coun-
terexample). Let F' be the union of these T-joins. Then degg(v) is even if v ¢ T
while degy(v) =k — 1 (mod 2) if v € T. Hence degp, x(v) is odd for each v € T".
As |[V\T'| <1 it follows that F'\ F is a T-join, and hence G would have k disjoint
T-joins. This contradicts our assumption, and proves (29.67).

Then

(29.68) there is no subset U of 7" with |U| < 2 and G — U disconnected.

Suppose not. If |[U| = 1, let U = {t} for t € T'. Then |K NT| is odd for some
component K of G —t. As G—t is disconnected, |§(K)| < deg(t) = k, contradicting
the fact that §(K) is a T-cut.

If |Ul =2, let U= {t,t'} for t,t’ € T'. Choose a component K of G — U not
contained in T". Let [ (I’, respectively) be the number of edges connecting K and
t (K and t', respectively). If |[K N T is odd, then I + 1’ = |6(K)| > k and hence
[S(KU{t,t'})| < (k—1)+ (k—1) < k, a contradiction. If |[K N T| is even, then
U+ (k—=1)=1[6(KU{t})| > k, and similarly [ + (k — ") > k, a contradiction. This
proves (29.68).

Now choose v € V \ T'. As N(u) C T’ (by (29.66)), by (29.68) we know
|N(u)| > 3. Choose a component K of G’ := G — ({u} U N(u)), with |[N(K)| as
small as possible. (K exists by (29.67).) If possible, we take K such that moreover
|K NT|is odd.

Again by (29.68), |[N(K)| > 3. Choose t1,t2,t3 € N(K). Then

(29.69) for any component L # K of G’ with N(L) = {t1,t2,t3} one has |[LNT|
even.

For suppose that |L N T is odd. By the minimality of |N(K)|, we know N(K) =
{t1,t2,t3}. Moreover, |K NT| is odd. Let k; be the number of edges connecting K
and ¢; and let [; be the number of edges connecting L and t;, for ¢ = 1,2,3. Then
k1+ko+ks = |0(K)| > k, and similarly I1 +12+13 > k. This gives the contradiction

(29.70) k< |§(KULU{t1,t2,t3})| < (ki—]ﬁ—l1)+(k—k2—lz)+(k—k)3—l3) <k

(the first inequality follows from (29.65)). This shows (29.69).

Now contract the union of {u}U (N (u)\ {t1,t2,¢3}) and all components L # K
of G’ with N(L) # {t1,t2,t3} to one vertex u’. Moreover, contract the union of {¢;}
and all components L # K of G’ with N(L) = {t1,t2,¢3} to one vertex t]. Finally
contract K to one vertex u”. This gives minor G”,T” of G, T.

So G” has vertices u’, u”, ], t2, t3, with each of v/, u” adjacent to each of ¢}, t2, t3
(possibly there are more adjacencies). Each of t1,%2,t5 belongs to T". As |T"|
is even, exactly one of u',u" belongs to T”. Hence G,T has minor Ks 3,7, a
contradiction.



Section 29.11c. Packing T-joins 509
This implies the characterization:

Corollary 29.10a. System (29.41) is TDI if and only if K2 3,To is not a minor of
G,T.

Proof. Necessity follows from the fact that total dual integrality of (29.41) is main-
tained under taking minors (contraction of an edge e corresponds to intersecting the
polytope with the hyperplane z. = 0, and deletion of e corresponds to projecting
on it), while the minimum size of a To-cut in K> 3 is 2, and K> 3 has no two disjoint
To-joins.

To see sufficiency, let w € Z¥. Replace any edge e = uv of G by w(e) parallel
edges connecting u and v, yielding the graph G’. Then the minimum weight of a
T-cut in G is equal to the minimum size of a T-cut in G’. By Theorem 29.10, this
minimum size is equal to the maximum number of disjoint T-joins in G’. These
T-joins give an integer optimum dual solution to the problem of minimizing w'z
subject to (29.41). |

Generally, system (29.41) is not totally dual half-integral, as is shown by the
following example of Seymour [1979a)]. Let G’ = (V’, E’) be a connected bridgeless
cubic graph with x'(G) = 4 and with an even number of edges. (For instance, G’ is
the Petersen graph with one vertex replaced by a triangle (in such a way that the
three vertices adjacent to it in the Petersen graph, now each are adjacent to one of
the vertices in the triangle).)

Let G = (V, E) be obtained from G’ by replacing each edge by a path of length
2. So |V is even.

Then trivially the minimum size of a V-cut is equal to 2. However, the maximum
number of V-joins covering each edge at most twice is equal to 3. For suppose that
there exist four V-joins Ji, ..., Ju covering each edge at most twice. Since each edge
of GG is incident with a vertex of degree two, each edge of GG is covered exactly twice
by the J;. For i = 1,2,3, let C; := J;AJs. Then each C; is a vertex-disjoint union
of circuits, and each edge of G is in exactly two of the C;. Then the complements
of the C; form edge-disjoint V'-joins in G. This would yield a 3-edge-colouring of
G’ — a contradiction.

If we replace each edge of G by two parallel edges, thus obtaining an Eulerian
graph, the minimum size of a V-cut equals 4, whereas the maximum number of
disjoint V-joins is 3.

If Seymour’s ‘generalized Fulkerson conjecture’ (see Section 28.5) is true, there
exists a %—integer packing (that is, the minimum size of a T-cut is equal to one
quarter of the maximum size of a 4-packing of T-joins); in other words, the total
dual quarter-integrality of the T-join constraints (29.41) follows — we give the proof
of Seymour [1979a] of this derivation.

Proof that the generalized Fulkerson conjecture implies the total dual
quarter-integrality of the T-join constraints. Let G = (V, E) be a graph and
let T C V. Let k be the minimum size of a T-cut. We must show that the generalized
Fulkerson conjecture implies:

(29.71) there exist T-joins Ju,..., Jar covering each edge of G at most four
times.

First assume that T'= V. We show:
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(29.72) if each vertex of G has even degree, then there exist V-joins Ji, ..., Jox
covering each edge of G at most twice.

To see this, assume that each vertex of G has even degree. So k is even. If k < 2,
(29.72) is trivial. (If £ = 2 there exists a V-join J; then the complement E'\ J is a
V-join again.) So we can assume that k > 4.

For each v € V, let G, be a (k — 1)-edge-connected graph with deg.(v) + 1
vertices, one of degree k and all other vertices of degree k — 1. (Such graphs G,
exist: If k = 4, take any cubic 3-edge-connected graph on deg (v) + 2 vertices (for
instance, by taking a circuit on deg (v) 4 2 vertices, and making opposite vertices
adjacent), and contract an arbitrary edge of it. If k > 6, add a Hamiltonian circuit
to the graph for the case k — 2.)

We take the G, vertex-disjoint. Now transform G to a graph H, by replacing
each vertex v by GG,,, and making each edge of G which was incident with v, incident
instead with one of the deg(v) vertices of G, of degree k — 1, in such a way that
the resulting graph H is k-regular.

We show that H is a k-graph, by showing

(29.73) |61 (U)| > k for each U C VH with |U| odd.

To see this, assume |6 (U)| < k. Observe that |z (U)| is even, as k is even and H
is k-regular. Hence |6m (U)| < k — 2. Since each G, is (k — 1)-edge-connected, for
each v € V we know that either VG, C U or VG, NU = . Define

(20.74)  X:={veV|VG, CU}.

Then |65 (U)| = |dc(X)|. Moreover, |X]| is odd as |[VG,| is odd for each v € V.
Therefore [0g(X)| > k and hence |6 (U)| > k. This shows (29.73).

Then by the generalized Fulkerson conjecture, there exist perfect matchings
M, ..., Ms in H covering each edge of H exactly twice. Projecting these matchings
to the original edges of G, gives V-joins as required in (29.72).

Now, for T' =V, (29.71) follows from (29.72) by replacing each edge of G by two
parallel edges. The case of general T' can be reduced to the case T'=V as follows.
Let T be arbitrary. For each vertex v € V \ T, make a new vertex v, connected by
k parallel edges with v. This gives the graph G’ = (V', E’). Then the minimum size
of a V'-cut in G’ is equal to k. Hence by (29.71) there exist V'-joins Ji,..., i in
G’ covering each edge of G’ at most four times. Restricting the J; to the edges of
G, gives V-joins in G as required.

Cohen and Lucchesi [1997] showed that conjecture (29.72) is equivalent to: if
all T-cuts have the same parity, then the maximum size of a 2-packing of T-joins
is equal to twice the minimum size of a T-cut. They also showed that this is true
if |T'| < 8; more strongly, that if |T| < 8 and all T-cuts have the same parity, then
the maximum number of disjoint T-joins is equal to the minimum size of a T-cut.

29.11d. Maximum joins

Let G = (V, E) be a graph. Call a subset J of E a join if |J N C| < £|C| for each
circuit C; that is, |[JAC| > |C| for each circuit C. This can be expressed in terms
of the length function Iy : E — {—1,+41}, defined by

[ -1 ifeeJ,
(29.75) li(e) = {+1 ifed.J.
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So
(29.76) ly(F)=|FAJ|—|J]

for each F' C E. Then a set J is a join if and only if [;(C) > 0 for each circuit C.
Note also that

(29.77) a set J is a join if and only if it is a minimum-size T-join for T := {v €
V| deg,(v) odd}.

Frank [1990b,1993b] gave a min-max relation for the maximum size of a join. By
Corollary 29.2a and (29.77), the maximum size of a join is equal to the maximum
size of a fractional packing of T-cuts, taken over ' C V with |T'N K| even for each
component K of G. This, however, is not a min-max relation.

A min-max relation can be described in terms of ear-decomposition. Let G =
(V, E) be an undirected graph. An ear of G is a path or circuit P in G, of length
> 1, such that all internal vertices of P have degree 2 in G. The path may consist
of a single edge — so any edge of G is an ear.

If I is the set of internal vertices of an ear P, we say that G arises from G — I by
adding ear. An ear-decomposition of G is a series of graphs Go,G1, ..., Gk, where
Go = K1, Gr = G, and G; arises from G;—1 by adding an ear (i = 1,...,k).

A graph G = (V,E) has an ear-decomposition if and only if G is 2-edge-
connected (see Theorem 15.17). Moreover, the number of ears in any ear-decompo-
sition is equal to |E| — |V| 4+ 1. Then the min-max relation for maximum-size join
in 2-connected graphs is formulated as:

Theorem 29.11. Let G = (V, E) be a 2-edge-connected graph. Then the mazimum
size of a join is equal to the minimum value of

k
(20.78) S ILEP]
i=1
taken over all ear-decompositions (Pi,...,Py) of G.

Proof. We first show that the maximum is not more than the minimum. Let J be a
join in G and let IT = (P4, ..., P;) be an ear-decomposition of G. Let G’ = (V' E')
be the graph made by Pi,...,Py_1 and let J' := J N E’. By induction we know

k—1
(29.79) EAESEIAI]
=1

If |J N EPy| < ||EP:|) we are done. So assume that |J N EPy| > [1|EPs|]; that
is, 17(Px) < 0. Let w and v be the end vertices of Py. Let Q be a u — v path in G’
minimizing 1/ (Q). So l;(Px) + 1;(Q) > 0 (since J is a maximum-size join). Since
1;(Q) = |J'AEQ| — |J'|, Q minimizes |J' AEQ).

Then J” := J'AEQ is again a join in G’, since for any circuit C' in G':

(29.80) |[J'AC| = |J AEQAC)| > |J AEQ| = |J"]
(since @ minimizes |J'AEQ)|). Moreover,

(29.81) |J"[ == [T AEQ| — || = 15(Q) > —1;(Py)
=|JNEP:|—|EP:\ J| > |[JNEP:| — | 3|EPx|].
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Hence, by induction applied to J”,

k
(29.82) | = ||+ |JNEP| <|J"|+ [5ER) < Y L5IER).
i=1

This shows that the maximum is not more than the minimum. To see equal-
ity, for any graph G let 8(G) be the maximum size of a join in G. For any ear-
decomposition IT = (Py, ..., Py), let o(IT) :== ¢ | [3|EP;|]. Let 7(G) be the min-
imum of o (II) over all ear-decompositions II of G. So we must prove 3(G) = 7(G).
Call an ear-decomposition II optimum if it minimizes o (II).

We first show:

(29.83) Let U C V with G[U] 2-edge-connected. Then #(G) < w(G[U]) +
w(G/U).

To see this, first observe that if G[U] has a Hamiltonian circuit C, then an optimum
ear-decomposition II’ of G[U] is obtained by first taking C, and next adding the
remaining edges as ears. Now in any optimum ear-decomposition IT" of G/U, we
can insert IT’ at the first ear of II"" containing the vertex into which U is contracted
(by splitting C' appropriately). In this way we obtain an ear-decomposition IT of G
with o(IT) < o(IT") + o(IT").

If G[U] has no Hamiltonian circuit, let [T’ be an optimum ear-decomposition
of G[U]. Let C be its first ear. By the above, 7(G) < w(G[VC]) + n(G/VC).
Also, by induction, n(G/VC) < n((G[U])/VC) + n(G/U). As C is the first ear of
IT', we have ©(G[VC]) + n((G[U])/VC) = wn(G[U]). Combining, we get 7(G) <
7(G[U]) + n(G/U), showing (29.83).

Next we state:

(29.84) if G is factor-critical, then 7(G) < [$|VG|].

This follows directly from Theorem 24.9, since [|EP;|| is at most 3 the number
of internal vertices of P;.

In particular, it follows that if G is factor-critical, then 3(G) = w(G), as G
has a join of size ||V G|], namely a matching. So we can assume that G is not
factor-critical.

A graph G is called matching-covered if each edge of G is contained in a perfect
matching. By Theorem 24.10,

(29.85) if G is matching-covered and 2-edge-connected, then 7(G) < |V G|.

For any subset W of V' let Hw be the graph obtained from G[W U N(W)] by
deleting all edges in N (W) and contracting all edges in W. (Hw may have parallel
edges.) So Hw is a bipartite graph with colour classes N(W) and «(W) := the set
of components of G[W].

(29.86) There is a nonempty subset W of V' such that each component of G[W]
is factor-critical and such that Hyw is 2-edge-connected and matching-
covered.

To see this, we first observe that there is a nonempty subset X of V' such that each
component of G[X] is factor-critical and such that Hx has a matching M covering
N(X). Indeed, if G has no perfect matching, then we can take X := D(G) (= the
set of vertices v for which G has a maximum-size matching missing v). By Corollary
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24.7a, X has the required properties. If G has a perfect matching, call it M. Choose
u €V, and let X := D(G — u). Then X has the required properties (note that the
vertex matched in M to u belongs to D(G — u)).

Having X and M, orient the edges in M in the direction from x(X) to N(X),
and all other edges of Hx in the direction from N (X) to x(X). This gives a directed
graph, that has (like any directed graph) a strong component L such that no arc
enters L. Let W be the union of those components of G[X] whose contraction
belong to L. Since no arc leaves L, for any edge ¢ = uv € M, if u € N(X) and
u € L, then v € W. Conversely, if v € W, then w € L. For let v € K € L. As G
is 2-edge-connected, there exists an edge f # e leaving K. As K € L and no arc
enters L, both ends of f belong to L. As L is strongly connected, f belongs to a
directed circuit. Necessarily, e is in this directed circuit. So both ends of e are in L.

Hence the edges of M intersecting W, form a perfect matching M’ in Hy, and
so |[N(W)| = |k(W)|. Moreover, consider any edge e of Hy not in M. In Hx, e is
oriented from N (W) to x(W), and hence, as L is a strong component, it is contained
in a directed circuit. This directed circuit forms an M’-alternating circuit in Hyw,
implying that e belongs to a perfect matching in Hw . So Hw is matching-covered.
Finally Hw is 2-edge-connected, as it has a strongly connected orientation, since L
is a strong component. This shows (29.86).

Define U := W U N(W). Then (29.83), (29.84), (29.85), and (29.86) imply

(29.87) m(G) < 7(G/U) +=(G[U]) < n(G/U) + n(Hw) + Y =(G[K])
Ker(W)
<m(G/U)+ 3IVHw|+ > [3IK[] < =(G/U) + U

Ker(W)
On the other hand, we have
(29.88) B(G) > B(G/U) + 5|U|.

Indeed, let G’ := G/N(W). Then trivially, 3(G) > B(G’). The contracted N (W)
forms a cut vertex vo in G, and so 3(G’) is equal to the sum of the 3(G'[K U{vo}])
over all components K of G — vg. Now for each component K of G[W] we have
B(G'[K U{vo}]) > 3(IK| + 1), since G'[K U {vo}] has a perfect matching (as K
is factor-critical), which is a join. Since G[W] has |N(W)| components, this proves
(29.88).

Hence the theorem follows by induction. |

The proof gives a polynomial-time algorithm to find a maximum-size join and
an ear-decomposition minimizing (29.78).

In Section 24.4d we saw that a graph is factor-critical if and only if it has an
ear-decomposition with odd ears only. This can be generalized to (where G/ F arises
from G by contracting all edges in F):

Theorem 29.12. Let G = (V, E) be a 2-edge-connected graph. Then the minimum
number of even ears in an ear-decomposition of G is equal to the minimum size of
a subset F' of E with G/F factor-critical.

Proof. First let Pi,..., Py be an ear-decomposition of G. Choose one edge from
each even ear. This gives a set F' with G/F factor-critical, by Theorem 24.9.
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Conversely, let F' C E with G/F factor-critical and |F| minimum. By Theorem
24.9, G/F has an ear-decomposition (Pi,..., Py) with odd ears only. Then we can
partition F' into Fi,..., F} such that P, U Fi,..., P, U F} is an ear-decomposition
of G. This ear-decomposition has at most |F| even ears. |

We can derive from this a characterization of the maximum size of a join in any
graph:

Corollary 29.12a. Let G = (V, E) be a connected graph. Then the mazimum size
B(G) of a join is equal to

(29.89) 3(8(G) + V] = 1).
where ¢(G) is the minimum size of a subset F' of E with G/F factor-critical.

Proof. If G has a cut edge e, the corollary follows by applying induction to G/e,
since B(G) = B(G/e) + 1 and ¢(G) = ¢(G/e) + 1.

So we can assume that G is 2-edge-connected, and then the corollary follows
from Theorem 29.11, with Theorem 29.12. Note that

k k
(29.90) ZL%|EP1|J = £ (number of even ears + Z(|EP1\ —1))
i=1 i=1
= £ (number of even ears +|V| — 1). |

For 2-edge-connected bipartite graphs we have:

Corollary 29.12b. Let G = (V,E) be a 2-edge-connected bipartite graph, with
colour classes U and W . Then the mazimum size of a join is equal to the minimum
number of edges oriented towards U in any strongly connected orientation of G.

Proof. To see that the maximum is not more than the minimum, consider any
strongly connected orientation of G, yielding the directed graph D. By Theorem
6.9, D has an ear-decomposition (P, ..., Pi). Any ear P; contains at least | |EP;|]
edges oriented towards U. So the sum (29.78) is at most the total number of edges
oriented towards U. Hence by Theorem 29.11, the maximum is not more than the
minimum.

To see equality, consider an ear-decomposition Pi,..., P, of G minimizing
(29.78). In any ear P;, we can orient the edges so as to obtain a directed path,
with exactly |_%|EPZ|J edges oriented towards U. This gives a strongly connected
orientation with Y| 3|EP;i|] edges oriented towards U. So Theorem 29.11 gives

equality. |

We can derive some more min-max relations for bipartite graphs. Seymour
[1981d] observed that Theorem 29.2 is equivalent to:

Theorem 29.13. Let G = (V, E) be bipartite and let J C E. Then J is a join if
and only if there exist |J| disjoint cuts each intersecting J in ezactly one edge.

Proof. By Theorem 29.2, using (29.77). |
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This implies a max-max relation for the maximum size of a join in bipartite
graphs:

Corollary 29.13a. Let G be bipartite. Then the mazimum size of a join is equal
to the maxzimum number of disjoint nonempty cuts.

Proof. Directly from Theorem 29.13. |

Hence, with Corollary 29.12b, a result of D.H. Younger follows (cf. Frank
[1993b]):

Corollary 29.13b. Let G be a 2-edge-connected bipartite graph, with colour classes
U and W. Then the minimum number of edges oriented towards U in any strongly
connected orientation of G is equal to the maximum number of disjoint nonempty
cuts in G.

Proof. From Corollaries 29.13a and 29.12b. I

Frank, Tardos, and Sebd [1984] showed the following. Let G be a 2-edge-
connected bipartite graph, with colour classes U and W. Then the minimum number
of edges oriented towards U in any strongly connected orientation of G is equal to
the maximum value of
(29.91) > K(G-9),

Ssen
ranging over all partitions IT of U, where x(H) denotes the number of components
of H.

For an extension, see Kostochka [1994]. Szigeti [1996] gave a weighted version,
based on matroids. Fraenkel and Loebl [1995] showed that it is NP-complete to
find the maximum size of a subset J of the edge set F of a graph G with 1;(C) <
1|EC)| for each circuit C (even if G is planar and bipartite). Connected joins were
investigated by Sebé and Tannier [2001].

29.11e. Odd paths

We saw in Section 29.2 that the problem of finding a shortest s — t path in an
undirected graph G = (V, E), with length function [ : E — Q can be solved in
polynomial time, if each circuit has nonnegative length. This is by reduction to the
weighted matching problem.

As J. Edmonds (cf. Grotschel and Pulleyblank [1981]) observed, another prob-
lem reducible to the weighted matching problem is: given a graph G = (V, E) and
a length function ! : E — Q4, find a shortest odd s — ¢t path. Here a path is odd if
it has an odd number of edges.

This reduction is as follows: make a copy G’ = (V',E’) of G, and a copy
I': E' = Q4 of I, add edges vv’ for each v € V (where v’ is the copy of v), each
of length 0. Call the extended graph H. Then a minimum-length odd s — ¢ path in
G can be found by finding a minimum-length perfect matching M in H — s" —t":
let N be the perfect matching {vv’ | v € V} in H; then the component of M U N
containing s and ¢ gives a shortest odd s — ¢t path in G.

Next consider the following polyhedron @ in R”:
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(29.92) Q := conv.hull{x* | P odd s — t path} + R¥
and its blocking polyhedron
(29.93) B(Q) = {x € R¥ | z(P) > 1 for each odd s — ¢ path P}.

By the above method, one can optimize over ) in polynomial time. Hence, with
the ellipsoid method, one can decide if a given z € QF belongs to @ or not, and
if not, find a separating facet. This also implies that for given capacity function
c¢: F — Q4+, one can find in polynomial time a fractional packing of odd s —t paths
subject to ¢, of maximum value (by minimizing ¢'z over B(Q)).

Schrijver and Seymour [1994] considered the problem (raised by Grotschel
[1984]) of finding an explicit system of inequalities describing Q; equivalently, of
describing the vertices of B(Q).

Call a subset F' of E odd-blocking if each odd s — t path contains an edge in
F. For each F' C E, define hp € Zf as follows, where e = uv € E and Wp :=
{s,t} U{v € V | v is incident with at least one edge in E \ F'}:

2 ifu,ve Wrpande€ F,
(29.94) hr(e) := ¢ 1 if exactly one of u,v belongs to Wg,
0 otherwise.

In other words,
(29.95) he= Y X
veEWER
In particular, hp(e) =0 if e & F.
Note that for each = € Z¥ one has:

(29.96) hEx > 1 for each odd-blocking F <= there exists an odd s — ¢ path
P with x© <2 <= hrz > 2 for each odd-blocking F.

Then Schrijver and Seymour [1994] proved:

(29.97) Let I : E — Z4 be a length function such that each circuit and each
s — t path has even length. Then the minimum length of an odd s — ¢
path is equal to the maximum value of 2k for which there exist odd-
blocking sets F1, ..., Fy with hp, + -+ hr, <.

This implies:

(29.98) Let | : E — Z4+ be a length function. Then the minimum length of
an odd s — t path is equal to the maximum value of k£ for which there
exist odd-blocking Fi, ..., F} with %hp1 + -+ %th <.

This can be formulated in terms of LP-duality. Let F be the collection of odd-
blocking sets and let H be the F x E matrix whose F'th row equals hr (for F' € F).
Then (29.98) states that for [ : E — Z4:

(29.99) min{l"z |z € Z¥, (3 H)z > 1} =max{y"1 |y € 21,y (3 H) <1}.
Equivalently, the system

(29.100) Te >0 e€eF,
%h}a: >1 F odd-blocking,
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determines @ and is TDI. Hence:
(29.101) each vertex of B(Q) is equal to 3hr for some odd-blocking F' C F

(this implies the conjecture of W.J. Cook and A. Sebé that the vertices of B(Q)
are half-integer).

Minimizing ¢'2 over B(Q) then gives the following. Let G = (V,E) be an
undirected graph, let s,t € V, and let ¢ : £ — Ry. Then the maximum value of a
fractional packing of odd s — ¢t paths subject to c is equal to the minimum value of

(20.102)  § > c(d(v)NF),
veEWrp
taken over odd-blocking F' C E.

L. Lovasz asked for the complexity of the following combination of two of the
problems above: given a graph G = (V, E), vertices s,t € V, and a length function
| : E — Q, such that each circuit has nonnegative length, find a shortest odd s — ¢
path.

29.11f. Further notes

Complexity survey for all-pairs shortest paths in undirected graphs without nega-
tive-length circuits (* indicates an asymptotically best bound in the table):

* | O(nmlogn) | Gabow [1983a]
* O(n?) Gabow [1983a]

(The algorithm proposed by Bernstein [1984] fails (for instance, for a graph with
four vertices).)

Karzanov [1986] gave an O(|T|mlogn +|T|*log|T|)-time algorithm to find a
shortest T-join and a maximum fractional packing of T-cuts.

It is easy to see that the vertices of Pjt_j oin(G) are the incidence vectors of
the inclusionwise minimal T-joins (that is, those T-joins that are a forest). Indeed,
consider a T-join J. If J contains another T-join J’ as subset, then XJ/ < x”7, and
hence x”7 is not a vertex of P}_j oin (G)- Conversely, if x” is not a vertex, then x’ > z
for some convex combination x of incidence vectors T-joins. Each of these T-joins
J' satisfies v’ < x”, and hence J' C J.

Similarly, an inequality =(C) > 1 for a T-cut C' determines a facet if and only
if C' is an inclusionwise minimal T-cut.

Giles [1981] showed that two inclusionwise minimal T-joins J and J’ give adja-
cent vertices of the polyhedron P} (G) if and only if JU J’ contains exactly one

T-join
circuit. It implies that the distance of J and J' in Pl . . (@) is at most |J \ J'| —

T-join
this implies the Hirsch conjecture for P}_join(G).
Gerards [1992b] showed the following. For any graph H, an odd-H is a subdivi-
sion of H such that each odd circuit of H becomes an odd circuit in the subdivision.
In other words, the edges of H that become an even-length path form a cut in H.
The prism is the complement of the 6-circuit Cs. Let G = (V, E) be a graph not

containing an odd-K4 or an odd-prism as subgraph. Then for each 7' C V, the
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minimum size of a T-join is equal to the maximum number of disjoint T-cuts. This
generalizes Corollary 29.9¢c and Theorem 29.2.

Call a graph G = (V, E) a Seymour graph if for each subset T of V for which
there exists a T-join, the minimum-size of a T-join is equal to the maximum number
of disjoint T-cuts. Ageev, Kostochka, and Szigeti [1995,1997] showed that G is a
Seymour graph if and only if for each length function I € Z¥ with I(C') > 0 for each
circuit C, and for each pair of circuits C7 and Cs with [(C1) = 0 and [(C32) = 0, the
graph formed by C:i U C5 is neither an odd-K4 nor an odd-prism. (Here sufficiency
was proved by A. Sebd.)

Seymour [1981d] characterized for which pairs G, T with |T'| = 4, the minimum
size of a T-join is equal to the maximum number of disjoint T-cuts. In fact, let
T = {t1,t2,t3,ta} and let k € Z. Then there is a packing of T-cuts of size k if and
only if

(29.103) dist(tl, tg) -+ diSt(tg, t4)

diSt(tl, tg) =+ diSt(tz, t4)
dist(t1, t4) + dist(t2, t3) >k,

> k,
>k,

such that if equality holds in each of these inequalities, then dist(¢1, t2)+dist(t1,t3)+
dist(t2, t3) is even.

Korach [1982] characterized such pairs for |T'| = 6, and gave a polynomial-time
algorithm recognizing them.

The existence of T-joins satisfying given upper bounds on the degrees can be
characterized by reduction to Tutte’s 1-factor theorem (cf. Ning [1987]).

Middendorf and Pfeiffer [1990b,1993] showed that it is NP-complete to decide,
for given planar graph G = (V,E) and T C V, if the minimum size of a T-join
is equal to the maximum number of disjoint T-cuts. As a minimum-size T-join
can be found in polynomial time, it follows that it is NP-complete to determine a
maximum packing of T-cuts. (Related results are given by Korach and Penn [1992],
Korach [1994], and Granot and Penn [1995].)

The directed Chinese postman problem can be solved as a minimum-cost cir-
culation problem (see Section 12.5b). The mized Chinese postman problem (with
directed and undirected edges) however is NP-complete (Papadimitriou [1976]).
Guan [1984] derived from this that the windy (or asymmetric) postman problem
(where the length of an edge may depend on the direction in which it is traversed)
is NP-complete.

Edmonds and Johnson [1973] showed that the mixed Chinese postman problem
in which each vertex has even total degree is polynomial-time solvable. (The total
degree of a vertex v is the total number of edges (directed and undirected) incident
with v.) Similarly, Guan and Pulleyblank [1985] and Win [1989] showed that the
windy postman problem is solvable in polynomial time if the graph is Eulerian (by
reduction to a minimum-cost circulation problem). More on the windy postman
can be found in Groétschel and Win [1992], Pearn and Li [1994], and Raghavachari
and Veerasamy [1999b].

For approximation algorithms for the mixed postman problem, see Frederick-
son [1979] and Raghavachari and Veerasamy [1998,1999a]. Further work on the
mixed postman problem is reported in Kappauf and Koehler [1979], Minieka [1979],
Brucker [1981], Christofides, Benavent, Campos, Corberdn, and Mota [1984], Ralphs
[1993], and Nobert and Picard [1996].
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An extension of the Edmonds-Gallai decomposition to T-joins was given by
Sebd [1990b] (cf. Sebd [1986,1997]). Goemans and Williamson [1992,1995a] gave a
fast 2-approximative algorithm for finding a shortest T-join.

Benczir and Fulop [2000] give fast algorithms for finding minimum-size T-cut,
with generalization to directed graphs.

Tobin [1975] studied finding a negative-length circuit with Edmonds’ algorithm.
For more on packing T-joins, see Rizzi [1997]. For surveys on T-joins and T-cuts,
see Sebd [1988a] and Frank [1996a].

29.11g. On the history of the Chinese postman problem

In a paper in Chinese in Acta Mathematica Sinica, entitled (in translation) ‘Graphic
programming using odd or even points’, Guan [1960] introduced the problem of
finding a shortest postman route:

When the author was plotting a diagram for a mailman’s route, he discovered the
following problem: “A mailman has to cover his assigned segment before returning
to the post office. The problem is to find the shortest walking distance for the
mailman.”

(In a footnote it is mentioned that ‘In postal service, a mailman’s route is called a
segment’.) Next:

This problem can be reduced to the following: “Given a connected graph in the
plane, we are to draw a continuous graph (repetition permitted) from a given
point and back minimizing the number of repeated arcs.”

So Guan restricted himself to planar graphs. He observed that a postman never
has to traverse any edge more than twice. Hence the problem amounts to finding
a minimum-length set J of edges such that adding a parallel edge to each of them,
gives an Eulerian graph. He next gave an algorithm, which consist of starting with
any such set J, and next iteratively improving it by finding a circuit C' such that
the length of JNC' is larger than half of the length of C, and replacing J by JAC.
As in each iteration the length of J decreases, the method finds a shortest route
after a finite number of steps.

In a review in Mathematical Reviews of the article of Guan [1960], Fulkerson
[1964a] observed:

Unfortunately, the construction involves examining all simple cycles to see whether
the minimality test is met or not, and this is easier said than done.

Therefore, Edmonds [1965¢] announced a better method in an abstract for the
27th National Meeting of the Operations Research Society of America (May 1965
in Boston):

We present an algorithm which does not involve examining simple cycles. It is
“good” in the sense that the amount of work in applying it is at worst moderately
algebraic, relative to the size of the graph, rather than exponential. It combines
two earlier known algorithms: (1) the well-known “shortest path” algorithm, (2)
a recent algorithm for “maximum matching”.

The name of the problem seems to occur first in the title of this abstract: ‘The
Chinese Postman’s Problem’ (where ‘The Chinese’s Postman Problem’ would be
more appropriate).



Chapter 30

2-matchings, 2-covers, and
2-factors

The results on matchings are strongly self-refining, as was pointed out by
Tutte [1952,1954b] and Edmonds and Johnson [1970,1973]. In this chapter
we see a first instance of this phenomenon. By splitting vertices, results on
2-matchings can be derived from those on ordinary matchings. 2-matchings
are of interest for the traveling salesman problem.

30.1. 2-matchings and 2-vertex covers

Let G = (V, E) be an undirected graph. A 2-matching is a vector x € Zf
satisfying z(0(v)) < 2 for each vertex v. A 2-vertex cover is a vector y € ZY
such that y, + v, > 2 for each edge uv of G. Defining the size of a vector as
the sum of its entries, we denote:

(30.1) v2(G) := the maximum size of a 2-matching in G,
79(G) := the minimum size of a 2-vertex cover in G.

Note that
(30.2) 72(G) = min{|V'\ S|+ |N(S)| | § C V., S stable set},

since for a minimum-size 2-vertex cover y, the set S :=={v € V |y, = 0} is
a stable set, while N(S) = {v € V | y, = 2}, and since x*"\¥ + xV) is a
2-vertex cover for each stable set S.

Note also that

(30.3) v(G) < 512(G) < §72(G) < 7(G).
The following is a special case of a theorem of Gallai [1957,1958a,1958b] (cf.

Theorem 31.7), and can be derived from K6nig’s matching theorem.

Theorem 30.1. v5(G) = 72(G) for any graph G. That is, the mazimum size
of a 2-matching is equal to the minimum size of a 2-vertex cover.

Proof. Make for each vertex v of G a new vertex v’, and replace each edge uv
of G by two edges u'v and wv’. This makes the bipartite graph H. By Kénig’s
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matching theorem (Theorem 16.2), H has a vertex cover C' and a matching
M with |C| = |M]|. For any edge e = wv of G let z, := |{v/v,uwv’} N M| and
for any vertex v of G let y, := [{v,v'} N C|. Then x is a 2-matching and y is
a 2-vertex cover with z(F) = |M| = |C| = y(V).

This construction was given by Nemhauser and Trotter [1975]. It also yields
a polynomial-time reduction of the problems of finding a maximum-size 2-
matching and a minimum-size 2-vertex cover to the problems of finding a
minimum-size matching and a maximum-size vertex cover in a bipartite graph
— hence these problems are polynomial-time solvable.

Call a 2-matching x perfect if x(6(v)) = 2 for each vertex v. So a 2-
matching = is perfect if and only if z(E) = |V|. Theorem 30.1 implies a
characterization of the existence of a perfect 2-matching (Tutte [1952]):

Corollary 30.1la. Let G = (V,E) be a graph. Then G has a perfect 2-
matching if and only if |N(S)| > |S| for each stable set S.

Proof. Directly from Theorem 30.1, since G has a perfect 2-matching <=
(G) > V| <= 72(G) > |V]|. With (30.2), this last is equivalent to the
condition of the present corollary. |

As finding a perfect 2-matching can be reduced to finding a maximum-size
2-matching, it is polynomial-time solvable.

30.2. Fractional matchings and vertex covers

Any vector z € RF satisfying

(30.4) (i) x>0 fore € E,

(i) z(0(w)) <1 forveV,
is called a fractional matching. The maximum size (F) of a fractional match-
ing is called the fractional matching number, denoted by v*(G). By linear
programming duality, v*(G) is equal to the fractional vertex cover number
7*(@) — the minimum size of a fractional vertez cover, which is any solution
y € RV of
(30.5) (i) 0<y, <1 forveV,

(il) Yu+yp>1 foruveE.
The equality v*(G) = 7*(G) also follows from Theorem 30.1, since trivially
(30.6) 1n(G) < v*(G) < 7(G) < in(G).

(An extension to infinite graphs was given by Aharoni and Ziv [1990].)
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30.3. The fractional matching polytope

Let G = (V,E) be a graph. The fractional matching polytope of G is the
polytope determined by (30.4). Balinski [1965] showed:

Theorem 30.2. Fach vertex of the fractional matching polytope of G is half-
integer.

Proof. Let = be a vertex of the fractional matching polytope. We can assume
that xz, > 0 for each edge e, since if x, = 0 we can apply induction to G — e.
Hence we can assume also that x, < 1 for each edge e; equivalently, that each
vertex of G has degree at least two.

As z is a vertex, there are |E| constraints among (30.4)(ii) satisfied with
equality. So |E| < |V|, implying that G is 2-regular. Then z, =  for each
e € E, as it is a solution to setting (30.4)(ii) to equality, and as the solution
must be unique (as x is a vertex). |

Balinski [1965] also observed that the support of any vertex x of the
fractional matching polytope can be partitioned into a matching M, with
ze =1 for e € M, and a set of odd circuits, vertex-disjoint and disjoint from
M, with x. = % for each edge e in any of the odd circuits.

30.4. The 2-matching polytope

The 2-matching polytope of G is the convex hull of the 2-matchings in G. The-
orem 30.2 implies a characterization of the 2-matching polytope (Edmonds
[1965b]):

Corollary 30.2a. The 2-matching polytope is determined by:

(30.7) (i) x>0 fore € E,
(ii)) z(0(v)) <2 forvelV.

Proof. Directly from Theorem 30.2, since it implies that the vertices of the
polytope determined by (30.7) are integer, and hence are 2-matchings. |

Given a graph G = (V| E), the perfect 2-matching polytope of G is the con-
vex hull of the perfect 2-matchings in G. As the perfect 2-matching polytope
is a face of the 2-matching polytope (if nonempty), Corollary 30.2a implies
(Edmonds [1965Db]):

Corollary 30.2b. The perfect 2-matching polytope is determined by

(30.8) (i) x>0 for e € E,
(ii)) z(0(v))=2 forvelV.
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Proof. Directly from Corollary 30.2a. |

Pulleyblank [1987] related the vertices of the 2-matching polytope with
the Edmonds-Gallai decomposition of the graph.

Similar results as for fractional matchings and 2-matchings hold for frac-
tional vertex covers and 2-vertex covers. We discuss them in Section 64.6.

30.5. The weighted 2-matching problem

Given a graph G = (V, E) and a weight function w € QF, the weight of a 2-
matching x is w'z. The weighted 2-matching problem is strongly polynomial-
time solvable:

Theorem 30.3. A mazimum-weight 2-matching can be found in time O(n?3).

Proof. Make the bipartite graph H as in the proof of Theorem 30.1, with
weight function w’(u'v) := w'(uwv') := w(uv) for each edge uv of G. Then
a maximum-weight matching in the new graph gives a maximum-weight 2-
matching in the original graph. So Theorem 17.4 gives the present theorem.

