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1 Introduction

Matching problems form one of the central topics of combinatorial optimization. In an ordinary matching,
each vertex may be incident to at most one selected edge, while in a perfect matching every vertex is incident
to exactly one selected edge. The concept of a b-matching generalizes this condition by prescribing a demand
value b(v) for every vertex v. A perfect b-matching is a selection of edges, possibly with multiplicities, such
that each vertex v is incident to exactly b(v) edge units. Therefore the ordinary perfect matching is the special
case b(v) = 1 for every vertex. The minimum-cost perfect b-matching problem is finding a perfect b-matching
with minimum total edge cost. This problem can be reduced to an ordinary perfect matching problem by
replacing each vertex v with b(v) copies and replacing each original edge uv by all possible edges between the
copies of u and the copies of v. This observation shows that b-matchings are conceptually close to ordinary
matchings. However, the reduction may substantially increase the size of the graph. For this reason, it is
natural to study algorithms and polyhedral methods that work directly on the original graph and on the vector
b.

Following the classification used by Miller and Pekny [13], algorithms for b-matching problems can be
viewed through three main approaches: direct, reduction-based, and polyhedral. The direct approach tries
to generalize matching algorithms themselves. It uses ideas such as alternating trees, shrinking, expansion,
and path-transfer operations. Edmonds’ blossom algorithm for ordinary matchings [6] is the starting point
of this line of work. For b-matchings, direct algorithms must deal with the additional difficulty that a
vertex may have demand larger than one and that edge variables may have values greater than one. The
algorithms of Pulleyblank [16] and Urquhart [19] are based on the ideas of Edmonds’ algorithm. Cunningham
and Marsh gave the first polynomial-time algorithm for the optimum b-matching problem [4, 12] with
running time O(n*mlog B), and Anstee later gave a strongly polynomial alternative algorithm based on
first solving a half-integral relaxation and then converting the solution to an integral one [1]. Pulleyblank’s
work on matching polyhedra also provides one of the foundational algorithmic frameworks for weighted
b-matchings [16]. More recently, Gabow developed data structures for weighted matchings and extended
them to b-matchings and f-factors [7], for weighted b-matchings this gives a bound on the running time of
O (min {b(V),nlogn} (m + nlogn)), where n = |V|,m = |E|, and b(V) = ey b(v). This represents one of
the strongest currently available general direct algorithmic bounds for the weighted b-matching setting.

The reduction approach transforms the b-matching problem into another, better-understood problem. The
vertex-copying construction mentioned above is the simplest example: it reduces perfect b-matchings to
ordinary perfect matchings, but at the cost of a potentially large expansion. Other reductions use auxiliary
or incremental graphs, network-flow formulations, or transportation-type relaxations. This viewpoint is
useful because bipartite transportation and minimum-cost flow problems have strongly polynomial algorithms
[18, 14]. In the staged framework of Miller and Pekny [13], the first stage solves a transportation-type
degree relaxation, producing a half-integral solution, and the second stage then removes the remaining
fractional structure through combinatorial operations. The reduction approach is therefore often effective as
a component of a larger algorithm, even when the full h-matching problem itself is not solved by a single
compact reduction.

The polyhedral description of the problem is based on the degree constraints and on blossom inequalities.
The degree equations

x(6(v)) = b(v) YveV

together with x > O give the degree relaxation. This relaxation is not integral in general, the missing
inequalities are the b-odd blossom inequalities. For a set S C V, write b(S) = ;<5 b(v). If b(S) is odd, then
every perfect b-matching must satisfy x(6(S)) > 1. Together with the degree equations and nonnegativity
constraints, these inequalities describe the perfect b-matching polytope [16, 17]. In this sense, they play the

same role as Edmonds’ odd-set inequalities in the ordinary perfect matching problem [5, 6].



The polyhedral approach starts from the linear programming relaxation and enforces the missing blossom
inequalities. Padberg and Rao gave a polynomial-time separation algorithm for odd cut-sets and b-matching
inequalities [15]. This result makes it possible, at least in principle, to solve the problem by repeatedly solving
linear programs and adding violated blossom inequalities. Later work refined and analyzed separation for
these inequalities further [10]. Cutting-plane implementations for matching problems were also studied by
Grotschel and Holland [8], who combined simplex-based LP methods with separation procedures. However,
a black-box cutting-plane method does not automatically give a useful bound on the number of iterations.
The choice of which new cuts to add and which old cuts to keep can strongly affect the structure of the
intermediate LP optima and the number of iterations needed to obtain an optimal solution.

A major motivation for this thesis was the result of Chandrasekaran, Végh and Vempala on the ordinary
minimum-cost perfect matching problem [3]. They showed that a carefully controlled cutting-plane method
using only Edmonds’ blossom inequalities can be made polynomial. The algorithm maintains a laminar
family of active blossom inequalities, keeps only old cuts that are important from the dual point of view,
and adds new cuts in a way that preserves a half-integral structure of the next LP optimum. The number
of odd cycles in the support of the half-integral solution acts as a convergence potential, and the algorithm
terminates after O(n log n) cutting-plane iterations.

The first main topic of this thesis is to study how this cutting-plane framework can be adapted from
ordinary perfect matchings to perfect b-matchings. In the b-matching setting, odd cardinality sets are replaced
by b-odd sets, and the factor-critical structures used in the proof have to be modified to take the vertex
demands into account. The main difficulty is that after contractions and expansions, the fractional part of
a solution need not be a disjoint union of odd cycles in the original graph. Therefore the half-integrality
arguments used for ordinary matchings must be replaced by a weaker invariant that is still strong enough to
identify violated b-odd blossom inequalities.

The second main algorithmic viewpoint studied in the thesis is the staged primal-dual algorithm of Miller
and Pekny for perfect b-matchings with edge capacities [13]. Their algorithm is mainly combinatorial. It
first solves a relaxation that enforces the degree constraints and then removes the remaining half-integral
fractional structure by using alternating trees, supervertices, shrinking, expansion, dual updates, and transfer
operations. Although this method is not presented as a cutting-plane algorithm, the supervertices created
during the algorithm correspond to blossom-like structures.

The work of Bunch [2] is also relevant in this comparison. His method uses a simplex-based primal-dual
framework for the perfect b-matching problem, combining LP-based cutting planes with combinatorial
information from matching algorithms. In this sense, it lies between the purely polyhedral cutting-plane
viewpoint and the direct primal-dual combinatorial approach.

The structure of the thesis is as follows. First, the basic notation, definitions, and polyhedral back-
ground for b-matchings are introduced. This includes the degree relaxation, the blossom inequalities, the
dual variables, and the half-integrality properties used later. The next part studies the adaptation of the
Chandrasekaran—Végh—Vempala cutting-plane algorithm to the perfect b-matching problem. The final part of
the thesis considers the adaptation of the Miller—Pekny algorithm to the uncapacitated perfect b-matching
setting.



2 Preliminaries on b-matchings

This section introduces the basic notation and polyhedral background for perfect b-matchings, following
the terminology and results of Schrijver’s [17] chapter on b-matchings. We first recall the definitions of
b-matchings and perfect b-matchings and introduce the cut and degree notation used throughout the thesis.
After this, we state the polyhedral description of the b-matching and perfect b-matching polytopes. Since the
later cutting-plane arguments rely on blossom inequalities and their dual variables, we also introduce the
corresponding LP relaxations and dual programs.

2.1 Basic notation and definitions

Let G = (V, E) be a finite undirected graph. Unless stated otherwise, the graph is loopless, but parallel edges
are allowed. For a set S C V, E[S] denotes the set of edges with both endpoints in §, while 6(S') denotes the
set of edges with exactly one endpoint in S. For a single vertex v € V, we use the notation 6(v) instead of
o({v}). The degree of v in G is denoted by dg(v), or simply by d(v) if the graph is clear from the context. If
x € RE and F C E, then x(F) := Z X.. In particular, x(6(v)) = Z Xe.

eeF eco(v)

Definition 2.1.1. A demand vector is a function b : V — Z-o. For S C V, b(S) := Z b(v).

vesS

Definition 2.1.2. A set S C V is called b-odd if b(S) is odd.

Definition 2.1.3. A b-matching in G is an integer vector x € Zgo satisfying
x(6(v)) < b(v) YveV.

A b-matching x € Zgo is called perfect, if
x(6(v)) = b(v) YveV.