One can derive similarly from Egervary’s theorem a characterization of the
maximum weight of a 2-matching, given by Gallai [1957,1958a,1958b]. Given
w:FE — 7, call avector y: V — Zy a w-vertex cover if y, +y, > w(e) for
each edge e = uv.

Theorem 30.4. Let G = (V,E) be a graph and let w € Z¥. Then the
mazimum weight w'z of o 2-matching = is equal to the minimum size of a
2w-vertex cover.

Proof. It is easy to see that the maximum cannot be larger than the mini-
mum. To see equality, make the bipartite graph H as in the proof of Theorem
30.1, with weight v’ (u'v) := w'(uv’) := w(uw) for each edge uv of G. Then the
maximum w-weight of a 2-matching in G is equal to the maximum w’-weight
of a matching in H. By Theorem 17.1, the latter is equal to the minimum
of ¥y (VUV’) where ¢/ : VUV’ — Z; with ¢/'(u) + ¢¥'(v') > w(uv) and
y'(u") +y'(v) > w(uv) for each edge uv of G. Defining y,, =y, +y,, for each
v € V, we obtain y as required. |

System (30.7) is generally not totally dual integral: if G = (V, E) is the
complete graph K3 on three vertices, and w(e) := 1 for each e € F, then the
maximum weight of a 2-matching is equal to 3, while there is no integer dual

solution of odd value (when considering the dual of maximizing w 'z subject
to (30.7)).
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However, half-integrality holds:

Corollary 30.4a. System (30.7) is totally dual half-integral.

Proof. This is equivalent to Theorem 30.4. |

Pulleyblank [1973,1980] showed that (30.7) can be extended to a TDI
system as follows:

Corollary 30.4b. The following system is totally dual integral:

(30.9) (i) x>0 fore e E,
(ii) z(0(v)) <2 forveV,
(i) =(E[U]) <|U] forUCV.

Proof. Choose w € Z_’f. By Corollary 30.4a, the problem of maximizing w'z
over (30.7) has an optimum dual solution y € 1ZY. Let y, := |y,] and
T:={veV |y, €Z} Let zr:=1and zy :=0foreach U CV with U #T.
Then ¢/, z is an integer optimum dual solution of the problem of maximizing
w'x over (30.9). |

Corollary 30.4a gives the total dual half-integrality of the perfect 2-
matching constraints (30.8):

Corollary 30.4c. System (30.8) is totally dual half-integral.

Proof. Directly from Corollary 30.4a. |
More strongly, one has:

Corollary 30.4d. Let w € ZF with w(C) even for each circuit C. Then the
problem of minimizing w'x subject to (30.8) has an integer optimum dual
solution.

Proof. As w(C) is even for each circuit, there is a subset U of V with
{e € E | w(e) odd} = §(U). Now replace w by w’ := w + >, x°*). Then
w’(e) is an even integer for each edge e. Hence by Corollary 30.4c there is
an integer optimum dual solution y!, (v € V') for the problem of minimizing
w'"z subject to (30.8). Now setting y, :== vy, — 1 if v € U and gy, = y, if
v & U gives an integer optimum dual solution y for w.

30.5a. Maximum-size 2-matchings and maximum-size matchings

Uhry [1975] gave the following relation between maximum-size 2-matchings and
maximum-size matchings:
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Theorem 30.5. For each mazrimum-size 2-matching x in a graph G, there exists a
mazimum-size matching M missing each vertex v with z(5(v)) = 0.

Proof. Let x be a maximum-size 2-matching in G and let M be a maximum-size
matching covering a minimum number of vertices v with x(§(v)) = 0. Suppose that
M covers a vertex u with z(d(u)) = 0. To prove the theorem, we can assume that «
has inclusionwise minimal support. This implies that the edges e with z. = 1 form
a collection of vertex-disjoint odd circuits.

Let N be the matching consisting of those edges e with z. = 2. Let P be the
component of M U N containing u. Then P is a path starting at u, and ending
at, say, w. If P has even length, then M AP is a maximum-size matching covering
fewer vertices v with z(d(v)) = 0 than M does — a contradiction. So P has odd
length, and hence, since x is a maximum-size 2-matching, w belongs to the vertex
set of some odd circuit C' consisting of edges e with . = 1. However, in that case
we can augment z, by redefining z. :=0ife€ PN N, z. :=2ife € PN M, and
ze := 0 or 2 alternatingly on the edges of C. |

Uhry [1975] (cf. Pulleyblank [1987]) related maximum-size 2-matchings and
maximum-size matchings further by:

Theorem 30.6. Let x be a mazimum-size 2-matching with the set {e | e = 1}

inclusionwise minimal. Then the support of x contains a mazimum-size matching
M of G.

Proof. As the set F := {e | ze = 1} is inclusionwise minimal, it forms a collection
C of vertex-disjoint odd circuits. So z(d(v)) = 0 or 2 for each vertex v. By Theorem
30.5, we can assume that z(6(v)) = 2 for each v € V, since deleting all vertices v
with 2(8(v)) = 0 does not decrease the maximum size of a matching.

Let M be a maximum-size matching containing a minimum number of edges
e with z. = 0. Let NV be the matching consisting of those edges e with z. = 2.
Consider any component P of M U N. Then P is not a circuit or an even path of
positive length, since otherwise M AP is a maximum-size matching having fewer
edges e with . = 0 than M has — a contradiction. So if P is not a singleton, it is
a path of odd length; let it connect vertices u and w. Since P is not M-augmenting,
both v and w are vertices on odd circuits in C, say on C, and C,, respectively. If
Cy # Cy, we can modify x so as to decrease the set of edges e with z. = 1. So
Cy = Chy.

It follows that each C' € C contains an even number of vertices covered by M,
and hence an odd number of vertices missed by M. Hence

(30.10) 2[M| < V] —[c| =2IN|+ > _(IC|-1).
cec

Therefore, by augmenting N with a matching of size (|C| — 1) contained in C,
for each circuit C' € C, we obtain a matching M’ with |M’| > | M| contained in the
support of x.

(Theorem 30.6 was generalized in (30.88).) Related results were obtained by Balas
[1981].
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Miihlbacher, Steinparz, and Tinhofer [1984] showed that if z is a vertex of the 2-
matching polytope maximizing |{e € E | z. = 2}|, then the vector (iz(x),i5(x),...)
is lexicographically maximal, where ix(x) is the number of circuits in the support
of x of size k. For related work, see Miihlbacher [1979] and Hell and Kirkpatrick
[1981].

30.6. Simple 2-matchings and 2-factors

Call a 2-matching = simple if x is a 0,1 vector. So we can identify simple
2-matchings with subsets F of E satisfying degp(v) < 2 for each v € V.

A construction of Tutte [1954b] gives the following characterization of
the maximum size of a simple 2-matching, with the help of the Tutte-Berge
formula (E[K, S] denotes the set of edges connecting K and S):

Theorem 30.7. Let G = (V, E) be a graph. The mazimum size of a simple
2-matching is equal to the minimum value of

(30.11) V| +|U| =[S+ D _[5IELK, S]],

where U and S are disjoint subsets of V', with S a stable set, and where K
ranges over the components of G —U — S.

Proof. To see that the maximum is not more than the minimum, let F' be
a simple 2-matching and let U and S be disjoint subsets of V, with S a
stable set. Then F' has at most 2|U| edges incident with U. Moreover, for
each component K of G—U — S, the number of edges in I’ spanned by K US
is at most | K|+ [§|E[K, S]|], since

(30.12) 2)FNE[KUS]| =2|FNE[K]|+2|FNEIK,S]|
<2(FNEK][+|FNEK,S]| + |EK, S| <2|K[+ |E[K, S]]
Hence

(30.13)  |F| <2)U+ ) (K| + [3IEIK, 5]|))
K

(where K ranges over the components of G —U — ), giving that F' is at most
(30.11).

To see the reverse inequality, make a graph G’ = (V' E’) as follows. For
each vertex v of G, introduce vertices v' and v” of G’. For each edge ¢ = uv
of G, introduce vertices p. ,, and p., and edges

(30.14)  W'pe,us U'Peus Pe,ube,vs V' De,ws V' Pew-

This defines all vertices and edges of G’.
Now:

(3015)  13(G) = (@) - |E],
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where v(G’) denotes the maximum size of a matching in G’ and v5(G) denotes
the maximum size of a simple 2-matching in G. In this proof we only need >
in (30.15). This inequality holds as there is a maximum-size matching M in
G’ with the property that for each edge e = uv of G, both vertices pe ., and
Pew Of G' are covered by M. Then the edges e of G for which edge pe ype v
does not belong to M, form a simple 2-matching N in G with |N| = |M|—|E|.
So we have > in (30.15).

By the Tutte-Berge formula (Theorem 24.1), there is a subset X of V'
such that the number o(G’ — X) of odd components of G’ — X is at least
[V'| = 2v(G’) + | X|. We take X inclusionwise minimal with this property.

Then for each v € V, if one of v/,v” does not belong to X, then both
do not belong to X. For suppose v € X and v ¢ X. As v' and v” have
the same set of neighbours in G/, removing v’ from X, decreases X by 1 and
decreases the number of odd components of o(G’ — X) by at most one. So
we would obtain a smaller set X as required, contradicting the minimality
assumption.

Consider any vertex v of G and any edge e = uwv of G with p., € X.
Then the three neighbours of pe, in G’ belong to three different odd com-
ponents of G’ — X. (Otherwise, removing p. , from X decreases X by 1, and
decreases o(G’ — X) be at most 1, contradicting the minimality of X.) Hence
De,u, V', 0" ¢ X, and moreover py,, € X for each edge f of G incident with v.

Let U be the set of v € V for which v/,v"” € X and let S be the set of
v € V for which p., € X for each edge e of G incident with v. So U and S
are disjoint, and S is a stable set.

Then |X| = 2|U| 4 |6(S)]. Let x denote the number of components K of
G — U — S with |E[K, S]| odd. Then

(30.16) o(G' — X) =2|S| + |E[U, S| + k.
Hence we have

(30.17)  w5(G) = v(G') — |B| > 5([V'| +|X]| - o(G" ~ X)) — |E|
= [VI+ U]+ 316(5)| = 8] = 3|E[U, S]| - 3
= [VI+U] =8|+ Y _L3IBIK, 5]
K

(where K ranges over the components of G — U — S), as required. |

A 2-factor is a simple perfect 2-matching. Equivalently, it is a subset F
of E with degp(v) =2 for each v € V.

Theorem 30.7 implies the following result of Belck [1950] (also Gallai
[1950] announced a characterization of the existence of a 2-factor):

Corollary 30.7a. A graph G = (V, E) has a 2-factor if and only if
(30.18)  |S| < [U|+ ) _L3IEIK, S]]
K
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for each pair of disjoint subsets U, S of V', with S a stable set, where K ranges
over the components of G —U — S.

Proof. Directly from Theorem 30.7. |
This implies a classical result of Petersen [1891]:

Corollary 30.7b. Each 2k-reqular graph has a 2-factor.

Proof. Let G = (V, E) be 2k-regular. We check (30.18). Let U and S be
disjoint subsets of V', with S a stable set. Let I be the number of components
K of G—U — S with |E[K, S]| odd. Then for each such component K we have
|E[K,U]| > 1 (since G is Eulerian). Hence |E[U, S]| < 2k|U| — I. Therefore,

(30.19)  2k|S| =156(S)| = [E[U, 8] + ) _|E[K, S]]
<2k[U| -1+ |E[K, S| :K2k|U| +) 213IEIK, 5]
K K
S%Wﬂ+%l%ﬂKﬁM)
(where K ranges over the components of G — U — S), and (30.18) follows. |

The construction above gives also a reduction of finding a maximum-
weight simple 2-matching to finding a maximum-weight matching — hence it
can be done in strongly polynomial time. This implies that also a minimum-
weight 2-factor can be found in strongly polynomial time.

(Grotschel and Holland [1987] gave computational results on a cutting
plane method to find a minimum-weight 2-factor.)

30.7. The simple 2-matching polytope and the 2-factor
polytope

Given a graph G = (V| E), the simple 2-matching polytope is the convex hull
of the simple 2-matchings in G. It can be characterized as follows (Edmonds
[1965b]):

Theorem 30.8. The simple 2-matching polytope is determined by

(30.20) (i) 0<z. <1 (e € B),
(i) z(d(v)) <2 (veV),
(i)  2(E[U]) +a(F) <|Ul+ [3|F]] (UCV.FCHU),
F matching, |F| odd).

Proof. Tt is easy to show that each simple 2-matching = satisfies (30.20).
Condition (iii) follows from
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(30.21)  &(E[U]) + z(F) < 2(E[U]) + 32(6(0)) + 32(F) < |U] + 3| F]

if x is a simple 2-matching.

To show that (30.20) is enough to determine the simple 2-matching poly-
tope, we first show that (30.20) implies an extended version of (30.20)(iii),
where we delete the condition that F' be a matching. This can be seen by
induction on |F|. Indeed, suppose that F' contains edges fi, fo incident with
a vertex v. Let F' := F'\ {f1, f2}. Then, if v € U, setting U’ :=U \ {v}:

(30.22)  w(E[U]) +2(F) < z(E[U']) + 2(F') + z(5(v)) < [U'| + 5|F'| +2
= Ul + 3| F|.

If v € U, setting U’ := U U {v}:

(30.23)  2(E[U)) +x(F) < 2(B[U]) +2(F') < |U'| + 3|F'| = |U| + %|F|.

So we can delete in (iii) the requirement that F' be a matching,.

We now prove that the conditions determine the simple 2-matching poly-
tope. Let G’ = (V',E’) be as in the proof of Theorem 30.7. Let x satisfy
(30.20). Define 2’ € RF by

(30.24) ' (Wpew) = ' (W'pew) = ' (Vpew) := &' (V'pey) == %xe and
x,(pe,upe,v) =1-z,,
for any edge e = uv of G. We show that =’ belongs to the matching polytope
of G'.
That is, by Edmonds’ matching polytope theorem (Corollary 25.1a), we
should check

(30.25) (i) a'(e')>0 for e’ € E',
(i) 2/(8'(v)) <1 for v € V',
(iii) 2/(E'[Y]) < [3|Y|] for Y C V' with |Y] odd,

where ¢’ := §g and where E’[Y] is the set of edges in E’ spanned by Y.

Trivially we have (30.25)(i) and (ii) by (30.20)(i) and (ii). To prove
(30.25)(iii), let Y violate (30.25)(iii). We first show that if one of v',v” be-
longs to Y, then both belong to Y. For suppose that v € Y and v"” € Y. Let
Y1 =Y\ {v'} and Y3 := Y U {v”}. Then

(30.26)  2(E'[Y]) = 3('(E'M]) +2'(E'[2]) < 2/ (B'1]) + 32/(8' (V1))
=35> 2 (W) < 3l = [31Y1,
u€Yy
a contradiction.
We choose Y with |Y| + [¢'(Y)| minimal. Then:

(30.27) (i) if w',v" €Y, then pe,, €Y and pe, €Y,
(ii) if pen €Y, then v/ € Y.

To see (30.27)(i), first suppose that v/,v" € Y and p., € Y. Define Y’ :=
Y U{pew,Pew}. Then [Y'| 4+ 16" (Y")| < |Y]+ [6'(Y)], and hence Y satisfies
inequality (30.25)(iii). Therefore,
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(30.28)  2'(E'[Y]) < 2/ (E'Y]) = (&' (pew)) < [51Y'[] =1 < [5IY1).

This contradicts our assumption that Y violates (30.25)(iii).

To see (30.27)(ii), let pe, € Y and v’ ¢ Y. Define Y/ :=Y \ {pe v, Pe,v}-
Again |Y'| + [8'(Y')| < |Y] 4+ [6’(Y)|, and hence Y’ satisfies inequality
(30.25)(iii). If pe», € Y, then

(30.29)  2(E'[Y]) =2"(E'[Y]) < [5Y']] < [5]Y1).
If pe, €Y, then
(30.30)  @/(B'IY]) <2/ (B'Y)) + /(5 (pew)) < [21Y']] +1 = [3IY]).

Both (30.29) and (30.30) contradict our assumption that Y does not satisfy
(30.25)(iii). This proves (30.27).

Let U := {v € V | v,v" € Y} and let F be the set of those edges
e = wv in 6(U) with w € U, v ¢ U, and p., € Y. Then 2/(E'[Y]) =
z(E[U]) + |E[U]| + z(F) and Y| = 2|U| + 2|E[U]| + | F|. Hence (30.20)(iii)
implies (30.25)(iii).

So ' is a convex combination of incidence vectors of matchings in G'.
Each such vector y satisfies y(0’(v')) = 1 for each vertex v/ = p., (as &’
satisfies this equality). Hence each such matching corresponds to a simple 2-
matching in G, and we obtain = as convex combination of simple 2-matchings

in G. |

Given a graph G = (V, E), the 2-factor polytope is the convex hull of (the
incidence vectors of) 2-factors in G. Then:

Corollary 30.8a. The 2-factor polytope is determined by

(30.31) () 0<z. <1 (e € E),
(i) z(4(v)) =2 (veV),
(iii) z((U)\F)—z(F)>1-|F| (UCV,FC§U),
F matching, |F| odd).

Proof. Directly from Theorem 30.8, since (30.31)(ii) implies z(E[U]) = |U|—
1
32(0(U)).

Notes. Grotschel [1977a] characterized the facets of the simple 2-matching polytope
and of the 2-factor polytope of the complete graph K,,. Rispoli and Cosares [1998]
showed that the diameter of the 2-factor polytope of a complete graph is at most
6. Rispoli [1994] showed that the ‘monotonic diameter’ of the 2-factor polytope is
equal to L%nJ if n >5and n # 8,9, and to \_%nJ —1ifn=3,4,8,9.

Boyd and Carr [1999] showed that if G = (V,E) is a complete graph and
l: E — R, satisfies the triangle inequality, then the minimum value of IT2 over
(30.31) is at most 3 times the minimum value of Iz over (30.31)(i)(ii). They also
show that the factor % is best possible.
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30.8. Total dual integrality

Consider the system

(30.32) (i) 0<z <1

(
(i) z(d(v)) <2 (
(i) 2(E[U]) +=(F) < |[Ul+[5Fl] (

ec€ k),
veV),
UCV,FC§U),
F matching).

(So |F| is not required to be odd.)

It is a special case of Theorem 32.3 (cf. Cook [1983b]) that system (30.32)
is TDI (the restriction in (30.32) that F' is a matching follows from (30.22)
and (30.23)). This implies that (30.31) is totally dual half-integral. This also
gives:

(30.33) Let w € Z¥ with w(C) even for each circuit C. Then the problem
of minimizing wTx subject to (30.31) has an integer optimum dual
solution.

To see this, notice that if w(C) is even for each circuit, there is a subset U of
V with {e € E | w(e) odd} = §(U). Now replace w by w’ :=w+ >, ., x*.
Then w'(e) is an even integer for each edge e. Hence there is an integer

optimum dual solution y, (v € V), for the problem of minimizing w’ Tz
subject to (30.31). Now setting y, ;== vy, —1ifv e U and y, := vy, if v ¢ U
gives an integer optimum dual solution for w.

30.9. 2-edge covers and 2-stable sets

Let G = (V, E) be an undirected graph. A 2-edge cover is a vector x € Zf
satisfying z(6(v)) > 2 for each vertex v. A 2-stable set is a vector y € ZY
such that y, + y, < 2 for each edge uv of G. Defining the size of a vector as
the sum of its entries, we denote:

(30.34) p2(G) := the minimum size of a 2-edge cover in G,
as (@) := the maximum size of a 2-stable set in G.

Note that if G has no isolated vertices, then:
(30.35) a2(G) = max{|V|+|U| = [N(U)| | U C V, U stable set}
and that
(30.36) (@) < $as(G) < 3p2(G) < p(G).
Gallai’s theorem (Theorem 19.1) can be extended to 2-matchings and

2-stable sets, which was published also in Gallai [1959a]:

Theorem 30.9. For any graph G = (V, E) without isolated vertices:
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(30.37)  aa(G) + 712(G) = 1a(G) + p2(G) = 2|V|.

Proof. Let 2 be a minimum-size 2-vertex cover. Then z, < 2 for each vertex
v. Define y, := 2 — x,, for each vertex v. Then y is a 2-stable set, and hence
az(G) = y(V) =2|V| — (V) = 2|V| — 72(G).

Conversely, let y be a maximum-size 2-stable set. Then y, < 2 for each
vertex v. Define z, := 2 — y, for each vertex v. Then x is a 2-vertex cover,
and hence 7(G) < z(V) = 2|V| — y(V) = 2|V| — a2(G). This shows that
as(G) + 12(G) = 2|V|.

To see that v5(G) + p2(G) = 2|V, let  be a minimum-size 2-edge cover.
For each v € V, reduce z(d(v)) by z(6(v)) — 2, by reducing . on edges
e € §(v). We obtain a 2-matching y of size

(30.38)  y(E) = a(B) = Y (2(6(v) —2) = 2|V| - x(E) = 2|V| - p2(G).
veV
Hence 15(G) > 2|V| — p2(G).
Conversely, let y be a maximum-size 2-matching. For each v € V| increase
y(6(v)) by 2—y(d(v)), by increasing y. on edges e € §(v). We obtain a 2-edge
cover x of size

(30.39)  x(E) <y(E)+ Y (2 y(6(v) = 2IV| - y(E) = 2|V| - 12(G).

Hence po(G) < 2|V] — 15(G). |
This implies the following, which is a special case of a theorem of Gallai

[1957,1958a,1958b] (cf. Theorem 30.11) (and can be derived alternatively
from the K6nig-Rado edge cover theorem):

Corollary 30.9a. as(G) = p2(Q) for any graph G without isolated vertices.
That is, the maximum size of a 2-stable set is equal to the minimum size of
a 2-edge cover.

Proof. Directly from Theorems 30.1 and 30.9. |

These reductions also imply the polynomial-time solvability of the prob-
lems of finding a minimum-size 2-edge cover and a maximum-size 2-stable
set.

30.10. Fractional edge covers and stable sets

Any vector z € RF satisfying

(30.40) (i) x>0 for e € E,
(i) «(6(v)>1 forveV,
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is called a fractional edge cover. The minimum size z(F) of a fractional edge
cover is called the fractional edge cover number and is denoted by p*(G). By
linear programming duality, p*(G) is equal to the fractional stable set number
a* (@) — the maximum size of a fractional stable set, which is any solution
y € RV of

(30.41) i) 0<y,<1 forveV,
(il)) yuty, <1 foruvekE.

The equality p*(G) = o*(G) also follows from Corollary 30.9a, since trivially
(30.42)  $p2(G) 2 p*(G) 2 a*(G) > Jas(G).

30.11. The fractional edge cover polyhedron

Let G = (V, E) be a graph. The fractional edge cover polyhedron of G is the
polyhedron determined by (30.40). Balinski [1965] showed:

Theorem 30.10. Each vertex of the fractional edge cover polyhedron of G
is half-integer.

Proof. Let = be a vertex of the fractional edge cover polyhedron. We can
assume that x. > 0 for each edge e, since if . = 0 we can apply induction to
G — e. Moreover, we can assume that G is connected and has at least three
vertices.

As z is a vertex, there are |E| constraints among (30.40)(ii) satisfied with
equality. Define U := {v | 2(§(v)) = 1}. So |E| < |V]. If there exists an end
vertex v in U, with neighbour u say, then v € U and there is no other edge
incident with u (otherwise it would have z. = 0), implying the theorem. So
no such end vertex exists.

If G is a tree, then there is at most one vertex w with z(5(w)) # 1,
implying the existence of an end vertex v and a neighbour w of v with u,v € U.

So G is not a tree, and hence |E| = |V]| and U = V. Since G has no end
vertex, G is a circuit. Then % - 1 satisfies all constraints that = satisfies. So

=11, as z is a vertex. |

30.12. The 2-edge cover polyhedron

Theorem 30.10 implies a characterization of the 2-edge cover polyhedron of
G, which is, by definition, the convex hull of the 2-edge covers in G:

Corollary 30.10a. The 2-edge cover polyhedron is determined by
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(30.43) (i) x>0 fore € E,
(i) z(0(w))>2 forveV.

Proof. Directly from Theorem 30.10, since it implies that the vertices of the
polyhedron determined by (30.43) are integer, and hence 2-edge covers. [

Similar results as for fractional edge covers and 2-edge covers hold for
fractional stable sets and 2-stable sets. We discuss them in Section 64.5.

30.13. Total dual integrality of the 2-edge cover
constraints

Finding a minimum-weight 2-edge cover is easily reduced to the minimum-
weight edge cover problem, by splitting vertices. Gallai [1957,1958a,1958b)]
characterized the minimum weight as follows. Given w : E — Z, a w-stable
set is a function y : V — Z, with y, + v, < w(e) for each edge e = uv.

Theorem 30.11. Let G = (V, E) be a graph without isolated vertices and let
w E Zf. Then the minimum weight w'x of a 2-edge cover x is equal to the
mazimum size of a 2w-stable set.

Proof. From Egervary’s theorem (Theorem 17.1). |
This is equivalent to the following result:

Corollary 30.11a. System (30.43) is totally dual half-integral.

Proof. Choose w € ZE. Then the minimum weight w'z of a 2-edge cover is
equal to

(30.44) max{2y(V) |y € 3ZY,y. + y» < w(e) for each e = wv € E},

by Theorem 30.11. |

System (30.43) can be extended to a TDI system as follows:

Corollary 30.11b. The following system is totally dual integral:

(30.45) (i) z.>0 fore e E,
(i) x(6(v)) >2 forveV,
(i) «z(EUJUSU))>|U|l forUCV.

Proof. Choose w € ZJEr. By Corollary 30.11a, the problem of minimizing wz
over (30.43) has an optimum dual solution y € 1ZY. Define y,, := |y, | for
veV,and T :={v eV |y, € Z}. Define zr := 1 and zy := 0 for each
U CV with U # T. Then 7/, z is an integer optimum dual solution for the
problem of minimizing wx over (30.45). |
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30.14. Simple 2-edge covers

Call a 2-edge cover x simple if x is a 0,1 vector. Thus we can identify simple
2-edge covers with subsets F' of E satisfying degp(v) > 2 for each v € V. A
2-edge cover exists if and only if all degrees are at least 2. Define

(30.46) V5(G) := the maximum size of a simple 2-matching,
p5(G) := the minimum size of a simple 2-edge cover.

Again there is a relation between v5(G) and p3(G) similar to Gallai’s theorem
(Theorem 19.1):

Theorem 30.12. For any graph G = (V, E) of minimum degree at least 2
one has:

(30.47)  15(G) + p5(G) = 2|V|.

Proof. Let M be a maximum-size simple 2-matching. For each v € V', add
to M 2 — degy,(v) edges incident with v. We can do this in such a way that
we obtain a simple 2-edge cover F' with

(30.48)  |F| < |M]+ ) (2~ degy(v) = 2V| — [M].
veV
So p3(G) < 2|V| = [M] = 2|V| - v3(G).

To see the reverse inequality, let F' be a minimum-size simple 2-edge cover.
For each v € V, delete from F degp(v) — 2 edges incident with v. We obtain
a simple 2-matching M with
(30.49)  |M|>|F| =) (degp(v) —2) =2|V|—|F|.

veV
So V3(G) > 2|V| — |F| = 2|V]| — p5(G), which shows (30.47). |

This implies a min-max relation for minimum-size simple 2-edge cover:

Corollary 30.12a. Let G = (V, E) be a graph of minimum degree at least
2. Then the minimum size of a simple 2-edge cover is equal to the mazimum
value of

(30.50) [V [U|+S| =Y I3l B, S|,
K
where U and S are disjoint subsets of V', with S a stable set, and where K

ranges over the components of G —U — S.

Proof. Directly from Theorems 30.7 and 30.12. |

These reductions also imply the polynomial-time solvability of the prob-
lem of finding a minimum-size simple 2-edge cover.
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Given a graph G = (V, E), the simple 2-edge cover polytope is the convex
hull of the simple 2-edge covers in G. A special case of Theorem 34.9 below
is that the simple 2-edge cover polytope is determined by

(30.51) (i) 0<z.<1 (e € E),
(ii) z(0(v)) >2 (veV),

(i) «(E[U]) +(F) > U]+ [3]F]] (UCV.FCU),
IF| odd).

We refer to Theorem 34.10 for the total dual integrality of the following
system (Cook [1983b]):

(30.52) (i) 0<z <1 (e € E),
(i) @(5(v)) > 2 (veV),
(iii) z(E[U])+z(F) > |U| + f%|FH (UCV,FC)).

Theorem 34.11 implies that a minimum-weight simple 2-edge-cover can
be found in strongly polynomial time.

30.15. Graphs with v(G) = 7(G) and a(G) = p(G)

Kénig’s matching theorem states that the matching number v(G) is equal
to the vertex cover number 7(G) for each bipartite graph G. A graph G
therefore is said to have the Kénig property if v(G) = 7(G). Deming [1979b]
and Sterboul [1979] characterized the class of graphs with the K6nig property.

Note that by Gallai’s theorem (Theorem 19.1), for any graph G without
isolated vertices:

(30.53) v(G) =7(G) = a(G) = p(G)

(where a(G) and p(G) denote the stable set and edge cover number of G,
respectively).

Uj+1

Vi Vi+1

Vo
= V¢

V2 U1

— edge in M
—— edge notin M
Figure 30.1
An M-posy
The two circuits may intersect.
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To characterize graphs G with v(G) = 7(G), Sterboul defined, for any
graph G = (V, E) and any matching M in G, an M-posy to be an even-
length M-alternating closed walk (vg,v1,...,v:), with v;_qv; € M if ¢ is

even, such that there exist i < j with ¢ odd and j even, vy, ..., v; all distinct,
Vjt1,- .-, all distinet, and
(3054) Vi =V, Vi1 = Vt—15++-,Uj = VUt4i—j-

Lemma 30.13«. If there exists an even-length M -alternating closed walk
C = (vo,v1,...,v) with v; = v; fori,j of different parity, then there exists
an M-posy.

Proof. Let C' be a shortest such closed walk, covering a minimum number
of edges (in this order of priority). Then

(30.55) there exist no three distinct h, i,k > 1 with v, = v; = vy,

since otherwise we may assume that h and ¢ have the same parity. Leaving
out one of the v, — v; parts of C gives a shorter such closed walk.

Choose h, i of different parity with v, = v; and with |h — 4| minimal. We
may assume that A = 0 and that vgv; € M. Choose j, k > i of different parity
with v; = vy and j < k, and with k& — j minimal. (Such j, k exist, as v; = v;.)
Then j is even and k is odd, since otherwise v; 1 = vp—1 (as it is the vertex
matched to v; = vy). Moreover, j —i =1t — k and

(30.56) Vi = U, Vg1 = Vg1, ...,V = Ug.

Otherwise, resetting the vy — vy part of C to the v; — v; part of C~1 or
conversely, we obtain again a shortest such closed walk, however covering a
fewer number of edges, a contradiction.

Then C' is an M-posy, since vy, ..., v; are all distinct and vj41,...,v; are
all distinct. If say v, = v, with 1 < a < b < j, then b < i (since otherwise
ve = vp = v; for some I > b, contradicting (30.55)). So by the minimality
of |h —i|, a = b (mod 2). Hence, deleting the v, — vy part from C gives a
shortest such walk, a contradiction. |

This is used in proving:

Theorem 30.13. Let G = (V, E) be a graph. Then the following are equiva-
lent:

(30.57) (i) G has the Kdnig property, that is v(G) = 7(G);
(ii) for some maximum-size matching M there is no M -flower and
no M -posy;
(iil) for each mazimum-size matching M there is no M-flower and
no M-posy.

Proof. The implication (iii)=-(ii) is trivial, and the implication (i)=-(iii) is
easy: suppose v(G) = 7(G), let M be a maximum-size matching and let U
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be a minimum-size vertex cover. Then each edge in M has exactly one vertex
in U. Suppose that P = (vg,...,v:) is an M-flower or an M-posy. Then for
each odd k, exactly one of v, and w41 belongs to U, while for each even k
at least one of vy and wvgy1 belongs to U. If vy & U, then v, € U for each
even k. Since v, = v; for some even j, it follows that v, € U. If vg € U, then
vy € U for each odd k. Since v; € U and j is even, we have vg € U. So vg
is covered by M, and hence P is an M-posy. So vg = v; for some odd i. So
v; € U for some odd i, a contradiction.

It remains to prove (ii)=(i). Let M be a maximum-size matching in G
and let X be the set of vertices missed by M. Then there is no M-alternating
X — X walk (since M has maximum size and since there is no M-flower
(cf. Theorem 24.3)). Let U be the set of vertices v for which there is an
M-alternating X — v walk and let Z be the set of vertices v for which there
exists an odd-length M-alternating X — v walk. Then Z intersects each edge
intersecting U, while |Z] is equal to the number of edges in M contained in
U.

So we can apply induction to G — U if U # (). Hence we may assume
that U = (). Equivalently, X = (), that is, M is a perfect matching. Choose
e = uwv € M. By Lemma 30.13c, G — u has no M \ {e}-flower or G — v
has no M \ {e}-flower. By symmetry, we may assume that G — v has no
M \ {e}-flower. Since G has no M-posy, G — v has no M \ {e}-posy. Hence,
by induction:

(30.58)  v(G)=u(G—v)+1=1(G—v)+1>7(G).
Hence v(G) = 7(G). |

This implies a characterization due to Lovész [1974] ((i)<(ii) below) and
Lovész and Plummer [1986] ((i)<(iii) below), based on the minimum size
T2(@) of a 2-vertex cover studied in Section 30.1:

Corollary 30.13a. For any graph G, the following are equivalent:

(30.59) (i) v(G) =7(G),
(i) 2(G) = 2r (@),
(iii) the edges e for which there exists a mazimum-size 2-matching
x with . > 1, form a bipartite graph.

Proof. The implication (i)=-(ii) follows from (30.3). To see (ii)=-(iii), let U
be a minimum-size vertex cover and let x be a maximum-size 2-matching.
Then, using Theorem 30.1,

(30.60) 72(G) = 1n(G) = Z xe < Z zeleNU| = Z z(6(v)) < 2|U|
ecE eck velU
=27(G),

and hence we have equality throughout. So e € 6(U) if z. > 1. As this is true
for each maximum-size 2-matching x, we have (iii).
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We finally show (iii)=-(i), which we derive from Theorem 30.13. Suppose
that (iii) holds, and let M be a maximum-size matching. If there would exist
any M-flower or M-posy, then we can find a 2-matching of size at least 2|M]|
such that M and the support of the 2-matching contains an odd circuit. For
an M-flower this is trivial. For an M-posy (vg,...,v:), let

t
(30.61) T = QXM _ Z(_l)hxvh,—l’l)h.
h=1

Then z is a 2-matching of size 2| M |. However, the support of x together with
M contains an odd circuit. This contradicts (iii). |

Note that characterization (iii) can be checked in polynomial time. By
Theorem 30.9 and its proof method, we know that (i), (ii), and (iii) are also
equivalent to each of:

(30.62) (iv) a(G) = p(G),
(v) as(G) = 2a(G),
(vi) the edges e for which there exists a minimum-size 2-edge cover
x with z. > 1, form a bipartite graph.

More on the K&nig property can be found in Korach [1982], Bourjolly,
Hammer, and Simeone [1984], and Bourjolly and Pulleyblank [1989], and
related results in Tipnis and Trotter [1989].

30.16. Excluding triangles

Let G = (V, E) be a graph. Call a 2-matching z triangle-free if x(ET) < 2
for each triangle T in G. (A triangle is a subgraph isomorphic to K3.) The
triangle-free 2-matching polytope is the convex hull of the triangle-free 2-
matchings.

In order to characterize the triangle-free 2-matching polytope, Cornuéjols
and Pulleyblank [1980a] (cf. Cook [1983b], Cook and Pulleyblank [1987])
showed the following:

Theorem 30.14. Let G = (V, E) be a simple graph and let T be a collection
of triangles in G. Then the following system is totally dual integral:

(30.63) (i) ze>0 for each e € E,
(i) Fz(6(v)) <1 foreachveV,
(iii) «(ET) <2 foreach T € T.

Proof. Let w € Zf and consider the problem dual to maximizing w'x over
(30.63):
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(30.64)  minimize » y, +2 Y 2r

veV TeT
subject to & Z Yox°) + Z 2rxPT > w,
veV TET

with y € RK and z € RI. We must show that there exists an integer optimum
solution y, z. We take a counterexample with | E|+w(E) minimal. This implies
that G is connected. Moreover, w(e) > 1 for each edge e, since otherwise we
could delete e.

On the other hand, w(e) < 2 for each edge e. To see this, let y, z be any
optimum solution. If y,, > 2 for some vertex u, we can reset w(e) := w(e) —1
for each e € §(u). By resetting, the optimum value decreases by at least 2
(since resetting y, := y, — 2 gives a feasible solution for the new w, with
objective value 1 less than the original objective value). By the minimality
of G,w, for the new w there is an integer optimum solution y, z. Resetting
Yu = Yu + 2 then gives an integer optimum solution for the original w.

So we can assume that y, < 2 for each vertex v, and similarly, that zp < 1
for each T € T.

Choose an optimum solution y, z with ) ..+ 27 minimal. Let 7 := {T' €
T | zr > 0}. Then:

(30.65) no two triangles in 7, have an edge in common.

For suppose that T7,T> € T, have ET) N ET, = {e}, say e = v1vy. Resetting
zr, = zp, — € and Y, 1= Yy, + 2¢ for i = 1,2, for € > 0 small enough, gives
again an optimum solution. However, } ;.. 27 decreases, contradicting our
assumption. This proves (30.65).
This implies that w(e) < 2 for each edge e, since y, < 2 and zp < 1.
Next:

(30.66) for any 1" € 74 and any v € VT one has either 0 < y, < 1 for
each v € VT and w(e) = 1 for each e € ET, or 1 < y, < 2 for
each v € VT and w(e) = 2 for each e € ET.

Let VT = {v1,v2,v3}. First assume that %yvl + %yvz + zr > w(vivy). Then
after resetting y,, := Yo, + 2€ and 27 := 27 — € we obtain again an optimum
solution, for € > 0 small enough. However, » .., 27 decreases, contradicting
our assumption. So %yvl + %ym + 27 = w(v1v2), and similarly for any other
pair from vy, vg, v3. This implies

(30.67) Yo, = w(v1vg) + w(vivs) — w(vavs) — 27,

and similarly for vy and vs. So if w(e) =1 for each e € ET, then 0 < y, < 1
for each v € VT. Similarly, if w(e) = 2 for each e € ET, then 1 < y, < 2
for each v € VT. If not all three edges of T have the same weight, (30.67)
implies that there is a vertex v in T' with y, > 2 or y, < 0, a contradiction.
This proves (30.66).

Now consider resetting
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(30.68) Yo =yY,—€ f0<y, <1,

Yo =Ypte ifl<y, <2,
zr =z2r+e T €T, and w(e) =1 for each edge e in T,
zr =zr—¢c T eT; and w(e) =2 for each edge e in T.

If we choose ¢ close enough to 0 (positive or negative), we obtain again a
feasible solution of (30.64), by (30.65) and (30.66), using the integrality of
w. Moreover, the objective value changes linearly in €. However, as y, z is
an optimum solution, the objective value cannot decrease. Hence there is no
change in the objective value at all. That is, for any e close enough to 0, we
obtain again an optimum solution. Therefore, by choosing e appropriately,
we can decrease the number of noninteger values of y,,, z7. |

This theorem implies (in fact, is equivalent to) the following TDI result:

Corollary 30.14a. Let G = (V, E) be a simple graph and let T be a collection
of triangles in G. Then the following system is totally dual integral:

(30.69) (i) z.>0 for each e € F,
(ii) x(d(v)) <2 for each v € V,
(iii) «(ET) <2 foreachT € T,
(iv) z(E[U]) <|U| foreachU CV.

Proof. Let w € Zf. Let u be the maximum value of w'z over (30.69), This
is equal to the maximum value of wTx over (30.63) (since (30.69)(iv) follows
from (i) and (ii)).

Consider an integer optimum solution y, (v € V), zp (T € T) of the
problem dual to maximizing w'x over (30.63). Define y,, := |1y, ] for v € V
and T := {v € V | 3y, & Z}. Define ay := 1if U =T and ay := 0 for any
other subset U of V.

Then 4/, a, z is an integer feasible solution of the problem dual to maxi-
mizing w'z over (30.69), as w is integer. Moreover, it is optimum, since

(30.70)  S" 2+ > avUI+ Y 2er =Dy + Y 220 =pa. |

vev Ucv TeT vev TeT

The theorem implies the following characterization of the triangle-free
2-matching polytope, given by Cornuéjols and Pulleyblank [1980a] and J.F.
Maurras (cf. Cornuéjols and Pulleyblank [1980b]):

Corollary 30.14b. Let G = (V, E) be a graph. The triangle-free 2-matching
polytope is determined by:

(30.71) (i) x>0 for each e € E,
(i) z(0(v)) <2 foreachv eV,
(ili) «(ET) <2 for each triangle T in G.
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Proof. Theorem 30.14 implies that the polytope determined by (30.63) is
integer (as the right-hand sides are integer). Since (30.71) determines the
same polytope, the corollary follows. |

In fact, there is a sharper consequence, where we just consider an arbitrary
subcollection T of the triangles:

Corollary 30.14c. Let G = (V, E) be a graph and let T be a collection of
triangles in G. Then the following inequalities determine an integer polytope:

(30.72) (i) x>0 for each e € E,
(i) z(0(w)) <2 foreachv eV,
(ili) «(ET) <2 for each triangle T € T.

Proof. Similar to the proof of the previous corollary. |

Cornuéjols and Pulleyblank [1980a] also showed that the inequalities
(30.72)(i) and (iii) are all necessary, while (ii) is necessary unless degq(v) = 2
and v is in a triangle in 7 (assuming that G is connected and has at least three
vertices). They also gave a polynomial-time algorithm to find a maximum-
weight triangle-free 2-matching.

Moreover, they showed the following. A triangle clusteris a graph defined
recursively as follows: any one-vertex graph is a triangle cluster; if G is a
triangle cluster and v is a vertex of GG, then by introducing two new vertices
u,u’ and adding edges vu,vu’ and uu’, we obtain again a triangle cluster.

For any graph G, let 3(G) denote the number of components of G that are
triangle clusters. This is used in the following min-max relation for maximum-
size triangle-free 2-matching (Cornuéjols and Pulleyblank [1980a]):

Theorem 30.15. The maximum size of a triangle-free 2-matching in a graph
G = (V, E) is equal to the minimum value of |V|+|U|— B(G —U) taken over
UcCV.

Proof. To see that the maximum is not more than the minimum, let x be a
maximum-size triangle-free 2-matching in G. Let U C V and let W be the
set of vertices of G — U that are in triangle cluster components. Consider any
component K of G— U that is a triangle cluster. Then the edges of K can be
partitioned into 3 (|K|—1) triangles. Hence z(E[K]) < |K|—1, and therefore

(30.73) Z z(0(v)) =2z(E[K]) + z(6(K)) < 2(|K| — 1) 4+ z(0(K)).
veK
Summing over all components K that are triangle cluster, we see that
(30.74) > a(6(v)) < 2(W|—28(G —U) + z(5(W)).
veW
Moreover,
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(30.75)  x(6(W)) < 2(6(U)) < Y 2(6(v)) < 2|U].
velU

This implies

(30.76)  2x(E)= Y x(6()+ Y x(5(v))
veW veEV\W
<2[W| —28(G —U) +2|U| + 2|V \ W|
=2(|V|+|U| - B(G - U)).

This shows that the maximum is not more than the minimum.

To see the reverse inequality, let 7 denote the set of triangles in G. By
Theorem 30.14, the maximum size of a triangle-free 2-matching is equal to
the minimum value of

(30.77) D we+2 Y ar

veV TeT

where y, € Zy (for v € V) and zr € Z, (for T € T) such that

(30.78) 3>y X®+ Y arx > 1
veV TeT

Choose y, z attaining this minimum, with

(30.79) Z zr as small as possible.
TeT

Clearly, y, < 2 for each v € V and zp < 1 for each T' € T. Let T} := {T€
T | T = ].}
Then we have:

(30.80) ifT €T, and v €T, then y, = 0.

Indeed, suppose y, > 1, and let v and u' be the two other vertices in T
Then resetting zp := 0, y, := vy, + 1, and yu := yu + 1, we obtain y, z
again attaining the minimum value (30.77), contradicting our minimality
assumption (30.79). This shows (30.80).

Let F' be the set of edges contained in some 7" € 7. Then
(30.81) each component of the graph (V, F) is a triangle cluster.

If not, there exist distinct T1,...,T € T+ and distinct vy, ...,vx € V, such
that, taking vg := vy,

(3082) v;—10; € T;

for © = 1,...,k, and such that k¥ > 1. Then resetting zz, := 0 and y,, := 2
for i = 1,...,k, we obtain y, z again attaining the minimum value (30.77),
contradicting our minimality assumption (30.79). This shows (30.81).

Now let W := {v € V | y, = 0}. Then each edge contained in W is
contained in some T € 7., and hence, by (30.81), each component of G[W]
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is a triangle cluster. Let & be the number of components of G[W]. Then
Yorerzr = 5(IW| = k).

Define U := N(W). Then y, = 2 for each v € U, since each edge e
connecting W and U should satisfy (30.78). Therefore, (30.77) is at least

(30.83)  [VI=[WI[+|[U|+2:5(IW|-k) = [V|+|U|—k = |[V|+|U|-B(G-U),

proving the theorem. |
This characterizes the existence of a triangle-free perfect 2-matching:

Corollary 30.15a. A graph G = (V, E) has a triangle-free perfect 2-matching
if and only if G — U has at most |U| components that are triangle clusters,
for each U C V.

Proof. Directly from Theorem 30.15. |

Cornuéjols and Pulleyblank [1980b] gave a polynomial-time algorithm to
find a triangle-free perfect b-matching. Cook [1983b] and Cook and Pulley-
blank [1987] characterized the facets and the minimal TDI-system for the
triangle-free 2-matching polytope.

30.16a. Excluding higher polygons

Cornuéjols and Pulleyblank [1983] considered excluding higher polygons. For any
collection P of graphs, call a graph G P-critical if G ¢ P while G — v € P for each
vertex v of G. Let Py be the collection of graphs that have a perfect 2-matching
in which each circuit has length larger than k. Then for each k and each graph
G=(V,E):

(30.84) If G is Py-critical, then G is factor-critical,

and

(30.85) V can be partitioned into edges and subsets U with G[U] Pj-critical if
and only if for each S C V, the graph G — S has at most |S| Py-critical
components.

This generalizes Theorem 24.8 and (30.86) below.

Corollary 30.14b does not extend to 2-matchings excluding triangles and pen-
tagons, as is shown by the example given in Figure 30.2. (The sum of the values
is at most 4 on each pentagon, but it does not belong to the convex hull of the
2-matchings without pentagons, since the sum of the values is equal to 22, but

3
there is no pentagon-free 2-matching of size > 7.)

30.16b. Packing edges and factor-critical subgraphs

Cornuéjols, Hartvigsen, and Pulleyblank [1982] and Cornuéjols and Hartvigsen
[1986] discovered an interesting direction of extensions of the results on match-
ings. Let G = (V, E) be a graph. Call a subset U of V factor-critical if G|U] is
factor-critical; that is, if for each v € U, the set U \ {v} is matchable.
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2/3 2/3

2/3 2/3
4/3

Figure 30.2

Let F be a collection of factor-critical subsets of V. An F-matching is a col-
lection of disjoint subsets from E U F. It is perfect if it covers V. Call a subset U
of V' F-critical if G|U] has no perfect F-matching but for each v € U, the graph
G[U] — v has one. Cornuéjols, Hartvigsen, and Pulleyblank [1982] showed that

(30.86) if U is F-critical, then U is factor-critical.

Then Cornuéjols and Hartvigsen [1986] proved the following extension of Tutte’s
1-factor theorem (Theorem 24.1a):

(30.87) G has a perfect F-matching if and only if for each U C V, the graph
G — U has at most |U| F-critical components.

Call an F-matching M mazimum if it maximizes ), ,,|U|. Cornuéjols and
Hartvigsen [1986] also showed:

(30.88) Let M be a maximum JF-matching containing a minimum number of
sets in F. Let M be a matching containing M N E and having | 3|U|]
edges in any U € M NF. Then M is a maximum-size matching in G.

They also described an extension of the Edmonds-Gallai decomposition theo-
rem. Cornuéjols, Hartvigsen, and Pulleyblank [1982] gave a polynomial-time algo-
rithm to find a maximum F-matching. Related results were obtained by Kirkpatrick
and Hell [1978,1983] and Hell and Kirkpatrick [1984,1986].

30.16c. 2-factors without short circuits

Hartvigsen [1984] showed that a maximum size simple 2-matching without trian-
gles can be found in polynomial time. He also gave good characterization for the
existence of a 2-factor without triangles.

On the other hand, Cornuéjols and Pulleyblank [1980a] showed with a method
of C.H. Papadimitriou that the problem of finding a 2-factor without circuits of
length at most 5, is NP-complete. The complexity of deciding if a 2-factor exists
without circuits of length at most 4 is not known.

Vornberger [1980] showed the NP-completeness of finding a maximum-weight
2-factor without circuits of length at most 4. The complexity status of finding a
maximum-weight 2-factor without circuits of length at most 3 is unknown. Hell,
Kirkpatrick, Kratochvil, and K#{z [1988] and Cunningham and Wang [2000] give
related results.
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b-matchings

b-matchings form an extension of 2-matchings and can be handled again
by applying splitting techniques to ordinary matchings.

31.1. b-matchings

Let G = (V, E) be a graph and let b € ZK. A b-matching is a function x € Zf
satisfying

(BLY)  2(5(v)) < b(v)

for each v € V. This is equivalent to: Mx < b, where M is the V x E incidence
matrix of G.

In (31.1), we count multiplicities: if e is a loop at v, then z, is added twice
at v. (This is consistent with our definition of §(v) as a family of edges, in
which each loop at v occurs twice.)

It is convenient to consider the graph G arising from G by splitting each
vertex v into b(v) copies, and by replacing any edge uv by b(u)b(v) edges
connecting the b(u) copies of u with the b(v) copies of v. More formally,
Gy = (Vp, Ep), where

(31.2) Vo i={qui|veV,1<i<bv)},
Ey = {Qu,j(h,i | uwv € B, 1 <j< b(u), 1<:< b(’U),Qu,j 7& QU,i}~

The condition q.,; 7# qv,; is relevant only if v = v, that is, if there is a loop
at u.

This construction was given by Tutte [1954b], and yields a min-max re-
lation for maximum-size b-matching (where again the size of a vector is the
sum of its components):

Theorem 31.1. Let G = (V, E) be a graph and let b € ZY . Then the mazi-
mum size of a b-matching is equal to the minimum value of

(31.3) b(U) + Y | 3b(K)]
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taken over U C V, where K ranges over the components of G — U spanning
at least one edge'®.

Proof. To see that the maximum is not more than the minimum, consider
a b-matching x and a subset U of V. Then the sum of x. over the edges e
intersecting U is at most b(U). The sum of z, over the edges e contained in
some component K of G — U is at most |1b(K)].

Equality is derived from the Tutte-Berge formula (Theorem 24.1). Let G}
be the graph described in (31.2). Then the maximum size of a b-matching
in G is equal to the maximum size of a matching in GG,. By the Tutte-Berge
formula, this is equal to the minimum value of

(31.4) (VB + U] = o(Gy = U"))

over U’ C V,, (where o(H) denotes the number of odd components of a graph

Let U’ attain this minimum. We may assume that if U’ misses at least
one copy of some vertex v of GG, it misses all copies of v (since deleting all
copies does not increase (31.4)). Hence there is a subset U of V' such that U’
is equal to the set of copies of vertices in U. We take v € U if b(v) = 0.

Let Iy be the set of isolated (hence loopless) vertices of G — U. Then
o(Gy —U") is equal to b(Iyy) plus the number of components K of G — U that
span at least one edge and have b(K) odd. Setting &k to the number of such
components, (31.4) is equal to

(31.5) 3(0(V) +b(U) = 0(Gy = U")) = b(U) + 3 (b(V\ U) = o(Gy — U"))
=b(U) + 3(b(V\U) = b(Iv) — k),
which is equal to (31.3). |

This theorem directly gives a characterization of the existence of a perfect
b-matching, that is a b-matching having equality in (31.1) for each v € V.
This characterization is due to Tutte [1952]. By Iy we denote the set of
isolated, loopless vertices of G — U.

Corollary 31.1a. Let G = (V,E) be a graph and let b € ZK. Then there
exists a perfect b-matching if and only if for each U CV, G —U — Iy has at
most b(U) — b(Iyy) components K with b(K) odd.

Proof. Directly from Theorem 31.1, by observing that a perfect b-matching
exists if and only if the minimum value of (31.3) is at least $b(V'). |

31.2. The b-matching polytope

By a similar construction we can derive a characterization of the b-matching
polytope. Given a graph G = (V,E) and b € ZK, the b-matching polytope is

19 So K may consist of one vertex with a loop attached.
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the convex hull of the b-matchings. The inequalities describing the b-matching
polytope were announced by Edmonds [1965b] (cf. Pulleyblank [1973], Ed-
monds [1975]):

Theorem 31.2. Let G = (V,E) be a graph and let b € ZY. Then the b-
matching polytope is determined by the inequalities

(31.6) (i) ze>0 fore € E,
(ii)  z(0(v)) < b(v) forveV,
(i) z(E[U]) < [56(U)] for U CV with b(U) odd.

Proof. The inequalities (31.6) are trivially valid for the vectors in the b-
matching polytope. To see that they determine the b-matching polytope, let
x satisfy (31.6). We may assume that b > 1.

Again consider the graph Gy, = (V;, Ejp) obtained by splitting each vertex
v into b(v) copies (cf. (31.2)). For any edge ¢’ = u'v’ of Gy, with v’ and v’
copies of u and v in G, define 2/(¢’) := x./b(u)b(v), where e := uv. We show
that 2’ belongs to the matching polytope of Gy, which implies the theorem.

By Edmonds’ matching polytope theorem, it suffices to show that z’ sat-
isfies:

(31.7) (i) a'(e')>0 for each edge ¢’ € Ey,
(i) 2/ (¢ () <1 for each vertex u’ € V,,
(iii) 2/(E'[U']) < [3|U’|] for each U’ C Vj, with |U’| odd.

Clearly (i) holds. To see (31.7)(ii), let v’ be a vertex of Gy, being a copy of
vertex u of G. Then

(BL8)  @/(6'(u) = (0(w))/blu) < 1
since for any edge e = uv of G one has that
(31.9) Z (W) = Z z(uv)/b(u)b(v) = z(uv)/b(u),

where v’ ranges over the copies of v in Gy. So summing over all neighbours
v’ of v gives x(5(w))/b(w).

To see (31.7)(iii), choose U’ C V, with |U’| odd. Note that x satisfies
(31.6)(iii) for all subsets U of V, since if b(U) is even, then z(E[U]) <
3 e 2(6(v)) < $b(U) by (31.6)(ii).

For any vertex v of G let B, denote the set of copies of v in G. We show
(31.7)(iii) by induction on the number of v € V for which U’ ‘splits’ B,, that
is, for which

(31.10) B,NU"# 0 and B, Z U".

If this number is 0, (31.7)(iii) follows from (31.6)(iii). If this number is
nonzero, choose a vertex v satisfying (31.10). Let U; := U’ \ B, and
U, := U’ U B,. So by induction we know
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(31.11)  &/(E'[Uh]) < |U4| and &/ (E'[Us)]) < $|Us|.
Moreover, (31.8) implies:

(31.12)  Z/(E'[th]) + 2/ (B'[Ua)) < D /(' (u)) < |U.
u' €Uy
(This uses the fact that B, = Us \ Uj is a stable set in Gj.) Now define
=|B, NU'|/b(v) and p := |B, \ U’|/b(v). So A+ p =1 and

(31.13) 2/ (E'[U']) = A/ (E'[Us)) + pa' (E'[U4]).
If A < %, then, by (31.11) and (31.12):

(31.14)  2/(E'[U]) = (u— N2/ (E'[lh]) + A/ (E'[U1]) + 2/ (E'[U3)))
< L(p =N+ MNUi| = 3{ta] < [3U']).

(The last inequality holds as U; C U".)
If A > 1, then, by (31.11) and (31.12):

(31.15) l“'(E'[U']) (A = w2 (B'[Us]) + p(2(B'[Uh]) + 2/ (E'[Us]))
()\ 13 \U2|+M|U1|—2|U| s\ = w)|U2\ U1
30—, = 3+ B0 1B
|U1| + 5(| By NnNU'| —

=3
(The last inequality holds as U’ = Uy U (B, NU").)
Thus we have (31.7)(iii). |

/\H

\_/
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(This theorem follows also from the proof of the total dual integrality of the
constraints (31.17) in Theorem 31.3 below.)

Given a graph G = (V, E) and b € ZK, the perfect b-matching polytope
is the convex hull of the perfect b-matchings in G. As it is a face of the
b-matching polytope (if nonempty), the previous theorem implies:

Corollary 31.2a. Let G = (V, E) be a graph and let b € ZY . Then the perfect
b-matching polytope is determined by the inequalities

(31.16) (i) ze>0 foree E,
(ii)  x(d(v)) =b(v) forvelV,
(i) =(6(U)>1  for U C V with b(U) odd.

Proof. Directly from Theorem 31.2. |

(For a direct proof of this Corollary also based on considering the graph
Gy obtained from G by splitting each vertex v into b(v) copies, see Ardoz,
Cunningham, Edmonds, and Green-Krétki [1983].)

Hurkens [1988] characterized adjacency on the b-matching polytope and
showed that the diameter of the b-matching polytope is equal to the maximum
size of a b-matching.
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31.3. Total dual integrality

System (31.6) generally is not totally dual integral: if G = (V, E) is the
complete graph K3 on three vertices, and b(v) := 2 for each v € V and
w(e) := 1 for each e € E, then the maximum weight of a b-matching is equal
to 3, while there is no integer dual solution of odd value (when considering
the dual of optimizing w'z subject to (31.6)).

However, if we extend (31.6)(iii) to all subsets U of V, the system is totally
dual integral, as was shown by Pulleyblank [1980]. So the system becomes:

(31.17) (i) x>0 fore e E,
(i) x(6(v)) <b(v) forveV,
(iii) z(E[U]) < [3b(U)] for UCV.

It is equivalent to the following result:

Theorem 31.3. Let G = (V, E) be a graph, letb € ZK and let w € Zf. Then
the mazimum weight w'z of a b-matching x is equal to the minimum value

of
(3L18) > wub(v)+ > 2(U)[3b(V)],

veV Uucv

where y € ZK and z € Zz(v) satisfy

(B1.19) > wxX*@ + Y XV > w.
veV UCcv

Proof. By Theorem 31.2 and LP-duality, the maximum weight of a b-
matching is equal to the minimum of (31.18) over y € RY and z € R?j(v)
satisfying (31.19). Suppose that this minimum is strictly smaller than if we
restrict y and z to integer-valued functions. Then there exists a t € Z, such
that the minimum with y and z restricted to values in 27%Z, is strictly smaller
than when restricting y and z to values in Z ., because we can slightly increase
any value of y,, and z(U) to a dyadic vector. Choose t with this property as
small as possible. By replacing w by 2!~'w, we may assume that ¢ = 1.

It therefore is enough to show that for each y € %ZK and z € %Zﬁ(v)

satisfying (31.19), there exist y’ € ZY and 2’ € ZE(V) satisfying (31.19) such
that
(3120) > wi(v)+ Y F(U)FBU)] < Y wub(v) + Y 2(U)[56(U)].

veEV Uucv vEV Ucv

We show this by induction on w(FE). More precisely, we consider a counterex-

ample y € 2ZY and z € %Zf(v) with smallest w(E). Then necessarily

(31.21) y € {0,3}V and z € {0, 1}7(V),
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since if y, > 1 for some vertex v we can reduce w(e) by 1 for each e € §(v)
and reduce y, by 1, to obtain a counterexample with smaller w(FE). Similarly,
if 2(U) > 1 for some U C V we can reduce w(e) by 1 for each e € E[U] and
reduce z(U) by 1, to obtain a counterexample with smaller w(FE).

Put on y € {0,3}" and z € {0, 3}7(") the additional requirements that,
first, y(V') is as large as possible, and, second, that

(31.22) > «U)|U|V AU
Ucv
is as small as possible.
Let S:={veV |y, =3} and F:={U CV | 2(U) = 3}. We first show
that F is laminar; that is,

(31.23) ifUWeF, thenUNW =0orUCWorWCU.

Indeed, suppose that UNW # 0, U € W, and W € U for some U, W € F.
If (U N W) is odd, then decreasing z(U) and z(W) by %, and in-
creasing z(U N W) and z(U UW) by %, would not increase (31.18) (since
AU NW)|+ 26U UW)] < [36(U)] + | 26(W)]), would maintain (31.19)
(since X PIUNWI 4 EIUOW] > BIUT 4 \EIW] *would leave (V') unchanged,
but would decrease (31.22), contradicting the minimality of (31.22).
If 5(U N W) is even, then resetting

(31.24) 2(U) ==2(U) =%, 2(W) :=2(W) =L, 2(U\W) :=2(U\W) + 1,
zZ(WA\U):=2(W\U)+ 3, and y, :=y, + 3 for eachv € UNW,

would not increase (31.18) (since |1b(U \ W) + [$b(W \U)| +bUNW) <
[26(U)] + [26(W)]), would maintain (31.19) (since xFINWI 4 EIWVAUT
2 vevnw X2 > UL\ PIWT but would increase y(V), contradicting the
maximality of y(V).

This shows (31.23). Suppose F # (). Then choose an inclusionwise minimal
set U € F with the property that there exist an even number of sets W € F
with W D U. Let Uy, ..., U be the inclusionwise maximal proper subsets of
U with U; € F (possibly k = 0). By the choice of U, none of the U; contain
properly a set in F. Then

k k
(3125)  [3(U)] + D130 = (U N S)+ D 204U\ S)]
k k
(31.26)  [36(U)) + D_L56(U] 2 U\ 5) + 3 2[5 N S)),
i=1 i=1

as
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S
Figure 31.1
k
(31.27)  b(U)+2) |3b(U;
=1 .
>bUNS)+bU\S)+2> [2b(U; \SJ+2Z bU;NS)|.
i=1

If (31.25) holds, then resetting y, := y, + 5 foreachv e UNS, z(U) :=
2(U)—1%, and 2(U;) := 2(U;)— %, 2(U;\ ) := 2(U;\S)+1foreachi=1,...,k
would not increase (31.18) (by (31.25)) and would maintain (31.19): on edges
not spanned by U, the left-hand side of (31.19) does not decrease; on edges
spanned by U the contribution of the nonmodified variables is integer and

31.28)  [3( D «x “>+XE[U]+ZX IESY X5<“)+Z X PIUAS]
veuns velUns

By the maximality of y(V) it follows that U NS = (. Hence, after resetting
we have z(U;) = 1 for each ¢ = 1,..., k. If £ > 0 we contradict (31.21). So
k =0, and therefore (as z(U) decreases) (31.18) decreases, contradicting the
minimality of (31.18).

If (31 26) holds, then resetting y, 1=y, + 3 for each v € U\ S, 2(U) :=
2(U)—3, and 2(U;) := 2(U;)— 3, 2(U;NS) := 2(U;NS)+1foreachi =1,....k
would not increase (31.18) (by (31.26)) and would maintain (31.19) since now

(31.29) 20D XMy P U1+ZXE[U <1y “)+Z>< vins]

veuns velU
By the maximality of y(V) it follows that U \ S = (), that is, U C S. Hence,
after resetting we have z(U;) =1 for each i = 1,..., k. If £ > 0 we again con-

tradict (31.21). So k = 0, and therefore (as z(U) decreases) (31.18) decreases,
again contradicting the minimality of (31.18).
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So F = (. Now setting 2z := 1 and 3’ := 0 gives (31.20). |

(This is the proof method followed by Schrijver and Seymour [1977]. For a
related proof, see Hoffman and Oppenheim [1978]. See also Cook [1983b].)

This theorem can be formulated equivalently in terms of total dual inte-
grality:

Corollary 31.3a. System (31.17) is TDIL

Proof. Directly from Theorem 31.3. |

If we restrict the subsets U to odd-size subsets, the system is totally dual
half-integral — a result stated by Pulleyblank [1973] and Edmonds [1975]:

Corollary 31.3b. System (31.6) is totally dual half-integral.

Proof. This follows from Corollary 31.3a, by using the fact that inequality
(31.17)(iii) for |U| even, is a half-integer sum of inequalities (31.6)(i) and (ii).

Next considering the perfect b-matching polytope, generally (31.16) is not
TDI. However:

Corollary 31.3c. System (31.16) with (31.16)(iii) replaced by (31.17)(iii) s
TDI

Proof. Directly from Corollary 31.3a with Theorem 5.25. |
This implies for the original system (Edmonds and Johnson [1970]):

Corollary 31.3d. System (31.16) is totally dual half-integral.

Proof. Consider an inequality z(E[U]) < [$b(U)] in (31.17). If b(U) is odd,
this inequality is half of the sum of the inequalities z((v)) < b(v) for v € U
and of —x(§(U)) < —1. If b(U) is even, this inequality is half of the sum of
the inequalities z(d(v)) < b(v) for v € U and of —x. < 0 for e € §(U). |

In fact (Barahona and Cunningham [1989)]):

Corollary 31.3e. Let w € ZF with w(C) even for each circuit C. Then the
problem of minimizing w'x subject to (31.16) has an integer optimum dual
solution.

Proof. As w(C) is even for each circuit, there is a subset U of V' with
{e € E | w(e) odd} = §(U). Now replace w by w’ := w+ Y, ., x**). Then
w'(e) is an even integer for each edge e. Hence by Corollary 31.3d there is
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an integer optimum dual solution y, (v € V), zy (U C V, b(U) odd) for the
problem of minimizing w’' z subject to (31.16). Now setting y, := vy, — 1 if
v € U and y, :=y/ if v € U gives an integer optimum dual solution for w. [

31.4. The weighted b-matching problem

We now consider the problem of finding a maximum-weight b-matching. Here,
for a graph G = (V,E), b € ZY, and a weight function w € QF, the weight
of a b-matching z is w'z.

It should be noted that the method of reducing a b-matching problem to
a matching problem by replacing each vertex v by b(v) copies, does not yield
a polynomial-time algorithm for the weighted b-matching problem. W.H.
Cunningham and A.B. Marsh, IIT (with suggestions of W.R. Pulleyblank,
K. Truemper, and M.R. Rao — cf. Marsh [1979]) and Gabow [1983a] gave
polynomial-time algorithms for the weighted b-matching problem. Padberg
and Rao [1982] showed, with a method similar to that described in Section
25.5¢, that one can test the constraints (31.16) in polynomial time, thus
yielding the polynomial-time solvability of the maximum-weight b-matching
problem (with the ellipsoid method).

Gerards [1995a] attributed the following method, leading to a strongly
polynomial-time algorithm, to J. Edmonds. It extends a similar approach of
Anstee [1987], and amounts to reducing the b-matching problem to a bipartite
b-matching problem and a nonbipartite 1-matching problem.

First there is the following observation.

Lemma 31.4a. Let G = (V, E) be a graph and let b, € ZY with |[b—V|, =
1. Let x be a b-matching and let ' be a b’ -matching. Then there exists a
y € ZF such that ||y|leo < 2 and such that x +y is a b'-matching and 2’ —y
s a b-matching.

Proof. By symmetry we may assume that there exists a u € V such that
b'(u) = blu) + 1 and ¥'(v) = b(v) if v # u. Hence x is a b’-matching. If
a2’ is a b/-matching, we are done (taking y = 0). So we may assume that
x’ is not a b-matching, that is, !, = V’(u). Then there exists a walk P =
(vo,€1,v1,...,6t, ) in G such that

(31.30) (i) wo = u, z,, > w, if i is odd, x| < x, if i is even, and each
edge e is traversed at most |2, — x| times,
(ii) 2’(6(ve)) < 2(0(vy)) if t is even, and =/ (0(v4)) > x(d(vy)) if ¢ is
odd (if vy = vp and t is odd, then ' (§(v¢)) > x(6(ve)) + 2).

The existence of such a path follows by taking a longest path satisfying
(31.30)(i).

We now assume that P is a shortest path satisfying (31.30). Then no
vertex is traversed more than twice (otherwise we can shortcut P), hence no
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edge is traversed more than twice. Let y. be the number of times P traverses
e, if /. > xz., and let y. be minus the number of times P traverses e, if
x, < x.. Then x + y is a b'-matching, ' — y is a b-matching, and ||yl < 2.

This implies a sensitivity result for maximum-weight b-matchings if we
vary b:

Lemma 31.43. Let G = (V,E), let b,b' € ZY and let a weight function
w € R be given. Then for any mazimum-weight b-matching = there exists a
mazimum-weight b’ -matching x' satisfying

(31.31) |z — 2|00 < 2[|b—b|1.

Proof. We may assume that ||b — b||; = 1. Let  be a maximum-weight
b-matching and let 2’ be a maximum-weight b’-matching. By Lemma 31.4c,
we know that there exists an integer vector y with z + y a b’-matching,
x’ — y a b-matching, and ||y|/c < 2. Since 2’ — y is a b-matching and since
7 is a maximum-weight b-matching, we have w'z > w' (2’ — y), and hence
w' (z+y) > w'2'. Since 2’ is a maximum-weight b’-matching, it follows that

a2’ :=x +y is a maximum-weight b’-matching with ||2” — ||cc = [|[¥|lec < 2.

This is used in showing the strong polynomial-time solvability of the
weighted b-matching problem:

Theorem 31.4. Given a graph G = (V,E), b € ZY, and a weight function
w € QF, a mazimum-weight b-matching can be found in strongly polynomial
time.

Proof. I. First consider the case that b is even. Make a bipartite graph H as
follows. Make a new vertex v’ for each v € V. Let H have edges u'v and uv’
for each edge uv of G. Define b(v) := b(v') := 1b(v) for each v € V. Define a
weight w(u'v) := w(uwv’) := w(uw) for each edge uv of G.

Find a maximum-weight B—matching Z in H. This can be done in strongly
polynomial time by Theorem 21.9. Defining z(uv) := Z(u'v) +Z(uv") for each
edge wv of G, gives a maximum-weight b-matching x in G. Indeed, if there
would be a b-matching in G of larger weight than that of x, then there is a
half-integer b-matching in H of larger weight than that of Z. This contradicts
the fact that in a bipartite graph a maximum-weight b-matching is also a
maximum-weight fractional b-matching (by Theorem 21.1).

II. Next consider the case of arbitrary b. Define b’ := 2|1b]. Since ' is
even, by part I of this proof we can find a maximum-weight ’-matching z’ in
G in strongly polynomial time. Now b arises from b’ by at most |V| resettings
of b’ to b’ +x* for some u € V. So it suffices to give a strongly polynomial-time
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method to obtain a maximum-weight ’-matching from a maximum-weight
b-matching x, where b’ = b+ x* for some u € U.
To this end, define

(31.32) z := max{0,z — 2} and b := min{b’ — Mz, M4}

(taking the maximum componentwise), where M is the V' x E incidence
matrix of G. (0, 2, and 4 denote the all-0, all-2, and all-4 vector.)

Now we can find a maximum-weight b”’-matching 2’ in strongly polyno-
mial time. This follows from the fact that b”(v) < 4deg(v) for each vertex
v. So we can consider the graph Gy obtained by splitting each vertex v of
G into b”(v) copies, and replacing any edge uv by b”(u)b”(v) edges connect-
ing the b”(u) copies of u by the b”(v) copies of v. Then a maximum-weight
matching in Gy gives a maximum-weight b”-matching " in G”.

Then z” + 2 is a b/-matching, since 2/ +2z > 0 and M (2" +2) <V"+ Mz <
b’. Moreover, z” + 2 is a maximum-weight b’-matching, since by Lemma 31.4/3,
there exists a maximum-weight b’-matching z’ satisfying x — 2 < 2’ < z + 2.
Then 2’ — z is a b"-matching (since 2’ — 2z < 4), and hence w'z" > w' (2’ - 2).
Therefore w' (2" + z) > wTa'. |

Elaboration of this method gives an O(n?m(n?+mlogn))-time algorithm.
A similar approach of Anstee [1987] gives O((m +nlogn)nlog ||b]|e +n?m)-
and O(n?logn(m + nlogn))-time algorithms.

For weighted perfect b-matching, a similar result follows:

Corollary 31.4a. Given a graph G = (V,E), b € ZY, and a weight func-
tion w € QF, a minimum-weight perfect b-matching can be found in strongly
polynomaal time.

Proof. By flipping signs, it suffices to describe a method finding a maximum-
weight perfect b-matching in strongly polynomial time.

We can increase each weight by a constant C' := BW + W, where W :=
|lw]loo + 1 and B := ||b]|1. So each weight becomes > C — W and < C + W.
Then each perfect b-matching has weight at least $ B(C—W) = £ B?W, while
each nonperfect b-matching has weight at most
(31.33)  (AB-1)(C+W)= I%BC +iBW -C-W

=1iB°W + 1BW + {BW — BW — W — W < 1 B?W.
So each maximum-weight b-matching is perfect. Therefore, Theorem 31.4
applies. (Alternatively, we could repeat the above reduction process.) |

31.5. If b is even

The results on b-matchings can be simplified if b is even. In that case, the
proofs can be reduced to the bipartite case. The maximum size of a 2b-
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matching is equal to the minimum weight of a 2-vertex cover, taking b as
weight:

Theorem 31.5. Let G = (V, E) be a graph and let b € ZK. Then the maxi-
mum size of a 2b-matching is equal to the minimum value of y'b taken over
2-vertex covers y; equivalently, the minimum value of

(31.34) b(V)+ b(N(S)) — b(95),
taken over stable sets S.

Proof. Make a bipartite graph H as follows. Make a new vertex v’ for each
veV,and let V' := {v' | v € V}. H has vertex set VUV’ and edges all v'v
and uv’ for uwv € E.

Define & : VUV’ — Z, by ¥ (v) := ¥/ (V') := b(v) for all v € V. Then
the maximum size of a 2b-matching in G is equal to the maximum size of a
b’-matching in H. By Corollary 21.1a, this is equal to the minimum &'-weight
of a vertex cover in H, which is equal to the minimum of y7b over 2-vertex
covers . |

It implies the following characterization of the existence of perfect b-
matchings for even b:

Corollary 31.5a. Let G = (V,E) be a graph and let b € ZY with b even.
Then there exists a perfect b-matching if and only if b(N(S)) > b(S) for each
stable set S of G.

Proof. Directly from Theorem 31.5. |

This can also be derived directly from Corollary 31.1a. The following two
theorems can be derived from the bipartite case in a way similar to the proof
of Theorem 31.5, but they also are special cases of results in this chapter.

First we have a characterization of the 2b-matching polytope:

Theorem 31.6. Let G = (V,E) be a graph and let b € ZY. Then the 2b-
matching polytope is determined by

(31.35) (i) x>0 for each e € E,
(ii) z(d6(v)) < 2b(v) foreach v e V.

Proof. This is a special case of Theorem 31.2. |

Second, we mention a result of Gallai [1957,1958a,1958b]. For a graph
G = (V,E) and w : E — Z,, a w-vertex cover is a function y : V — Zy
satisfying y,, + v, > w(uwv) for each edge uv.
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Theorem 31.7. Let G = (V,E) be a graph and let w € Z¥ and b € ZY.
Then the mazimum weight w'x of a 2b-matching x is equal to the minimum
value of y'b taken over 2w-vertex covers y.

Proof. This follows from Theorem 31.3. |

31.6. If b is constant

The results on b-matchings can be specialized to ‘k-matchings’. Let G =
(V,E) be a graph and let k € Z;. A k-matching is a function z € Z¥ with
x(6(v)) < k for each vertex v. Thus if we identify k& with the all-k vector
in ZK, we have a k-matching as before. Therefore, Theorem 31.1 gives a
min-max relation for maximum-size k-matching:

Theorem 31.8. Let G = (V, E) be a graph and let k € Z,.. Then the maxi-
mum size of a k-matching is equal to the minimum value of

(31.36)  k|U|+>_[5k|K]],
K

taken over U C V, where K ranges over the components of G — U spanning
at least one edge.

Proof. Directly from Theorem 31.1. |

Note that it follows that if k is even, we need not round, and hence the
maximum size of a k-matching is equal to %k times the maximum-size of a
2-matching. This maximum size is described in Theorem 30.1.

Again, a k-matching z is perfect if x, = k for each vertex v. In charac-
terizing the existence, it is convenient to distinguish between the cases of k
odd and k even. Let Iy denote the set of isolated (hence loopless) vertices of
G-U.

Corollary 31.8a. Let G = (V, E) be a graph and let k € Z be odd. Then G

has a perfect k-matching if and only if for each U CV, G —U — Iy has at
most k(|U| — |Iy]) odd components K.

Proof. Directly from Corollary 31.1a. |
For even k, there is the following result due to Tutte [1952]:

Corollary 31.8b. Let G = (V, E) be a graph and let k € Z be even. Then
G has a perfect k-matching if and only if |N(S)| > |S| for each stable set S.

Proof. Directly from Corollary 31.5a. |



Section 31.7b. Facets and minimal systems for the b-matching polytope 559

So if k is even, there exists a perfect k-matching if and only if there exists
a perfect 2-matching.

We also give the characterization of the k-matching polytope (the convex
hull of k-matchings):

Theorem 31.9. Let G = (V, E) be a graph and let k € Z,. Then the k-
matching polytope is determined by

(31.37) (i) z.>0 for each e € E,
(i) =z(0w)) <k for each v € V,
(iii) x(E[U]) < [3k|U|] for each U C V with k|U| odd.

Proof. This is a special case of Theorem 31.2. |

31.7. Further results and notes

31.7a. Complexity survey for the b-matching problem

Complexity survey for the maximum-weight b-matching problem:

* O(n®B) Pulleyblank [1973]
2 W.H. Cunningham and A.B. Marsh,
O(n"mlog B) III (cf. Marsh [1979])
* O(m?lognlog B) Gabow [1983a)]
% | O(n*m +nlog B(m+nlogn)) | Anstee [1987]
* O(n?logn(m + nlogn)) Anstee [1987]
Here B := ||b||s, and * indicates an asymptotically best bound in the table.