An ordinary matching is obtained as the special case b(v) = 1 for every v € V. In this case, the variables
are necessarily binary. In the general b-matching setting, an edge may be used with multiplicity greater than
one.

2.2 Polyhedral descriptions
Theorem 2.2.1. The b-matching polytope of G is the convex hull of all b-matchings:
Py(G) := convix € ZE : x(6(v)) < b(v) Vv € V}.

The b-matching polytope is determined by

X =0 Ve € E,
x(0(v)) < b(v) Yv ey,
x(E[U)) < {@J YU C V with b(U) odd.

Proof. Let Q denote the polyhedron in the statement of the theorem.
First, every b-matching satisfies these inequalities. Nonnegativity and the degree inequalities are immedi-
ate. If U C V is b-odd and x is a b-matching, then

2X(E[U]) < Z x(6(v)) < b(U).

veU
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Since 2x(E[U]) is even and b(U) is odd, this implies 2x(E[U]) < b(U) — 1, and therefore

b(U)-1 _|bU)
2 2|

x(E[U]) <

Thus the b-matching polytope is contained in Q.

It remains to prove the reverse inclusion. Let x € Q. We construct a graph G” = (V?, E?) by splitting
each vertex v € V into b(v) copies. Denote the set of copies of v by B, := {v',...,v"™}. For every edge
uv € E, and for every pair u’ € By, v/ € B,, we add an edge u'v/ to G”. This way uv is replaced by b(u)b(v)
copy-edges.

Define ¥ € RE’ by X, = for every copy-edge u'v/ corresponding to uv € E.

Xy
b(u)b(v)
We show that % belongs to the ordinary matching polytope of G”. By the matching polytope theorem of

Edmonds[5], it is enough to prove that
%20 VeeE’,
6N <1 Ywe VP,
and
W

TEP[W)) <{ > J YW C VP with |W| odd.

The nonnegativity constraints are immediate. Now fix a copy u’ € B,,. Then

b(v)

B Xuy _ X(6G(w))
(g (u)) = WZE;EJZ; b(u)b(V) i b(u) ~ b(u) <1

It remains to verify the odd-set inequalities in G®. First note that, although the system for Q only lists the

b(U
inequality x(E[U]) < { (2 )J for b(U) odd, the weaker inequality x(E[U]) < (2 )

holds for every U C V,

since
26(E[U)) < ) x(6(v) < b(U).
velU
Let W C V? be an odd set. We prove X(E’[W]) < [@J by induction on the number of sets B, split by W,
where B, is splitif B, "W # @ and B, ¢ W.
If W splits no set B,, then there exists U C V such that W = U B,. Therefore |W| = b(U), and by the

velU
definition of X, X(E?[W]) = x(E[U])). Since |W| is odd, b(U) is odd, and hence

et~ 22| 2]

Now suppose that W splits at least one set B,. Define W) := W\ B, and W, := WU B,.
Both W and W, split fewer copy-sets than W. By induction, T(EP[W)) < 'Wll and X(E°[W,)) < WTl
Moreover,
HEPIW)) + SEP W) < )" K6 (w)) < [Wl.

weW

Here we use that B, = W, \ W is stable in G?, since G is loopless.
Sot 1o BOWL BAW
T o o H T T

is distributed uniformly among the copies of v, we have

. Then A + u = 1. Since the value of every original edge incident with v

T(EP[W]) = AZ(EP[W1]) + uX(EP[W1)).



Ifa< %, then
X(EP[W]) = (u — DX(E"[W1]) + A(X(E"[W]) + X(E"[Wa]))
W
<(u- /l)l—zll + AW
_wil_|m
2 2
The last inequality holds, because W; ¢ W.
IfaA> %, then

T(E IW]) = (A — p)X(E [Wal) + pu(Z(EP[W1]) + X(EP[Wal))

[Ws|
< —,U)T + pWil

Wil A-pu

=L+ T C W\ W
> + > W \ Wy

Wy 1

=L 4 (B, W| =B, \ W]
2 2

Wil 1

< —+—(B,NnW|l-1

< ==+ 5 (B, W~ 1)

_ w1 _ | wl
2 2

Thus X satisfies all inequalities of the ordinary matching polytope of G?, therefore ¥ is a convex combination

of matchings in G:
k
X:Zai)(Mi, a; >0, Za/,-zl.
i=1 '

Each matching M; of G? projects to a b-matching x’ of G, by defining x{w =Nuvi e M;:u" € B,, v’ € B,}|.
Since M; uses at most one edge incident with each copy of v, the projection satisfies

X)) <b()  YveW
Hence x' is a b-matching.
Finally, the projection of X is exactly x, since for every uv € E,

b(u) b(v)

Z Z Xyrys = b(M)b(V)W = Xyp.

r=1 s=1

k
Thus x = Z @;x', s0 x belongs to the convex hull of the b-matchings. Therefore Q is exactly the h-matching

i=1
polytope. O
Theorem 2.2.2. The perfect b-matching polytope is determined by

x>0 Ve e E,
x(6(v)) = b(v) VYvey,
x(6(U)) > 1 YU C V with b(U) odd.

Proof. Let P,(G) denote the b-matching polytope. The perfect b-matchings are the b-matchings satisfying

x(6(v)) = b(v) YveV.



Therefore the perfect b-matching polytope is the face of P,(G) obtained by replacing the degree inequalities
by equalities.
By the b-matching polytope theorem, this face is described by

x>0 VYe€ E,

x(6(v)) = b(v) Yvevy,

and

x(E[U]) < {@J YU € V with b(U) odd.

We show that, under the degree equalities, the last family of inequalities is equivalent to
x(o(U)) = 1 YU ¢ V with b(U) odd.

Indeed, summing the degree equalities over U gives

b(U) = Z x(6(v)) = 2x(E[U]) + x(6(U)).

veU
b(U b(U)-1 b(U
If b(U) is odd, then { (2 )J = ( ; , hence x(E[U]) < { ( )J is equivalent to
b(U)-1
x(E[U)) < L
2
Using
b(U) — x(6(U)
NGUIRA
this is equivalent to
b(U) — x(6(U)) < b(U)-1
2 - 2 7
and therefore to x(6(U)) > 1. This proves the theorem. O

2.3 LP relaxations and dual formulations

We now introduce the linear programming relaxations and dual programs that are used in the cutting-plane
algorithm. Let ¢ € R” be a cost function on the edges of the graph. The degree relaxation of the minimum-cost
perfect b-matching problem is

(Pg(G, c)) min Z CeXe

ecE
s.t. x(6(v)) =b(v) VYvely,
X =0 Ve e E.

Its dual is
(DY(G,ec))  max D bMII(Y)

veV

s.t. II(u) +II(v) < ¢,y YuvekE.

The variables I1(v) are unrestricted, since the corresponding primal constraints are equalities.



For a family # of b-odd subsets of V, we define the restricted blossom relaxation

(PI(G,c))  min > cox
eck

s.t. x(6(v)) =b(v) VYvevy,
x(0(8)) > 1 VS € F,
Xe >0 Ve e E.

The corresponding dual is

(D] (G.))  max Y bWIIK)+ » TI(S)

vevV SeF
st T(u) + TI(v) + Z T(S) < cuy YuveE,
SeF
uved(S)
T(S) > 0 VS € F.

Again, the vertex variables I1(v) are unrestricted. The variables I1(S ) are nonnegative because the blossom
inequalities are lower bounds in the primal minimization problem. In the later cutting-plane algorithm, ¥
will be a laminar family of active b-odd blossom inequalities.

2.4 Total dual integrality and half-integrality

We also recall the total-dual-integrality properties of these systems. These facts will not be used directly
in the cutting-plane arguments below, but they help distinguish the polyhedral description of the perfect
b-matching polytope from the integrality properties of the corresponding dual systems. In particular, they
show that two formulations may describe the same primal polytope while having different dual properties.

A rational system of linear inequalities is called totally dual integral (TDI), if for every integral objective
vector for which the dual optimum is finite, the dual has an integral optimum solution. Similarly, we say that
a system is fotally dual half-integral if the dual has an optimum solution whose components are half-integral
whenever the objective vector is integral.