Johnson [1965] extended Edmonds’ matching algorithm to an algorithm (not
based on splitting vertices) finding a maximum-size b-matching, with running time
polynomially bounded in n, m, and B. Gabow [1983a] gave an O(nm logn)-time
algorithm to find a maximum-size b-matching.

31.7b. Facets and minimal systems for the b-matching polytope

Edmonds and Pulleyblank (see Pulleyblank [1973]) described the facets of the b-
matching polytope. Let G = (V, E) be a graph and let b € ZY. Call G b-critical
if for each u € V there exists a b-matching = such that z(d(u)) = b(u) — 1 and
z(6(v)) = b(v) for each v # w.

Let G be simple and connected with at least three vertices and let b > 0. Then
an inequality z(d(v)) < b(v) determines a facet of the b-matching polytope if and
only if b(N (v)) > b(v), and if b(N (v)) = b(v) + 1, then E[N (v)] # 0.

1

Moreover, an inequality z(E[U]) < |5b(U)] determines a facet if and only if

G[U] is b-critical and has no cut vertex v with b(v) = 1.
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Unlike in the matching case, the facet-inducing inequalities do not form a totally
dual integral system. The minimal TDI-system for the b-matching polytope was
characterized by Cook [1983a] and Pulleyblank [1981]. To describe this, call a graph
G = (V, E) b-bicritical if G is connected and for each u € V there is a b-matching
x with z(d(u)) = b(u) — 2 and z(6(v)) = b(v) for each v # u. Then a minimal TDI-
system for the b-matching polytope (if G is simple and connected and has at least
three vertices and if b > 0) is obtained by adding the following to the facet-inducing
inequalities:

(31.38) z(E[U]) < 3b(U) for each U C V with |U| > 3, G[U] b-bicritical and
b(v) > 2 for each v € N(U).

(The facets of the 2-matching polytope of a complete graph were also given by
Grotschel [1977D].)
The vertices of the 2-matching polytope are characterized by:

Theorem 31.10. Let G = (V, E) be a graph. Then a 2-matching x is a vertex of
the 2-matching polytope P if and only if the edges e with x. = 1 form vertexz-disjoint
odd circuits.

Proof. Let « be a 2-matching. Define F' := {e € E | . = 1}. Clearly, degp(v) < 2
for each v € V. So F forms a vertex-disjoint set of paths and circuits.

To see necessity in the theorem, let x be a vertex of P. Suppose that K is a
component of F' that forms a path or an even circuit. Then we can split K into
matchings M and N. Then both z 4+ x™ — x» and z — x™ + x" belong to P,
contradicting the fact that x is a vertex of P.

To see sufficiency, suppose that x is not a vertex of P. Then there exists a
nonzero vector y such that x +y and = — y belong to P. If z. = 0 or z. = 2, then
Ye=0,as 0 <z +ye <2 If e and f are two edges in F' incident with a vertex v,
then y. = —yy, since (ze + z5) = (ye + yr) < 2. Hence, if each component of F is
an odd circuit, we have y = 0, contradicting our assumption. |

31.7c. Regularizable graphs

A graph G = (V,E) is called regularizable if there exists a k and a perfect k-
matching = with z > 1. So we obtain a k-regular graph by replacing each edge e
by z. parallel edges. Berge [1978c| characterized regularizability as follows:

Theorem 31.11. Let G = (V, E) be connected and nonbipartite. Then G is requ-
larizable if and only if [N(U)| > |U| for each nonempty stable set U.

Proof. Necessity being easy, we show sufficiency. Make a bipartite graph H by
making for each vertex v a copy v’, and replacing any edge uv by two edges uv’
and u'v. Then every edge of H belongs to some perfect matching of H. To see this,
suppose that edge uv’ belongs to no perfect matching. Then by Frobenius’ theorem
(Corollary 16.2a), there exists a subset X of V' \ {u} such that X has less than | X|
neighbours in V' \ {v’} (in the graph H; here V' := {¢v' | v € V'}). That is, defining
N'(X) := UuexNa(u),

(31.39) IN(X)\ {v}] < |X].
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Let U := X \ N'(X). Then U is a stable set. Moreover, N(U) C N'(X) \ X. By
(31.39), |N'(X)| < |X]|, and therefore |N(U)| < |U|. So by the condition given in
the theorem, U = (J; that is, X C N'(X), and so, by (31.39), X = N’(X). However,
as (G is connected and nonbipartite, H is connected. This contradicts the fact that
X =N'(X)and X £ V.

So each edge of H belongs to a perfect matching. Hence each edge of G belongs
to a perfect 2-matching. Adding up these perfect 2-matchings gives a perfect k-
matching z > 1 for some k. |

Berge [1978b] remarked that this theorem is equivalent to: a connected nonbi-
partite graph G is regularizable if and only if the only 2-vertex cover of size 72 (G)
is the all-1 vector (this follows with (30.2)).

With the help of b-matchings, one can also characterize k-regularizable graphs
— graphs that can become k-regular by adding edges parallel to existing edges. Let
Iy denote the set of isolated (hence loopless) vertices of G — U.

Theorem 31.12. Let G = (V,E) be a graph and let k € Zy. Then G is k-
regularizable if and only if for each U CV, G — U — Iy has at most

(31.40) kE|U| — k|Iy| — 2|E[U]| — |6(U U Iv)|
components K with k| K|+ |6(K)| odd.

Proof. From Corollary 31.1a applied to b: V — Z defined by b(v) := k — deg(v)
forveV.

Note that the condition implies b(v) > 0 for each vertex v. For suppose deg(v) >
k. If k = 0, then (31.40) is negative for U := V, a contradiction. So k > 0. Taking
U := {v}, the condition implies that k — k|Iy| — 2|E[U]| — [6({v} U Iv)| > 0. As
[6(v)] > k, it follows that Iy # 0, hence |Iy| = 1, say Iy = {w}. So |E[U]| = 0, that
is, v is loopless. Moreover, §(U U Iy) = @, that is, {v,w} is a component of G. But
then the nonnegativity of (31.40) for U’ := {v,w} implies 2k > 2|E[U’]| > 2 deg(v)
(as v is loopless), a contradiction. |

See also Berge [1978b,1978d,1981].

31.7d. Further notes

Hoffman and Oppenheim [1978] showed that system (31.17) is ‘locally strongly
modular’; that is, each vertex of the b-matching polytope is determined by a linearly
independent set of inequalities among (31.17) (set to equality), where the matrix
in the system has determinant =+1.

Johnson [1965] characterized the vertices of the fractional b-matching polytope.
Koch [1979] studied bases (in the sense of the simplex method) for the linear pro-
gramming problem of finding a maximum-weight b-matching.

Padberg and Wolsey [1984] described a strongly polynomial-time algorithm to
find for any vector x the largest A such that A-x belongs to the b-matching polytope,
and to describe A - x as a convex combination of b-matchings.

b-matching algorithms are studied in the books by Gondran and Minoux [1984]
and Derigs [1988a].



Chapter 32

Capacitated b-matchings

In the previous chapter we studied b-matchings, without upper bound given
on the values of the edges. In this chapter we refine the results to the case
where each edge has a prescribed ‘capacity’ that bounds the value on the
edge. This can be reduced to uncapacitated b-matching.

32.1. Capacitated b-matchings

The capacitated b-matching problem considers b-matchings z satisfying a
prescribed capacity constraint z < c¢. By a construction of Tutte [1954b],
results on capacitated b-matchings can be derived from the results for the
uncapacitated case as follows. Denote

(32.1) EX,)Y]:={ecE|JxeX,ycY e={z,y}}.

Theorem 32.1. Let G = (V,E) be a graph and let b € ZK and ¢ € ZF
with ¢ > 0. Then the maximum size of a b-matching x < c is equal to the
minimum value of

(32.2) b(U) + e(EIW]) + Y _15(b(K) + c(E[K, W]))],

taken over disjoint subsets U,W of V', where K ranges over the components

of G—-U-W.

Proof. To see that the maximum is not more than the minimum, let =
be a b-matching with = < ¢ and let U, W be disjoint subsets of V. Then
z(E[UIUSU)) < b(U) and z(E[W]) < ¢(E[W]). Consider next a component
K of G—U — W. Then 2z(E[K]) + z(E[K,W]) < b(K) and z(E[K,W]) <
c(E[K,W]). Hence z(E[K]U E[K,W]) < |3(b(K) + c¢(E[K,W]))], and the
inequality follows.

The reverse inequality is proved by reduction to Theorem 31.1. Make a
new graph G’ = (V' E’) by replacing each edge of G by a path of length
three. That is, for each edge e = uv introduce two new vertices p. ,, and pe ,
and three edges: upe .y, Pe,uPe,v; a0d Pe .
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Define b’ € ZK/ by b/ (v) :=b(v) if v € V and b/ (pe,v) := c(e) for any new
vertex pe .. Then the maximum size of a b-matching x in G with = < cis equal
to the maximum size of a b’-matching in G’, minus ¢(E). By Theorem 31.1,
there exists a subset U’ of V' such that the maximum size of a b’-matching
in G’ equals

(323)  V(U)+ Y L3V (K)],

where K’ ranges over the components of G’ — U’ with |K’| > 2. (Note that
G’ has no loops.) We choose U’ with |U’| as small as possible.

Let U := V NU’ and let W be the set of isolated vertices of G’ — U’ that
belong to V. We show that (32.2) is at most (32.3) minus ¢(F), which proves
the theorem.

First observe that

(32.4) if p., € U’, then v e W.

Otherwise, deleting p. , from U’ does not increase (32.3), contradicting the
minimality of |U’|. (Here we use that p, has degree 2 and that b/ (pe ) > 0,
that is, ¢(e) > 0. Then o'(U’) decreases by c(e) while the sum in (32.3)
increases by at most | $c(e) + 1], which is at most c(e).)

Hence
(32.5) B (U') =b(U) + b U\ V)=bU)+ Y c(d(v))

veW
=b(U) + 2¢(E[W]) 4 c(6(W)).

Consider a component K’ of G'—U’ with |K'| > 2. If K’ does not intersect
V, then it is equal to {peu, Pe v} for some edge e = uv of G with u,v € U. So
b(K') = 2¢c(e). If K’ intersect V, let K := K'NV. Then K is a component
of G — U — W. Indeed, any edge spanned by K gives a path of length 3 in
K’ (by (32.4)), and any path in K’ between vertices in K gives a path in K.
Any edge of G leaving K gives a path of length 3 in G’ connecting K’ and
UUW. So

(32.6) K =KU{pew|e=uw € E,u€ K}U{pen |e=uw € E,u €
K,veU}.

Hence
(327)  V(K') = b(K) + c(E[K, W]) + 2¢(E[K]) + 2¢(E[K, U)).
Therefore, (32.3) is equal to

(32.8)  b(U) + 2¢(E[W]) + ¢(6(W)) + e(E[U])
+ ) ([3(0(K) + c(E[K,W))] + c(E[K]) + ¢(E[K,U))),
K

where K ranges over the components of G — U — W. Since
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(32.9) o(E) = e(BIW])+e(8(W))+e(B[U)+ Y _(c(B[K])+e(EIK, U])),

(32.3) minus ¢(E) is equal to (32.2). |
This implies for perfect b-matchings:

Corollary 32.1a. Let G = (V,E) be a graph and let b € ZY and c € Z¥
with ¢ > 0. Then G has a perfect b-matching x < c if and only if for each
partition T, U, W of V, G[T] has at most

(32.10) b(U) — b(W) + 2¢(E[W]) + c(E[T, W])
components K with b(K) + ¢(E[K,W]) odd.

Proof. Directly from Theorem 32.1. |

32.2. The capacitated b-matching polytope

Let G = (V, E) be a graph and let b € ZK and ¢ € Zf. The c-capacitated
b-matching polytope is the convex hull of the b-matchings x satisfying x < c.
A description of this polytope follows again from that for the uncapacitated
b-matching polytope.

Theorem 32.2. Let G = (V, E) be a graph and let b € ZY and c € Z_’E. The
c-capacitated b-matching polytope is determined by

(32.11) (i) 0<z. <c(e) (e € E),
(i) z(d(v)) < b(v) (veV),

(i) 2(E[U]) +2(F) < [30(0) +e(F)] (UCSV,F o),

b(U) + ¢(F) odd).

Proof. It is easy to show that each b-matching = < ¢ satisfies (32.11). To
show that the inequalities (32.11) completely determine the c-capacitated b-
matching polytope, let * € RE satisfy (32.11). Let G’ = (V/, E’') and V' €
ZY' be as in the proof of Theorem 32.1. Define 2/ € R by a'(upe.,,) =
' (Vpe.v) 1= e and ' (Pe,uPe,v) = c(€) — Te, for any edge e = uv of G. We
show that 2’ belongs to the ¥’-matching polytope with respect to G'.

By Theorem 31.2, it suffices to check the constraints (31.6) for 2’ with
respect to G’ and b’. That is, we should check (where ¢’ := §¢v and E'[U’] is
the set of edges in E’ spanned by U’):

(32.12) () /() >0 (¢ € EY),

(ii) 2(¢"(v")) < ' (V') (v e V'),
(i) o/ (E'[U) < [L0/(U)] (U C V' with '(U') odd).
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Trivially we have (32.12)(i) by (32.11)(i). Moreover, for each vertex v € V one
has /(&' (v)) < V' (v) by (32.11)(ii). For any vertex pe ,, of G', withe = uwv € E,
one has /(8 (pe.u) = cle) = V(D).

To prove (32.12)(iii), we first show that it suffices to prove it for those
U’ C V' satisfying for each edge e = wv € E:

(32.13) (i) if u,v € U, then p., € U and p., € U’,
(ii) if pe,, € U', then u € U'.

To see (32.13)(i), first let uw,v € U’ and pe, ¢ U’. Define U” := U’ U
{pe,uvpe,u}- Then
(32.14)  2'(E'[U)) < 2"(B'[U"]) = 2"(8'(pew)) < 56" (U")] = ' (peyu)

< [3b'(U"))-
To see (32.13)(ii), let pe, € U' and u € U’. Define U” := U’ \ {pe,u,Pev}- If
Pew & U', then
(32.15)  2(E'[U]) =2/ (B'[U"]) < [5V/(U")] < [36'(U")].
If p. , € U’, then
(3216)  @(U]) = 2/ (B0")) +2'(9 (o)) < LBV O]+ (i)

= L),

This proves that we may assume (32.13) (as repeated application of these
modifications gives finally (32.13)). Let U := U' NV and let F be the set
of those edges e = wv in §(U) with v € U, v ¢ U, and p., € U’. Then
o (E'[U']) = z(E[U]) + ¢(E[U]) + x(F) and &' (U’) = b(U) + 2¢(E[U]) + ¢(F).
Hence (32.11)(iii) implies (32.12)(iii).

So 7’ is a convex combination of b’-matchings in G’. Each such &’-matching
y satisfies y(¢'(v')) = V' (v') for each ‘new’ vertex v’ = pe ,, (as 2’ satisfies this
equality). Hence each such b’-matching corresponds to a b-matching subject
to ¢ in G, and we obtain x as convex combination of b-matchings subject to

cin G.

Similarly, the c-capacitated perfect b-matching polytope is the convex hull
of the perfect b-matchings z satisfying < ¢. Theorem 32.2 implies the fol-
lowing (announced by Edmonds and Johnson [1970] (cf. Green-Krétki [1980],
Ardoz, Cunningham, Edmonds, and Green-Krétki [1983])):

Corollary 32.2a. The c-capacitated perfect b-matching polytope is deter-
mined by

(32.17) (i) 0<z.<c(e) (e € E),
(ii)  z(6(v)) = b(v) (veV),
(iii) z@U)\F)—xz(F)>1-c(F) (UCV,FCHU),

Proof. Directly from Theorem 32.2, as (32.17)(ii) implies that z(E[U]) =
(U — Lx(8(0)). |
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32.3. Total dual integrality

System (32.11) generally is not TDI (cf. the example in Section 30.5). To
obtain a TDI-system, one should delete the restriction in (32.11)(iii) that
b(U) + ¢(F) is odd. Thus we obtain:

(32.18) (i) 0<z. <c(e) (e € E),
(il)  z(0(v)) < b(v) (veV),
(iif)  2(E[U]) +a(F) < [30U) +c(F))] (U S V.F C(U))

Theorem 32.3. System (32.18) is TDI.

Proof. Let G' = (V/,E’) and V' € ZKI be as in the proof of Theorem 32.1.
By Corollary 31.3a, the following system is TDI:
(32.19) (i) a'(e')>0 (e € E),

(i) 2'(¢'(v")) <V'(v') (v e V),

(i) '(E'[U"]) < [30/(U)] (U V).
Since setting inequalities to equalities maintains total dual integrality (The-
orem 5.25), the following system is TDI:

(32.20) (i) a'(¢)>0 (e € E),
(i) /(8 (v)) < b(v) (veV),
(iii) 2 (upew) + &' (Peuben) =cle) (u€e=uv € E),
(iv) o' (E'[U"]) < [3b'(U")] U cv).

The inequalities (32.14), (32.15), and (32.16) show that in (32.20)(iv) we may
restrict the U’ to those satisfying (32.13). So U’ is determined by U := U'NV
and F:={e=wv € E|u,pe, €U, v gU'}.

Moreover, with Theorem 5.27 we can eliminate the variables «’(upe ,,) for
e € F and u € e with the equalities (32.20)(iii). That is, we replace x’(upe )
by c(e) — ye, where we set ye := 2'(pe,upe,») for e = uv € E. Then:

(3221)  2/(E'[U']) = y(E[U]) + 2(c(E[U]) — y(E[U])) + ¢(F) — y(F) and
b (U") = b(U) + 2¢(E[U]) + c(F).

Hence the system becomes:

(3222) () >0 (c € B),
(i)  ye <cle) (e € B),
(iif)  —y(6(v)) <b(v) —c(é(v)) (veV),
(iv)  —y(E[U]) —y(F) < [50(U) + c(F)| = e(E[U]) - o(F)

(U CV,FCU)).
Setting y. to c¢(e) — x,, the system becomes (32.18) and remains TDI. |
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32.4. The weighted capacitated b-matching problem

By the construction given in the proof of Theorem 32.1, the weighted ca-
pacitated b-matching problem can easily be reduced to the uncapacitated
variant:

Theorem 32.4. Given a graph G = (V,E), b € ZY, c € Z¥, and a weight
function w € QF, a mazimum-weight b-matching x < c can be found in
strongly polynomial time.

Proof. We may assume that w > 0. Make G’ = (V/,E’) and ¥/ € ZK/ as
in the proof of Theorem 32.1. Moreover, define a weight function w’ on the
edges of G’ by W' (upe,) = W (Pe,uPe,w) = W' (Pewv) = w(e) for any edge
e =uv of G.

Let 2’ be a maximum-weight b’-matching in G’. Then we may assume that
for each edge e = uv of G one has @' (upe ) = c(e) — &' (PeuPew) = &' (PevV).
(This follows from the fact that we can assume that z/(upe) = 2'(pev),
since if say @' (upe) = &' (Pe,vv) + 7 with 7 > 0, we can decrease ' (upe,y)
by 7 and increase &' (pe,yPe,») by 7. Next we can reset &’ (pe,upe,v) = c(e) —
' (Upeu)-)

Now define z. := 2'(upe ) for each edge e = uv of G. Then z is a
maximum-weight b-matching with x < c. |

Similarly, for the weighted capacitated perfect b-matching problem:

Theorem 32.5. Given a graph G = (V,E), b € ZY, c € Z%, and a weight
function w € QF, a minimum-weight perfect b-matching x < ¢ can be found
in strongly polynomial time.

Proof. As in the previous proof replace each edge by a path of length three,
yielding the graph G’, and define ¥’, and w’ similarly. Let 2’ be a maximum-
weight perfect b’-matching in G’. Then for each edge e = uv of G one has
' (Upew) = c(e) — &' (Pe,uPe,v) = T’ (Pe,wv). Defining ze := 2’ (upe,,) for each
edge e = uv of G, gives a maximum-weight b-matching = < c.

32.4a. Further notes

Cook [1983b] and Cook and Pulleyblank [1987] determined the facets and the min-
imal TDI-system for the capacitated b-matching polytope.

Johnson [1965] extended Edmonds’ matching algorithm to an algorithm (not
based on reduction to matching) that finds a maximum-size capacitated b-matching,
with running time bounded by a polynomial in n, m, and ||b||cc. Gabow [1983a]
gave an O(nm logn)-time algorithm for this.

Cunningham and Green-Krétki [1991] showed the following. Let G = (V, E) be
a graph, let b € ZK and c € Zf. Then the convex hull of the integer vectors y < b
for which there is a perfect y-matching x < c¢ is determined by the inequalities
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(32.23) 0<y<b,
k k
y(lJ A) —y(B) <D (b(Ai) — 1) + c(E[Ao]) + c(E[Ao, V \ B)),
i=0 i=1
where Ap and B are disjoint subsets of V' and where Ai,..., Ay are some of the

components of G — Ag— B such that b(A;)+c(E[Ao, A;]) isodd foreach i =1, ... k.

This characterizes the convex hull of degree-sequences of capacitated b-match-
ings, where the degree-sequence of x € ZF is the vector y € ZF defined by v, =
z(6(v)) for v € V.

This generalizes the results of Balas and Pulleyblank [1989] on the matchable set
polytope (Section 25.5d) and of Koren [1973] on the convex hull of degree-sequences
of simple graphs (Section 33.6¢ below). See also Cunningham and Green-Krétki
[1994] and Cunningham and Zhang [1992].



Chapter 33

Simple b-matchings and
b-factors

A special case of capacitated b-matchings is obtained when we take capacity
1 on every edge. So the b-matching takes values 0 and 1 only. Such a b-
matching is called simple. A simple b-matching is the incidence vector of
some set of edges. If the b-matching is simple and perfect it is called a
b-factor.

In this chapter we derive results on simple b-matchings and b-factors in
a straightforward way from those on capacitated b-matchings obtained in
the previous chapter.

33.1. Simple b-matchings and b-factors

Call a b-matching x simple if = is a 0,1 vector. We can identify simple b-
matchings with subsets F of E with degy(v) < b(v) for each v € V.

Simple b-matchings are special cases of capacitated b-matchings, namely
by taking capacity function ¢ = 1. Hence a min-max relation for maximum-
size simple b-matching follows from the more general capacitated version:

Theorem 33.1. Let G = (V, E) be a graph and let b € ZY . Then the mazi-
mum size of a simple b-matching is equal to the minimum value of

(33.1) b(U) + [EW]| + [ 5(b(K) + | E[K, W]])
K

taken over all disjoint subsets U, W of V, where K ranges over the compo-
nents of G — U — W.

Proof. The theorem is the special case ¢ =1 of Theorem 32.1. |

A b-factor is a simple perfect b-matching. In other words, it is a subset
F of E with degp(v) = b(v) for each v € V. The existence of a b-factor was
characterized by Tutte [1952,1974] (cf. Ore [1957]):
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Corollary 33.1a. Let G = (V, E) be a graph and let b € ZY . Then G has a
b-factor if and only if for each partition T,U,W of V, the graph G[T] has at
most

(33.2) b(U) — b(W) + 2|E[W]| + |E[T, W]|

components K with b(K) + |E[K, W]| odd.

Proof. Directly from Theorem 33.1 (or Corollary 32.1a). |

(An algorithmic proof was given by Anstee [1985], yielding an O(n?)-time al-
gorithm to find a b-factor. Tutte [1981] gave another proof and a sharpening.)

33.2. The simple b-matching polytope and the b-factor
polytope
Given a graph G = (V, E) and a vector b € ZK, the simple b-matching poly-

tope is the convex hull of the simple b-matchings in G. It can be characterized
by (Edmonds [1965b]):

Theorem 33.2. The simple b-matching polytope is determined by

(33.3) () 0<z. <1 (e € E),
(i) 2(6(v)) < b(v) (veVv),
(iif) 2(E[U]) +a(F) < [300U)+|F)] (UCV,FCéU),
b(U) + |F| odd).

Proof. The theorem is a special case of Theorem 32.2. |

Given a graph G = (V, E) and a vector b € ZK, the b-factor polytope is
the convex hull of (the incidence vectors of) b-factors in G. As it is a face of
the simple b-matching polytope (if nonempty), we have:

Corollary 33.2a. The b-factor polytope is determined by

(33.4) i) 0<z <1 (e € B),
(i) (8(v)) = b(v) (vev),
(i) 2(6(U)\F)—z(F)>1—|F| (UCV,FCaU),
b(U) + |F| odd).

Proof. Directly from Theorem 33.2. |

33.3. Total dual integrality

Consider the system (extending (33.3)):
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(33.5) () 0<wz. <1 (e € B),
() =(3(v)) < b(v) (vev),
(it)  @(EU]) +2(F) < [506U) +|F)] (U CV,F C8U)).

A special case of Theorem 32.3 is (cf. Cook [1983b]):

Theorem 33.3. System (33.5) is TDL

Proof. Directly from Theorem 32.3. |
It implies for the b-factor polytope:

Corollary 33.3a. System (33.4) is totally dual half-integral.

Proof. By Theorems 33.3 and 5.25, the system obtained from (33.5) by
setting (33.5)(ii) to equality, is TDI. Then each inequality (33.5) is a half-
integer sum of inequalities (33.4), and the theorem follows. |

This can be extended to:

Corollary 33.3b. Let w € Z¥ with w(C) even for each circuit C. Then the
problem of minimizing w'x subject to (33.4) has an integer optimum dual
solution.

Proof. If w(C) is even for each circuit, there is a subset U of V with {e € E |
w(e) odd} = §(U). Now replace w by w' := w + Y,y X°*). Then w'(e) is
an even integer for each edge e. Hence by Corollary 33.3a there is an integer
optimum dual solution y,, (v € V), zy (U C V, b(U) odd) for the problem
of minimizing w'' = subject to (33.4). Now setting y,, :=y, — 1 if v € U and
Yy =y, if v € U gives an integer optimum dual solution for w. |

33.4. The weighted simple b-matching and b-factor
problem

Also algorithmic results can be derived from the general capacity case, but
some arguments can be simplified. While finding a minimum-weight b-factor
can be reduced to finding a minimum-weight perfect b-matching, there is a
more direct construction, since we can assume that b is not too large. We
give the precise arguments in the proofs below.

Theorem 33.4. Given a graph G = (V,E), b € ZK, and a weight function
w € QF, a mazimum-weight simple b-matching can be found in strongly
polynomial time.

Proof. We may assume that b(v) < degq(v) for each v € V, since replacing
b(v) by min{b(v),deg(v)} for each v does not change the problem.
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Now the techniques described in Chapters 31 and 32 (replacing each vertex
by b(v) vertices, and next each edge by a path of length three), yield a strongly
polynomial reduction to the maximum-weight matching problem.

So a maximum-size simple b-matching and a b-factor (if any) can be found
in polynomial time.
A similar construction applies to the weighted b-factor problem:

Theorem 33.5. Given a graph G = (V,E), b € ZY , and a weight function
w € QF, a minimum-weight b-factor can be found in strongly polynomial
time.

Proof. We may assume that b(v) < degq(v) for each v € V, since otherwise
there is no b-factor. Now the reduction techniques described in Chapters 31
and 32 yield a strongly polynomial reduction to the minimum-weight perfect
matching problem. |

33.5. If b is constant

Again we can specialize the results above to k-matchings and k-factors, for
k € Z,. First we have for the maximum size of a simple k-matching:

Theorem 33.6. Let G = (V, E) be a graph and let k € Z,. The mazimum
size of a simple k-matching is equal to the minimum value of

(33.6)  KU|+ B+ 3 [A(HE|+ [EIK, W),

K
taken over all disjoint subsets U, W of V, where K ranges over the compo-
nents of G — U — W.

Proof. Directly from Theorem 33.1. |

A k-factor is a simple perfect k-matching. In other words, it is a subset
F of E with (V, F) k-regular. Theorem 33.6 implies a classical theorem of
Belck [1950]:

Corollary 33.6a. A graph G = (V, E) has a k-factor if and only if for each
partition T, U, W of V, G[T)] has at most

(33.7) k(U] = W) + 2| EW]| + |E[T, W]|
components K with k| K|+ |E[K, W]| odd.

Proof. Directly from Theorem 33.6. |

Petersen [1891] showed that the following is easy:
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Theorem 33.7. Each connected 2k-regular graph G with an even number of
edges has a k-factor.

Proof. Make an Eulerian tour in G, and colour the edges alternatingly red
and blue. Then the red edges form a k-factor. |

33.6. Further results and notes

33.6a. Complexity results

Urquhart [1967] gave an O(b(V)n®)-time algorithm for finding a maximum-weight
simple b-matching. This was improved by Gabow [1983a] to O(b(V)mlogn) (by
reduction to the O(nmlogn)-time algorithm of Galil, Micali, and Gabow [1982,
1986] for maximum-weight matching) and to O(b(V)n?). For maximum-size sim-
ple b-matching, Gabow [1983a] gave algorithms of running time O(1/b(V) m) (by
reduction to Micali and Vazirani [1980]) and to O(nmlogn).

33.6b. Degree-sequences

A sequence di,...,d, is called a degree-sequence of a graph G = (V, E) if we can
order the vertices as v1,...,v, such that deg,(v;) =d; fori=1,...,n.

From Corollary 33.1a one can derive the characterization of degree-sequences
of simple graphs due to Erdés and Gallai [1960]: there exists a simple graph with
degrees di > dy > --- > d,, > 0 if and only if > | d; is even and

n

k
(33.8) > di<k(k—1)+ Y min{k,d;}

i=k+1

fork=1,...,n.

Havel [1955] gave the following recursive algorithm to decide if a sequence is the
degree-sequence of a simple graph. A sequence di > d2 > --- > d, is the degree-
sequence of a simple graph if and only if 0 < d, <n—1and di—1,d2—1,...,dq, —
1,d4, +1,--.,dn—1 is the degree sequence of a simple graph.

Koren [1973] showed that the convex hull of degree-sequences of simple graphs
on a finite vertex set V is determined by:

(33.9) (i) z,>0 for each v € V,
(i) =zU)—z(W) <|U|(|V|—|W]|—-1) for disjoint U, W C V.

If the graph need not be simple (but yet is loopless), condition (33.8) can be replaced
by > ,di > di, as can be shown easily (cf. Hakimi [1962a]). Related work was
done by Peled and Srinivasan [1989], who showed that system (33.9) is totally
dual integral and characterized vertices, facets, and adjacency on the polytope
determined by (33.9).

Kundu [1973] showed that if both sequences di > -+ > dn, > k and d1 — k >
-+ > dn, — k > 0 are realizable (as degree-sequence of a simple graph), then the
first sequence is realizable by a graph with a k-factor (answering a question of
Griinbaum [1970]). See also Edmonds [1964] and Cai, Deng, and Zang [2000].
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33.6¢c. Further notes

Cook [1983Db] and Cook and Pulleyblank [1987] determined the facets and the min-
imal TDI-system for the simple b-matching polytope. Hausmann [1978a,1981] char-
acterized adjacency on the simple b-matching polytope.

Lovéasz [1972f] extended the Edmonds-Gallai decomposition to b-factors (cf.
Lovész [1972¢e] and Graver and Jurkat [1980]). For a sharpening of Corollary 33.1a
by specializing T, U, W, see Tutte [1974,1978|.

Fulkerson, Hoffman, and McAndrew [1965] showed the following. Let G = (V, E)
be a graph such that any two odd circuits have a vertex in common or are connected
by an edge. Let b € ZY. Then G has a b-factor if and only if b(V) is even and

(33.10)  b(U) + 2|E[W]| + |E[T, W]| > b(W)

for each partition T, U, W of V (cf. Mahmoodian [1977]).

Baebler [1937] showed that any k-regular I-connected graph has an [-factor if &k
is odd and [ is even. Era [1985] proved the following conjecture of Akiyama [1982]:
for each k there exists a ¢t such that for each r-regular graph G = (V, E) with
r > t, E can be partitioned into F1,...,Es with for each ¢ = 1,...,s one has
k < degp. (v) <k +1 for each vertex v.

Katerinis [1985] showed that if k', k, k" are odd natural numbers with k' <
k < k", then any graph G having a k’-factor and a k’’-factor, also has a k-factor.
Related results are reported in Enomoto, Jackson, Katerinis, and Saito [1985].

Goldman [1964] studied augmenting paths for simple b-matchings by reduction
to 1-matchings. More on b-matchings and b-factors can be found in Bollobds [1978],
Tutte [1984], and Bollobds, Saito, and Wormald [1985].



Chapter 34

b-edge covers

The covering analogue of a b-matching is the b-edge cover. It is not difficult
to derive min-max relations, polyhedral characterizations, and algorithms
for b-edge covers from those for b-matchings.

34.1. b-edge covers

Let G = (V,E) be a graph and let b € ZY. A b-edge cover is a function
NS Z_’f satisfying

34.1)  2(5(v)) > bv)

for each v € V.

There is a direct analogue of Gallai’s theorem (Theorem 19.1), also given
in Gallai [1959a], relating maximum-size b-matchings and minimum-size b-
edge covers:

Theorem 34.1. Let G = (V, E) be a graph without isolated vertices and let
be ZK, Then the mazimum size of a b-matching plus the minimum size of a
b-edge cover is equal to b(V).

Proof. Let « be a minimum-size b-edge cover. For any v € V, reduce z(d(v))
by z(d(v)) — b(v), by reducing z. on edges e € 6(v). We obtain a b-matching
y of size

(34.2) y(E) Z a(E) = ) (2(5(v)) = b(v)) = b(V) — (E).
veV

Hence the maximum-size of a b-matching is at least b(V') — z(E).

Conversely, let y be a maximum-size b-matching. For any v € V', increase
y(6(v)) by b(v) — y(d(v)), by increasing y. on edges e € d(v). We obtain a
b-edge cover x of size

(34.3) 2(E) < y(B)+ ) (b(v) = y(3(v))) = b(V) — y(E).

veV
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Hence the minimum-size of a b-edge cover is at most b(V) — y(E). |

(An alternative way of proving this is by applying Gallai’s theorem for the
case b = 1 directly to the graph G} described in (31.2), obtained from G by
splitting any vertex v into b(v) vertices.)

With Theorem 34.1, we can derive a min-max relation for minimum-size
b-edge cover from that for maximum-size b-matching. Let Iy denote the set
of isolated (hence loopless) vertices of G — U.

Corollary 34.1a. Let G = (V,E) be a graph and let b € ZY. Then the
minimum size of a b-edge cover is equal to the mazximum value of

(314)  b(Iy) + SOTEH(E)],
K

taken over U C V|, where K ranges over the components of G — U — Iy .

Proof. Directly from Theorems 34.1 and 31.1. |

The construction in the proof of Theorem 34.1 also implies that a
minimum-size b-edge cover can be found in polynomial time.

34.2. The b-edge cover polyhedron

Given a graph G = (V,E) and b € ZK, the b-edge cover polyhedron is the
convex hull of the b-edge covers. The inequalities describing the b-edge cover
polyhedron can be easily derived from the description of the edge cover poly-
tope, similar to Theorem 31.2.

Theorem 34.2. Let G = (V, E) be a graph and let b € ZY . Then the b-edge
cover polyhedron is determined by the inequalities

(345) () @ >0 (c € B),
(i) 2(5(v)) > b(v) (veV),
(i) 2(E[U]USU)) = [2bU)] (U C V,b(U) odd).

Proof. Similar to the proof of Theorem 31.2, by construction of G} and
reduction to the description of the edge cover polytope (Corollary 27.3a).
The theorem also follows from Theorem 34.3 below.

34.3. Total dual integrality

The constraints (34.5) are totally dual integral if we delete the parity condi-
tion in (34.5)(iii):
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(34.6) (i) x>0 (e € E),
(i) z(d(v)) > b(v) (veV),
(iii) «(E[U]UIU)) = [56(U)] (U CV).

It is equivalent to the following:

Theorem 34.3. Let G = (V, E) be a graph, b € ZX, and w € Zf. Then the
minimum weight w'x of a b-edge cover x is equal to the mazimum value of

(34.7) D yebw) + D 2 [5b(U)],

veV UCcv

where y € ZK and z € Zz(v) satisfy

(34.8) Z Yo X’ + Z 2 PIUIDU) < .
vev Ucv

Proof. We derive this from Theorem 32.3. Define B := b(V) + 1. Then
the minimum is attained by a b-edge cover z < B - 1. So adding z. < B
for e € E as inequalities to (34.6) does not make it TDI if it wasn’t. Let

b(v) := B-deg(v) — b(v) for each v € V. Then by Theorem 32.3, the following
system is TDI:

(34.9) 0<% <B (e € E),
F6(v) <b(v) (weV),
F(EUJUF) < [50(U) + BIF|)] (U CV,FCsU)).

Hence also the following system is TDI (by resetting x. = B — &, for each
e€ E):

(34.10) 0<z.<B (e€ B),
z(8(v)) > b(v) (veV),
z(BUJUF) > [5(b(U) = Bls(U)\ F)] (U CV,FCéU)).

Now we can restrict ourselves in the last set of inequalities to those with

F = §(U), as otherwise the right-hand side is negative. So we have system

(34.6) added with the superfluous inequalities z. < B for e € E. |
Equivalently, in TDI terms:

Corollary 34.3a. System (34.6) is totally dual integral.

Proof. Directly from Theorem 34.3. |

34.4. The weighted b-edge cover problem

A minimum-weight b-edge cover can be found in strongly polynomial time,
by reduction to maximum-weight b-matching:
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Theorem 34.4. For any graph G = (V,E), b € ZY, and weight function
w € QF, a minimum-weight b-edge cover can be found in strongly polynomial
time.

Proof. Define B := ||b]|oc. Then we can assume that a minimum-weight b-
edge cover x satisfies z. < B for each e € E. Define b(v) := B - deg(v) — b(v)
for each v € V. By Theorem 32.4, we can find a maximum-weight l;—matching
z in strongly polynomial time. Defining z. := B — Z. for each e then gives a
minimum-weight b-edge cover. |

34.5. If b is even

The results can be simplified if b is even. In that case, the proofs can be
reduced to the bipartite case.

Minimum-size 2b-edge cover relates to maximum-weight 2-stable set, tak-
ing b as weight. Here a 2-stable set is a function y € ZX with y, + y, < 2 for
each edge uv.

Theorem 34.5. Let G = (V,E) be a graph and let b € ZY . Then the min-
imum size of a 2b-edge cover is equal to the mazimum value of y'b where y
s a 2-stable set; equivalently, to the mazimum value of

(34.11) b(V) 4+ b(S) — b(N(S9)),
taken over stable sets S.

Proof. Similar to the proof of Theorem 31.5. (Alternatively, the present
theorem can be derived with Theorem 34.1 from Theorem 31.7.) |

For a graph G = (V,FE) and w : E — Z,, a w-stable set is a function
y: V — Zy satisfying y,, + v, < w(uv) for each edge uv. Gallai [1957,1958a,
1958b] showed:

Theorem 34.6. Let G = (V, E) be a graph and let b € ZY and w € Z%.
Then the minimum weight w'x of a 2b-edge cover is equal to the mazimum
value of yTb where y is a 2w-stable set.

Proof. This follows from Theorem 34.3. |

34.6. If b is constant

The above results can also be specialized to k-edge covers, for k € Z. That
is, b is constant.

Let G = (V,E) be a graph and let k € Z,. A k-edge cover is a function
z € Z¥ with z(6(v)) > k for each vertex v. Thus if we identify k with the all-k
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vector in ZK, we have a k-edge cover as before. Therefore, Corollary 34.1a
gives the following, where Iy denotes the set of isolated (hence loopless)
vertices of G — U:

Theorem 34.7. Let G = (V, E) be a graph and let k € Z. Then the mini-
mum size of a k-edge cover is equal to the maximum value of

(34.12)  klIp|+ > [LKIK]],
K

over U C V, where K ranges over the components of G — U — I;.

Proof. Directly from Corollary 34.1a. |

Note that it follows that if k is even, we need not round, and hence the
minimum size of a k-edge cover is equal to %k: times the minimum-size of a
2-edge cover.

34.7. Capacitated b-edge covers

The capacitated b-edge cover problem considers b-edge covers x satisfying a
prescribed capacity constraint x < c. Results on capacitated b-edge covers
can be easily derived from the results on capacitated b-matchings.

For minimum-size capacitated b-edge cover, one has:

Theorem 34.8. Let G = (V, E) be a graph and let b € ZY and ¢ € Z%. Then
the minimum size of a b-edge cover x < c is equal to the mazimum value of

(34.13)  b(U) - +Z (E[E,UD)T,

taken over all pairs T,U of disjoint subsets of V', where K ranges over the
components of G[T).

Proof. Define b/ (v) := ¢(d(v)) — b(v) for each v € V. Then by Theorem 32.1,

(34.14) minimum size of a b-edge cover = < ¢
=c¢(F)—maximum size of a b’-matching 2’ < ¢
=c(E) - TH[IJIH (t'(U) + c(E[W])

+ Z L3 (E[K, W)))))
c(E) — 2¢(EU)) — e(8(U)) + b(U) — c(E[W))
+e(8(K)) — b(K) + ¢(BIK, W]))]
b(U) — ¢(E +Z( (E[K,U)))]

i %N

ma,
T,U

K

ma,

X
T,UW
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(since c¢(E) = c¢(E[U)) + ¢(6(U)) + ¢(E[W]) + ¢(E[T,W))), where T, U, W
range over partitions of V' and where K ranges over the components of G[T]].
|

This reduction also implies that a minimum-size b-edge cover = < ¢ can
be found in strongly polynomial time.

Let G = (V,E) be a graph, let b € ZY and ¢ € Z¥. The c-capacitated
b-edge cover polytope is the convex hull of the b-edge covers x satisfying = < c.
The description of the inequalities follows again from that for the capacitated
b-matching polytope.

Theorem 34.9. The c-capacitated b-edge cover polytope is determined by

(3115 () O0<az <cle) (
(i) 2(6(v)) > bv) (veV),
(iii) :c(E[U])+:c(5(U)(

Proof. From Theorem 32.2, by setting b(v) := ¢(6(v)) — b(v) and Z, :=
cle) — w. |

By deleting the parity condition in (34.15)(iii), the system becomes totally
dual integral:

Theorem 34.10. The following system is TDI:

(34.16) (i) 0<z.<cle) (e€k),
(ii) z(d(v)) =b(v) (veV),
(i) 2(E[U]) +2@U)\ F) = [506(U) - c(F))]
(UCV,FC)).

Proof. From Theorem 32.3, with the substitutions as given in the proof of
the previous theorem. |

The weighted capacitated b-edge cover problem can easily be reduced to
the uncapacitated variant:

Theorem 34.11. Given a graph G = (V,E), b€ ZY, c € Z¥, and a weight
function w € QF, a minimum-weight b-edge cover x < c can be found in
strongly polynomial time.

Proof. From Theorem 32.4, with the construction given in the proof of The-
orem 34.8. |

Agarwal, Sharma, and Mittal [1982] showed that a minimum-weight b-
edge cover z < ¢ can be obtained from a minimum-weight ‘fractional’ b-edge
cover 2’ < ¢ with the help of a minimum-weight 1-edge cover algorithm.
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34.8. Simple b-edge covers

Call a b-edge cover z simple if = is a 0,1 vector. Thus we can identify simple
b-edge covers with subsets F' of E such that degp(v) > b(v) for each v € V.

So defining b(v) := degg (v) — b(v) for v € V, a vector z is a simple b-edge
cover if and only if 1 — z is a simple l;—matching. This reduces simple b-edge
cover problems to simple B—matching problems. With this reduction, Theorem
33.1 gives:

Theorem 34.12. Let G = (V,E) be a graph and let b € ZY with b(v) <
deg(v) for each v € V. Then the minimum size of a simple b-edge cover is
equal to the maximum value of

(34.17)  b(U) |+§:% — |E[K, U],

taken over all pairs T,U of disjoint subsets of V', where K ranges over the
components of G[T).

Proof. From Theorem 33.1 applied to b. |

The simple b-edge cover polytope is the convex hull of the simple b-edge
covers in G.

Theorem 34.13. The simple b-edge cover polytope is determined by

(34.18) () 0<z. <1 (e € E),
(ii) x(6(v)) =2 b(v) (veV),
(i) =(E[U]) + ((UPFU>E®() |F))]

UCV,FCoU),bU) - [F| odd).
Proof. This is a special case of Theorem 34.9. |

Again the system is TDI:

Theorem 34.14. System (34.18) is totally dual integral after deleting the
parity condition in (iii).

Proof. The theorem is a special case of Theorem 34.10. |
Simple b-matchings are special cases of capacitated b-matchings, namely

by taking the capacity function ¢ = 1. Hence a minimum-weight simple b-edge
cover can be found in strongly polynomial time:

Theorem 34.15. Given a graph G = (V,E), b € ZX, and a weight function
w € QF, a minimum-weight simple b-edge cover can be found in strongly
polynomial time.
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Proof. The theorem is a special case of Theorem 34.11. |

We can specialize these results to k-edge covers, for k € Z,. A simple
k-edge cover is a set of edges covering each vertex at least k times. Thus it
corresponds to subgraphs of minimum degree at least k. A min-max relation
for minimum-size simple k-edge cover reads:

Theorem 34.16. Let G = (V,E) be a graph and let k € Z,. Then the
minimum size of a simple k-edge cover is equal to the maximum value of

(34.19)  K|U| B[]+ ) _[5(kIK| —|E[K,UII,
K

taken over all pairs T,U of disjoint subsets of V', where K ranges over the
components of G[T].

Proof. This is a special case of Theorem 34.12. |

34.8a. Simple b-edge covers and b-matchings

Let G = (V, E) be a graph and let b € ZY with b(v) < deg(v) for each v € V.
Define
(34.20) 1°(b) := the maximum size of a simple b-matching,

p°(b) := the minimum size of a simple b-edge cover.
Similar to Theorem 34.1, there is a relation between 1°(b) and p°(b), generalizing
Gallai’s theorem (Theorem 19.1):
(34.21) V2(b) + p°(b) = b(V).
To see this, let M be a maximum-size simple b-matching. For each v € V', add to M
b(v) — deg,,(v) edges incident with v. We can do this in such a way that we obtain
a simple b-edge cover I with |F| < [M|+37 o (b(v) —degy,(v)) = b(V) — |[M]. So
§(b) < b(V) — [M] = b(V) — v*(b).

To see the reverse inequality, let F' be a minimum-size simple b-edge cover.
For each v € V, delete from F degp(v) — b(v) edges incident with v. We obtain a
simple b-matching M with [M| > |F| — > . (degp(v) — b(v)) = b(V) — |F|. So
v¥(b) > b(V) — |F| = b(V) — p°(b), which shows (34.21).

There is a second relation between simple b-matchings and simple b-edge covers.
Define b(v) := deg (v) — b(v) for each v € V. Then trivially (by complementing),
(34.22) V(b)) + p°(b) = |E|.

(34.21) implies

(381.23)  b(V) - 20°(b) = p7(b) — v(b) = 20°(8) — b(V),

and (34.22) implies

(3124)  p(B) = (1) = p°B) — v° (D).
Hence

(34.25) b(V) — 205(b) = b(V) — 20°(b) = 2p°(b) — b(V) = 2p°(b) — b(V').

So the ‘deficiency’ of a maximum-size b-matching is equal to the ‘surplus’ of a

minimum-size b-edge cover, and this parameter is invariant under replacing b by
b = deg. —b.
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34.8b. Capacitated b-edge covers and b-matchings

The results of the previous section hold more generally for capacitated b-matchings.
Let G = (V, E) be a graph, let b € ZY and let ¢ € Z¥ with b(v) < ¢(5(v)) for each
v € V. Define

(34.26) v°(b) := the maximum size of a b-matching x < ¢,
p°(b) := the minimum size of a b-edge cover = < c.

Then:
(34.27) ve(b) + p°(b) = b(V).

To see this, consider a maximum-size b-matching z < c¢. We can increase x to obtain
a b-edge cover y < ¢, in such a way that y(E) < z(E) + 3, o (b(v) — z(6(v))) =
b(V) —z(E). So p°(b) < b(V) —z(E) = b(V) — v°(b).

To see the reverse inequality, consider a minimum-size b-edge cover y < c.
We can decrease y to obtain a b-matching z < y such that z(E) > y(E)
2 vev (@) = b(v)) = b(V) — y(E). So v(b) = b(V) — y(E) = b(V) — p*(
which shows (34.27).

Again, there is a second relation between capacitated b-matchings and capaci-
tated b-edge covers. Define b(v) := ¢(8(v)) — b(v) for each v € V. Then trivially (by
replacing x by ¢ — z),

)

(34.28) ve(b) + p°(b) = c(E).
Combining (34.27) and (34.28) gives as in (34.25):
(34.29) b(V) — 20°(b) = b(V) — 2v°(b) = 2p°(b) — b(V) = 2p°(b) — b(V').

So the ‘deficiency’ of a maximum-size b-matching = < ¢ is equal to the ‘surplus’ of
a minimum-size b-edge cover y < ¢, and this parameter is invariant under replacing
bbyb:=cod —b.
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Upper and lower bounds

In the previous chapters we considered nonnegative integer functions satis-
fying certain loweror upper bounds. We now turn over to the more general
case where we put both upper and lower bounds. We also relax the condi-
tion that the functions be nonnegative. Again, the results can be proved
by refining the results of previous chapters — thus all results are obtained
essentially by reduction to the fundamental results of Tutte and Edmonds.

35.1. Upper and lower bounds

Let G = (V, E) be a graph and let a,b € Z" and d, c € Z¥. We will consider
functions = € Z¥ satisfying

(35.1) (i) d(e) <ze < cle) forall e € E,
(i) a(w) <z(d(v)) <b(v) forallveV.
The existence of such a function is characterized in the following theorem.

(As usual, F[X,Y] denotes the set of edges zy in F with z € X andy € Y.)

Theorem 35.1. Let G = (V,E) be a graph and let a,b € ZV with a < b
and d,c € ZF with d < c. Then there exists an x € ZF satisfying (35.1) if
and only if for each partition T, U, W of V', the number of components K
of GIT]| with b(K) = a(K) and

(35.2) b(K) + ¢(E[K,W])+ d(E[K,U))
odd is at most
(35.3) b(U) —2d(E[U]) — d(E[T,U]) — a(W) + 2¢(E[W]) + ¢(E[T, W]).

Proof. To see necessity, consider a component K of G[T| with b(K) = a(K).
Then

(35.4) 22(E[K]) = b(K) — 2(5(K)) = b(K) — 2(E[K,U]) — a(E[K, W]).

Hence, if (35.2) is odd, we have (E[K,U]) > d(E[K,U])+1 or z(E[K,W]) <
c¢(E[K,W])—1. So z(E[T,U]) — d(E[T,U]) + c«(E[T,W]) — z(E[T,W]) is at
least the number of such components. On the other hand,
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(355)  a(E[T,U)) — z(E[T, W]) = 2(8(U)) — 2(5(W))
< b(U) — 2d(E[U]) — a(W) + 2¢(E[W]).

This proves necessity.

To see sufficiency, we may assume that d = 0, since the theorem is in-
variant under replacing a(v) by a(v) — d(6(v)) and b(v) by b(v) — d(é(v)) for
each v, and ¢ by ¢ — d and d by 0. (It does not change the parity of (35.2)
and does not change (35.3).)

We show sufficiency by application of Corollary 32.1a. Define

(35.6) R:={veV]alv) <b)}.

Extend G to a graph G’ = (V' E’), and define V/ € ZK/ and ¢ € Zf/, as
follows. For each v € V, let V/(v) := b(v) and for each e € F, let ¢(e) :=
c¢(e). Introduce a new vertex vy, with b/'(vg) := b(V'), and a loop wvovg at vp,
with ¢/ (vovg) := oco. Moreover, for each v € R introduce an edge vvg with
c (vvg) :=b(v) — a(v).

Now a function x as required exists if and only if there exists a perfect '-
matching 2’ < ¢’ in G’. So it suffices to test the constraints given by Corollary
32.1a for G', I/, and ¢’. Assuming z’ does not exist, we can partition V’ into
T',U’, and W’ such that G'[T"] has more than &' (U’) —b'(W')+2 (E'[W']) +
' (E'[T',W']) components K’ with b'(K')+c'(E'[K’, W']) odd. By parity, the
excess is at least 2. (This follows from the fact that b’ (V') = 2b(V) is even.)

Let T:=T'\{vo}, U:=U"\ {vo}, and W := W'\ {vg}.

First assume that vg € U’; so 7" =T and W’ = W. Then the number of
components K of G'[T’'] = G[T] with b(K) + ¢(E[K,W]) odd is trivially at
most b(T) + ¢(E[T, W]), and hence at most

(35.7) b(U) 4 b(V) — b(W) + 2¢(E[W]) + ¢(E[T, W)
= Y(U") = B (W) + 20 (B W) + ¢ (B'[T', W),

a contradiction.

Second assume that vy € W’. Then ¢/(E'W’) = oo, which is again a
contradiction.

Hence we may assume that vg € T"; so U’ = U and W' = W. Then
G'[T’] has exactly one component containing vg. All other components K are
components of G[T'] that are disjoint from R (since no vertex in K is adjacent
to vp). So G[T] has more than

(35.8) V(U) =6 (W) + 2 (E'[W']) + (BT, W'])

=bU) — a(W) 4 2¢(E[W]) + ¢(E[T,W))
components K contained in V'\ R with b(K) + ¢(E[K, W]) odd. This contra-
dicts the condition of the theorem. |

By taking d = 0 and ¢ = oo we obtain as special case (where again Iy
denotes the set of isolated (hence loopless) vertices of G — U):
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Corollary 35.1a. Let G = (V, E) be a graph and let a,b € ZY with a < b.
Then there exists a function x € Zf satisfying

(35.9) a(v) < z(6(v)) < b(v)

for each v € V if and only if for each U C V, G — U — Iy has at most
b(U) — a(Iy) components K with b(K) odd and a(K) = b(K).

Proof. We show sufficiency. Suppose that no such x exists. By Theorem 35.1
(for d = 0, c = 00), there exists a partition 7', U, W of V with E[W] = () and
E[T,W] = 0 such that the number of components K of G[T] with b(K) =
a(K) and b(K) odd, is more than b(U) — a(W). We may assume that each
component K of G[T] spans at least one edge: otherwise, if K = {v}, moving
v from T to W, decreases the number of such components by at most 1, while
b(U) — a(W) decreases by at least 1 (since b(v) = a(v) and b(v) is odd).

So we can assume that W = I, in which case we have a contradiction
with the condition in the present corollary. |

Another special case, for d = 0, and ¢ = 1, is the characterization of
Lovész [1970c] of the existence of subgraphs with prescribed degrees:

Corollary 35.1b. Let G = (V, E) be a graph and let a,b € ZK with a < b.
Then E has a subset ' such that

(35.10) a(v) < degp(v) <b(v)

for each v € V' if and only if for each partition T, U, W of V, the number of
components K of G[T] with b(K) = a(K) and b(K) + |E[K,W]| odd is at
most b(U) —a(W) + 2|E[W]| + |E[T, W]|.

Proof. This is the case d = 0, ¢ = 1 of Theorem 35.1. |

The construction described in the proof of Theorem 35.1 also implies:

Theorem 35.2. Given a graph G = (V,E), a,b € ZV, d,c € ZF, and
w € QF, a vector x € ZF satisfying d < x < ¢ and a(v) < x(5(v)) < b(v) for
each v €V, and minimizing w' x, can be found in strongly polynomial time.

Proof. The construction in the proof of Theorem 35.1 reduces this to Theo-
rem 32.4. |

35.2. Convex hull

We now characterize the convex hull of the functions z € Z satisfying (35.1):

Theorem 35.3. Let G = (V, E) be a graph and let a,b € ZV and d,c € ZF
with a < b and d < c. Then the convex hull of the vectors x € ZF satisfying
(35.1) is determined by (35.1) together with the inequalities
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(35.11)  2(E[U]) — 2(E[W]) + z(F N6(U)) — z(H N §(W))
< [30(U) = a(W) +c(F) — d(H))],

where U and W are two disjoint subsets of V' and where F' and H partition
S(UUW), with b(U) — a(W) + ¢(F) — d(H) odd.

Proof. Necessity of (35.11) follows by adding up the following inequalities,
each implied by (35.1):

(35.12)  2(E[U) + S2(8(U)) < 3b(U

The left-hand sides add up to the left-hand side of (35.11), and the right-hand
side to the unrounded right-hand side of (35.11).

To see sufficiency of (35.11), we may assume that d = 0. Indeed, the
theorem is invariant under resetting a(v) := a(v) — d(d(v)), and b(v) :=
b(v) — d(6(v)) for all v € V, and ¢ := ¢ — d and d := 0. Then, as above, we
can reduce the theorem to Corollary 32.2a characterizing the convex hull of
capacitated b-matchings.

Let x satisfy (35.1) and (35.11). Let R, G’, V', and ¢’ be as in the proof
of Theorem 35.1. Define 2/ (e) := z, for each e € E, z'(vvg) := b(v) — z(6(v))
for each v € R, and 2'(vovg) := 22(E).

We show that 2’ belongs to the ¢’-capacitated perfect b'-matching poly-
tope (with respect to G’). This implies that x belongs to the convex hull of
vectors © € Z% satisfying (35.1).

By Corollary 32.2a, it suffices to check

(35.13) (i) 0<a'()<d(e) (¢ el
(i) 2'('W)) =) eV,
(i) 2/ (0(UY\F')—x'(F')>1-(F)
(U' C V', F' C &'(U’) with
b'(U") + ¢ (F') odd).
(35.13)(i) and (ii) are direct. To see (35.13)(iii), let U’ C V' and F' C §'(U")
with o' (U")+¢ (F') odd. We may assume that vy € U’ (as we can replace U’ by
its complement, since ¥'(V') = 2b(V) is even). Let W := {v € V | vyy € F}
and U:=V\(U' UW).Let F:=F' NE and H:=0g(UUW)\F.
Now ' (U") =b(V) +b(V\(UUW)) and ¢'(F') = ¢(F) + (b — a)(W). So
b (U") + ¢ (F') odd implies that b(U) — a(W) + ¢(F) is odd. So by (35.11),

(35.14) 2z(EU)) = 2z(E[W]) +2ze(FNo(U)) —2z(HN6W))
<bU) —a(W) +¢(F) — 1.

Hence

(35.15) 2 (8'(U)Y\ F') —2'(F")
= 2(H) + Y (b(v) = 2(6(v))) — x(F) = >_ (b(v) — 2(5(v)))

velU veWw
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2(H) + b(U) = 22(E[U]) — 2(6(U)) — 2(F) — b(W)
+22(E[W]) + (5(W))=—2w(E[ [)+22(EW]) = 22(FN4(U))
+22(H N 6(W)) + (b(U) — b(W))
> 1=b(U) +a(W) = ¢(F) + (b(U) b(W))
=1=c(F) = b(W) +a(W) =1 - (F),

proving (35.13)(iii). |

The special case d = 0, ¢ = co was mentioned by Schrijver and Seymour
[1977]:

Corollary 35.3a. Let G = (V,E) be a graph and let a,b € ZY. Then the
convexr hull of those x € ZF satisfying

(35.16) (i) x>0 for each e € E,
(i) a(v) <x(0(v)) <b(v) foreachveV,

is determined by (35.16) together with the inequalities:
(35.17)  @(E[U]) - =(B[W]) = 2(6(W)\ 8(U)) < |5(b(U) — a(W))],
where U and W are disjoint subsets of V with b(U) — a(W) odd.

Proof. This is a special case of Theorem 35.3. |

Similarly, we can characterize the convex hull of subgraphs with prescribed
bounds on the degrees:

Corollary 35.3b. Let G = (V, E) be a graph and let a,b € ZK with a < b.
Then the convex hull of the incidence vectors of subsets F' of E satisfying
(35.18) a(v) < degp(v) < b(v)

for each v € V| is determined by

(35.19) (i) 0<z.<1 for each e € E,
(i) a(v) <z(d(v)) <b(v) foreachveV,

together with the inequalities

(35.20)  w(E[U]) — 2(E[W]) + 2(F N 86(U)) — o(H N (W)
< [30U) = a(W) + |F])],

where U and W are disjoint subsets of V' and where F and H partition
SUUW), with b(U) — a(W) + |F| odd.

Proof. Again this is a special case of Theorem 35.3. |

We note that for the V' x E incidence matrix M of any graph G = (V, E),
any a,b € ZV, d,c € ZF, and any k,l € Z one has:
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(35.21)  conv.hull{z € Z¥ |d <2 < c¢,a < M2z < b,k < x(E) <1}
= conv.hull{z € 7E |d<z<ca< Mz <b}
N{z eR¥ | k< z(E) <1}

This can be proved similarly to Corollary 18.10a.

35.3. Total dual integrality

System (35.1) together with the inequalities (35.11) generally is not TDI (cf.
the example in Section 30.5). To obtain a totally dual integral system we
should delete the restriction in (35.11) that b(U) — a(W) + ¢(F) — d(H) be
odd. Thus we obtain the system:

(35.22) (i) d(e) <z < cle) (e € E),
(i) a(v) < z(5(v)) <bv) (veV),
(iii) - 2(B[U]) = 2(E[W]) +2(F N 6(U)) - z(HN (W)
< [306(U) = a(W) + c(F) — d(H))]
Uwov,unw =0, F,H
partition (U U W)).

Theorem 35.4. System (35.22) is totally dual integral.

Proof. Again we may assume d = 0. Let R, G’, ¥, and ¢ be as in the proof
of Theorem 35.1. By Theorem 32.3, the following system, in the variable
¢/ € R, is TDI (where & := dg and E'[U’] is the set of edges in E’
spanned by U’):

(3523) (i) 0<a(¢) <) (¢ eE),
(i) /(@) =v@) (@ eV,
(iii) 2/ (E'[U)) +a'(F') < [ (U") + ¢ (F))]
(U C V', F C8UY).

Adding the equality
(35.24) 2’ (vovg) —2'(E) =0

o (35.23) maintains total dual integrality (since (35.24) is valid for each
vector 2’ satisfying (35.23)).

We can restrict the inequalities (35.23)(iii) to those with vy ¢ U’. To see
this, assume vy € U’. Define U :=U’' NV and U” := V \ U’. Then

(35.25)  a/(E'[U']) = a'(vovo) + 2/ (B'[U]) + > a'(vwp)
veUNR

=2'(B)+a/(E'U)+ ) a'(veo) =2/ (E'[U")) + ) 2'(8'(v))

veUNR vel

and
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(35.26)  [(¥'(U")+ ))J=L%(b’(U”)+2b’(U)+c’(F’))J
:L%(b(U” +(FN)] + >V (v)
veU

since b'(U") = b'(U) + ' (vg) = b (U) + b’ (V). So the inequality
(35.27)  2'(E'[U)) +2'(F") < |50/ (U) + ¢ (F"))]

is a sum of

(35.28)  /(E'[U"]) +a'(F) < [3(0'(U") + ¢ (F'))]

and of 2/(8'(v)) = ' (v) for v € U. So we can assume that vy & U’.

Now adding an integer multiple of a valid equality to another constraint,
maintains total dual integrality. So using (35.23)(ii) we can replace (35.23)(i)
by:

(35.29) 0<z'(e) <c(e) (e € B),

a(v) <z'(§(v)) <blv) (veV),
since for v € R, subtracting /(' (v)) = b(v) from 0 < 2’(vvg) < b(v) — a(v)
gives —b(v) < —2/(6(v)) < —a(v).

For U/ CV and F/ C§'(U'), let W :={v eV | vy € F'} and F :=
F'NE. As
(35.30) 2/ (E'[U)) + 2/ (F) = Y 2/(d'(v)

UEW
= (V) + S (F) =20 (W) - GV
=2 (E'[U\W]) +2'(F') — 2" (E[W]) = 2"(6(W) \ 6(U"\ W))

and
(3531) (3O +(F))] - bV) = LB\ W) — a(W) + e(F) ],
we can replace (35.23)(iii) by (taking U := U’ \ W):

(35.32)  /(E'[U])+a/(F) =/ (B[W]) =" (8(W)\S(U)) < 5[b(U) —a(W)
+c(F)| for UyW CV with UNW = and for F C §(UUW).

Each of the variables 2/(vvg) (v € R) and 2'(vovp) occurs exactly once in the
system, in an equality constraint, with coefficient 1. So we can delete these
variables maintaining total dual integrality (Theorem 5.27), and we obtain
system (35.22). |

As special cases one can derive the total dual integrality of the systems
corresponding to d = 0, ¢ = oo and to d = 0, ¢ = 1 (the subgraph polytope).
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35.4. Further results and notes

35.4a. Further results on subgraphs with prescribed degrees

Corollary 35.1b of Lovész [1970c] implies the following. Let G = (V, E)) be a graph
and let b,b' € ZY with b+ b > deg,. Then E can be partitioned into a simple
b-matching and a simple b’-matching if and only if

(35.33) |E[U,W]| <b(U) + b (W)

for each pair of disjoint subsets U and W of V.

This corresponds to the case a < b in Corollary 35.1b, by taking a := degg —b'.
Then there are no components K with a(K) = b(K).

The condition can be equivalently described as:

(35.34) > max{0,a(v) — degg_y(v)} < b(u)
vgU
for U CV.
This implies the following result of Lovasz [1970c]:

(35.35) Let G = (V, E) be a graph of maximum degree k and let k1, k2 > 0 with
k1 + k2 = k+ 1. Then E can be partitioned into a simple ki-matching
and a simple k2-matching

(since |E[U, W]| < (k1 + ko) min{|U|, |W|} < ki1|U| 4 k2|W|). A special case is a
result noted by Tutte [1978]: for all 0 < r < k, each k-regular graph has a subgraph
in which each degree belongs to {r,r + 1}.

Thomassen [1981a] gave the following short direct proof of (35.35). In fact he
proved the following extension of (35.35):

(35.36) Let G = (V, E) be a graph in which each vertex has degree k or k + 1
and let 1 < k' < k. Then G has a subgraph G’ = (V, E’) in which each
vertex has degree k" or k' + 1.

Note that (35.35) follows from this by embedding G into a k-regular graph.

To prove (35.36), it suffices to prove the case k¥’ = k — 1. Let U be the set of
vertices of degree k£ + 1 in G. We can assume that deleting any edge of G results
in a vertex of degree less than k. Hence no two distinct vertices in U are adjacent.
There may be loops at the vertices in U; let W be the set of those vertices in U
that are not incident with a loop. Since each vertex in W has degree k+ 1 and each
vertex in V'\ U has degree k, by Hall’s marriage theorem, G contains a matching M
connecting W to V' \ U. Now deleting the edges in M and deleting, for each vertex
v € U\ W, one of the loops attached at v, gives a graph G’ as required.

A ‘dual’ consequence was noted by Gupta [1978]:

(35.37) Let G = (V, E) be a graph of minimum degree § and let 1,02 > 0
with 61 + d2 = 6 — 1. Then E can be partitioned into E; and E> such
that G; = (V, E;) has minimum degree at least d; for i = 1,2.

Gupta [1978] mentioned that the following direct derivation from Theorem 20.6
was shown to him by C. Berge:

Apply induction on d1, the case 61 = 0 being trivial. If §; > 0, by the induction
hypothesis F can be partitioned into E1 and F> such that §(G1) > 61 — 1 and
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0(G2) > 62+ 1=06—61. (Here G; = (V, E;) for i = 1,2.) We choose this partition
with |E2| minimal.

Let S be the set of vertices v with degg, (v) = 81 — 1. By the minimality
of |Ez|, S spans no edge of E>. Let F' := §(S) N E2. So degp(v) = degp,(v) =
degg(v) — degg, (v) > 0 — 61 + 1 for each v € S. Let p := 0 — 61 + 1 = J2 + 2. Now
by Theorem 20.6, F' can be partitioned into Fi,..., F), such that each vertex v is
covered by at least min{p, deg(v)} of the F;. Then replacing F1 by E1UF; and F»
by E2\ I gives a partition as required. Indeed, if degp(v) > p, then degp, (v) > 1
for each 4, implying

(35.38)  degp, o, (v) = degp, (v) + degp, (v) = (51 — 1) + 1=,

and
P
(35.39) deg g (V) > ) degp (V) >p—1=0+1.
1=2

If degp(v) < p, then v ¢ S and degp, (v) < 1, and hence
(35.40) degp, up, (v) > degg, (v) > 61

and

(35.41) degp,\r, (v) > degp, (v) =1 > (62 +1) — 1 = 6.

This proves (35.37).
Las Vergnas [1978] showed that if a < 1 < b holds, a simpler condition can be
formulated in Corollary 35.1b:

(35.42) for each U C V, the number of odd components K of G — U with
|[K| =1 and a(K) = 1, or with |K| > 3 and a(K) = b(K) is at most
b(U).

Anstee [1985] gave a proof of Lovész’s theorem, with an O(n®)-time algorithm
to find the subgraph. Heinrich, Hell, Kirkpatrick, and Liu [1990] gave a simplified
proof of Lovdsz’s theorem for a < b, implying an O(1/a(V) m)-time algorithm.

Lovész [1970c] also characterized the minimum deviation that subsets can have
from prescribed lower and upper bounds on the degrees. In fact, he showed the
following (where a4 := max{0, a} for any a € R): Let G = (V, E) be a graph and
let a,b € ZY with a < b. Then the minimum of

(3543) D ((alv) — degp(v))+ + (degp(v) — b(v))4)

veV

over F' C F is equal to the maximum value of

(35.44) a(W)—=0b(U) —2|E[W]|— |E[T, W]|+number of components K of G[T
with a(K) = b(K) and with a(K) + |E[K, W]| odd,

taken over all partitions T', U, W of V.

Let B : V — P(Z4). The B-matching problem asks for a subgraph H of G such
that degy (v) € B(v) for each v € V. In general, this is NP-complete, even when
B(v) € {{1},{0,3}} for each v € V (Lovész [1972f]).

If |Z+ \ B(v)| = 1 for each vertex v, Lovédsz [1973a] gave a characterization.
Lovész [1972f] investigated the case where Z \ B(v) contains no two consecutive
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integers, for which Cornuéjols [1988] gave a polynomial-time algorithm, and Sebd
[1993b] a good characterization.

For algorithms to find subgraphs of minimum deviation see Hell and Kirkpatrick
[1993]. Other work on subgraphs with prescribed degrees includes Berge and Las
Vergnas [1978], Shiloach [1981], Kano and Saito [1983], Akiyama and Kano [1985a],
Kano [1985,1986], Anstee [1990], Cai [1991], and Li and Cai [1998]. A survey is
given by Akiyama and Kano [1985b].

35.4b. Odd walks

Let G = (V, E) be an undirected graph, let s,t € V, and let [ : E — Q. Call a
walk odd if it has an odd number of edges. Then a shortest odd s — t walk without
repeated edges can be found as follows. For each edge e of G, set d(e) := 0 and
c(e) := 1, and add an edge € parallel to e, of length [(é) := —I(e), and define
d(é) :== —1, c(é) := 0. Let M be the V x E’ incidence matrix of the extended
graph G’ = (V, E’). Define b : V. — Z by b(s) := b(t) := 1 and b(v) := 0 for each
v € V\ {s,t}. Then a shortest odd s — ¢ walk without repeated edges can be found
by finding an = € zF satisfying d < 2 < ¢ and Mz = b and minimizing {"z.

So by Theorem 35.2, this can be solved in strongly polynomial time. Better
running times were given by Goldberg and Karzanov [1994,1996]: O(m) for finding
such an odd s — t walk, O(nmlogn) and O(nm+/log L) for finding a shortest such
odd s—t walk, strengthened to O(mlogn) and O(m+/log L) for nonnegative lengths.
(L is the maximum absolute value of the lengths, assuming they are integer.)



Chapter 36

Bidirected graphs

In the previous chapter we considered integer solutions of d < z < ¢, a <
Mz < bwhere M is the incidence matrix of an undirected graph. Earlier, in
Chapter 12, we considered the same problem if M is the incidence matrix
of a directed graph.

Edmonds and Johnson [1970] showed that M can more generally be the
incidence matrix of a ‘bidirected’ graph — a structure that comprises both
undirected and directed graphs. That is, M has entries 0, £1, and +2, such
that the sum of the absolute values of the entries in any column is equal to
2. The results are obtained by a simple reduction to the undirected case,
although the elaboration takes some effort.

The results could be formulated just in terms of matrices, but the graph-
theoretic interpretation is helpful in formulating, visualizing, and proving
the results.

36.1. Bidirected graphs

A bidirected graph is a triple G = (V, E,0), where (V, E) is an undirected
graph and where o assigns to each e € E and v € e a ‘sign’ 0., € {+1,—1}.

If e is a loop, that is, e is a family {v, v}, we may assign different signs to
the two occurrences of v. However, in the problems discussed in this chapter,
loops where the signs are different are irrelevant. So we assume that the signs
in a loop are the same, either both +1, or both —1.

Clearly, undirected graphs and directed graphs can be considered as spe-
cial cases of bidirected graphs. Graph terminology for the graph (V) E) ex-
tends in an obvious way to the bidirected graph (V, E, o).

Let G = (V, E,0) be a bidirected graph. The edges e for which o, , =1
for each v € e are called the positive edges, those with o., = —1 for each
v € e the negative edges, and the remaining edges are called the directed
edges. The V' x E incidence matriz of G is the V x E matrix M defined by:

(36.1) M, ¢ = 0., if e is not a loop,
M, ¢ =20, if e is a loop,

setting 0., := 0 if v & e. It follows that an integer matrix M is the V x E
incidence matrix of a bidirected graph if and only if the sum of the absolute
values of the entries in any column of M is equal to 2.
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For vectors a,b € ZV and d, c € ZF, we consider integer solutions z € R¥
of

(36.2) (i) d<z<eg,
(i) a< Mz <b.

The related existence and optimization problems can be reduced as follows
to the case where G is just an undirected graph. First, we can assume that
G has no negative edges, since multiplying the corresponding column of M
by —1 gives an equivalent problem. Next, any directed edge f = su, with
ofs=—1and oy, = +1, can be handled as follows.

(36.3) Extend G by a new vertex t and replace edge e by two new positive
edges st and tu. This makes the bidirected graph G’ = (V', E’).
Define a’,b' € ZV' by a/(v) := a(v) and ¥ (v) := b(v) for v € V
and a/(t) := b'(t) := 0. Define ', ¢’ € Z by d'(e) := d(e) and
d(e) == cle) for e € E\ {f}, and d'(st) := —o0, /(st) := o0,
d'(tu) := d(f), and ¢/ (tu) := c(f). Let M’ be the V' x E’ incidence
matrix of G'.

Then there is a one-to-one relation between (integer) solutions of (36.2) and
those for the system corresponding to G', M, a/, V', ¢/, d': just define x(tu) :=
zy and x(st) == —zy.

Algorithmically, this gives a direct reduction to the undirected case:
Theorem 36.1. For w € QF, an integer vector x mazimizing w'z over
(36.2) can be found in strongly polynomial time.

Proof. By multiplying columns of M by —1, we can assume that G has no
negative edges. Next, apply (36.3) to each directed edge. This reduces the
problem to one on a bidirected graph with all edges positive, that is, on an
undirected graph. Hence, the theorem follows from Theorem 35.2. |

We next consider characterizations. Let G = (V, E,o) be a bidirected
graph. For any T C V, G[T] denotes the bidirected subgraph of G induced
by T (that is, G[T| = (T, E[T],0’), where o' is the restriction of o to pairs
e,v with e € E[T]). We set for U C V:

(36.4) 0(U) :=0g(U).
For disjoint X,Y C V, we denote:
(36.5) EX,YT]:={e€d(X)|FveEY 0., =+1},

EX,) Y ]:={ecd(X)|FveY 0., =—1}.
For any vector z, let z; be the vector obtained from z by setting each negative
entry to 0. Similarly, let z_ be the vector obtained from z by setting each
positive entry to 0. So z =z + z_.

In the following theorem the condition that d < ¢ is not really a restriction:
if de = c. we know that z. = d. and hence we can dispose of e by contracting
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it appropriately. But if we delete the condition d < ¢, the formulation of the
theorem would be more complicated.

Theorem 36.2. Let a < b and d < c. Then there exists an integer vector x
satisfying (36.2) if and only if for each partition T, U, W of V, the number
of components K of G[T| with b(K) = a(K) and

(36.6) b(K)+c(BE[K,WT))+c(E[K,U"])+d(E[K,U"))+d(E[K,W])
odd is at most

(36.7) yib+yla— (y"™M)_c— (y"M)4d,
where y 1= xY — xW.
Proof. The validity of the theorem is invariant under multiplying a row v
of M by —1 and replacing b(v) by —a(v) and a(v) by —b(v) (then if v € U
we move v to W, and if v € W we move v to U). Similarly, the validity is
invariant under multiplying a column e by —1 and replacing c¢(e) by —d(e)
and d(e) by —c(e).

Hence, to see necessity, we can assume that W = @ and E[T,U~] = 0. So
yy+ =y and y_ =0 and E[T,U"] = 6(T). Then

(36.8) (& = d)(8(T)) = (¢ = d)(E[T,U*]) < (y" M)+ (z — d)
< (y' M) (z —d) = (yTM)_(c —2)
= Mo (yTM)d - (5T M)
= y+Mac—|—yTMm —(y"M)yd—(y"M)_c
<yibt+yla—(y"M)rd—(y"M)-c

On the other hand, for each component K of G[T] one has (z—d)(§(K)) >
Moreover, if b(K) = a(K) and (36.6) is odd, then (z —d)(4(K)) is odd, since

(36.9) (z — d)(0(K)) = (z — d)(6(K)) + 2z(E[K]) = b(K) + d(5(K))
(mod 2)

So (z — d)(4(T)) is not less than the number of components K of G[T| with
a(K) = b(K) and (36.6) odd, showing necessity of the condition.

To show sufficiency, we can assume that G has no negative edges, since
we can multiply columns of M by —1. We show sufficiency by induction
on the number of directed edges. If this number is 0, the theorem reduces
to Theorem 35.1. So we can assume that there is an edge f = su with
ofs = —1 and oy, = +1. Then we apply construction (36.3), to obtain
G =V ,E),M d¥Vd,.C .