The b-odd description of the b-matching polytope,

x. >0 Ve e E,
x(6(v)) < b(v) Yv ey,
x(E[U)) < {@J YU C V with b(U) odd,

is not TDI in general. However, if the last family of inequalities is extended to all subsets U C V, then the
system

X >0 Ve € E,
x(6(v)) < b(v) Yv ey,
x(E[U]) < {@J YyUCV

E

is TDIL. Equivalently, for every integral nonnegative weight function w € Z,,

b-matching is equal to the minimum value of

POEDY {’%JZU

veV ucv

the maximum weight of a
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over integer vectors y € ZZO, ZE€ Zf(()v) satisfying

Yutyt Z U = Wy Yuv € E.

ucv
uveE[U]

The original b-odd system is nevertheless totally dual half-integral. This means that although one
cannot generally expect an integral optimum dual solution for the »-odd formulation, one can still expect a
half-integral optimum dual solution for integral objective functions.

For the perfect b-matching polytope, the blossom-cut formulation

X >0 Ve € E,
x(6(v)) = b(v) VYvey,
x(6(U)) = 1 YU C V with b(U) odd

is generally not TDI either, but it is totally dual half-integral. On the other hand, if the blossom-cut inequalities
are replaced by the internal inequalities taken over all subsets

HEU) < {@J U cv

then the system

X =20 Ve € E,
x(6(v)) = b(v) Yvev,
x(E[U)) < {@J YUCV

is TDI. Under the degree equations, the inequalities for b-odd sets are equivalent to the blossom inequalities
x(6(U)) = 1, while the inequalities for b-even sets are implied by nonnegativity through

b(U) = 2x(E[U]) + x(6(U)).

Therefore both formulations describe the same perfect b-matching polytope, but they have different dual-
integrality properties. In the later cutting-plane algorithm we use the blossom-cut formulation, because its
dual variables correspond directly to the active b-odd cuts.



3 The Chandrasekaran-Végh—Vempala Cutting-Plane Method for Perfect
b-matchings

The aim of this chapter is to extend the cutting-plane framework of Chandrasekaran, Végh and Vempala [3]
from the minimum-cost perfect matching problem to the minimum-cost perfect b-matching problem. In the
original result, the authors show that a carefully implemented cutting-plane method for perfect matchings
terminates after O(nlogn) iterations while using only Edmonds’ blossom inequalities [5]. Throughout
the algorithm they maintain a laminar family of blossom inequalities in a way that the optimum of every
intermediate linear program is unique and proper half-integral, and the number of odd cycles in the support
of the current solution can be used as a convergence potential.

This section follows the same general strategy, but several parts of the original paper have to be modified,
because perfect b-matchings have a more complex structure than ordinary perfect matchings. In the case
b = 1, the degree relaxation has basic feasible solutions whose support consists of matching edges and odd
cycles only. This property is fundamental in the original proof, since every odd fractional cycle immediately
gives a violated blossom inequality. For general b, the degree equations become

x(6(v)) = b(v) Yv ey,

and edge variables may have integral values larger than 1. Although the degree relaxation still has a
half-integral structure, the support of a solution need no longer be a disjoint union of integral edges and
half-integral odd cycles after contractions and unshrinking operations. For this reason, the notion of proper
half-integrality is replaced by a different, weaker notion, called support-proper half-integrality. Instead of
tracking individual odd cycles, the analysis tracks support components that contain an odd number of odd
half-integral Euler components.

The same change also affects the cut-generation rule. In the original algorithm, after retaining the old cuts
with positive dual value, new cuts are generated from odd cycles in the support of the current half-integral
solution. In the b-matching version, the algorithm first contracts the maximal positive-dual sets and then
searches the contracted support for components containing non-integral edges of the required parity. The full
preimages of these components give violated b-odd blossom inequalities. Thus, the role played by odd cycles
in the perfect matching proof is taken over by selected support components in the b-matching proof.

The factor-criticality arguments also require generalization. For matchings, a set is factor-critical if
deleting any one of its vertices leaves a perfect matching in the remaining graph. In the b-matching setting,
deleting a vertex is replaced by creating a one-unit deficit at a chosen vertex u, while all other vertices in the
set keep their original demands. A b-factor-critical set is therefore certified by tight internal b-matchings
satisfying the demand vector bg . This generalized notion is needed for the contraction argument: when a
tight b-odd set S satisfies x(6(S)) = 1, it behaves externally like a single node of demand one. The internal
deficit is then supplied by the unique boundary unit coming from outside.

The convergence proof remains parallel to the original proof, but the potential function changes. Instead
of counting odd cycles, the proof counts support components containing non-integral structure. The auxiliary
half-integral matching procedure used in the original analysis is accordingly replaced by a support-proper
half-integral b-matching procedure. This procedure is not part of the actual cutting-plane algorithm, it is used
only to compare consecutive LP optima and to prove that the potential is non-increasing. When the potential
does not decrease, the proof shows that the newly added cuts persist in later iterations. Together with the
laminarity bound on the number of active blossom inequalities, this yields the same type of O(|V|log|V|)
iteration bound as in the original perfect matching case.

Finally, as in the original paper, a perturbation of the cost function is used to guarantee uniqueness of the
intermediate LP optima. In the b-matching setting, the perturbation must be formulated slightly differently,
since feasible integer directions may have coefficients larger than 1 and depending on the demand vector

10



b. The perturbation ensures uniqueness for all critical laminar relaxations while preserving optimality with
respect to the original integer cost function. Consequently, the cutting-plane method developed in this chapter
returns a minimum-cost perfect b-matching for the original problem, while maintaining a laminar family of
valid b-odd blossom inequalities throughout the algorithm.

3.1 Setup and relaxations

Throughout this chapter we use the notation introduced in Section 2. In particular, G = (V, E) is a finite
undirected graph, b : V — Z¢ is the demand vector, and ¢ : E — Z is the cost function.

Let Op :={S CV:|S| =2, b(S) is odd} denote the family of nontrivial b-odd subsets of V. These sets
index the blossom inequalities used by the cutting-plane algorithm. Since every feasible perfect b-matching
satisfies 2x(E) = Z x(6(v)) = b(V), we have that b(V) is even whenever the instance is feasible. This parity

veV
fact will be used later to show that the cuts generated by the algorithm are proper subsets of V.

3.1.1 Relaxations used by the algorithm

We use the degree relaxation Pg(G, ¢), the restricted blossom relaxation Pf(G, ¢), and their duals Dg(G, <)
and DbT(G, c) as introduced in Section 2.3. In the sequel, the active family of blossom inequalities will
always be denoted by & C Oy. Thus the inequalities indexed by ¥ are precisely the active b-odd blossom
inequalities

x(0(5)) > 1 VS e F.

3.1.2 Half-integrality of the degree relaxation

Definition 3.1.1. A vector x € Rgo is called b-proper half-integral if

(a) x, € %Zzofor every edge e € E,

(b) the set E1/a(x) :={e € E : x, ¢ Z} induces a disjoint union of odd cycles.
We denote by oddy2(x) the number of odd cycles in the graph (V, E12(x)).

Proposition 3.1.1. Every basic feasible solution ong(G) ={xe Rgo 1 x(6(v)) = b(v) Yv € V} is b-proper
half-integral.

Proof. Let x be a basic feasible solution of Pg(G), and let F := supp(x) ={e€ E : x, > 0}. Let H = (V, F)
be the support graph.

Since x is basic feasible and all variables outside F are fixed to zero, the columns of the incidence matrix
Ap are linearly independent. Hence, in every connected component of H, the number of edges is at most the
number of vertices. Therefore every connected component of H has at most one cycle.

We next show that no connected component of H contains an even cycle. Suppose that C = ejey - - - ey is
an even cycle. Define a vector a € RF by Qe = (-1 for 1 <i<2kanda, =0 forall e ¢ E(C). Then each
vertex of C is incident with exactly two edges of C, with opposite signs, so Ara = 0, which contradicts the
linear independence of the columns of Ar, therefore every cycle in H is odd. This means that each connected
component of H is either a tree or a connected graph consisting of a unique odd cycle with trees attached.

First consider a tree component 7. If u is a leaf of T and e is its unique incident edge in 7, then
Xe = b(u) € Z, since no other support edge is incident with u. Removing u and repeating this argument shows
that every edge of T has integral value.
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Now consider a connected component U consisting of a unique odd cycle C = vyv; - - - vor4 vy with trees
attached. By the same leaf-elimination argument, every tree edge has integral value. After eliminating the
attached trees, the remaining system on the cycle has the form

Yi-1 +yi =d; i=1,...,2k+ 1),

with indices modulo 2k + 1, where each d; € Z and y; is the value on edge v;v;;|. Each y; is one half of an
integer linear combination of dy, . .., dx+1, hence 2y; € Z for all i, so every cycle edge is half-integral.
Moreover, if one cycle edge is integral, then by the relations y; = d; — y;_1, all cycle edges are integral.
Thus the non-integral edges in U are either empty or exactly the edges of the odd cycle C.
Combining the conclusions for all components, every edge value is half-integral, and the set of non-
integral edges is a disjoint union of odd cycles, so x is b-proper half-integral. O

The previous proposition gives the strongest half-integrality structure of the pure degree relaxation: the
non-integral edges form a disjoint union of odd cycles. In the later contraction and unshrinking arguments this
exact cycle structure may be destroyed in the original graph after a b-factor-critical set is expanded. For this
reason we will also use the following weaker invariant, which considers only the parity of the half-integral
Euler components inside each support component.

Definition 3.1.2. Let x € Rfo be half-integral, and define E1,3(x) := {e € E : x, ¢ Z}, G12(x) := (V, E1/2(x)).
A connected component of G 12(x) with at least one edge is called a half-integral component. Such a
component is odd, if it contains an odd number of edges.

We call x support-proper half-integral if:

1. Gip(x) is Eulerian,

2. every connected component K of supp(x) with E12(x) N E[K] # 0 contains an odd number of odd
half-integral Euler components.

Corollary 3.1.1. Every basic feasible solution of Pg(G) is support-proper half-integral.

Proof. By Proposition 3.1.1, the non-integral edges of a basic feasible solution form a disjoint union of odd
cycles. Hence G/2(x) is Eulerian.

Moreover, the proof of Proposition 3.1.1 shows that each connected component of supp(x) is either a
tree or a unicyclic component whose unique cycle is odd, therefore every support component containing
non-integral edges contains exactly one odd half-integral Euler component, hence it contains an odd number
of odd half-integral Euler components. O

3.2 Laminar families and b-factor-criticality

In the original paper, factor-criticality is defined for ordinary matchings: for every vertex u € S, the set S \ {u}
must have a perfect matching using tight edges and respecting the current laminar family. In the b-matching
version, this is replaced by b-factor-criticality. Instead of deleting u, the demand of u is reduced by one, while
all other vertices keep their original demand. This way, the critical object becomes a tight (S, bs ,,, 7 )-perfect
b-matching. The basic properties remain the same in spirit, but the parity arguments use b(7T') instead of |T|.

Throughout this section, we assume that b(v) > 1 Vv € V, so that the demand vector with deficit at u
defined below is always nonnegative.

Definition 3.2.1. A family F of subsets of V is laminar if for any X,Y € ¥ one has either XNY =0, X C Y,
orY c X.
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Definition 3.2.2. Let H = (V, Ey) be a graph and let ¥ C Oy, be laminar. An integer edge vector M € Zgg is
called an ¥ -matching if

M@©oy(T)) <1 VT e F.
Definition 3.2.3. Let H = (V, Eg) be a graph, let ¥ C Oy, be laminar, let U C V, and letd : U — Zso. An
integer edge vector M is called a (U, d, ¥ )-perfect matching in H if M € Zgg 1
M©uvy(w) =dw)  Yuel,
and
MOu(T)) <1 VYT eF withT C U.
Definition 3.2.4. For S C Vandu € S, define bg, : S — Zso by

b () bw)—1, w=u,
ulW) =
5 b(w). weS\ {ul

Definition 3.2.5. Let H = (V, Ey) be a graph and let F C Oy, be laminar. A set S € F is called (H, F, b)-
factor-critical if for every vertex u € S there exists a (S, bs ,,, F)-perfect matching in H.

Let IT be a feasible solution to DZC(G, c). Let Gy = (V, Enp) be the graph of tight edges, namely

Ep = {uv € E : TI(u) + TI(v) + Z I(T) = C(uv)}.

TeF : uved(T)

Definition 3.2.6. A set S € F is called (11, ¥, b)-factor-critical if it is (G, ¥, b)-factor-critical. Foru € S, a
chosen (S, bs ,, F)-perfect matching in Gy is called a Il-critical b-matching for u and is denoted by M,,.

Definition 3.2.7. Let ¥ C O, be laminar.

(i) A feasible dual solution 11 to Df(G, ¢) is called an F -critical dual if every S € F is (I1, F, b)-factor-
critical and every non-maximal T € F satisfies II(T) > 0.

(ii) A feasible dual solution 11 to DbT(G, ¢) is called an F -positively-critical dual if every S € ¥ with
I1(S) > 0 is (IL, 7, b)-factor-critical.

(iii) A laminar family ¥ C Oy, is called a critical family if there exists an F -critical dual.

3.2.1 Properties of critical »-matchings

Lemma 3.2.1. Let ¥ be a laminar family of b-odd sets, let I1 be feasible for Db?(G, c), and let S € F be
(L, F, b)-factor-critical. For u,v € S, let M,,, M, be Il-critical b-matchings for u, v.
Then the following hold.

(i) ForeveryT € ¥ withT C S,

1, ueS\T,

M, (6 7)) =

u(0Gn1s1(T)) {0’ LT

(ii) Form a colored multigraph D, as follows. For each edge e € E[Gri[S]], take M,(e) red copies of
e and M,(e) blue copies of e, and cancel red-blue pairs on the same edge until at least one color
disappears on that edge. If D, contains a closed alternating trail C, then switching along C yields
another I-critical b-matching for u.
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Proof. Proof of (i). Fix T € ¥ with T € S. Since M,, is a (S, bs 4, F )-perfect matching in Gy, all its edges
lie in E[G1[S]], and therefore

b(T), ugT,

2M(E[GnITID + My(SGy1s1(T)) = {b(T) -1, ueTl.

Because T € Oy, b(T) is odd. Hence the right-hand side is odd if # ¢ T and even if u € T. Therefore

1 (mod?2), u¢fT,

Mu(S6,151(T)) =
(Oanis)(T) {0 (mod2), ueT.

Since M, is an ¥ -matching inside S, we also have M, (6G,,1s1(T)) < 1, so the claim follows.

Proof of (ii). Let C be a closed alternating trail in the colored multigraph D, ,. Let rc(e) and bc(e) denote the
number of red and blue copies of the original edge e used by C. Define

M) (e) := M,(e) — rc(e) + be(e) Ve € E[Gn[S]].

This is the result of switching M,, along C.
Since C is closed and alternating, every vertex loses and gains the same number of incident edge copies.
Hence all vertex degrees are preserved, and therefore

M, (6Gyis1(W)) = bs u(w) YweS.

Also, every edge used by M;, lies in E[G1[S ]], because both M,, and M, use only tight edges.

It remains to verify the #-matching inequalities inside S. Fix any T € # with T ¢ §S. Let y, denote the
number of red edge copies of C crossing dg[s1(T), and let y, denote the number of blue edge copies of C
crossing this cut.

By part (i) applied to the critical b-matching M,,, we have M, (dc[s1(T)) < 1. Since every red crossing
copy of C is a copy belonging to M,,, this implies y,, < 1. Similarly, applying part (i) to M,,, we get y, < 1.

On the other hand, C is a closed trail, so it crosses the cut dg,s1(T) an even number of times. Hence
vu + 7Yy 18 even. Since vy, ¥, € {0, 1}, this forces y, = v,.

After switching on C,

M, (66y151(T)) = Mu(06uis1(T)) = Yu + vv = My(Gys1(T)) < 1.

Thus all descendant blossom inequalities remain valid. Therefore M;, is again a (S, by ,, ¥ )-perfect matching
in Gy, i.e. a II-critical b-matching for u. O

Definition 3.2.8. Let M, N € Zgo be two integer edge vectors. Their reduced colored difference D(M, N) is
the colored multigraph obtained as follows. For every edge e € E, if M(e) > N(e), then D(M, N) contains
M(e) — N(e) red copies of e. If N(e) > M(e), then D(M, N) contains N(e) — M(e) blue copies of e. If
M(e) = N(e), then e contributes no copy.