Now there exists an integer vector x satisfyingd <z < cand a < Mz <b
if there exists an integer vector z’ satisfying d’ <z’ < ¢ and o/ < M'z’ <V'.
So we can assume that no such 2’ exists. By induction (as G’ has fewer
directed edges than G), we know that V' can be partitioned into 7", U’, and
W' such that the number of components K’ of G'[T] with &' (K') = o/ (K')
and
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(36.10) V' (K')+ d(B'[K' W) +(E'K U +d(EK,UT)
+d(E'[K'\U'7))
odd, is more than

(36.11)  y L +yld — (v M) — (y M).d,

7

where v 1= YU — V.

Since ¢/(st) = oo we know that (y''M')s > 0, that is, v, + ¢, > 0.
Similarly, since d’(st) = —oo we know that (y'TM')St <0, that is, y, +y; < 0.
So y, = —y;, and hence either s e U', t e W, or se W/, t € U', or s,t € T'.

Let U:=U' NV, W: =W NV,and T :=T'NV. Then for any compo-
nent K’ of G'|T"] with V/(K') = o/(K') and (36.10) odd, K := K'NV is a
component of G[T] with b(K) = a(K) and (36.6) odd. Moreover, (36.11) is
equal to (36.7). Hence we have a contradiction with the condition given in
the theorem. |

36.2. Convex hull

Also the convex hull of the integer solutions of (36.2) can be characterized

(where we do not assume d < c):%°

Theorem 36.3. The convex hull of the integer solutions of (36.2) is deter-
mined by

(36.12) (i) d
(ii) a
i)

for UW CV withUNW =0,
and for partitions F, H of 6(UUW
with b(U) — a(W) 4 ¢(F') — d(H) odd.

Proof. Necessity of (36.12) follows from the facts that 3((x¥ — x"V)M +
x5 —x*) is an integer vector and that for each vector x satisfying (36.2) one
has XY Mz < xUb = b(U), x"W Mz > xWa = a(W), xFo < xFc=c(F), and
Bz > x"d=d(H).

Again, to show sufficiency, we can assume that G has no negative edges,
and we apply induction on the number of directed edges. If this number is 0,
the theorem reduces to Theorem 35.3.

So we can assume that there is a directed edge f = su. Again, construct
G =(V,E"), M',d,V,d, , asin (36.3). By induction we know that the
theorem holds for the new structure.

20 Tn order to reduce notation, in this chapter we take incidence vectors xV, x", x*, and

XH as row vectors.
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Let z € RE satisfy (36.12) for G, a, b, ¢, d. Define 2/ € RE' by 2/(e) := x(e)
for each e € E\ {f}, and 2/ (st) := —x(f) and a'(tu) := z(f). Now it suffices
to show that z’ satisfies the inequalities for G', o', ¥/, ¢/, d’ (since of 2’ is a
convex combination of integer solutions, also x is).

So let U’ and W’ be disjoint subsets of V' and let F’ and H' partition
O (U'UW'), with &' (U") —ad' (W) + ¢ (F') —d'(H') odd. Since ¢/(st) = oo and
d'(st) = —oo, we know that st € §'(U" UW').

Let U :=U'NV and W := W/ NV. Moreover, let F and H arise from F’
and H’ by replacing any occurrence of tu by f. Then

(36.13) LV = xX"VO)M X =2 = LY~ xV)M X - x T
since z/(F') = z(F) and /(H') = x(H), and moreover, x\U'M'z' = xU Mz

and X' M’z = xW Mz (as x'M'z' = 2/ (st) + 2/ (tu) = 0).
Also we have

(36.14)  [SW(U) — /(W) + ¢ (F)) — d (H'))]

= [3(0(U) — a(W) + c(F) — d(H))],
as a'(t) = t/'(t) = 0. Hence (36.12) gives the required inequality for U’, W',
F' H'. |

The special case a = b, d = 0 was announced by Edmonds and Johnson
[1970] and elaborated by Ardoz, Cunningham, Edmonds, and Green-Krétki
[1983]. It amounts to, for b € ZY and c € ZE:

(36.15) 0<z<c¢,Mzx=0

Then:

Corollary 36.3a. The convex hull of the integer solutions of (36.15) is de-
termined by (36.15) together with the constraints

(36.16) 2(O(U)\F) —x(F) >1—¢(F)

where U CV and F C §(U) with b(U) + ¢(F) odd.

Proof. Directly from Theorem 36.3, by replacing Mz by b in (36.12)(iii). ll

For undirected graphs we obtain a characterization of the capacitated
perfect b-matching polytope as special case — cf. Corollary 32.2a.

36.3. Total dual integrality

System (36.12) generally is not totally dual integral (cf. the example in Sec-
tion 30.5). However, if we delete the parity condition in (36.12)(iii):
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(36.17) (i) d<z<eg,
(i) a< Mz <D,
(i) (7 = x")M +x" = xT)a

X

< [5(U) = a(W) + ¢(F) — d(H)))
for UyW CV with UNW = 0 and for partition
F H of 5(UUW),

we obtain a totally dual integral system:

Theorem 36.4. System (36.17) is totally dual integral.

Proof. Again we can assume that there are no negative edges, and apply
induction on the number of directed edges of G. If there is no directed edge,
the theorem reduces to Theorem 35.4. If there is a directed edge f = su, we
again construct G' = (V' E’), M', a/, b, d', ¢ as in (36.3).

Let X and X’ be the systems for G, a, b, ¢, d, and for G’, o', V', ¢,
d’, respectively. By induction we know that X’ is totally dual integral. Now
the constraint z’(st) + z'(tu) = 0 belongs to X’. This implies the total dual
integrality of the system X’ obtained from X’ by adding an integer multiple
of 2/(st)+2'(tu) = 0 to any other constraint of X’ so as to make the coefficient
of the variable 2’/(st) equal to 0.

Now deleting the constraints «’(st) + 2'(tu) = 1 and the variable 2’(st)
from X", identifying 2'(e) = x(e) for all e € E\ {f}, and identifying 2’(tu) =
x(f), gives again a totally dual integral system. We show that it is system X

Indeed, @’ < M’z < b becomes a < Mz < b. Similarly, for each e €
E\A{f}, d(e) < a'(e) < /(e) becomes d(e) < z, < c(e), and d'(tu) <
x'(tu) < ¢ (tu) becomes d(f) < x(f) < e(f), while d'(st) < 2'(st) < (st) is
void (as the bounds are —oo and +00).

Consider next the following inequality of X':

(36.18)  F(OY —x")M + X" —xH)a!

AW (W) ¢ (F) — d (),
where U’ and W’ are disjoint subsets of V’ and where F’ and H' partition
o(U uUW).

Since ¢/(st) = oo, d'(s,t) = —00, we know that st ¢ ¢' (U’ UW'). Consider
the coefficient of 2/(st) in (36.18). If this coefficient is 0, (36.18) reduces to
(36.17)(iii). If this coefficient is positive, then s,t € U’. Set U" := U’ \ {t}
and W” := W' U {t}. Then in X", (36.18) becomes (by subtracting x'(st) +
@' (tu) = 0):

(36.19) (X" ="M+ = x")a!
< [3(0'(U") = a'(W") + ¢ (F') — d'(H"))]
(since V' (t) = d/(t) = 0). In (36.19), the coefficient of z'(st) is 0, and hence

(36.19) reduces to (36.17)(iii).
We proceed similarly if the coefficient of 2/(st) in (36.18) is negative. [
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A consequence is the total dual half-integrality of the original system:

Corollary 36.4a. System (36.12) is totally dual half-integral.

Proof. This follows from the fact that each inequality in (36.17) is a half-
integer nonnegative combination of inequalities in (36.12). |

A special case is the total dual half-integrality of

(36.20) (i) x>0,
(i) Mz =b,
(iii) x(06(U))>1 foreach U CV with b(U) odd

(Edmonds and Johnson [1970]):

Corollary 36.4b. System (36.20) is totally dual half-integral.

Proof. This is a special case of Corollary 36.4a. |
From this one can derive (Barahona and Cunningham [1989]):

Corollary 36.4c. Let w € Z¥ with w(C) even for each circuit C. Then the
problem of minimizing w'x subject to (36.20) has an integer optimum dual
solution.

Proof. If w(C) is even for each circuit, there is a subset U of V with {e €
E | w(e) odd} = §(U). Now replace w by w' := w+ Y, . M}, where M,
denotes row v of M. Then w'(e) is an even integer for each edge e. Hence
by Corollary 36.4b there is an integer optimum dual solution y, (v € V), 2z
(U C V, b(U) odd) for the problem of minimizing w''z subject to (36.20).
Now setting y, := y, — 1 if v € U and y, := y,, if v € U gives an integer
optimum dual solution for w. |

36.4. Including parity conditions

We are not yet at the end of our self-refining trip. As was observed by Ed-
monds and Johnson [1973], the results can be generalized even further by
including parity constraints. This can be reduced to the previous case by
adding loops at the vertices at which there is a parity constraint.

Let G = (V, E,0) be a bidirected graph and let M be the V' x F incidence
matrix of G. (For definitions and terminology, see Section 36.1.) Let a,b € ZY
and d, c € ZF and let S°99 and S°¥°" be two disjoint subsets of V. We consider
integer solutions x of:
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) d<z<c
(i) a< Mz <b,

) (M), isodd if v e §°dd,
(iv) (Mz), is even if v € Sever,

The problem of finding a maximum-weight integer vector x satisfying
(36.21) can be easily reduced to the special case without parity constraints,
discussed in the previous chapter:

Theorem 36.5. For any w € QF, an integer vector x mazimizing w'z over
(36.21) can be found in strongly polynomial time.

Proof. The condition (Mzx), is odd, can be replaced by 1 < (Mz), +2z, < 1,
where z, is a new integer variable (bounded by —oo and co). Similarly, for
the even case. This gives a reduction to the problem of Theorem 36.1, which
implies the present theorem. |

We next characterize the existence of an integer vector z satisfying
(36.21). To this end we make the following assumptions, which can easily
be satisfied:

(36.22) (i) a(v) and b(v) are odd (if finite) for each v € S99,
(ii) a(v) and b(v) are even (if finite) for each v € SeVer,
(iii) if a(v) = b(v), then v € §°dd U Geven,

Define S := §°4d U §even, Moreover, for any vector z, again let z arise from
z by replacing any negative component by 0, and let z_ arise from z by
replacing any positive component by 0. So z = 2z + z_.

Theorem 36.6. Assume (36.22) and that d < c. Then there exists an integer
vector x € ZF satisfying (36.21) if and only if for each partition T, U, W of
V., the number of components K of G[T| contained in S°% U SV and with

(36.23)  |K N S°Y| + ¢(E[K,W*]) 4+ ¢(E[K,U"]) + d(E[K,U™))
+ d(E[K,W™])

odd is at most

(36.24) yib+yla— (y"M)_c— (y"M)id,
where y := xYV — xW.

Proof. Define L := {v € S | a(v) < b(v)}, L°d := L N 844 and Lever .=
L m SCVCH'

Extend the bidirected graph G by a loop [ at any vertex v € L, where [ has
two positive ends at v. This makes the bidirected graph G’ = (V, E’, ¢’), with
V x E’ incidence matrix M’. Define a'(v) := a(v) and b’ (v) := b(v) for each
v € V'\ L. Moreover, a'(v) := b'(v) := 1 for v € L° and a/(v) := ¥'(v) := 0
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for v € L™, Define d’(e) := d(e) and ¢/(e) := c¢(e) for each e € E. For each
loop I at v € L, define d'(l) := 3(b'(v) — b(v)) and /(1) := £(a’(v) — a(v)).

Now there exist an integer vector x satisfying (36.21) if and only if there
exists an integer vector z’ € 7F satisfying d’ < 2’ < and o/ < M'z’ <V¥'.
So we should show that the conditions given in the present theorem imply
those given in Theorem 36.2 (for the modified structure). (Since in Theorem
36.2 the condition d < c¢ is required, we had to exclude loops at vertices in
S\ L.)

To this end, let T', U, W partition V. Then any component K of G'[T]
with ¥'(K) = o/(K) and

(36.25)  (K)+(E'[K,WH)) + ¢ (E'[K,U~]) + d'(E'[K,U*))
+d'(BIK,W™])

odd, is a component of G[T| contained in S, with |K N.S°4d|+c(E[K, WT])+
¢(E[K,U"])+d(E[K,U"])+d(E[K,W~]) odd (note that a’(v) = b'(v) <=
v € S, and that V' (K) = |K N 5°| mod 2). Moreover, for y := x — x" one
has

(36.26) yit +yla — (y" M) — (y' M) d
=yib+yla—(y"M)_c—(y"M).d,
since

(36.27)  ylb' =0V (U) =b(U\ L)+ |UnN LY,
yla' = —a' (W)= —a(W\ L) —|Wn L
(y™M')-c' = (y"M)-c—2(3(a'(WNL)—a(WNL))
=(y'M)_c—|WnLY +a(WNL),
(y™M')sd' = (y"M)+d +2(3('(UNL) = b(UNL)))
=(y"'M) d+|UNLY —p(UNL). |

A special case is the following result on orientations by Frank, Tardos,
and Sebd [1984].

Corollary 36.6a. Let G = (V,E) be an undirected graph and let l,u € ZY
be such that l(v) = u(v) (mod 2) for each v € V. Then G has an orientation
D = (V, A) such that

(36.28) I(v) < deg®h®(v) < u(v) and degy*(v) = u(v) (mod 2)

for each v € V' if and only if for each partition T, U, W of V, the number of
components K of G[T] with w(K) + |E[K]| + |E[K,U]| odd is at most

(36.29) w(U) = U(W) — |E[U]| + |[E[W]| + |[6(W)].
Proof. Let D' = (V, A’) be an arbitrary orientation of G. Let §°"*(U) :=
§%(U) and §™(U) := 6'5,(U) for any U C V.

Then G has an orientation as required in the theorem if and only if there
exists a vector z € Z4 with 0 < z < 1 and
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(36.30)  1(v) < x(8™(v) + |07 (v)] = (8" (v)) < u(v)

and

(36.31) (6™ (v)) + 6% (v)| — 2(6°"*(v)) = u(v) (mod 2)

for each v € V. (This can be seen by reversing the orientation if and only if

xq =1.)
Define for each v € V,

(36.32) a(v) = Il(v) — |6°"(v)| and b(v) := u(v) — [§°"¢(v)].

Moreover, let d, c € ZA" with d = 0 and ¢ = 1. Let M be the V x A’ incidence
matrix of D’ (such that M, , = —1 if a leaves v and M, , = +1 if a enters
v). Let S°dd and S°V*" be the sets of vertices v with b(v) odd and even,
respectively.

Then the existence of an orientation as required is equivalent the exis-
tence of an integer vector x satisfying (36.21). Hence, by Theorem 36.6, it is
equivalent to the condition that for each partition T', U, W of V' the number of
components K of G[T'] with (for the bidirected graph G = (V, E, o) obtained
from M):

(36.33)  b(K) + |E[K, W*]| + | E[K,U"]|
odd is at most
(36.34)  w(U) =Y 8" ()| =UW)+ Y [8°" (v)] + 87" (U)] + [6™ (W)
velU veW

Now (36.33) is equal to
(36.35)  w(K)— Y |67 (v)| + |E[K, W] + |E[K,U"]]

veEK
u(K) — |E[K]| +[6°"(K)| + | E[K, W"]| + | E[K, U]
u(K) = |E[K]| + [6°" (K)| + |E[K, W"]| + 2| E[K, U"]|

+ |E[K,U™]| = u(K) + [E[K]| + |E[K, U]| (mod 2),

since [0 (K)| = |E[K,U*]| + |E[K,W*]| and |E[K,U]| = |E[K,U"]| +
|E[K,U~]|. Moreover, (36.34) is equal to (36.29), proving the corollary. |

One can similarly derive the following two further orientation results of
Frank, Tardos, and Sebd [1984].

Corollary 36.6b. Let G = (V, E) be an undirected graph and let u € ZY.
Then G has an orientation D = (V, A) such that
(36.36) deg® (v) < u(v) and deg®*(v) = u(v) (mod 2)

for each v € V if and only if for each U C V the number of components K
of G — U with u(K) + |E[K]| 4+ |0(K)| odd is at most u(U) — |E[U]|.

Proof. Similar to the proof of Corollary 36.6a. |
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Corollary 36.6c. Let G = (V,E) be an undirected graph and let | € ZY.
Then G has an orientation D = (V, A) such that

(36.37) deg®(v) > 1(v) and deg* (v) = I(v) (mod 2)

for each v € V if and only if for each U C V the number of components K
of G—U with I(K) + |E[K]| 4+ |6(K)| odd is at most |E[U]| + |6(U)| = 1(U).

Proof. Similar to the proof of Corollary 36.6a. |

36.5. Convex hull

The convex hull of the integer solutions of (36.21) is characterized by:

Theorem 36.7. Assuming (36.22), the convex hull of the integer solutions
of (36.21) is determined by (36.21)(i) and (ii), together with the constraints

(36.38) (X7 —x")M+x" —xT)z < [500U) —a(W) +c(F) —d(H))],

where U and W are disjoint subsets of V '\ S and where F' and H partition
S(UUW UR) for some R C S with |[RN S°Y| +b(U) —a(W)+c(F) — d(H)
odd.

Proof. To see necessity of (36.38), let = be an integer vector satisfying (36.21),
and choose U, W, R, F and H as described in the theorem. As x satisfies
d<x<cand a < Mz < b one directly has ((x¥ — x")M + xF' — xf)z <
b(U)—a(W)+c(F)—d(H). So it suffices to show that strict inequality holds.
Now (XY + xW + xB)M + x¥" + x*! is an even vector. So (using (36.21)(iii)
and (iv))

(36.39) (XY = x")M +x¥ — xF)z = x'Mz = |Rn S°4
£ b(U) —a(W) + ¢(F) — d(H) (mod 2)

This shows strict inequality.

We next show that (36.38) determines the convex hull, by reduction to
Theorem 36.3. Let L, L4 Leven G = (V,E'), M, ', V/, d', ¢’ be as in
the proof of Theorem 36.6. Let € R¥ satisfy (36.21)(i) and (ii) and all
constraints (36.38). Define z € RF' by a/(e) := x(e) for each e € E, and
z'(l) = a/(v) — x(6(v)) for the loop | at any v € L. Then d' < 2’ < ¢
and o’ < M’'z’ < b'. It suffices to show that z’ is a convex combination
of integer solutions of this system. By Theorem 36.3, it suffices to check
condition (36.12)(iii) for G’, a’.

Let U' and W' be disjoint subsets of V' and let F' and H partition ¢’ (U’ U
W), with ' (U")—a'(W')+c' (F)—d'(H) odd. Define U := U'\S, W := W'\S,
and R := (U’ UW')N S. Then |R N S°Y| +b(U) — a(W) + ¢(F) — d(H) is
odd, since |[RN S°¥| =¥ (U' N S) —a'(W'NS) (mod 2). Moreover,
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(36.40) UM’z = \UYMzxz+b(U' N (S\ L))+ |U" N L,
XW/M/J,‘/ — XWMl‘ + a(W’ NS\ L)) + |W/ N LOdd|,
V(U') =bU)+bU N(S\ L)+ |U NL°Y, and
a (W) =a(W)+a(W' N (S\ L))+ |W nLedd|.

Hence (36.38) for x implies (36.12)(iii) for ’. |

36.5a. Convex hull of vertex-disjoint circuits

Green-Krétki [1980] and Ardoz, Cunningham, Edmonds, and Green-Krétki [1983]
showed that the previous theorem implies a characterization of the convex hull of
disjoint sets of circuits:

Corollary 36.7a. Let G = (V, E) be a graph. Then the convex hull of the vectors
xF where F is the edge set of the union of a number of vertez-disjoint circuits is
given by:

(3641) () O0<wm <1 (c € B),
(i) 2(5(v)) <2 (we V),
(i) «(8(U)\ F)—a(F) > 1~ |F| (UCV,FCsU),|F| odd).

Proof. This follows directly from Theorem 36.7, since z is an incidence vector x¥’
of the edge set of a vertex-disjoint union of disjoint circuits if and only if (36.41)(i)
and (ii) are satisfied, together with: z(5(v)) even for each v € V. So we can take
a=0,b=2d=0,c=1, S =V, and $° = (). In particular, U and W are
empty in (36.38). |

Note that Corollaries 29.2e and 36.7a imply that the polytope described in
Corollary 36.7a is obtained from the (-join polytope by adding the constraint
(36.41)(ii).

This has as consequence Corollary 29.2f (due to Seymour [1979b]) characterizing
the circuit cone. Given a graph G = (V, E), the circuit cone is the cone in RZ
generated by the incidence vectors of circuits. This cone is determined by:

(36.42) (i) ze>0 for each e € E,
(i) x(D)>2z. for each cut D and e € D.

To prove this, we may assume (by scaling) that z(EF) < 1. Then (36.42)(ii) implies
(36.41)(iii), and hence the characterization follows from Corollary 36.7a.

36.6. Total dual integrality

We finally show that the system given by (36.21)(i) and (ii) and (36.38) after
deleting the parity constraint on R, is TDI:

Theorem 36.8. Assuming (36.22), the following system is TDI (setting T :=
VA\S):
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(36.43) i) d<z<eg
(i) 3a, < 1(Mz), < iby, forve S,
(iil) ay < (Mx), < by, forveT,
() (7 = xX")M +x" = xT)a

< L((U) — a(W) + e(F) — d(H) — ),

where U and W are disjoint subsets of T', where F' and H partition (U U
W U R) for some R C S, and where € € {0,1} such that ¢ = |R N S°4d| +
b(U) —a(W) +c(F) —d(H) (mod 2).

Proof. The partition of V into S and T induces a partition of M, a,b into
Mg, ag,bs and Mp,ar,br. By Theorem 36.4, the system

(36.44) (i) d<z<g,
(i) 0<z<3(bs —as),
(iii) Mgx 4 2z = bg,
(iV) ar S MT{E S bT
becomes TDI by adding the inequalities
36.45)  L(XY —x")M +xF —xTz+2(UNS)—2(WNS)
< [3(0(U) =b(WNS) —a(WNT) +c(F) — d(H))],
for disjoint subsets U, W of V' and partitions F, H of §(U U W). (36.44) is
equivalent to:

(36.46) (XY = XM +xF =z +2(UNS) —2(WNS

% 1U)—b(WNS)—a(WNT)+c(F)—dH) — 5)),

where € € {0,1} and

(36.47) e=bU)-b(WnNS)—a(WnNT)+c(F)—d(H) (mod 2).
Substituting z := 3(bs — Msz) in (36.44)(ii) gives (36.43)(ii), and in (36.46)

gives

(36.48) (XY —x")M +xF —xT)z+ 36U NS) — 1AV Mgz
—y(wns)+ %xW”SMSx
<L) bW S) — a(W N T) + e(F) — o(H) — ).
Equivalently:
(36.49) (XU = xX"TM 4 X" =X
<1BUNT) —a(WNT)+c(F) —dH) - ).

This is equivalent to (36.43)(iv), and total dual integrality is maintained by
Theorem 5.27. Note that

(36.50)  e=bU)—bWNS)—a(WNT)+c(F)—d(H)
=bUNT)—aWNT)+c(F)—d(H)+bUNS)+b(WnNS)
=b(UNT)—a(WNT)+c(F)—d(H) + |RN S°Y| (mod 2),
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where R := (UUW)NS. |

We remark that the coefficients of the inequalities in (36.43) generally are
not all integer.

36.7. Further results and notes

36.7a. The Chvatal rank

The results on the convex hull in this chapter (and in previous chapters) can be
interpreted in terms of the so-called ‘Chvatal rank’ of a system of inequalities or of
a matrix. (This relates to the cutting planes reviewed in Section 5.21.)

For any polyhedron P, let P; denote the integer hull of P, that is, the convex
hull of the integer vectors in P. If P is a rational polyhedron, then P; is again a
rational polyhedron. This polyhedron can be approached as follows.

Define for any polyhedron P, the set P’ by:

(36.51) P':= () Hi,

HDP
where H ranges over all rational affine halfspaces containing P as a subset. Here
an affine halfspace is a set of the form

(36.52) H={zecR"|w'z<a}

for some nonzero w € R™ and some a € R. It is rational if w and « are rational. So
trivially (since P C H = Py C Hp):

(36.53) POP DR

Note that if H is as in (36.52) and w is integer, with relatively prime components,
then

(36.54) H={zeR"|w'z<|al}.

So P’ arises from P by adding a ‘first round of cuts’. Observe that if P = {x |
Mz < b} for some rational m X n matrix M and some vector b € Q™, then in
(36.51) we can restrict the affine hyperplanes H to those for which there exists a
vector y € Q7' with yT M integer and nonzero and

(36.55) H={z| @y M)z<y'b}

(by Farkas’ lemma).

It can be shown that P’ is a rational polyhedron again. To P’ we can apply
this operation again, and obtain P” = (P’)’. We thus obtain a series of polyhedra
P, P, P, .. PO . satisfying

(36.56) POP DOP'D>--.D2PYD...p.

Now Chvétal [1973a] (cf. Schrijver [1980b]) showed that for each polyhedron P
there is a finite ¢ with P/ = Py. The smallest such ¢ is called the Chvdtal rank of
P.
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It can be proved more strongly (Cook, Gerards, Schrijver, and Tardos [1986])
that for each rational matrix M there is a finite value ¢ such that the polyhedron
P := {z | Mz < b} has Chvétal rank at most ¢, for each integer vector b (of
appropriate dimension). The smallest such ¢ is called the Chvdtal rank of M. So
each totally unimodular matrix has Chvatal rank 0.

The strong Chuvdtal rank of M is, by definition, the Chvatal rank of the matrix

1
—I
M
-M

(36.57)

So the strong Chvatal rank of M is the smallest ¢ such that for all integer vectors
d, ¢, a, b the polyhedron {z | d < z < ¢,a < Mz < b} has Chvdtal rank at most
t. So M is totally unimodular if and only if M is integer and has strong Chvétal
rank O (this is the Hoffman-Kruskal theorem).

Theorem 36.3 implies that the V' x E incidence matrix of a bidirected graph
has strong Chvétal rank at most 1. (Matrices of strong Chvatal rank at most 1 are
said in Gerards and Schrijver [1986] to have the Edmonds-Johnson property.)

Theorem 36.9. The V X E incidence matriz of a bidirected graph has strong
Chvdtal rank at most 1.

Proof. We must show that for each integer d, ¢, a, b, one has P’ = Pj for P := {z |
d <z <c¢,a < Mz <b}. This follows from

(36.58) P Cl{zeP|Ve{0,L}":y'Mecz" =y Mz < |y'b|}
=P CP,

where the equality follows from Theorem 36.3. |

It is generally not true that also the transpose M of these matrices have Chviétal
rank at most 1, as is shown by the incidence matrix M of the complete graph Kj.
In Section 68.6¢ we shall study the Chvétal rank of such matrices M.

36.7b. Further notes

Gabow [1983a] gave an O(m% )-time algorithm for finding a maximum s—t flow in a
bidirected graph with unit capacities. Moreover, he gave O(m?logn)- and O(n?m)-
time algorithms for finding a minimum-cost bidirected s—t flow of given value, with
unit capacities.



Chapter 37

The dimension of the perfect
matching polytope

In this chapter the dimension of the perfect matching polytope is charac-
terized. It implies a characterization of the dimension of the perfect match-
ing space — the linear space spanned by the incidence vectors of perfect
matchings.

The basis of determining the dimension is formed by the matching-covered
graphs without nontrivial tight cuts. For such graphs, there is an easy
formula for the dimension.

Key result (needed in characterizing the perfect matching lattice in the next
chapter) is a characterization of Lovdsz of the matching-covered graphs
without nontrivial tight cuts: the ‘braces’ and the ‘bricks’.

37.1. The dimension of the perfect matching polytope

Naddef [1982] gave a min-max formula for the dimension of the perfect match-
ing polytope. By the work of Edmonds, Lovédsz, and Pulleyblank [1982], it is
equivalent to the following.

Let G = (V, E) be a graph and let Fy be the set of edges covered by at
least one perfect matching. Defining Gy := (V, Ey), one trivially has:

(371) dim(Pperfect matching(G)) = dim(Pperfect matching(GO)>-

So when investigating the dimension of the perfect matching polytope, we
can confine ourselves to matching-covered graphs, that is, to graphs in which
each edge is contained in at least one perfect matching.

A further reduction can be obtained by considering tight cuts. A cut C' is
called odd if C = §(U) for some U C V with |U| odd. A cut C is called tight
if it is odd and each perfect matching intersects C' in exactly one edge.

Let G = (V, E) be a graph and let U C V. Recall that G/U denotes the
graph obtained from G by contracting U to one vertex, which vertex we will
call U. In the obvious way, we will consider the edge set of G/U as a subset
of the edge set of G. Hence, for any x € R¥, we can speak of the projection
of  to the edges of G/U.
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Theorem 37.1. Let G = (V, E) be a matching-covered graph and let 6(U) be
a tight cut. Define Gy := G/U and Gy := GJU (where U :=V \U). Then

(37.2) dim(Pperfect matching(G)) =
dim(PpcrfCCt matching(Gl )) + dim(Ppcrfcct matching (G2 ) ) - |5(U) | +1.

Proof. Let Gy = (V4, Ey) and Gy = (Va, E3). Then a vector x € R¥ belongs
to the perfect matching polytope of G if and only if its projections to F;
and Fs belong to the perfect matching polytopes of G; and G5 respectively.
Moreover, since G is matching-covered and since §(U) is tight, the projection
of Pperfect matching(G) on 6(U) has dimension equal to [6(U)| — 1. |

This theorem gives a reduction if there exists a nontrivial tight cut. (A
cut C is called nontrivial if C = 6(U) for some U with 1 < |U| < |U| —1.)
Then:

Theorem 37.2. Let G = (V, E) be a matching-covered graph without any
nontrivial tight cut and with at least one perfect matching. Then

(373) dim(Pperfect matching(G)) = ‘E| - ‘V| + k’
where k is the number of bipartite components of G.

Proof. We may assume that G is connected. If GG is bipartite, the result
follows from Theorem 18.6. If G is nonbipartite, consider a vector x in the
relative interior of the perfect matching polytope of G. Since G is matching-
covered, we know that x. > 0 for each edge e, and since G has no nontrivial
tight cut, we know that x(C) > 1 for each nontrivial odd cut C. Hence the
only constraints in (25.2) satisfied by = with equality are the constraints
z(0(v)) = 1 for v € V. So dim(Pperfect matching(G)) > |E| — V.

To see equality, we show that the constraints x(§(v)) = 1 are independent.

For let u € V, and choose an odd-length u—u walk (u,eq, ..., et u). For each
e € E, let . be the number of odd ¢ with e = e;, minus the number of even
i with e = ¢;. Then z(6(u)) = 2 and z(d(v)) = 0 for all v # u. |

Theorems 37.1 and 37.2 describe the decomposition of the dimension prob-
lem. We now aggregate these results.

For any cut C, any set U with C' = 6(U) is called a shore of C'. Two cuts
C and C' are called cross-free if they have shores U and U’ that are disjoint.
A collection F of cuts is cross-free if each two cuts in F are cross-free.

Let F be a cross-free collection of nontrivial cuts. An F-contraction of G
is a graph obtained from G by choosing a Uy C V with 6(Uy) € F, contracting
Uy, and contracting each maximal proper subset U of V' \ Uy with §(U) € F.

One easily checks that, if G is connected, there exist precisely |F| + 1
F-contractions. Let nonbip.(F) denote the number of F-contractions that
are nonbipartite.
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Corollary 37.2a. Let G = (V, E) be a connected matching-covered graph
with |[V| > 2. Let F be any inclusionwise mazimal cross-free collection of
nontrivial tight cuts. Then

(374) dim(Ppcrfcct matching(G)) = ‘E| - ‘V| - nonbipG(}—) + 1.

Proof. The corollary follows directly by induction from Theorems 37.1 and
37.2, as follows.

If 7 =0, then (37.4) follows from Theorem 37.2. If F # (), choose a cut
S(U) € F. Let Gy := GJ/U and G5 := G/U (where U := V \ U). Then G,
and G9 are connected and matching-covered again.

Let F7 be the set of cuts in F that have a shore properly contained in
V\U and let F; be the set of cuts in F that have a shore properly contained
inU.

Then F; forms an inclusionwise maximal cross-free collection of nontrivial
tight cuts in G1. So inductively

(37.5) dim(Pperfect matching(G1)) = |EG1| — |V G1| — nonbipg, (F1) + 1.
Similarly,

(37.6) dim(Pperfect matching(G2)) = [EG2| — |V G| — nonbipg, (F2) + 1.
Now each F-contraction of G is an F; contraction of G; for exactly one
i € {1,2}. Hence

(37.7) nonbipg (F) = nonbipg, (F1) + nonbipg, (F2).

Since moreover |[EG| = |EG1|+|EG2|—|6(U)| and |[VG1|+|VGs| = |[VG|+2,
we obtain (37.4) with Theorem 37.1. |

37.2. The perfect matching space

We derive from Corollary 37.2a a characterization of the perfect matching
space and its dimension. The perfect matching space of a graph G = (V, E)
is the linear hull of the incidence vectors of perfect matchings; that is,

(37.8) Sperfect matching (G) = lin.hull{x™ | M perfect matching in G}.

(Here lin.hull denotes linear hull.)
Corollary 37.2a directly gives for the dimension of the perfect matching
space:

Corollary 37.2b. Let G = (V,E) be a connected matching-covered graph
with |[V| > 2. Let F be any inclusionwise mazimal cross-free collection of
nontrivial tight cuts. Then

(379) dim(Spcrfcct matching(G)) = |E| - |V| - nonbipG (f) + 2.
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Proof. The dimension of the perfect matching space is 1 more than the
dimension of the perfect matching polytope. So the corollary follows from
Corollary 37.2a. |

With the help of the description of the perfect matching polytope we can
similarly describe the perfect matching space in terms of equations:

Theorem 37.3. The perfect matching space of a graph G = (V, E) is equal
to the set of vectors x € RE satisfying

(37.10) (i) z.=0 if e is contained in no perfect matching,
(ii) x(C) =x(d(v)) for each tight cut C and each vertex v.

Proof. Condition (37.10) clearly is necessary for each vector x in the perfect
matching space. To see sufficiency, let 2 € R satisfy (37.10). We can assume
that G has at least one perfect matching.

By adding sufficiently many incidence vectors of perfect matchings to x,
we can achieve that z. > 0 for each edge e, and z. > 0 for at least one edge
e, and z(C) > x(0(v)) for each odd cut C and each vertex v. By scaling we
can achieve that z(d(v)) = 1 for each v € V. Then z belongs to the perfect
matching polytope of G, and hence to the perfect matching space. |

37.3. The brick decomposition

For any inclusionwise maximal cross-free collection F of nontrivial tight cuts,
the family of F-contractions is called a brick decomposition. (We note here
that it does not mean that each F-contraction is a brick as defined in Section
37.6.)

Lovész [1987] showed that a brick decomposition is a unique family of
graphs (up to isomorphism), independently of the maximal cross-free collec-
tion of tight cuts chosen:

Theorem 37.4. All brick decompositions of a matching-covered graph G =
(V, E) are the same (up to isomorphism).

Proof. By induction on |V|. Consider two maximal cross-free collection F
and F’ of nontrivial tight cuts.

Case 1: F and F' have a common member (U). By induction, the result of
two decompositions of G/U is the same (where U := V \ U). Similarly, the
result of two decompositions of G/U is the same. The theorem follows.

Case 2: There exist C € F and C' € F' with C and C' cross-free. Let F"' be
a maximal cross-free collection of nontrivial tight cuts containing C' and C”.
By Case 1, the decompositions of G by F and F” result in the same family of
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graphs. Similarly, the decompositions of G by F' and F” result in the same
family of graphs. The theorem follows.

Case 3: There exist C = §(U) € F and C' = 6(U’) € F' with |UNU’'| odd
and at least 3. Then trivially C” := §(U N U’) is tight again. Let F” be a
maximal cross-free collection of nontrivial tight cuts containing C”'. By Case
2, the decompositions of G by F and F” result in the same family of graphs.
Similarly, the decompositions of G by F' and F” result in the same family
of graphs. Again, the theorem follows.

Case 4: None of the previous cases applies. Let C = §(U) € F and C' =
0(U") € F'. Then F = {C} and F' = {C"}. For suppose that say F contains
another cut C” = §(U"). We can assume that U C U” and that U" NU’ is
odd. So [U"NU’| =1 (as Case 3 does not apply), and therefore |[UNU'| =1
(as Case 2 does not apply). However, U UU’ is odd and disjoint from U"”\ U,
implying that UUU" is at most |V|—2, and so Case 3 applies, a contradiction.

So F = {C} and F' = {C’}. We can now assume that UNU’ is odd. Since
Case 3 does not apply, |[UNU'| =1 and [UUU’|=|V|-1.Let UNU’ = {u}
and U'UU =V \ {v}.

Now {u,v} is a 2-vertex-cut in G, separating U \ {u} and U’ \ {u}. For
suppose that there is an edge e connecting U \ {u} and U’ \ {u}. Let M be
a perfect matching containing e. Let f be the edge in M covering u. Then f
leaves at least one of U and U’. Since e leaves both U and U’, this contradicts
the fact that U and U’ give tight cuts.

As G has no cut vertices (as G is matching-covered), this implies that
G/U and G/U’ are isomorphic graphs, and similarly that G/U and G/U are
isomorphic. The theorem follows.

37.4. The brick decomposition of a bipartite graph
All graphs in the brick decomposition of a bipartite graph are bipartite:

Theorem 37.5. Let G be a matching-covered graph and let F be an in-
clusionwise maximal cross-free collection of nontrivial tight cuts. Then G is
bipartite if and only if each F-contraction is bipartite.

Proof. Tt suffices to prove that for any nontrivial tight cut 6(U):
(37.11) G is bipartite if and only if G/U and G/U are bipartite

(where U := VG \ U). Sufficiency in (37.11) is direct (actually, it holds for
any cut). To see necessity in (37.11), note that, since G is matching-covered,
U has neighbours only in the largest colour class of the bipartite graph G—U.
So G/U is bipartite, and similarly, G/U is bipartite. |
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37.5. Braces

A bipartite graph G = (V, F), with colour classes U and W, is called a brace
if G is matching-covered with |V| > 4 and for all distinct u,u’ € U and
w,w’ € W, the graph G —u — v’ — w — w’ has a perfect matching.

By Hall’s marriage theorem (Theorem 22.1), a connected bipartite graph
G = (V, E) with equal-sized colour classes U and W is a brace if and only if
for each subset X of U with 1 < |X| < |U| — 2 one has

(37.12) IN(X)| > | X]|+ 2.
Theorem 37.6. Fach tight cut in a brace is trivial.

Proof. Let G = (V, E) be a brace with colour classes U and W, and suppose
that §(7') is a nontrivial tight cut. As |T| is odd, by symmetry we can assume
that [UNT| < |[WnNT)|.

Then |[UNT| = [WNT|—1, since there exists a perfect matching intersect-
ing 6(7T') in exactly one edge. Since §(T) is nontrivial, 1 < |[UNT| < |U| —2.