Lemma 3.2.2. Let D be the reduced colored difference of two b-matchings. If a connected component C of D
is nonempty and balanced, meaning that the red degree and blue degree are equal at every vertex, then C
contains a nonempty color-alternating closed trail. The trail may repeat vertices, but it uses each colored
edge copy at most once.
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Proof. Start with any colored edge copy e; of C. Suppose e; has been chosen and ends at a vertex v;. If ¢; is
red, choose an unused blue edge copy incident with v, if ¢; is blue, choose an unused red edge copy incident
with v;. This is possible unless the trail has returned to its starting vertex and closes.

Indeed, at any vertex different from the start, every time the construction enters the vertex with one color,
it must leave with the opposite color. Thus used red and used blue copies at that vertex remain balanced.
Since the total red and blue degrees of the component are equal at every vertex, an unused edge of the required
opposite color exists whenever the trail cannot yet close.

Because the component is finite, this process eventually returns to the starting vertex with the color
needed to close the alternating pattern. The result is a nonempty alternating closed trail. It may repeat vertices,
but no colored edge copy is used more than once by construction. O

Corollary 3.2.1. Let F be laminar; let I1 be feasible for DbT(G, c), and let S € ¥ be (I1, F, b)-factor-critical.
Then every T € F with T C S is also (I1, F, b)-factor-critical.

Proof. If T = §, there is nothing to prove. Assume 7 € S, and let u € T. Let M, be a Il-critical b-
matching for u inside S. By Lemma 3.2.1(i), M, (6Gy(s1(T)) = 0, since u € T. Therefore the restriction
N, := My|g[Gnrr has degree b(w) at every w € T \ {u} and degree b(u) — 1 at u.

Further, if Z € ¥ with Z C T, then N, (66 11(Z2)) £ M,(d6,151(Z2)) < 1. Thus N, is a (T, br,, F)-perfect
matching in Gy, and therefore T is (I, ¥, b)-factor-critical. O

Claim 3.2.1. Let ¥ be a critical family, and let H C F be downward closed, i.e.
TeH, SeF,SCT =S eH.

Then ‘H is also a critical family.

Proof. Let Il be an ¥ -critical dual. Define IT" on ¥ U V by

I(7T), TeHUY,

I'(T) = {
0, TeF\H.
Since we only decrease dual variables on odd sets, dual feasibility is preserved.

We show that IT” is an H-critical dual. Fix any S € H. Because H is downward closed, every set of F
strictly contained in S also belongs to /. Hence for an edge ¢ € E[S], the dual contribution of odd sets
crossing e is the same under I1 and under IT’, because only descendants of S can affect tightness of edges
inside S, while ancestors of S do not cross edges contained in E[S].

Therefore the set of tight edges inside S is unchanged when passing from II to IT'. Consequently,
every Il-critical b-matching for a vertex u € S remains a valid I1’-critical b-matching for u, and thus S is
(IT', H, b)-factor-critical.

Finally, if T € H is non-maximal in H, then it is also non-maximal in ¥, and hence I1'(T) = II(T) > 0.
Thus IT" is an H-critical dual, and so H is a critical family. ]

Corollary 3.2.2. Let F be critical, and let M C F be a subfamily consisting only of maximal members of .
Then ¥ \ M is critical.

Proof. The family ¥ \ M is downward closed in . Apply Claim 3.2.1. ]

The following uniqueness property will be used throughout the analysis, and it will be proved in
Section 3.7. We say that the cost function c satisfies () if

for every critical laminar family A C Op, the relaxation P‘Z‘(G, c) has a unique optimal solution. (%)
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3.3 Contractions and support-proper half-integrality

This section contains the LP contraction used in the primal-dual analysis. The key point is that if a b-odd set
S satisfies x(6(S)) = 1, then after contraction it behaves externally like a single node of demand 1. We also
prove that support-proper half-integrality can be lifted back through such contractions.

Throughout, let F C O, be a laminar family, let IT be feasible for Dbgc(G, ¢),and let S € F be (I, ¥, b)-
factor-critical.

3.3.1 Contracting b-factor-critical sets

For u € S, define

g (u) := TI(u) + Z (7).

TeF
TCS, ueT

We now contract S to a single node s, with respect to the dual solution I1.
Definition 3.3.1. Let G’ = (V’, E’) be the graph obtained from G by contracting S to a single node s, where

Vi =(V\S)U{s}). ForasetT CV, let T’ denote its image in V'. Let F' :={T' : T € F, T\ S # 0}. Define
the contracted demand vector b’ : V' — Z.q by

b'wv)=b(v) YveV\S, b'(s)=1.

For an edge uv € E withu,v ¢ S, keep the same edge in E'. Forv € V\ S, and every edge uv € E withu € S,
add an edge sv to E’, if this creates parallel edges, keep only one representative from each parallel class.
Define the contracted cost function ¢’ : E' — R by

c(uv) = c(uv) Yu,ve V\S,

and
c'(sv) = meibp(c(uv) 1)) YveV\S.

uvekE

Definition 3.3.2. Let x be any feasible solution to Pf(G, ¢). The image x' of x in the contracted graph is
defined by
X' (uv) = x(uv) Yu,ve V\S,

and

X (sv) = Z x(uv) YveV\S.

ueS: uvek

Definition 3.3.3. Let I1 be feasible for DbT(G, ¢). The image Il of l1 on V' U ¥ is defined by
IT'(v) = II(v) YveV\S,

IT(s) = TI(S),
and

(T)=TT) VT eF withT\S #0.

Lemma 3.3.1. Let ¥ C Oy, be laminar, let x be an optimal solution to PZ:(G, ¢), and let 11 be feasible
for DZC(G, c). Let S € F be (I1,F, b)-factor-critical, and let (G',b’,c’,F"'), x', and TI' be obtained by
contracting S with respect to I1.

Then the following hold.
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(i) Il is feasible for DZ, (G’,c"). Furthermore, if T € ¥ with T \ S # 0 is (I, 7, b)-factor-critical, then
its image T’ is (I', ¥, b")-factor-critical.

(i) Suppose further that }'I is optimal for Df(G, ¢) and x(6(S)) = 1. Then x" is optimal for Pf,/ (G’, ), and
I is optimal for Df, (G, ).

(iii) Suppose, in addition to the assumptions of (ii), that x is the unique optimal solution to PbT(G, ¢). Then
X' is the unique optimal solution to Pf (G, ).

Proof. Proof of (i). Let ¢’ = uv € E’ with u,v # s. Then the corresponding dual inequality is unchanged, so
it is satisfied by feasibility of I1.

Now consider an edge sv € E’, and choose a preimage uv € E with u € S such that ¢’(sv) = c(uv)—TIlg (u).
Then

I (s) + I (v) + Z IV(T") = TI(S) + TI(v) + Z (T)

T'eF": sved(T") TeF:
uved(T), T\S #0

=T+ + > THT) =Tl w)
TeF : uves(T)
< c(uv) — IIg (1) = ' (sv).

Hence IT’ is feasible for DZC,' (G, ).

Now let T € ¥ be (I1, ¥, b)-factor-critical with T\ S # 0. If T N S = 0, then the image is unchanged,
and the same critical b-matchings certify that 77 is (IT', ¥, b’)-factor-critical. Hence assume S C T.

Fix w' € T’, and let w be a preimage of w’. Take a Il-critical b-matching M,, for w inside T. By
Lemma 3.2.1(i), applied inside the factor-critical set 7', we have

1, weT\S,

My (S6,m(S)) =
(O6nr1(S)) {O, wes.

Therefore, after contracting S to s, the image has degree 1 at s if w’ # s, and degree 0 = b’(s) — 1 at s if
w’ = 5. The degrees at all other vertices are inherited from M,,.

It remains to justify tightness of contracted edges arising from edges crossing S. Let uv be an edge used
by M,,, withu € S andv € T \ S. Since uv is I1-tight,

() + TI(v) + Z TI(R) = c(uv).
ReF: uves(R)

Rearranging gives

I (s) + I (v) + Z I'(R) = c(uv) — T (u).
R'eF": sved(R’)
By the definition of ¢’, ¢’(sv) < c(uv) — I (u), while dual feasibility of I1" gives the reverse inequality for the
left-hand side. Hence equality holds, and the image edge sv is I1’-tight.
Finally, every descendant blossom inequality in #” is inherited from the corresponding inequality for M,,
in . Hence the image is a (7’ b’T,’w,, F)-perfect matching in Gry. Thus 77 is (I, ¥, b’)-factor-critical.
Proof of (ii). Since x(6(S)) = 1, we have

X' (6g(5)) = 1 = b'(s),

and foreveryve V\ S,
*' (66 (v)) = x(66(v)) = b(v) = b'(v).
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By laminarity, every T € ¥ with T\ S # 0 is either disjoint from S or contains S. In both cases the cut value
is preserved by taking the image: x'(6(7")) = x(6(T")). Hence x’(6(T")) = 1, thus x’ is feasible for PZC/'(G’, ).