Moreover, there is no edge e connecting U N'T and W \ T. Otherwise this
e would be contained in a perfect matching M. This perfect matching also
contains an edge connecting U \ T and W NT, contradicting the tightness of

o(T).
So N(UNT) C WNT, and hence [IN(UNT)| < |UNT|+ 1, contradicting
(37.12). |

37.6. Bricks

A graph G is called a brick if G is 3-connected and bicritical, and has at
least four vertices. (A graph G is called bicritical if G — u — v has a perfect
matching for any two distinct vertices u, v.)

The following key result was shown by Edmonds, Lovasz, and Pulleyblank
[1982]:

Theorem 37.7. Fach tight cut in a brick is trivial.

Proof. Let G = (V, E) be a brick, and suppose that it has a nontrivial tight
cut Cy. Let C be the collection of odd cuts in G.
For any b € QV, consider the linear program

(37.13) minimize Z (b(u) 4+ b(v))x.
e=uveE
subject to  z(C) >1 (CeC),
ZTe >0 (

and its dual
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(37.14) maximize Z y(C)

cec
subject to Z y(C) <b(u) +b(v) (e=wv € E),
5(95) >0 (C€0).

We first show:
(37.15) there exist y € Q¢ and b € QY such that Z y(C) < b(u) + b(v)

C3e
for each edge e = uv, and such that y(C) = b(V) and y(Cy) > 0.

To prove this, define w = x“° (the incidence vector of Cy in RF). As Cp
is tight, the maximum of w(M) over perfect matchings M is equal to 1.
Hence, by Edmonds’ perfect matching polytope theorem (Theorem 25.1) and
by linear programming duality, there exists a vector z € Q° such that

(37.16) (i) Z z(C) < —w(e) for each edge e,
C3e
(ii) 2(C) > 0 if C is nontrivial,
(i) z(C) = —1.

For v € V, define b(v) := —z(§(v)) if 2(6(v)) < 0, and b(v) := 0 otherwise.
For C € C, define y(C) := 2(C) if 2(C) > 0, and y(C) := 0 otherwise. Then
(37.16) implies:

37.17) (1) b(u) +b(v) > Z y(C) + w(e) for each edge e = uwv,
() b>0y>0
(iii) b(V) =y(C) + 1.

So resetting y(Cp) := y(Cp) + 1 gives b and y as required in (37.15), proving
(37.15).
This implies:

(37.18) for some vector b € ZK there exists an integer optimum solution
y € Z& of (37.14) such that y(Co) > 1.

Indeed, in (37.15) we can assume (by scaling) that b and y are integer. Then
by the properties described in (37.15), y is a feasible solution of (37.14). Since
the maximum in (37.13) is at least (V) (as any perfect matching M satisfies
w(M) = b(V)), and since y(C) = b(V'), we know that y is an optimum solution
of (37.14). This proves (37.18).

Now fix a b as in (37.18), with b(v) minimal. Then

(37.19) for any optimum solution y of (37.14) and any C' € C one has
that if y(C') > 0, then C is tight.

Indeed, any perfect matching M attains the maximum (37.13) (as the max-
imum value equals b(V)). So if y(C) > 0, by complementary slackness,
|M N C| = 1. This shows (37.19).
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Call a vector y € RS laminar if the collection {C' € C | y(C) > 0} is
laminar. Then:

(37.20) there exists a laminar integer optimum solution of (37.14) such
that y(C') > 1 for at least one nontrivial tight cut C.

To see this, choose an integer optimum solution y of (37.14) such that y(C) >
1 for at least one nontrivial tight cut C, with

(37.21) > y(C)s(C)
cec

minimized, where s(C) denotes the number of pairs of vertices separated by
C. We show that y is laminar.

Suppose to the contrary that C and C’ cross, with y(C) > 0 and y(C’) >
0. We can choose U’',U"” C V such that C = §(U), C' = §(U’), and |[U NU’|
isodd. Let D :=6(UNU’) and D' :=§(UUU’). Let € := min{y(C),y(C")}.
Decrease y(C) and y(C') by €, and increase y(D) and y(D’) by . Then we
obtain again a feasible solution of (37.14), while (37.21) is smaller. So both D
and D’ are trivial. Hence UNU’ = {u} and UUU’ = V'\ {v} for some vertices
wand v. As G is 3-connected, there is an edge e connecting U\ U’ and U'\U.
Since G is matching-covered, there is a perfect matching M containing e. So
e € CNC'. As C and C’ are tight, e is the only edge of M intersecting CUC".
Hence no edge of M intersects D = 6(U NU’), a contradiction. This proves
(37.20).

Fix y satisfying (37.20). We note that the first set of constraints in (37.14)
gives:

(37.22) if e=wv € C and y(C) > 0, then b(u) > 0 or b(v) > 0.
Moreover,
(37.23) for each uw € V', b(u) = 0 or y(d(u)) = 0.

Otherwise, decreasing b(u) and y(d(u)) by 1 would give b and y with smaller
b(V).
We also show:

(37.24) if y(6(U)) > 0, then G[U] is connected.

If not, let K be an odd component of G[U] and let e be an edge in §(U)
not incident with K. Let M be a perfect matching containing e. Then M
intersects 6(U) in more than one edge (since K is odd), while 6(U) is tight
since y(6(U)) > 0. This contradiction proves (37.24).

Now choose an odd cut C' = §(U) with y(C) > 0, an edge ey = ugv € C
with ug € U and b(up) > 0, such that |U| is as small as possible. (Such U,
€o, ug exist by (37.22).)

By (37.23), |U| > 1. Let Uy,...,Ui be the maximal proper subsets of
U with y(6(U;)) > 0. By (37.20), the U; are pairwise disjoint. Note that
ug &€ Uy U- - U Uy, by the minimality of |U].

Define
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(37.25) U =U\UU---UU), Uy :={u € U | bu) > 0}, and
Uy = U\ U,.

Then
(37.26) there is no edge joining distinct sets among Uy, Uy, ..., Uy.

Directly from (37.22) and the minimality of |U].
Moreover,

(37.27) there is no edge e = wv with v € Uy and v € U’.

For suppose that such an edge e exists. Then there is a perfect matching
containing e. Hence, by complementary slackness, we have equality in the
corresponding constraint of (37.14). As b(u) +b(v) > 0, we know that y(C) >
0 for some C with e € C. Then C = §(S) for some S C U. This contradicts
the definition of the U;, proving (37.27).

As G[U] is connected (by (37.24)), it follows that Uy = (. Next

(37.28)  |Uy|=k+1.

For consider any perfect matching M containing edge ey. Then M intersects
any 0(U;) in exactly one edge (as each §(U;) is tight, by (37.19)) and it also
intersects 6(U) in exactly one edge, namely eq. Since |[MN§(U)| = 1, we know
with (37.26) that the edge in M N §(U;) connects U; and U,. Moreover, no
edge in M connects two vertices in U (by (37.27)). Hence we have (37.28).

(37.29) No edge connects any U; with V' \ U.

Otherwise, the same counting as for proving (37.28) gives |U;| = k, a con-
tradiction.

As |U| > 1 we know k > 0. Choose s,t € Uy. As G is bicritical, G — s — ¢
has a perfect matching M. Then M intersects each 6(U;) at least once, and
hence (by (37.29)) |Uy \ {s,t}| > k, a contradiction. |

37.7. Matching-covered graphs without nontrivial tight
cuts

The foregoing is used in obtaining the following basic result of Lovész [1987]:

Theorem 37.8. Let G = (V,E) be a connected graph with at least four
vertices. Then G is matching-covered without nontrivial tight cuts if and only
if G is a brick or a brace.

Proof. If G is a brick or a brace, then trivially G is matching-covered. More-
over, Theorems 37.6 and 37.7 show that braces and bricks have no nontrivial
tight cuts.

Conversely, assume that G is matching-covered and has no nontrivial tight
cuts.
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Case 1: G is not bicritical. We show that G is a brace. As G is not bicritical,
by Tutte’s 1-factor theorem (Theorem 24.1a) there exists a subset U of V
such that G — U has |U| odd components, with |U| > 2. As G is matching-
covered, U is a stable set, and G — U has no even components. For each
component K of G — U, §(K) is tight, and hence trivial, that is |K| = 1. So
G is bipartite, and U is one of its colour classes. If G is not a brace, there
exists a subset X of U with 1 < |X| < |U| —2 and |[N(X)| < |X|+ 1. Let
Y CV\U with N(X) CY and |Y| = |X]|+ 1. Then 6(X UY) is a nontrivial
tight cut, a contradiction.

Case 2: G is bicritical. We show that G is a brick. So we must show that G is
3-connected. As G is matching-covered, G is trivially 2-connected. Suppose
that {u, v} is a 2-vertex-cut. Let K be a component of G —u—v. As G—u—v
has a perfect matching, | K| is even. Then §(K'U{u}) is a nontrivial cut which
is tight, since the intersection of (K U {u}) with any perfect matching M is
odd and at most 2 (as each edge in the intersection is incident with u or v).



Chapter 38

The perfect matching lattice

This chapter is devoted to giving a proof of the deep theorem of Lovéasz
[1987] characterizing the perfect matching lattice of a graph — the lattice
generated by the incidence vectors of perfect matchings.

We summarize concepts and results from previous chapters that we need in

the proof. Let G = (V, E) be a graph. The following notions will be used:

e A cut C in G is tight if each perfect matching intersects C' in exactly
one edge.

e A cut C is trivial if C = §(v) for some vertex v.

e (G is matching-covered if each edge is contained in a perfect matching.

e (G is bicritical if for each two distinct vertices u and v, the graph G—u—v
has a perfect matching.

e (G is a brick if it is 3-connected and bicritical and has at least 4 vertices.

e A subset B of V is a barrier if G — B has at least |B| odd components. A
mazimal barrier is an inclusionwise maximal barrier. A nontrivial barrier
is a barrier B with |B| > 2.

Moreover, the following results will be used:

e the perfect matching lattice of a bipartite graph is equal to the set of
integer vectors in the perfect matching space (this is an easy consequence
of Kénig’s edge-colouring theorem, see Theorem 20.12).

e Any two distinct inclusionwise maximal barriers in a connected matching-
covered graph are disjoint (Corollary 24.11a).

e A graph is a brick if and only if it is nonbipartite and matching-covered
and has no nontrivial tight cuts (a consequence of Theorem 37.8).

e A graph is bicritical if and only if it has no nontrivial barrier (a conse-
quence of Tutte’s 1-factor theorem (Corollary 24.1a)).

Throughout this chapter, U denotes the complement of U.

38.1. The perfect matching lattice

The perfect matching lattice (usually briefly the matching lattice) of a graph
G = (V, E) is the lattice generated by the incidence vectors of perfect match-
ings in G} that is,

(38.1) Lperfect matching (G) = lattice{x™ | M perfect matching in G'}.
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So it is a sublattice of Z¥ and is contained in the perfect matching space of
G.

In Section 20.8 we saw that the perfect matching lattice of a bipartite
graph G = (V, E) is equal to the intersection of Z¥ with the perfect matching
space of G. This characterization does not hold in general for nonbipartite
graphs, as is shown by the Petersen graph. However, as was proved by Lovasz
[1987], any graph for which the characterization does not hold, contains the
Petersen graph in some sense. In particular, for any graph without Petersen
graph minor, the characterization remains valid.

In analyzing the perfect matching lattice of G, two initial observations
are of interest:

e We can assume that G is matching-covered, since any edge contained in
no perfect matching can be deleted;

e If G has a nontrivial tight cut, we can reduce the analysis by considering
the two graphs obtained by contracting either of the shores of the cut.

So we can focus the investigations on nonbipartite matching-covered graphs
without nontrivial tight cuts; that is, by Theorem 37.8, on bricks.

38.2. The perfect matching lattice of the Petersen graph

We will need a characterization of the perfect matching lattice of the Petersen
graph, which is easy to prove:

Theorem 38.1. Let G be the Petersen graph and let C be a 5-circuit in
G. Then the perfect matching lattice consists of all integer vectors x in the
perfect matching space with x(EC) even.

Proof. Inspection of the Petersen graph (cf. Figure 38.1) shows that each
edge of G is contained in exactly two perfect matchings, that (hence) G has
exactly six perfect matchings, that any two perfect matchings intersect each
other in exactly one edge, and that each perfect matching intersects EC' in
an even number of edges.

Let My := 6(VC) (the set of edges intersecting V' C' in one vertex). Then
My is a perfect matching of G. Let My,..., M5 be the five other perfect
matchings of G. So each of the M; intersects My in one edge.

By adding appropriate integer multiples of x™,...,x™5 to = we can
achieve that . = 0 for each e € My. As z is in the perfect matching space,
we know that there exists a number ¢ such that x(§(v)) = t for each vertex
v. Hence, as |EC| is odd, z. = 3t for all e € EC; similarly, for each edge e in
the 5-circuit vertex-disjoint from C' one has z. = it. As 2(EC) is even, we
know that %t is even, hence %t is even. Now the vector

(38.2) Y= XMy M\ Mo
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Figure 38.1
The Petersen graph

satisfies y. = 0 for e € My and y. = 2 for e ¢ My. Hence z is an integer
multiple of y, proving that = belongs to the perfect matching lattice of G. |

38.3. A further fact on the Petersen graph

In the proof of the characterization of the perfect matching lattice, we need
a further, technical fact on the Petersen graph.

Let G = (V, E) be a graph and let b : V' — Z,. Recall that a b-factor is
a subset F of E with degp(v) = b(v) for each v € V.

Theorem 38.2. Let G = (V, E) be the Petersen graph and let C' be a 5-circuit
in G. Letb:V — Z, be such that

o cither there exists a w € V with b(u) = 3 and b(v) =1 for all v # u,
e or there exist distinct u,u’ € V' with b(u),b(u’) € {0,2} and b(v) =1 for
all v # u,u’, such that if b(u) = b(u') = 0, then u and v’ are nonadjacent.

Then there exist b-factors F and F' such that |F'N EC| and |F' N EC| have
different parities.

Proof. By induction on b(V). If b(u) = b(u') = 0 for some distinct u,u’ € V,
then u and u' are nonadjacent. Let « be the common neighbour of u and '
and let y be the neighbour of x distinct from u and «’. Then G — z — N(x)
forms a 6-circuit (by inspection — cf. Figure 38.1), D say. Split ED into
two matchings, M and M’. Adding edge zy to M and M’ gives b-factors
as required since EC' intersects ED in an odd number of edges (as ED =
EG\ §(N(x)), and |EC| is odd and |[EC N §(N(x))| is even).

If b(u') = 2, choose a neighbour u” of w' with «” different from and
nonadjacent to u. Define o' (u”) := 0, b'(u) := b(u), and ¥'(v) := 1 for all
other vertices. By induction, there exist ’-factors F' and F” such that F and



622 Chapter 38. The perfect matching lattice

F’ intersect EC in different parities. Adding edge v'u” to F and F’ gives
b-factors as required.

If b(u) = 3 for some u € V, we can choose any neighbour v’ of u, define
b(u) =2,V (v):=0,and ¥ (v) := 1 for all v # u, v, and apply induction as
above. |

38.4. Various useful observations

In this section we prove a few easy facts that turn out to be useful.

Let G = (V, E) be a graph and let U C V. Recall that G/U denotes the
graph obtained from G by contracting U to one vertex, which vertex we will
call U. In the obvious way, we will consider the edge set of G/U as a subset
of the edge set of G. Hence, for any & € R¥ we can speak of the projection
of = to the edges of G/U.

We now characterize when G/U is a brick if G is a brick:

Theorem 38.3. Let G = (V, E) be a brick and let U C V. Then G/U is a
brick if and only if G — U is 2-connected and factor-critical.

Proof. Necessity being easy, we prove sufficiency.

First, let G — U be 2-connected. Then G /U is 3-connected, for suppose
that vertices u and «’ of G/U form a 2-vertex-cut of G/U. If both u and v’
are different from vertex U of G/U, then u, ' would also form a 2-vertex-cut
of G, contradicting the 3-connectivity of G. If, say, v’ is equal to vertex U
of G/U, then u is a cut vertex of G — U, contradicting the 2-connectivity of
G-U.

Second, let G — U be factor-critical. To see that G/U is bicritical, let B
be a nontrivial barrier of G/U. If B does not contain vertex U of G/U, then
B would also be a nontrivial barrier of G, contradicting the bicriticality of
G. If B contains vertex U, then G — U is not factor-critical. |

Maximal barriers leave factor-critical components:

Theorem 38.4. Let G = (V, E) be a graph with a perfect matching and let
B be a mazximal barrier. Then each component K of G — B is factor-critical.

Proof. Suppose not. Then K has a nonempty subset B’ such that (G[K]) —
B’ has at least |B’| + 1 odd components. Hence B U B’ is a barrier of G,
contradicting the maximality of B. |

‘We note that

(38.3) if By,..., By are the maximal nontrivial barriers of a graph G =
(V, E), having a perfect matching, then for each v € V '\ (By U
-+ U By), the graph G — u is factor-critical.
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In bicritical graphs, nonempty stable sets have many neighbours (a neigh-
bour of S is a vertex not in S adjacent to at least one vertex in S):

Theorem 38.5. Let G = (V,E) be bicritical with |V| > 4. Then any
nonempty stable set S has at least |S| + 2 neighbours.

Proof. Suppose that |[N(S)| < |S| + 1. Since |V \ S| > |S| (as G has a
perfect matching), we know |V \ S| > 2. Hence we can choose two vertices
v,v" € V'\ S such that |[N(S) \ {v,v'}| < |S|. This however contradicts the
fact that G — v — v’ has a perfect matching, since each vertex in S should be
matched to a vertex in N(.9). |

It will also be useful to make the following observation:

Theorem 38.6. Let G = (V, E) be a graph and let U be an odd subset of
V', such that for each edge e € 6(U) there is a perfect matching M, with
M. N§WU) = {e}. Define Gy := G/U and Gy := G/U, and let x € Z®. If,
for each i = 1,2, the projection of x to EG; belongs to the perfect matching
lattice of G;, then x belongs to the perfect matching lattice of G.

Proof. Let 2’ and x” be the projections of x to EG; and to EGs, respectively.
Since z’ belongs to the perfect matching lattice of G1, there exist perfect
matchings M7,...,M], and Ni,..., N}, of Gy such that

kK 14
(38.4) 2 = ZXM’{' — ZXN';-
i=1 j=1
Similarly, there exist perfect matchings M7, ..., M}, and N{,..., N/, of G
such that
k// l//

(38.5) 2 = ZXM{/ — ZXNJ/'/.
i=1 j=1

Consider any e € 6(U). Then z,, = x, = /. Hence, using the projections of
M, to EG1 and to EGs, we can assume that

(38.6)  |[{i=1,... K |ee M} ={i=1,....k" | e € M/}| and
{G=1....0 [ee N} =|{j=1,...1" |ee NV},

since we can add the projection of M, to EG; to both sums in (38.4), if the
number of ¢ with e € M is less than the number of ¢ with e € M]’; similarly,
if it would be more.

We can do this for each e € 6(U), to obtain (38.6) for each e € §(U).
It implies that ¥’ = k" and I’ = [”. It also implies that we can ‘match’
the M/ and M/ in common edges in §(U). That is, by permuting indices,
we can assume that M, and M’ have an edge in 6(U) in common, for each
i = 1,...,k". In other words, each M/ U M/ is a perfect matching of G.
Similarly, we can assume that each N7 U N’ is a perfect matching of G. Then
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K’ U
(38.7) w= Y X MUMT N NN
i=1 j=1

So z belongs to the perfect matching lattice of G. |

38.5. Simple barriers

In this section, we fix a brick G = (V, E) and an edge e such that G — e
is matching-covered, and study barriers of G — e. In particular we focus on
‘simple’ barriers of G — e. They play an important role in the proof of the
characterization of the perfect matching lattice.

For any B C V, let I(B) denote the set of isolated vertices of G —e — B
and let K (B) denote the set of nonisolated vertices of G — e — B. Then B is
called a simple barrier of G — e if |I(B)| = |B| — 1. So a simple barrier is a
barrier of G — e, and hence a stable set (as G — e is matching-covered). Note
that each singleton is a simple barrier.

For any simple barrier B of G—e, K(B) is an odd component of G—e— B,
since G —e is matching-covered and connected. (Trivially, | K (B)| is odd, since
|V| is even and |I(B)| = |B| — 1. If K(B) would not be connected, let L be
an odd component of K(B) and let f be an edge connecting K(B) \ L and
B. Let M be a perfect matching of G — e containing f. Necessarily some
edge in M leaves L. But then more that one edge in M connects K(B) and
B, and also each vertex in I(B) is matched to B, while [I(B)| = |B| -1, a
contradiction.)

Since a barrier B of G — e with |B| > 2 is not a barrier of G (since G
is bicritical), e necessarily connects two odd components of G —e — B. If B
is a simple barrier of G — e with |B| > 2, then e connects K(B) with some
vertex vy € I(B). (G has a perfect matching M intersecting (K (B)) in at
least three edges, and hence M contains an edge connecting K (B) and I(B).
This edge must be e.)

Then the perfect matchings M of G are of two types:

(38.8) M does not contain e, in which case M matches B with the
components of G — e — B,
or M contains e, in which case two of the edges in M leaving B
are incident with K (B), and the other edges in M leaving B are
incident with I(B) \ {v}.

We now give some further easy properties of simple barriers. Recall that
a subset U of the vertex set V of a graph G is called matchable if G[U] has
a perfect matching.

Theorem 38.7. Let G = (V, E) be a brick, let e € E be such that G — e is
matching-covered and let B be a simple barrier of G — e. Let e = vivy with
vy € BUI(B) and vy € K(B). Then:
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(38.9) (i) if |B| > 2, then vy € I(B);
(ii) for any u € B, the set (B —u) U I(B) is matchable;
(iii) for any distinct u,u’ € B, the set (B—u—u')U(I(B)—wv1) is
matchable;
(iv) G — e/K(B) is matching-covered;
v) G[BUI(B)] is connected;

(vi) any cut vertez v of G[BU I(B)] belongs to I(B);

(vii) if Y C I(B) and G[BUI(B)] =Y has at least |Y |+ 1 compo-
nents, then it contains precisely |Y| 4+ 1 components and any
component of GIBUI(B)] —Y not containing v1 consists of a
singleton vertex in B.

Proof. Since all assertions are trivial if |[B| = 1, we can assume that |B| > 2.
We saw above that then v, € I(B), proving (i).

(ii) follows from the fact that G —u— vy has a perfect matching. Similarly,
(iil) follows from the fact that G — u — v’ has a perfect matching, necessarily
containing e. (iv) is directly implied by the fact that G—e is matching-covered,
and (v) follows from (ii).

To see (vi), assume that v € B. Choose a component K of G[BUI(B)]—v
not containing v;. Since (B — v) U I(B) is matchable by (ii), |[K N B| =
|[KNI(B)|. Choose v' € KN B. Then (B—v—v")U(I(B)—v1) is matchable
by (iii). However, |K N B\ {v'}| < |K NI(B)|, a contradiction. This proves
(vi).

To prove (vii), let a be the number of components of G([BU I(B)] =Y
containing v1, let 8 be the number of other components intersecting I(B),
and let v be the number of other components (hence each consisting of a
singleton vertex in B). So a + 3+ > |Y|+ 1. Now by Theorem 38.5, each
component K satisfies

(38.10) |[IKNB|>|KnNnI(B)|+1.

Indeed, if KNI(B) = (, this is trivial. If KNI(B) # @, then by Theorem 38.5,
|[KNI(B)|+2 < N(KNnI(B))| < |KNB|+1,as N(KNI(B)) C (KNB)U{vy}.
This proves (38.10).

Moreover,

(38.11) ifvi ¢ K and KNI(B)#0, then |[KNB|>|KNI(B)|+2,

since then N(K NI(B)) C KN B.
(38.10) and (38.11) imply

(8812)  a+23+~< S (IKNB|-|KNIB)|)=|B| - |I(B)\Y]

K
=Y|+1<a+8+7,

where K ranges over the components of G[BUI(B)] — Y. Hence 8 = 0, and
(vii) follows. |

We next consider the case where vs is a cut vertex of G[K(B)].
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Theorem 38.8. Let G = (V,E) be a brick and let e = vivs be an edge
such that G — e is matching-covered. Let B be a simple barrier of G — e with
vy € I(B) and vy € K(B). Let Z be a union of components of G[K(B)] —va,
with Z # K(B) —vqe. Then G/(ZU{vs}) is matching-covered and has exactly
one brick in its brick decomposition.

Proof. Define U := Z U {ve} and L := K(B)\ U. Note that L is matchable,

since G — v — v’ has a perfect matching for some v,v’ € B (necessarily

containing e and containing no edge connecting K (B) and B). So |L]| is even.
We first show that

(38.13) G /U is matching-covered.

Consider first any perfect matching M of G — e. Then M has exactly one
edge leaving B U I(B). Hence M has exactly one edge leaving U (since if
there were at least three, then at least two of them should leave B U I(B)).
So M gives a perfect matching in G/U. Since G — e is matching-covered, this
implies that each edge of G/U except the image of e is contained in a perfect
matching of G/U.

As L # () and |L| is even, G has a perfect matching M with at least three
edges leaving LU {wvs}. So it contains at least two edges connecting L and B.
Hence M contains e, and all other edges leaving B U I(B) connect it with L.
So the image of M is a perfect matching in G/U containing the image of e.
This shows (38.13).

To see that G/U has only one brick in its brick decomposition, choose a
counterexample with |B| as small as possible. This implies:

(38.14) |IN(X)NI(B)| > |X| for each nonempty subset X of B\ N(L).

Assume that this is not the case. Since |[BNN(L)| > 2 (as G is 3-connected),
we know | X| < |B|—2,and so |[N(X)NI(B)| <|B|—-2 = |I(B)|—1, implying
I(B) € N(X). Each neighbour of I(B) \ N(X) belongs to (B\ X)U{v2}, as
there is no edge connecting X and I(B) \ N(X). So, using Theorem 38.5,

(8315)  |B|—|X| = [B\X| > IN(I(B)\N(X))| =1 > |I(B)\ N(X)| +1
— [B|- [N(X)nI(B)),

implying [N(X)NI(B)| = |X| and v; € N(X). Define B’ := B\ X. Then B’
is a simple barrier of G — e again, with I(B’) = I(B) \ N(X) and K(B’) =
K(B)UN(X)UX.

Let S be the union of X, N(X) N I(B), and the contracted vertex U of
G/U. Then each perfect matching of G/U has exactly one edge leaving S (as
X is matched to (I(B)NN(X))U{U} in G/U, since X N N(L) = (). So S
determines a tight cut in G/U. As G/S is bipartite, it suffices to show that
the brick decomposition of G/U/S contains exactly one brick.

Since X NN (L) =0, L is a union of components of G[K (B’)] — v. Then

(38.16)  G/U/S = G/(K(B')\ L) U {vs}.
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Hence, by the minimality of B, G/U has a brick decomposition with exactly
one brick. This shows (38.14).

We finally derive from (38.14) that G/U has only one brick in its brick
decomposition, in fact, that it is a brick — equivalently that G — U is 2-
connected and factor-critical (Theorem 38.3).

Assume that G —U is not 2-connected, and let v be a cut vertex of G —U.
Then each component of G — U — v intersects BU I(B) as G is 3-connected.
Hence v is a cut vertex of G[B U I(B)]. So Theorem 38.7(vi) applies. In
particular, v € I(B).

Since each component of G[L] is adjacent to at least two vertices in B
(since G is 3-connected), we know by Theorem 38.7(vii) that all vertices in
B adjacent to L belong to the same component of G{BUI(B)] —v as v;. Any
other component consists of one vertex, w say, in B. But then this contradicts
(38.14), taking X = {w}. So G — U is 2-connected.

To show that G — U is factor-critical, suppose to the contrary that there
exists a nonempty subset Y of U such that G — U — Y has at least |Y| + 1
odd components.

Then Y C I(B). Otherwise choose v € Y \ I(B). So v € LU B. Then
G — U — v has no perfect matching. However, as G is bicritical, G —v — vy has
a perfect matching M. Then the restriction of M to U is a perfect matching
of G — U — v, a contradiction. So Y C I(B).

Each component of G—U —Y containing a component of L has at least two
elements in B (since G is 3-connected). So G[BUI(B)]—Y has precisely |Y|+1
components. Hence it has |Y'| singleton components in B, without neighbours
in L (by Theorem 38.7(vii)). Let X be the union of these components. Each
neighbour y of any z € X with y ¢ U belongs to Y. So |X| > |Y| >
|N(X)NI(B)|, contradicting (38.14). |

We next consider pairs of simple barriers By, By. The following auxiliary

theorem is of special interest for disjoint simple barriers By and By of G — e
where By intersects I(By).

L
=N U

Figure 38.2

Theorem 38.9. Let G = (V, E) be a brick and let e = vive € E be such that
G — e is matching-covered. Let By and Bo be disjoint simple barriers of G —e

with v1 € I(By) and vo € I(Bs). Then
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—_

(8817) (i) I(B1) N 1(By) = ;
U I(B3) and By UI(By) are stable sets;
|B1 N 1(Bs)| = [B2NI(B1)|;
\ I(B1) is again a simple barrier of G — e, with I(Bg \

I(By)) = I(B) \ By.

Proof. (i) follows from the fact that all neighbours of any u € I(B1) N1 (B3)
belong to By N By = (. Since N(I(B3)) C By U {v1}, which is disjoint from
By, we have that By U I(B3) is a stable set. Similarly, By U I(By) is a stable
set, implying (ii).

Since I(Bg) \ By C I(By \ I(By)), we know

(38.18) [1(B2)| — |I(B2) N By| = [I(Bz2) \ B1| < [I(Bz\ I(By))|
< |[B2\I(B1)| —1=|Bs| =1 —|BaNI(By)
= [I(B2)| — |B2N I(B1)].

So |Ba N I(By)| < |By N I(Bs2)], and hence by symmetry |Bs N I(By)| =
|B1 NI(B3)|, and we have equality throughout in (38.18). This gives (iii) and
(iv) I

The last auxiliary theorem in this section reads:

Theorem 38.10. Let G be a brick and let e = vive be an edge of G with
G — e matching-covered. Let By and By be simple barriers of G—e, and define
Ji = B;UI(B;) fori=1,2, withvy € J1 andvs € Ja, and X := V\(J1UJ2).
Assume that JyNJy = 0, and that, for eachu € X, G —e—u is factor-critical
and G —u/Jy and G — u/Jy are 2-connected. Then if G — e has a 2-vertex-
cut separating Ji and Ja, it has a 2-vertez-cut {u,u'} separating J; and Jy
such that for some component K of G —e —u —u/, both G/(K U {u}) and
G/K U {u} are bricks.*!

Proof. Note that if {u,u'} is J; — J2 separating in G — e (which by definition
implies that u, v’ &€ JyUJ3), then G—e—u—u’ has a perfect matching (by the
assumption in the theorem). Moreover, since G is 3-connected, G — u — u' is
connected. Hence G — e — u — u’ has exactly two components, one containing
J1 and one containing J5. We will apply Theorem 38.3.

We first show:

(38.19) Let {u,u'} be J;—J; separating in G—e and let K be a component
of G — e —u— . Then the graph G[K U {u}] is factor-critical.

By symmetry, we may assume that J; C K. Define S := K U {u}. Choose
a vertex v € S. We prove that G[S] — v has a perfect matching. If v = w,
then G[S] — v = G[K] has a perfect matching (as K is a component of
G—e—u—u'). Solet v # u. As G—e—’ is factor-critical by the assumption

21 Tt is important to note that it is not concluded that also G/(K U{u'}) and G/K U {u'}
are bricks.
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in the theorem, G — e — ' — v has a perfect matching M. Since |K]| is even,
the edge in M incident with u, connects v with K. So M contains a matching
spanning S \ {v}. This proves (38.19).

In order to prove that G[K U {u}] is 2-connected, we need a special kind
of 2-vertex-cut and a special order of the components:

(38.20) there exist a pair u, v’ separating J; and J; in G — e and compo-
nents K O J; and L D Jy of G — e — u — « such that for each
v e K\ Jp, {u,v} does not separate J; and Jo in G — e and for
each v € L'\ Ja, {u,v} does not separate J; and Jp in G — e.

To prove this, let {u, v’} be a 2-vertex-cut separating J; and Jy in G —e. Let
K and L be the components of G—e—u—u' containing J1 and Jo, respectively.
We choose u and u' such that L is minimal. Then by the minimality of L,
for each v € L\ Ja, neither {u,v} nor {v/,v} separates J; and Jo in G — e.

If (38.20) does not hold, then there exist v,v" € K \ Jy such that {u,v}
and {u/,v'} are vertex-cuts in G — e, each separating J; and J,. Let Y be the
component of G—e—u—v not containing u’. Since Ng_.(Y) C {u, v}, we know
that v; € Y and hence J; C Y. Let Y’ be the component of G —e—u’'—' not
containing u. Again J; C Y’. Hence J; CYNY'. Now Ng_.(YNY’) C {v,v'}
(since Ng_o(YNY') C Ng_o(Y)UNg_o(Y') C {u,u/,v,v'}; but ' is not a
neighbour of Y NY” since ' is not in component Y of G — e — u — v; similarly
for w). This implies v # v'. Hence v' € Y.

Let A be the component of G — e — u — v different from Y, and let A’ be
the component of G — e —u' — v’ different from Y’. Then Y’ N A = (. Indeed,
NY' nA) C NY')UN(A) C {u,v,u,v'}. Moreover, u,v’ ¢ N(Y' N A),
since u € A" and v € Y. So [N(Y' N A)| < 2, implying Y’ N A = () by the
3-connectivity of G.

Similarly, KNANA" = (). Indeed, N(KNANA") C N(K)UN(A)UN(A") =
{u,v,u',v'}. Moreover, v,v' ¢ N(KNANA’), sinceve Y and v’ € Y. So
IN(KNAN A <2, implying KNAN A =0.

So K N A intersects neither Y’ nor A’, hence K N A C {u/,v'}. However,
W g€ Kandv € A So KNA=0. Hence K CY U{v}. SoY = K\ {v},
implying that |Y] is odd, a contradiction (since G — e — u — v has a perfect
matching). This proves (38.20).

Let u,u’ be as in (38.20). By symmetry, it suffices to show:

(38.21) G[K U {u}] is 2-connected.

Let S := K U {u}. Suppose that there exists a v € S with G[S \ {v}] dis-
connected. Let Z be a component of G[S \ {v}] not containing vy, and let Y
be any other component. If « ¢ Z, then N(Z) C {v,u'}, contradicting the
3-connectivity of G. So u € Z.

So u ¢ Y, and hence N(Y) C {u/,v,v2}, implying by the 3-connectivity
of G, that v1 € Y. So Ng_(Y) = {v/,v}. If v € Jq, then J; CY (as G[J1] is
connected), implying that {u’, v} is J; — J; separating in G — e, contradicting
the condition in (38.20). So v € Ji.



630 Chapter 38. The perfect matching lattice

If Y € Jy, then Y \ J; has only two neighbours in G/Jy: J; and o/,
contradicting the fact that G —v'/J; is 2-connected (by the condition in the
theorem). So Y C J;.

Let M be a perfect matching in G—u’—wv1. So M intersects §(J1) in exactly
two edges (since [I(By) \ {v1}| = |B1| —2 and v’ € K(By), as v’ & Jy). If
G[J1\{v}] is connected, then Y = J; \ {v}. Then M contains an edge leaving
J1 and not incident with v. This contradicts the fact that Ng_.(Y) C {u/, v}
and that M does not cover u'.

So v is a cut vertex of G[.J1], and hence by Theorem 38.7(vi), v belongs to
I(By). Now v # vy, since v; € Y. By Theorem 38.7(vii), G[J1 \ {v}] has two
components, one containing v; and one consisting only of some neighbour, w
say, of v. So ZNJ; = {w} and |(Y \ {v1}) U{v}| is even. Then M contains a
matching with union (Y \ {v1}) U {v}. Hence at most one edge in M leaves
Ji, a contradiction. This shows (38.21). |

38.6. The perfect matching lattice of a brick

We now prove the theorem of Lovész [1987):

Theorem 38.11. Let G = (V,E) be a brick different from the Petersen
graph. Then the perfect matching lattice of G is equal to the set of integer
vectors in the perfect matching space of G.

Proof. We choose a counterexample with |V| 4 |F| minimal. Let « be an
integer vector in the perfect matching space of G that is not in the perfect
matching lattice of G. We can assume that z(d(v)) = 0 for each vertex v (this
can be achieved by adding an appropriate integer multiple of x™ to z, for
some perfect matching M in G).

Claim 1. Let 6(U) be an odd cut in G such that both G/U and G/U are
matching-covered and have exactly one brick in their brick decompositions.
Then there exist no perfect matchings M and N of G with [M Né(U)|—|N N
o(U)| = 2.

Proof of Claim 1. Suppose to the contrary that such perfect matchings M, N
exist. In particular, |U|,|U| > 3. As z(§(U)) is even (since z(&(v)) is even for
each vertex v), by adding an appropriate integer multiple of Y™ — x¥ to z
we can achieve that x(6(U)) = 0.

Let 2/ and 2" be the projections of x to the edges of G/U and G/U,
respectively. Let H := G/U.

Consider any minimal subset W of U, such that |W| > 3 and such that
0(W) is a tight cut of H. (Such a set exists, since §(U) is tight in H.) Since H
has exactly one brick in its brick decomposition, we know that H/W or H/W
is bipartite and matching-covered. If H/W is bipartite and matching-covered,
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the colour class of H/W not containing vertex W would be a nontrivial barrier
in G. This contradicts the fact that G is a brick.

So H/W is bipartite and matching-covered. Hence the projection of =’ to
the edges of H/W belongs to the perfect matching lattice of H/W. So (by
Theorem 38.6) the projection y of 2’ to the edges of I := H/W is not in the
perfect matching lattice of 1.

By the minimality of W, I is a brick. Since y is not in the perfect matching
lattice of I, by the minimality of |V| 4 |E|, I is the Petersen graph and has
a 5-circuit disjoint from vertex W of I with y(EC) odd.

As 6(W) is not tight in G (since G is a brick), G has a perfect matching L
satisfying |[L N §(W)| > 3, and hence [L N§(W)| = 3 (since I is the Petersen
graph). Then by Theorem 38.2 (defining b(W) := 3 and b(v) := 1 for each
vertex v # W of I), we can modify L on the edges of I not incident with W
to obtain a perfect matching L’ of G such that the intersections of L and L’
with EC have different parities. Resetting z := 2 + x* — XL/ we achieve that
z(EC), and hence z'(EC), is even.

Hence the projection of the new x on the edges of G/U is in the perfect
matching lattice of G/U. We can perform similar resettings to achieve that
the projection of the new x on the edges of G/U is in the perfect matching
lattice of G/U. Then the new z, and hence also the original z, belongs to
the perfect matching lattice of G, by Theorem 38.6. This contradicts our
assumption. End of Proof of Claim 1

There exists an edge e with G — e matching-covered

To see this, we first show:

Claim 2. There are no edges e and f such that G—e— f is matching-covered
and bipartite.

Proof of Claim 2. Suppose that such e and f exist. As G —e— f is matching-
covered, the colour classes of G — e — f have the same size, and as G is
matching-covered and nonbipartite, e is spanned by one of the colour classes,
and f by the other.