We next verify complementary slackness. If x’(uv) > 0 for some u, v # s, then x(uv) > 0, so uv is tight
for I, hence also for IT'.

If x’(sv) > 0, then some preimage uv, with u € S, satisfies x(uv) > 0. Since x and II are optimal, uv is
tight:

() + TI(v) + Z T(T) = c(uv).
TeF :uves(T)
Equivalently,
W)+ MW+ > T = c) - Ts @) > c/(sv).
T eF": sved(T")
Together with dual feasibility, this gives equality, so sv is tight for IT".

For the blossom part of complementary slackness, if IT'(7”) > 0 for some 7’ € ¥, then I[I(T') > 0 for its
preimage 7', and by complementary slackness for (x, IT), x(6(T")) = 1, therefore x’(6(T"’)) = 1. Thus (x', IT")
satisfies complementary slackness, and both are optimal.

Proof of (iii). Let y be any optimal solution to PZC,'(G’, ¢’). We reconstruct a feasible optimal solution y to
P?f(G, ¢) from it, and then use uniqueness of x.
For each edge sv € d¢/(s), choose one preimage edge e(sv) = u(sv)v with u(sv) € S attaining

' (sv) = c(u(sv)v) — Ig (u(sv)).

This choice is arbitrary among the preimages attaining the minimum. It is used only to construct one optimal
lift of ¥, then uniqueness of the original optimum will force this lift to coincide with x.
Foru e S, let
J(u) := {sv € 6/ (5) : u(sv) = u}, a, = 5(J(u)).

Since §(5(s)) = b'(s) = 1, we have Z a, = 1.

ues

For each u € S, let M, be a I1-critical b-matching for u inside S, and define w := Z a,M,. For every
eS
res, !
w(oG151(1) = Y @ubsu(r) = (D @u)b(r) = ar = b(r) - a.
uesS uesS
Now define y on E by

jle), ecE[V\S],
$(sv), e = e(sv)for some sv € dg(s),

w(e), ec€E[S],

y(e) =

0, otherwise.

Forv e V\ §, we have
Y(6(v)) = (6(v)) = b'(v) = b(v).
For u € S, the contribution from edges leaving S is exactly «,, and the contribution inside S is b(u) — a,,,
therefore y(d(u)) = b(u).
Nowtake T e F.If TNS =0orS ¢ T, then T corresponds to a set in F’, so feasibility follows from
thatof . If T = S, then

YES) =) au=1.

ues
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IfT ¢ S, then by Lemma 3.2.1(1),

1, ueS\T,

M, (665 1(T)) = {0 LeT

and therefore

Was(T) = )

ueS\T

The contribution from edges of y leaving 7' and going outside S is Z ay. Thus

ueT

YT = Yty =y =1

ueS\T ueT ues

Hence y is feasible for PZC(G, ).

Every positive edge of y is tight for I1. Inside S this holds because every M, uses only tight edges.
Outside S it follows from tightness in the contracted optimum and the optimality of I1". For an assigned edge
e(sv) = u(sv)v, it follows from

c’(sv) = c(u(sv)v) — Ig (u(sv))

and tightness of the contracted edge sv. Hence (y, I1) satisfies complementary slackness, so y is optimal for
PI (G, o).
By uniqueness of x, we obtain y = x. Therefore = x’, so x’ is unique. O

3.3.2 Colored differences and half-integral lifting

Lemma 3.3.2. Let S € ¥ be (11, ¥, b)-factor-critical, and let p,q € S be distinct. Let M, and M, be
II-critical b-matchings for p and q. Form their reduced colored difference by taking red copies from M, blue
copies from My, and cancelling common red-blue copies on the same edge.

Then the reduced colored difference has exactly one imbalanced component, and it contains p and q. This
component contains an alternating colored pq-trail of even colored length. Every other nonempty component
is balanced and contains a nonempty alternating closed trail.

Proof. Atevery vertex v € S \ {p, g}, the two critical b-matchings have the same degree b(v). Hence, after
cancellation, the red and blue degrees at v are equal. At p, M), has degree b(p) — 1, while M, has degree b(p),
so one more blue than red copy is incident with p. Similarly, at ¢, one more red than blue copy is incident
with q.

Therefore the only possible imbalances are at p and g. They must lie in the same connected component:
if the component of p did not contain ¢, then the sum of the red-blue degree imbalances over that component
would be one, whereas this sum equals twice the difference between the number of red and blue edge copies
in the component, and hence is even.

Following alternating edge copies from the excess color at one imbalanced vertex gives an alternating
trail ending at the other imbalanced vertex, after deleting closed alternating subtrails if necessary. Its first and
last colors are different, so its colored length is even.

Every other nonempty component is balanced, and by Lemma 3.2.2, they contain a nonempty alternating
closed trail. O

Lemma 3.3.3. Let S € F be (I1,F, b)-factor-critical, and let p,q € S be distinct. Among all pairs of
II-critical b-matchings M, M, choose a pair minimizing the number of remaining colored edge copies in
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their reduced colored difference. Then the reduced colored difference contains no nonempty alternating
closed trail.

Consequently, all remaining edge copies lie in the unique imbalanced component containing p and q,
and this component is an alternating colored pq-trail of even colored length.

Proof. Suppose that the reduced colored difference contains a nonempty alternating closed trail C. By
Lemma 3.2.1(ii), switching M, along C yields another Il-critical b-matching for p.

On the trail C, this switching replaces red copies of M), by blue copies of M,. Hence the number of
remaining colored edge copies in the colored difference with M, strictly decreases. This contradicts the
minimal choice of M, M,.

Therefore no nonempty alternating closed trail exists. By Lemma 3.3.2, every nonempty component other
than the pg-component would be balanced and would contain a nonempty alternating closed trail, again a
contradiction. Hence all remaining copies lie in the pg-component.

Since this component has exactly the two imbalanced vertices p and g, and contains no alternating closed
trail, it is an alternating colored pg-trail. The excess colors at p and g are opposite, so the trail has even
colored length. O

Lemma 3.34. Let S € ¥ be (I1, ¥, b)-factor-critical, and let p,q € S, p # q. Let M,, M, be chosen with
minimal colored difference and define w := %Mp + %Mq. Then all non-integral edges of w lie in the unique
imbalanced colored component containing p and q.

Moreover, suppose S is unshrunk from a contracted node s that is incident with two half-integral boundary
edges, attached at p and q. Then replacing s by w preserves the parity of the number of odd half-integral
Euler components in the affected support component.

Proof. An edge e € E[S] is non-integral in w only if M, (e) + M,(e) is odd. Equivalently, after cancelling
common red-blue pairs, the total number of the remaining colored copies of e is odd. By Lemma 3.3.3,
all remaining colored copies lie on one alternating colored pg-trail of even colored length. Since this trail
connects p and g, and the two half-boundary edges are attached at p and ¢, all newly introduced non-integral
edges lie in the same connected support component as the two boundary half-edges.

Moreover, the number of non-integral original edges of w has the same parity as the total number of
remaining colored copies, because an edge is non-integral exactly when the number of its remaining colored
copies is odd. The total number of remaining colored copies is the length of the alternating pg-trail, which is
even. Therefore |Ej,2(w)| =0 (mod 2).

Now add the two half-integral boundary edges attached at p and g. For every v € S \ {p, g}, the vector w
has degree b(v). At p and g, it has degrees b(p) — %, b(q) - % The two half-boundary edges supply the missing
half-units. Thus the half-integral edge set in the affected support component is Eulerian after unshrinking.

Before unshrinking, the affected half-integral structure contains the same two half-boundary edges
incident with the contracted node s. After unshrinking, these boundary edges remain present as original
boundary edges, and the only additional half-integral edges introduced inside S are the edges of Ej,2(w).
Since |E1/2(w)| = 0 (mod 2), the parity of the total number of half-integral edges in the affected half-integral
support component is unchanged.