Let M be a perfect matching in G containing e and f and let N be a
perfect matching in G not containing e and f. By adding an appropriate
integer multiple of Y™ — xV to 2 we can achieve that z, = 0. Since z is
in the perfect matching space of G, this implies that ; = 0. By Corollary
20.12a, the restriction of x to G — e — f is in the perfect matching lattice of
G —e— f. Hence x belongs to the perfect matching lattice of G, contradicting
our assumption. End of Proof of Claim 2

This gives:

Claim 3. There is an edge e such that G — e is matching-covered.
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Proof of Claim 3. For each edge e, let M, denote the collection of per-
fect matchings of G containing e. Choose any edge e with M, inclusionwise
minimal. We prove that G — e is matching-covered.

Suppose that G — e is not matching-covered. Hence there is an edge f # e
such that each perfect matching of G containing f, also contains e; that is,
My € M.. By the minimality of M., My = M.. Hence there is no perfect
matching containing exactly one of e, f. We show that

(38.22) G — e — f is bipartite.

As there is no perfect matching containing e but not containing f, by Tutte’s
1-factor theorem, there exists a subset B of V' spanning e such that G— f — B
has more than |B| — 2 odd components; hence, by parity, at least |B| odd
components. As |B| > 2 and as G is bicritical, f connects two distinct odd
components, Ky and K» say, of G — f — B. Moreover, as G is bicritical, each
component of G — f — B is odd.

We show that G —e— f is bipartite with colour classes B and W := V'\ B.
That is, e is the only edge contained in B, and each component of G — f — B
is a singleton.

To see this, first assume that some component K of G — f — B is not a
singleton. Then §(K) is a nontrivial cut, and hence it is not tight. So there
exists a perfect matching M with |M N§(K)| > 3. If f &€ M, then (adding up
over all components of G — f — B), |[M N§(B)| > |B| + 2, a contradiction. If
f € M, then similarly |M N§(B)| > |B|, again a contradiction (since e € M).

Second assume that B spans some edge e’ different from e. Let M be a
perfect matching containing €’. If f ¢ M, then |MN&(B)| > | B|, contradicting
the fact that ¢/ € M. If f € M, then |[M N§(B)| > |B| — 2, contradicting the
fact that both e and ¢’ belong to M. This shows (38.22).

In particular, any odd circuit in G contains exactly one of e and f. By
Claim 2, G—e— f is not matching-covered. Hence there is an edge g such that
each perfect matching containing g contains e or f. Hence My = M, = M.
So, as before, each of G—e— f, G—e—g, G— f — g is bipartite. Hence each
odd circuit in G contains exactly one edge from each pair taken from e, f, g,
a contradiction. End of Proof of Claim 3

Each maximal barrier of G — e is simple

We fix an edge e with G — e matching-covered. Let e connect vertices v; and
V2.

Claim 4. Let B be a maximal barrier of G—e. Then B is simple and G/K (B)
is a brick.

Proof of Claim 4. As the claim is trivial if |B| = 1, we can assume |B| > 2;
that is, B is nontrivial. Since G' has no nontrivial barrier, B is not a barrier
of GG, and hence e connects two different components of G — e — B.
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By Theorem 38.4, each component K of G — e — B is factor-critical. So
it suffices to show (by Theorem 38.3) that G[K(B)] is 2-connected. In other
words, G — e — B has precisely one block??.

Let K denote the collection of components of G — e — B, and let £ denote
the collection of blocks of G — e — B. For K € K, let L denote the set of
blocks of G[K].

It is useful to state the following formulas (38.23) and (38.25). For any
perfect matching M of G and any K € K one has

(38.23) > (ML) 1) = |MN6K)| - 1.
LeLlk

This can be shown inductively as follows. Consider any subsets U’ and U” of

a set U of vertices with U' UU"” = U, |[U'NU"| =1, and no edge connecting

UN\U"” and U"\U’. Then |MN§(U)|—1 = (|IMN§(U")|-1)+(MnsU")|-1),

since

(38.24) IMNSUN|+IMNsU")| = IMnNSU'uU") |+ |Mno(U'NnT")|
=|MnéU) +1.

One also has

(38.25) > (M AS(K)| 1) =2[M N {e}],

KeK

since

(38.26) Z IMNo(K)| =|Mn§B)| +2|Mn{e}| =|B|+2|Mn{e}
KeK
= K| +2|M N {e}|.

Suppose now that the claim is not true — that is, |£| > 2. We derive:

(38.27) for each L € L and for each edge f € §(L), G has a perfect
matching M with M Né(L) = {f}.

Indeed, if f # e, let M be a perfect matching of G —e containing f. By (38.23)
and (38.25), M intersects (L) in exactly one edge. So M Ndo(L) = {f}.

Suppose next that f =e. As |£]| > 2 by assumption, there exists a block
L' # L. As G has no tight nontrivial cuts, G has a perfect matching M with
|M N &(L')| > 3, and hence by (38.23) and (38.25), |M N J§(L)| = 1, that is,
M N §(L) = {e}. This proves (38.27).

Now for each L € L there exists a perfect matching M with |[MN&(L)| > 3,
and hence, by (38.23) and (38.25), [M Ndé(L)| = 3 and [M NJ(L')| =1 for all
other L’ € L. Moreover, let N be a perfect matching not containing e. Then
adding an appropriate integer multiple of Y™ — xV to = we can achieve that
x(6(L)) = 0, while 2(§(L")) does not change for any other L' € L.

As we can do this for all L € £, we can assume that

22 A block of a graph H is an inclusionwise maximal set L of vertices with |L| > 2 and
with G[L] 2-connected.
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(38.28) z(6(L))=0for all L € L.
Since z is in the perfect matching space, with (38.23) this gives that
(38.29) 2(0(K)) =0 for all K € K.

Moreover, x, = 0, since

(38.30) 22, = Y 2(6(K))—x(6(B)) = —x(3(B)) =— Y _ x(5(v)) =0.
KeK vEB

Let H be the matching-covered bipartite graph obtained from G — e by
contracting each K € K to a vertex. Since z(6(K)) = 0 for each K € K and
x(d(v)) = 0 for each v € B, and since x. = 0, we know from Corollary 20.12a
that ©|EH is in the perfect matching lattice of H. Now for each K € K and
for each f € §(K) with f # e, there exists a matching M in G — e containing
f, and hence there is a matching with union K \ {v}, where v is the vertex in
K incident with f. We therefore can extend each perfect matching of H to
a perfect matching of G — e intersecting each §(K) in one edge. This implies
that we may assume that z; = 0 for each f € 6(B).

Hence each edge f with z; # 0 is spanned by some L € L. Let £’ be the
collection of those blocks L € £ spanning at least one edge f with x; # 0.
We choose x satisfying all previous assumptions and such that |£'] is as small
as possible.

As each K € K is factor-critical, each L € L is factor-critical. Hence, by
Theorem 38.3,

(38.31) G/L is a brick for each L € L.
Moreover,

(38.32) we can assume that, for each L € £ with G/L the Petersen graph,
there is a 5-circuit C' in G[L] with z(EC) even.

Indeed, choose any 5-circuit C in G[L], and suppose that (EC) is odd. Let
M be a perfect matching in G with |[M N §(L)| = 3. By Theorem 38.2, we
can modify M on the edges spanned by L so as to obtain a perfect matching
N with |N N EC| having parity different from |M N EC|, and such that M
and N coincide for all edges not spanned by L. Now adding x™ — x% to z
makes z(EC) even, and does not invalidate our previous assumptions. This
shows (38.32).
We show next:

(38.33) for each Lo C £ with zy = 0 for each f € §((JLo), one has
Lo C L.

We show this by induction on |Lo|. If Lo = 0, this is trivial. If Lo # 0, we
can choose an L € L such that L has a vertex v such that each L' € £y with
L’ # L is disjoint from L\ {v}. Hence each f € 6(L) with z; # 0 is incident
with v. By (38.31) and (38.32), x| E(G/L) is in the perfect matching lattice
of G/L. So
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(38.34)  2|E(G/L) =Y Aux™,
M

where M ranges over perfect matchings of G/L and where Ay € Z. Let M
denote the collection of perfect matchings of /L not containing an edge
leaving L at v. So if f € M € M and f is incident with L, then x; = 0.
By (38.27), for each f € 6(L) we can choose a perfect matching Ny of G/L
containing f. Then for each perfect matching M of G/L, let M:=MU Ny
where f is the edge of M leaving L. Then, by replacing x by

(3835)  o— > Ay,
MeM

x changes only on edges spanned by L, and we achieve that x; = 0 for each
edge f € d(v) spanned by L. Hence for £j := Ly \ {L} we have z; = 0 for
each f € 6(lUL(). Therefore, by the induction hypothesis, £ C L. So z; =0
for each f € 0(L). Hence, taking the Ay; as above, by replacing x by

(38.36) - A,
M

where M ranges over all perfect matchings of G/L, we achieve that z| E(G/L)
= 0. This proves (38.33).
Applying (38.33) to Ly := L, we derive that = 0, a contradiction.
End of Proof of Claim 4

We remind that for each maximal nontrivial barrier B of G — e one has
e € §(K(B)) and:

(38.37) for each perfect matching M of G:e € M < |MNJ(K(B))| =
3.

Pairs of simple barriers of G — e

Claim 5. Let By and Bs be simple barriers of G — e and let J; :== B; UI(B;)
(for i = 1,2), with J1 NJo = 0 and v; € J; (for i = 1,2). Then H :=
G —e/Jy/Jy is not a brick.

Proof of Claim 5. Suppose that H is a brick. By adding an appropriate
integer multiple of Y™ — x¥ to x, where M and N are perfect matchings in G
containing e and not containing e, respectively, we can achieve ., = 0. Then,
since 2(6(v)) = 0 for each vertex v, we have that 2(6(J1)) = x(6(J2)) = 0. As
G —e/Jy and G — e/ J; are bipartite and as H is a brick, it follows that the
respective projections of & belong to the perfect matching space of G —e/.Ji,
G —e/Js, and H.

As z is not in the perfect matching lattice of G, by Theorem 38.6 at
least one of these projections is not in the corresponding perfect matching
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lattice. As G —e/J; and G — e/J, are bipartite, it follows (as G is a minimal
counterexample to Theorem 38.11) that H is the Petersen graph and that
z(EC) is odd for some 5-circuit C' in H disjoint from vertices J; and Jy of
H. Then it suffices to show:

(38.38) G has perfect matchings M and N, each containing e, such that
M and N intersect EC in different parities,

since then adding x™ — xV to z turns the parity of 2(EC).
To prove (38.38), let

(38.39) X :=VG\ (1 UJ) = K(By) N K(B).
So VH = X U{Jy, Jo}. We first show that for ¢ = 1,2:

(38.40) if |.J;| > 3, and a and b are distinct neighbours of vertex J; of H
with a,b € X, then {aJ;,bJ;} is the image of a matching in G.

To see this, we can assume that ¢ = 1.

If J; and Js are adjacent vertices of H, then a and b are the only neigh-
bours of J; in X. Choose z € By. As G is bicritical, G — v; — z has a perfect
matching M. Then M matches up all vertices in J5 \ {z}. Moreover, all but
two vertices in B; are matched with vertices in I(B;)\ {v1 }. Hence two edges
of M connect B; and K. So M contains edges connecting a and b with Bj.

If J; and J> are nonadjacent vertices of H, let z be the vertex distinct from
a, b adjacent in H to J;. Since G is bicritical, G —v; — 2z has a perfect matching
M. All but two vertices in B; are matched with vertices in I(By)\{v1}. Since
M misses z, M contains edges connecting a and b with B;. This shows (38.40).

Moreover, we have:

(38.41) if J; and Jo are adjacent vertices in H, and |J;| > 3 and |Jo| > 3,
then J; has a neighbour a; in X, and Jy has a neighbour as in
X, such that {ayJ1, J1J2, Jaaz} is the image of a matching in G.

Let f be an edge of G—e connecting J; and J. By (38.40), J; has a neighbour
a1 in X such that there exists an edge connecting a; and J; disjoint from
f. Similarly, J; has a neighbour as in X such that there exists an edge
connecting as and Jo disjoint from f. This gives the a; and as required in
(38.41).

By Theorem 38.2, we can find subsets F; and F5 of the edge set of H
such that for each j =1, 2,

(38.42) (i) each vertex in X is incident with exactly one edge in Fj,

(ii) for each i = 1,2, if |.J;| = 1, then J; is incident with none of the
edges in Fj, and, if |J;| > 3, then J; is incident with exactly
two edges in Fj},

(iii) |F1 N EC| and |F» N EC| have different parities.

(Note that if |J;| = |J2| = 1, then J; and J; are not adjacent, as then
Ji={v1} and Jo = {va}, e = v1ve, and H =G —e.)
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If J; and Jy are adjacent vertices of H and |J;| > 3, |Ja] > 3, we can
choose the F}; such that moreover

(3843) CL1J17 CL2J2 belong to both Fl and F27

where a; and ay are as in (38.41). To see this, note that a; and as are
nonadjacent (as the Petersen graph has no 4-circuit). Then there exist by
Theorem 38.2 subsets F] and Fj of the edge set of H such that for each
j = 1,2, each vertex of H different from a; and as is incident with exactly
one edge in F}, while a; and ay are not covered by F, and such that |F{NEC]
and |Fy N EC| have different parities. Extending the F] with the edges a1/,
and ayJo gives I} as required.
By Theorem 38.7(iii), (38.40) and (38.41), Fy and F; are projections of
perfect matchings M and N of G containing e, as required in (38.38).
End of Proof of Claim 5

This claim can be sharpened as follows:

Claim 6. Let By and Bs be simple barriers of G — e and let J; :== B; UI(B;)
(for i = 1,2), with Jy N Jo = @ and v; € J; (for i = 1,2). Define X :=
V\(J1UJe). If G—e—u is factor-critical for eachw € X and H := G—e/J1/J2
is bicritical, then G/Jy/Jy has a 2-vertex-cut intersecting {J1, J2}.

Proof of Claim 6. If G — u/J; is not 2-connected for some u € X, then
{u, J1} is a 2-vertex-cut in G/J; (since G is 3-connected), hence in G/Jy/Ja,
as required. So we may assume that G —u/J; and G —u/J; are 2-connected
for each u € X.

Let H be bicritical. By Claim 5, H is not a brick. Hence H is not 3-
connected. Let {u,u'} be a 2-vertex-cut of H. If {u,u'} intersects {J1, J2}
we are done. So suppose that {u,u'} is disjoint from {Ji,Jo}. Since G is
3-connected and e connects J; and Jo, we know that {u,u’} separates J; and
Jo. Hence, by Theorem 38.10, we may assume that the components K and
L of G — e — u— v are such that G/(K U {u}) and G/K U {u} are bricks.

Define U := KU{u}. Then G has a perfect matching M with |[MNé(U)| >
3, since G has no nontrivial tight cuts. As each edge in §(U) \ {e} is incident
with u or v/, we know |[M Nd(U)| = 3. Let f € §(U) \ {e} and let N be a
perfect matching in G — e containing f. Then |N N4d(U)| = 1, contradicting
Claim 1. End of Proof of Claim 6

G — e has exactly two maximal nontrivial barriers

By Corollary 24.11a, we know:

(38.44) any two distinct maximal barriers of G — e are disjoint.
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Since each maximal nontrivial barrier B contains N (v1)\{v2} or N(v2)\ {v1}
(as e connects I(B) and K (B)), we know that G —e has at most two maximal
nontrivial barriers. In fact:

Claim 7. G — e has ezxactly two mazimal nontrivial barriers By and Bs.

Proof of Claim 7. First assume that G — e has no nontrivial barriers; that is,
G — e is bicritical. This contradicts Claim 6 for By := {v1} and Bs := {vs}.
(G — e — u is factor-critical for each u € V by (38.3).) So G — e has at least
one maximal nontrivial barrier, By say. Let J; := By U I(B;), and assume
without loss of generality that vy € I(By).

Assume that there is exactly one maximal nontrivial barrier. Then G —
e/Jy has no nontrivial barrier; that is, it is bicritical. By Claim 4, G/.J; is a
brick, and hence is 3-connected. This contradicts Claim 6, taking By := {v2}.
(G — e — u is factor-critical for each u € V'\ J; by (38.3).)

End of Proof of Claim 7

Decomposition of G
Having the two maximal nontrivial barriers By and Bs, assuming vy € I(By)
and vy € I(Bs), we define
(3845) Jl = Bl U I(Bl) and J2 = BQ @] I(BQ)

Note that J; and Jo might intersect. Define J| := Jy \ Ja, J§ := Jo \ J1,
B} := By \ I(Bz), and B} := B} \ I(B;1). By Theorem 38.9, B} and B} are
simple barriers again, with I(B1) = I(By) \ Bz and I(B4) = I(B2) \ B;.

By~ — > OB

(&

B o e IB)

Figure 38.3

Thus we obtain a decomposition of V' into

(38.46)  Bi, By, I(By), 1(B3), Bi1NI(By), B NI(B1),
X = K(Bl) N K(BQ),
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where e connects I(B]) and I(Bj}).
By Theorem 38.9, G — X is bipartite, with colour classes By U I(Bs) and
By UI(By).

G[X] has exactly two components

Claim 8. G[X] is disconnected.

Proof of Claim 8. Consider H := G — e/J;/J}. Note that H is isomorphic
to G —e/J]/Ja, since, if J; N Jy # 0, then J; N J3 has neighbours both in J]
and J4, and nowhere else (by Theorems 38.5 and 38.9).

By Claim 5, H is not a brick. However,

(38.47) H is bicritical.

To see this, choose two distinct vertices v, v’ of H. We can assume that v # J}
and v’ # Jy. (If v = J or v/ = Jp then exchange v and v'.) Let w be equal to
v if v # J; and let w be any vertex in By if v = J;. Similarly, let w’ be equal
to v if v/ # J4 and let w’ be any vertex in B if v/ = Ji. Then G —e —w—w’
has a perfect matching, since {w, w’} is neither contained in B; nor in By. As
By is a simple barrier in G — e, each vertex in I(Bj) is matched to a vertex in
B;. Similarly, each vertex in I(Bj%) is matched to a vertex in Bj. Hence this
perfect matching gives a perfect matching of H — v — v’. This proves (38.47).
By Claim 6, G/.J1/J4 has a 2-vertex-cut {u, v’} intersecting {.J1, J5}. (G—

e — u is factor-critical for each u € X by (38.3).) If {u,u'} = {J1, J5} we are
done. So we can assume that «’ & {J;, J5}. If u = Jy, then «' is a cut vertex of
G — Jp, contradicting Claim 4. If u = Jj, observe that G/Jy/J} is isomorphic
to G/Jy/J2, where the isomorphism brings vertex J; to vertex Jj, and vertex
J4 to vertex Jo. So u' is a cut vertex of G — J, again contradicting Claim 4.
End of Proof of Claim 8

We have that
(38.48) each component of G[X] is even,

as for any v € B}, G[K(Bz)] —u has a perfect matching M. Then trivially no
edge in M connects K (Bs) and Jo. Moreover, no edge in M connects K (B)
and Jp, since e ¢ M (as e is not contained in K (Bs)) and since each vertex
in I(B]) is matched to a vertex in Bj \ {u} (note that J; C K(Ba)).

For any subset L of X, any perfect matching M of G, and any ¢ € {1, 2},
define

(38.49) Ai(M, L) := the number of edges in M connecting L and B;.

Claim 9. For any component L of G[X] and any perfect matching M of G
containing e one has {1 (M, L), \o(M, L)} = {0,2}.
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Proof of Claim 9. Since \y(M, L)+ Xa(M,L) = |M NJ§(L)| is even (as |L| is
even by (38.48)) and since A\;(M, L) < 2 for i = 1,2 (since M has two edges
connecting K (B;) and B;), it suffices to show that A1 (M, L) # \o(M, L).

Suppose that A\; (M, L) = A2(M, L). Since e € M, | M NJ§(J7)| = 3. As no
edge connects L and I(B;) (since e is the only edge connecting K(B;) and
I(B;), but v1,vy & L), we have that M has A (M, L) edges connecting L and
Ji. Hence for U := J{ UL,

(3850)  |M &) = |MNSI)| + ML) — 22 (M, L)
=34+ A (M, L)+ \o(M,L) — 2X\ (M, L) = 3.

Moreover, any perfect matching N of G — e satisfies [N N d(U)| = 1. Indeed,
INNG(J7)| =1and [INNG(J2)| = 1. S0 INNH(X)| < 2. Hence if [INNS(U)| > 3,
then N N §(U) contains an edge leaving neither Ji nor Jy. Hence N has an
edge connecting L and X \ L, a contradiction. So [N Ndé(U)| = 1.

We show that both G/U and G'//U are matching-covered, AND THat each
has a unique brick in its brick decomposition, contradicting Claim 1.

Consider G’ := G/ J5. Then G’ is a brick by Claim 4, and L is a nonempty
union of components of G’ — J; — {J2}. Moreover, G’ — e is matching-covered
(since each perfect matching of G — e has exactly one edge in §(.Jz)) and Bj
is a simple barrier of G’ — e. So by Theorem 38.8 (taking Z := X \ L and
vy = J3), G'/U = G/U is matching-covered and has a unique brick in its
brick decomposition.

Let U’ := J,U (X \ L). Similarly, G/U’ is matching-covered and has a
unique brick in its brick decomposition. Since U’ = U U (J; N Jz), we have
UUU’' =JyNJ;y. So G/UJU’ is matching-covered and bipartite. As U’ gives
a tight cut in G/U, also G/U is matching-covered and has a unique brick in
its brick decomposition. End of Proof of Claim 9

Claim 10. G[X] has ezactly two components.

Proof of Claim 10. Let M be any perfect matching of G containing e. Then
Ai(M,X) < 2 for i = 1,2, and hence by Claim 9, G[X] has exactly two
components. End of Proof of Claim 10

Conclusion

Let Ly and Ly be the components of G[X]. For j = 1,2, let Z; be the set
of pairs {b,t'} with b € By, V' € Bj such that L; U {b,0’} is matchable. In
particular, if b € By and b’ € B} are adjacent, then {b,d'} € Z; N Z5. Then

Claim 11. For each j =1,2, any b € N(L;j) belongs to some pair in Z;.

Proof of Claim 11. Asb € N(Lj;), there is an edge f joining b and L;. Let M
be a perfect matching of G—e containing f. Then A1 (M, L;) = X\o(M, L;) = 1,
and hence {b,V'} € Z; for some b'. End of Proof of Claim 11
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Note that if b € N(L;) for some j, then b € B} U B (since X has no
neighbour in I(By) U I(Bs)).

Claim 12. Fach pair in Zy intersects each pair in Zs.

Proof of Claim 12. Suppose to the contrary that there exist disjoint pairs
{b,b'} € Z1 and {c,'} € Zs, taking b,c € By and V', € B). By definition
of Z;, Ly U{b,b'} and Ly U {c,'} are matchable. Moreover, by Theorem
38.7, also J1 \ {b,¢,v1} and J5 \ {V',’,v2} are matchable. Together with e,
this gives a perfect matching M of G containing e with A (M, L) < 1 and
A2(M, Ly) < 1. This contradicts Claim 9. End of Proof of Claim 12

Clazm 15. Zl n Z2 = (Z), |Bl| = |BQ| = 2, I(Bl) mBg = I(BQ) n Bl = (Z),
B1 U Bs is a stable set, and Z1 and Zy are perfect matchings on B1 U Bs.

Proof of Claim 13. We have |[N(L;) N B;| > 2 for j = 1,2 and i = 1, 2, since
(for j = 1,4 =1, say) L; has at least two neighbours in K(Bs) (as G[K(Bz)]
is 2-connected), which must belong to Bj.

Assume that Z3 N Zy # 0. Let {c,c'} € Z3 N Zy with ¢ € By and ¢’ € BS.
We can choose b € N(L1) N By with b # ¢. Then {b,¢'} € Z; (by Claims 11
and 12). We can choose b’ € N(Lq) N B with & # ¢/. Again, {V/,c} € Z3. As
{b,c'} and {¥’,c} are disjoint, this contradicts Claim 12. So Z3 N Zy = 0.

Then B; U B) is a stable set, since if there is an edge connecting b € By
and b € B, then Ly U {b,b'} and Ly U {b,b’} are matchable, and hence
{b,V'} € Zy N Z3, a contradiction.

This implies By N I(Bg) = B, since otherwise there is an edge connecting
b€ BiNI(By) and b’ € By = By \ I(B1) (since By N I(Bz) has more than
|By N I(Bs)| = |B2NI(By)] neighbours in By, by Theorem 38.5). Hence, by
(38.17)(iii), By N I(By) = (. So B, = By.

Next, for each j = 1,2, no two pairs in Z; intersect. For assume that
{b,b'}, {b, '} belong to Z; with ¥/, ¢’ different vertices in By. As |N(L2) N
By| > 2, we can choose (by Claim 11) {d,d'} € Z, with d € By and d # b.
However, then d’ = b’ and d’ = ¢’ by Claim 12, a contradiction, as b’ # c’.

So Z; consists of disjoint pairs. As each pair in Z; intersects each pair in
Z3, we have that each Z; consists of two disjoint pairs, that Z; and Z3 cover
the same set of vertices, and that Z; N Z3 = (). In particular,

(38.51) IN(X)N B =|N(X)N By =2.

Finally we show that |B;| = 2 for ¢ = 1,2. Suppose that (say) |Bi| > 3.
Then |I(By)] > 2. Choose v € I(B1) \ {v1}. As G is bicritical, G — v — v; has
a perfect matching M. Necessarily, at least three edges of M connect By and
K(By), hence (as By U By is stable) M has at least three edges connecting
X and Bj. So |[N(X) N By| > 3, contradicting (38.51).

End of Proof of Claim 13

This claim in particular implies that
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(38.52) vy and vy have degree 3
(since all neighbours of v; belong to By U {v2}). We can set

(38.53) By ={b1,b}}, Ba = {ba, 05},
Zy = {{b1, 05}, {1, b2}}, Zo = {{b1, bo}, {b7, b3 }}.

Claim 14. L; U B; is matchable for all i,j € {1,2}.

Proof of Claim 14. We may assume ¢ = 2, j = 1. Let M and N be matchings
spanning L1 U {b}, b2} and Ly U {by, b} }, respectively. The path P in M U N
starting at b} ends at bj, as if P would end at by, then L;U{b1, b2} is matchable
(while {b1,b2} € Z7), and if it would end at by, then L; U {b1,b],be, b5} is
matchable, implying that G has a perfect matching M’ containing e with
M (M’ Ly) = M(M', Ly) = 2, contradicting Claim 9. So MAEP is a perfect
matching on L U {bo, b5 }. End of Proof of Claim 14

Claim 15. G — €' is matching-covered for each edge €' of G.

Proof of Claim 15. Since G is connected and e is chosen arbitrarily under the
condition that G — e is matching-covered, we can assume that €’ is incident
with e. In particular, we can assume that ¢’ connects v1 and b;. Suppose that
G — ¢’ is not matching-covered. Then there exists an edge f # €’ such that
each perfect matching of G containing f also contains €’. So f is disjoint from
€.

First assume that f is incident with vo. We may assume that f connects
vy with vertex be. By definition of Z1, L1 U {b1,b,} is matchable. Since also
Lo is matchable, we can find a perfect matching of G containing f but not
e’, contradicting our assumption.

So we may assume that f is incident with L;. Let M’ be a perfect
matching of G containing f. If M’ does not intersect 6(L;), we can extend
M'[L1]U{v1b], vabs} by a matching spanning Lo U{b;, b2} to obtain a perfect
matching containing f but not €/, a contradiction. So M’ intersects 6(L1).
Hence, necessarily, it contains an edge joining L; with b] (as ¢’ € M’). So
also it contains an edge joining L1 and by. Therefore, M’ contains a matching
M spanning L; U {b},b2}. Let N be a matching spanning L; U {b1, b5}

Like in Claim 14, the path P in M UN starting at b} ends at b}. Similarly,
the path Q in M U N starting at by ends at b;. At least one of MAEP
and MAEQ contains f (since f is in M and on at most one of P,Q). As
LoU{by, b} } and Ly U{bs, b} are matchable (by Claim 14), there is a perfect
matching containing f and not €', a contradiction. End of Proof of Claim 15

This gives with (38.52) that
(38.54) G is 3-regular,

since by Claim 15 we can take for e any edge of G.
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Proof of Claim 16. Since G is 3-regular, each b € By U By has a unique
neighbour in Lj, for each j = 1,2. In fact, for any j = 1,2,

(38.55) if b e By, b € By, and {b,b'} € Z;, then the neighbours of b and
b’ in L; coincide.
For assume that the neighbour ¢ of b in L; differs from the neighbour ¢’ of b’
in L;. As G is bicritical, G — ¢ — ¢’ has a perfect matching M. Let M’ be the
set of edges in M intersecting L;. As |L;| is even, M’ spans either L; —c— ¢’
or (L —c—¢)U(By —b)U (B — V). Extending M’ with the edges bc and
b'c’, we obtain a matching spanning L; U {b,b'}, contradicting {b,V'} ¢ Z;,
or spanning L; U By U By, contradicting Claim 9. This shows (38.55).
Now (38.55) implies that N(B;) N Ly = N(Bz) N L;. As this set is not a
2-vertex-cut of G, we have |L1| = 2. Similarly, |Ls| = 2.
End of Proof of Claim 16

So both Ly and Lo consist of a single edge. Therefore, G is the Petersen
graph, contradicting our assumption. |

38.7. Synthesis and further consequences of the previous
results

The previous results imply a characterization of the matching lattice for
matching-covered graphs (Lovédsz [1987]):

Corollary 38.11a. Let G = (V,E) be a matching-covered graph and let
x € Z¥. Then x belongs to the perfect matching lattice of G if and only if for
some maximal cross-free collection F of nontrivial tight cuts:

(38.56) (i) (D) = x(6(v)) for each D € F and each v € V;
(ii) for every Petersen brick resulting from the given tight cut de-
composition, and for some 5-circuit C' in that brick, the sum
of the x. over edges e mapping to EC, is even.

Proof. Directly from Theorems 38.6, 38.1, and 38.11. |
Corollary 38.11a implies the following (conjectured by Lovész [1985]):

Corollary 38.11b. Let G = (V,E) be a matching-covered graph and let
x € 2ZF be such that x(C) = x(C") for any two tight cuts C and C'. Then x
belongs to the perfect matching lattice of G.

Proof. Directly from Corollary 38.11a. |
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Moreover, there is the following corollary for regular graphs (recall that
a k-graph is a k-regular graph with |C| > k for each odd cut):

Corollary 38.11c. Let G = (V, E) be a k-graph. Then the all-2 vector 2
belongs to the perfect matching lattice of G. If G has no subgraph homeo-
morphic to the Petersen graph, then the all-1 vector belongs to the perfect
matching lattice of G.

Proof. Directly from Corollary 38.11a. |

A special case is the following result of Seymour [1979a], which also fol-
lows from the conjecture of Tutte [1966], proved by Robertson, Seymour,
and Thomas [1997], Sanders, Seymour, and Thomas [2000], and Sanders and
Thomas [2000], that each bridgeless cubic graph without Petersen graph mi-
nor, is 3-edge-colourable.

Corollary 38.11d. Let G = (V, E) be a bridgeless cubic graph without Pe-
tersen graph minor. Then the all-1 vector 1 belongs to the perfect matching
lattice of G.

Proof. This is a special case of Corollary 38.11c. |

Similarly, the following consequence, a theorem of Seymour [1979a], sup-
ports a positive answer to the question of Fulkerson [1971a] whether each
cubic graph G satisfies x'(G2) = 6:

Corollary 38.11e. Let G = (V, E) be a bridgeless cubic graph. Then the
all-2 vector 2 in RE belongs to the perfect matching lattice of G.

Proof. Again, this is a special case of Corollary 38.11c. |

38.8. What further might (not) be true

The conjecture that the perfect matchings in any graph would constitute a
Hilbert base, is too bold: Let G be the graph obtained from the Petersen
graph by adding one additional edge (connecting nonadjacent vertices of the
Petersen graph). Let x. := 1 if e is an edge of the Petersen graph, and z. := 0
if e is the new edge. Then z belongs to the perfect matching cone?? and to the
perfect matching lattice (since G is a brick). However, x is not a nonnegative
integer combination of perfect matchings, since the Petersen graph is not
3-edge-colourable. (This example was given by Goddyn [1993].)

Two weaker conjectures might yet hold true. The first one is due to L.
Lovész (cf. Goddyn [1993)):

23 The perfect matching cone is the cone generated by the incidence vectors of the perfect
matchings.
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(38.57) (?) for any graph without Petersen graph minor, the incidence
vectors of the perfect matchings form a Hilbert base. (7)

The second one was given in Section 28.6 above ((28.28)), and is due to
Seymour [1979a] (the generalized Fulkerson conjecture):

(38.58) (?7) each k-graph contains 2k perfect matchings, covering each
edge exactly twice. (?)

(A k-graph is a k-regular graph G = (V, E) with dg(U) > k for each odd
U CV.) For k = 3, (38.58) was asked by Fulkerson [1971a]:

(38.59) (?7) each bridgeless cubic graph has 6 perfect matchings covering
each edge precisely twice. (?)

What has been proved by Robertson, Seymour, and Thomas [1997], Sanders,
Seymour, and Thomas [2000], and Sanders and Thomas [2000] is:

(38.60) each bridgeless cubic graph without Petersen graph minor is 3-
edge-colourable.

This is a special case of conjecture (38.57), and of the 4-flow conjecture of
Tutte [1966]:

(38.61) (?7) each bridgeless graph without Petersen graph minor has three
cycles covering each edge precisely twice. (?)

(A cycle is an edge-disjoint union of circuits.) Related is the following theorem
of Alspach, Goddyn, and Zhang [1994]:

(38.62) the circuits of a graph G form a Hilbert base <= G has no
Petersen graph minor.

It implies that the circuit double cover conjecture (asked by Szekeres [1973],
conjectured by Seymour [1979b]):

(38.63) (?) each bridgeless graph has a family of circuits covering each
edge precisely twice, (?7)
is true for graphs without Petersen graph minor:

(38.64) each bridgeless graph without Petersen graph minor has a family
of circuits covering each edge precisely twice.

(For cubic graphs this was shown by Alspach and Zhang [1993].) This is also
a special case of the 4-flow conjecture (38.61).
Seymour [1979b] conjectures that

(38.65) (?) each even integer vector z in the circuit cone is a nonnegative
integer combination of incidence vectors of circuits. (?)

This is more general than the circuit double cover conjecture.
Bermond, Jackson, and Jaeger [1983] have proved that
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(38.66) each bridgeless graph has a family of circuits covering each edge
precisely four times.

Tarsi [1986] mentioned the following strengthening of the circuit double cover
conjecture:

(38.67) (?) in each bridgeless graph there exists a family of at most 5
cycles covering each edge precisely twice. (?)

Finally, the 5-flow conjecture of Tutte [1954a]:
(38.68) (?7) each bridgeless graph has a nowhere-zero 5-flow, (?)
can be formulated in terms of circuits as follows (by Theorem 28.4):

(38.69) (?) each bridgeless graph can be oriented such that there exist
directed circuits, covering each edge at least once and at most
four times. (7)

Seymour [1981b] showed that each bridgeless graph has a nowhere-zero 6-
flow; equivalently:

(38.70) each bridgeless graph can be oriented such that there exist di-
rected circuits, covering each edge at least once and at most five
times.

It improves an earlier result of Jaeger [1976,1979] that each bridgeless graph
has a nowhere-zero 8-flow. This is equivalent to: each bridgeless graph con-
tains three cycles covering all edges.

Notes. More on nowhere-zero flows and circuit covers can be found in Itai, Lipton,
Papadimitriou, and Rodeh [1981], Bermond, Jackson, and Jaeger [1983], Bouchet
[1983], Steinberg [1984], Alon and Tarsi [1985], Fraisse [1985], Jaeger, Khelladi,
and Mollard [1985], Tarsi [1986], Khelladi [1987], Méller, Carstens, and Brinkmann
[1988], Catlin [1989], Goddyn [1989], Jamshy and Tarsi [1989,1992], Fan [1990,1993,
1995,1998], Jackson [1990], Zhang [1990,1993c], Raspaud [1991], Alspach and Zhang
[1993], Fan and Raspaud [1994], Huck and Kochol [1995], Lai [1995], Steffen [1996],
and Galluccio and Goddyn [2002]. Surveys were given by Jaeger [1979,1985,1988],
Zhang [1993a,1993b], and Seymour [1995a], and a book was devoted to it by Zhang
[1997b]. The extension to matroids is discussed in Section 81.10.

38.9. Further results and notes

38.9a. The perfect 2-matching space and lattice

Let G = (V, E) be a graph. The perfect 2-matching space of G is the linear hull of
the perfect 2-matchings in G. This space is easily characterized with the help of
Corollary 30.2b:
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Theorem 38.12. The perfect 2-matching space of G consists of all vectors x € RF
such that x. = 0 if e is not in the support of any perfect 2-matching and such that
z(0(v)) = z(6(u)) for all u,v € V.

Proof. Clearly each vector z in the perfect 2-matching space satisfies the condition.
To see the reverse, let x satisfy the condition. By adding appropriate multiples of
perfect 2-matchings, we can assume that x > 0. If x = 0 we are done, so we can
assume z # 0. Then, by scaling, we can assume that 2(6(v)) = 2 for each vertex v.
Hence, by Corollary 30.2b, x belongs to the perfect 2-matching polytope of F', and
therefore to the perfect 2-matching space.

The perfect 2-matching lattice of G is the lattice generated by the perfect 2-
matchings in G. Jungnickel and Leclerc [1989] showed that a characterization of the
perfect 2-matching lattice can be easily derived from the theorem of Petersen that
the edges of any 2k-regular graph can be decomposed into k 2-factors (Corollary
30.7b):

Theorem 38.13. The perfect 2-matching lattice of G consists of all integer vectors
x in the perfect 2-matching space of G with x(5(v)) even for one (hence for each)
vertexr v.

Proof. Trivially, each vector x in the perfect 2-matching lattice satisfies the con-
dition. To see the reverse, let = satisfy the condition. By adding integer multiples
of perfect 2-matchings, we can assume that x > 0. Replace each edge e by x.
parallel edges, yielding graph G’, of degree 2k for some integer k¥ > 0. Now by
Corollary 30.7b, the edges of G’ can be partitioned into k 2-factors. This gives a
decomposition of x as a sum of k perfect 2-matchings in G. |

38.9b. Further notes

De Carvalho, Lucchesi, and Murty [2002a,2002b] showed that each brick G different
from K4, the prism Cs, and the Petersen graph, has an edge e such that G — e
is a matching-covered graph with precisely one brick in its brick decomposition
(conjectured by L. Lovdsz in 1987). Having this, the proof of Theorem 38.11 can be
shortened considerably (de Carvalho, Lucchesi, and Murty [2002¢]). (Earlier related
work was done by de Carvalho and Lucchesi [1996].)

Naddef and Pulleyblank [1982] study the relation between ear-decompositions
and the GF(2)-rank of the incidence vectors of the perfect matchings.

Kilakos [1996] characterized the lattice generated by the matchings M that
have a positive coefficient in at least one fractional x'*(G)-edge-colouring (these
matchings form a face of the matching polytope of G).
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