In an Eulerian graph, the parity of the number of odd connected components equals the parity of the total
number of edges. Therefore the parity of the number of odd half-integral Euler components in the affected
support component is preserved. O

The next lemma is the point where support-proper half-integrality replaces the odd-cycle lifting used in
the ordinary perfect matching proof.
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Corollary 3.3.1. Let A C Oy, be laminar, let A be dual feasible, and let S € A be (A, A, b)-factor-critical.
Suppose that a contracted node ss has reduced demand 1, and that the incident reduced boundary support of
ss has total value 1.

If the boundary consists of one edge of value 1, attached at u € S, then S can be expanded by a tight
critical b-matching M,,. The expansion is integral inside S, satisfies the degree equations together with the
boundary edge, preserves every descendant active-set constraint, and uses only tight edges.

If the boundary consists of two edges of value 1/2, attached at distinct vertices uy,uy € S, then S can be
expanded as z|g[s] = %Mul + %Muz, where M, and M,, are tight critical b-matchings chosen with minimal
colored difference. This expansion satisfies the degree equations together with the two half-boundary edges,
preserves every descendant active-set constraint, uses only tight edges, and is half-integral. Moreover, all
non-integral edges created inside S lie in the same support component as the two half-boundary attachments,
no counted support component is hidden entirely inside S, no counted support component is split by the
expansion, and the parity of the number of odd half-integral Euler components in the affected support
component is preserved.

If the two half-boundary edges are attached at the same vertex u, then they are treated as one full
boundary unit at u, and the first case applies.

Moreover, suppose that A = 1l is optimal for DZ{(G, ¢), and that x is the unique optimal solution of
P‘Z‘(G, o). If S € A satisfies x(6(S)) = 1, and the reduced boundary described above is the boundary induced
by x, then the corresponding local expansion constructed in the cases above is equal to the actual restriction

Xl g(s]-

Proof. The one boundary-edge case follows by choosing a tight critical b-matching with deficit at the
attachment vertex. The descendant inequalities are preserved by Lemma 3.2.1(i), and all used edges are tight
by definition of critical b-matchings.

For the two-half-boundary-edge case with distinct attachment vertices, choose critical b-matchings with
minimal colored difference. Lemma 3.3.4 shows that the half-sum has the required parity and support-
compatibility properties. If the two half-boundary edges are attached at the same vertex, they are treated as
one full boundary unit, so the first case applies.

It remains to prove the final uniqueness statement. Apply the local expansion constructed above to the
boundary of § induced by x, and keep x unchanged outside E[S]. By the preceding part of the corollary, the
resulting vector satisfies the degree equations inside S, preserves every descendant active-set constraint, and
uses only I1-tight edges inside S. All edges outside E[S ] are unchanged, and every positive edge of x is tight
with respect to I1 by complementary slackness.

Thus the modified vector is feasible for P“Z{(G, ¢) and satisfies complementary slackness with the optimal
dual solution IT. Hence it is also optimal. Since x is the unique optimal solution of PZ‘(G, ¢), the modified
vector must coincide with x. Therefore the local expansion constructed above is exactly x|g[s;.

]

The support-component potential. For a half-integral vector z € Rgo satisfying the degree equations
z2(6(v)) = b(v) for every v € V, let EYV2(z) :={e € E : z, ¢ Z). For a graph H on the edge set where z is
defined, let

DOy(z) = #{Q : Q1is a connected component of suppy(z) and E'2(2) N Ey[0] # (Z)}.
Thus ®(z) counts the support components of z in H that contain at least one non-integral edge.

Lemma 3.3.5. Let F C O, be laminar, let 1 be an optimal solution of DZC(G, c), and let x be the unique opti-
mal solution of Pf(G, ¢). Let S € F be (I1, F, b)-factor-critical and suppose x(6(S)) = 1. Let (G',b’, ', F"')
be obtained from G by the contraction of S with respect to 11, and let x" be the image of x.
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Then x is support-proper half-integral in G if and only if x is support-proper half-integral in G'. If these
equivalent conditions hold, then ®g(x) = @/ (x').

Proof. We first prove that if x is support-proper half-integral in G, then x” is support-proper half-integral in
G’, and Og(x) = D (x').

By definition of contraction, and since x is half-integral and x(6(S)) = 1, the positive boundary of §
consists either of one unit or of two half-units. Hence every positive edge incident with the contracted node s
has value 1 or 1/2. Thus x’ is half-integral.

The degree equations are preserved by the contraction. For every v e V \ S,

x' (6 (V) = x(66(v)) = b(v) = b'(v),

and
X' (66:(5)) = x(56(S)) = 1 = b'(s).

Therefore Gy »(x’) is Eulerian.

We now compare the support components before and after contraction. The final uniqueness part of Corol-
lary 3.3.1 implies that the actual restriction x|g[s has exactly the local form described there. Consequently,
the following component correspondence holds.

If a support component of x” does not contain the contracted node s, then it is unchanged by the contraction.
If a support component Q” of x” contains s, then its full preimage in G contains exactly one support component
of x containing non-integral edges, and the parity of the number of odd half-integral Euler components in this
component is the same as in Q. Indeed, in the one-boundary-unit case the internal part inside S is integral.
In the two-half-boundary case, all internal non-integral edges lie in the same support component as the two
boundary attachments, and their number is even by Lemma 3.3.4. If the two half-boundary contributions are
compressed into one integral edge, then two additional half-integral boundary contributions disappear. Hence
the contraction removes an even number of half-integral edges from the affected half-integral Euler structure.
Thus the odd-component parity is preserved.

It follows that a support component of x’ containing non-integral edges is counted by ®¢/(x”) if and
only if its full preimage contains a support component counted by ®g(x). Conversely, no counted support
component can be hidden entirely inside S, again by Corollary 3.3.1. Hence contraction gives a bijection
between the support components counted by the two potentials, and @ (x) = Pg/(x").

Since x is support-proper, every support component of x containing non-integral edges has odd odd-
component parity. By the correspondence above, the same is true for every support component of x” containing
non-integral edges. Together with the Eulerian property of G;,2(x’), this proves that x” is support-proper
half-integral.

To prove the other direction, assume that x” is support-proper half-integral in G’. We construct an optimal
lift X of x” to the original graph G and then use uniqueness to conclude that ¥ = x. Since b’(s) = 1 and x’
is half-integral, the positive boundary of the contracted node s has total value one. Hence it has one of the
following forms.

First suppose that the positive boundary of s consists of one compressed edge sv with x’(sv) = 1. This
value may have come by summing several positive preimages of sv in the original graph. For the lift, choose
one minimum-attaining preimage edge uv, where u € S, satisfying ¢’(sv) = c(uv) — Ig (u), put x(uv) = 1, and
put value zero on all other preimages of the compressed edge sv. Inside S, choose a I1-critical b-matching
M, for the deficit vertex u, and set X|grs] = M,,.

Then the degree equations are satisfied inside S: the boundary edge uv supplies the missing unit at u,
while M, supplies degree b(w) at every w € S \ {u} and degree b(u) — 1 at u. The descendant blossom
inequalities inside S are preserved by Lemma 3.2.1(i). The internal lift is integral, so no new non-integral
edge is created inside S'.
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Next suppose that the positive boundary of s consists of two compressed edges of value 1/2. Choose
minimum-attaining preimages attached at vertices p,g € S. If p = ¢, then the two half-boundary units
combine to one full boundary unit at p. In this case we use the integral critical b-matching M), inside S, and
the argument is the same as in the previous case.

Now assume p # g. Choose Il-critical b-matchings M, and M, with minimal colored difference, and
define the internal part of the lift by X|gs) = %M p+ %Mq. By Lemma 3.3.4 and Corollary 3.3.1, all non-
integral edges created inside S lie in the same support component as the two half-boundary attachments.
Consequently, the support component of supp,(x’) containing s does not split into two counted support
components after unshrinking. Moreover, no counted support component is created entirely inside S, because
all newly introduced non-integral edges are connected to the boundary attachments. The parity of the number
of odd half-integral Euler components in the affected support component is preserved.

All support components disjoint from S are unchanged by the lift. In the one-boundary-edge case, the
expansion introduces only integral internal edges, so it cannot create a new counted component. In the two-
half-boundary-edge case, Corollary 3.3.1 shows that the unique affected component remains one component,
no counted component is hidden entirely inside S, and the parity of the number of odd half-integral Euler
components in the affected support component is preserved.

Moreover, the lifted vector satisfies

60 =bv)eZ  VveV.

Hence G1,2(X) is Eulerian, and therefore X is support-proper half-integral.

Therefore the support components counted by ®g/(x") are in bijection with the support components
counted by @ (%), and hence ®g(%) = P/ (x').

It remains to show that the constructed lift X is the actual optimum x. By construction, X satisfies all
degree equations. The inequalities for sets contained in S are preserved by the critical b-matching identities,
and the inequalities for all other sets are inherited from the feasibility of x” in the contracted graph. Hence x
is feasible for PZC(G, ).

Every edge used by x is II-tight. This is true inside S by the definition of critical b-matchings. For a
lifted boundary edge, it is true because the corresponding compressed edge is tight for the image dual and the
chosen preimage attains the minimum in the contracted cost definition. Edges outside S are unchanged from
the contracted solution and are tight with respect to the image dual. Furthermore, every blossom inequality
with positive II-value is tight for X. Thus X satisfies complementary slackness with I1, and therefore X is
optimal for PZC(G, c).

Since x is the unique optimal solution of PZ(G, c), we have ¥ = x. Therefore the support-component
correspondence proved for x is the support-component correspondence for x, and so @g(x) = @/ (x').

O

Corollary 3.3.2. Let & C Oy be laminar, let I1 be an F -positively-critical dual optimal solution, and let x be
the unique optimum of PbT(G, ¢). Let H :={S € F : II(S) > 0}. Contract every maximal member of H with
respect to T1, and let (G, b, &) be the resulting contracted instance. Let % be the image of x in G.

If % is support-proper half-integral in G, then x is support-proper half-integral in G, and ®g(x) = Di(R).
Moreover, the support components counted by ® (%) lift bijectively to the support components counted by
(DG(X).

Proof. The maximal members of H are pairwise disjoint by laminarity. Since I1(S) > 0O for every maximal
S € H, complementary slackness gives x(6(S)) = 1. Apply Lemma 3.3.5 to the maximal members of H one
by one, in reverse order of unshrinking. Each unshrinking step preserves the support-component potential.
Therefore ®g(x) = ®s(X). The same step-by-step argument gives the stated bijection between counted
support components. O
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Corollary 3.3.3. Let ¥ C Oy be laminar, and let T1 be an F -positively-critical dual optimal solution of
DZ(G, ¢). Define H :={S € F : TI(S) > 0}. Assume that PZ{(G, ¢) has a unique optimal solution.

Let x be an optimal solution of PbT(G, ¢). Contract every maximal member of H with respect to 1. Let
(G, b, &) be the resulting contracted instance, and let % be the image of x.

Then X is the unique optimal solution of the degree relaxation Pg(é, ¢). Moreover; if X is support-proper
half-integral, then x is support-proper half-integral and ®g(x) = ®p(%).

Proof. First we note that H is a critical family. The family H is laminar because H C F . For every S € H,
we have II(S) > 0, and since I is ¥ -positively-critical, S is (I, ¥, b)-factor-critical. The same critical
b-matchings remain valid with respect to H, because replacing # by H only removes descendant constraints.
Finally, every nonmaximal member of H has positive [1-value by definition. Hence the restriction of IT to
V U H is an H-critical dual.

Since x is optimal for PZC(G, ¢), and since I1(S) = O for every S € F \ H, the restriction of [Tto V U H
has the same dual objective value. Thus x is also optimal for PZ{(G, c). By the assumed uniqueness of
PZ{(G, ¢), x is the unique optimum of PZ{(G, c).

Let Sq,...,S be the maximal members of H. Since H is laminar, these sets are pairwise disjoint, so
the order of contraction is irrelevant. Applying Lemma 3.3.1 successively to the contractions of Sy, ..., Sk
shows that the image % is optimal for the final contracted relaxation. Since all maximal members of H have
been contracted, no blossom inequality from H remains in the contracted relaxation. Therefore this final
relaxation is precisely the degree relaxation Pg(é, ¢). Hence % is optimal for this degree relaxation.

It remains to prove uniqueness. Let ¥ be any optimal solution of Pg(é, ¢). We lift y back to a vector y on
the original graph as follows. Consider a maximal set S; € H, and let s; be its contracted node. For every
positive edge é of the contracted graph, choose one minimum-attaining preimage edge e in the original graph.
More precisely, if € = s;v, where v is not a contracted node, choose uv € E with u € S; attaining

c(siv) = c(uv) = s, (u).
If & = s;5;, choose uv € E withu € §;, v € §;, attaining
e(sisj) = c(uv) — I, (u) — g ;(v).

The value ¥(é) is then assigned to this chosen preimage edge. For each maximal set §S;, define @, to be the
total value of chosen preimage edges incident with # € S; and leaving S ;. Since the demand of the contracted
node s; is 1, we have

Do =F6(s) = 1.

MGSi
For every u € §;, choose a Il-critical b-matching M, inside S;. Define the internal lift inside S; by
w; = Z a,M,.
ues;

Outside the contracted sets, y equals ¥ through the chosen preimages. Inside every S;, y is given by w;.
We now verify that y is feasible for PZ{(G, ¢). The vertex equations hold by construction. Indeed, at a
vertex r € S;, the internal contribution is

wildGis1 (1) = ) aubs,u(r) = b(r) - ar,

UeS;

and the lifted boundary edges contribute exactly a,. Hence y(6(r)) = b(r). All vertices outside the contracted
sets inherit their degree equations from 3.
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Next we verify the blossom inequalities in . We do not need to verify the inequalities in 7 \ H, since
the uniqueness argument is carried out in the relaxation PZ4(G, 0).

Let T € H. If T is maximal in H, then T = §; for some i, and y(6(T")) = y(6(s;)) = 1.

Suppose T ¢ S; for some maximal S; € H. By Lemma 3.2.1(i), for every II-critical b-matching M,
inside S;,
1, ueS;\T,

M, (6Gs (1)) =
(Oc1s:1(T)) {0, LT

Therefore the internal part contributes w;(dgs,1(T)) = Z ay. The lifted boundary edges crossing T
ueS;\T
contribute Z a,. Consequently,

ueT
YOTN = Y aut Yy =) au=l.

ueS\T ueT ues;

Thus y is feasible for PZ{(G, c).

We now prove optimality of y. The image dual after the contractions is optimal for the contracted degree
relaxation. Since y is also optimal for this degree relaxation, every edge used by y is tight with respect to the
image dual. By the definition of the contracted costs, every chosen minimum-attaining preimage of such an
edge is tight with respect to I in the original graph. The internal edges used by the vectors M,, are tight by
definition of Il-critical b-matchings. Therefore every positive edge of y is II-tight.

Moreover, every set T € H satisfies y(6(T)) = 1, as shown above. Hence y satisfies complementary
slackness with the restricted dual I1|y¢s. Therefore y is optimal for PZ’(G, c). But P;H(G, ¢) has a unique
optimum, and this optimum is x. Hence y = x. Taking images after the contractions gives ¥ = %, thus X is the
unique optimal solution of the contracted degree relaxation.

Finally, support-proper half-integrality and the support-component potential lift through the maximal
positive-dual contractions by Corollary 3.3.2. Therefore, if % is support-proper half-integral, then x is
support-proper half-integral and ®g(x) = Ox(%). O

Lemma 3.3.6. Assume that (%) holds. Let ¥ C O, be laminar, and suppose that DZ:(G,C) has an F -
positively-critical dual optimal solution I1. Let x be an optimal solution of PZr(G, c¢). Then x is support-proper
half-integral.

Proof. Define H :={S € ¥ : TI(S) > 0}. As shown in the proof of Corollary 3.3.3, H is a critical family.
Hence, by (%), PZ'{(G, ¢) has a unique optimum.

By the same corollary, after contracting every maximal member of H, the image % of x is the unique
optimal solution of the degree relaxation Pg(é, ).

A unique optimum of a polyhedron is an extreme point. Therefore X is a basic feasible solution of the
degree relaxation. By Corollary 3.1.1, every basic feasible solution of the degree relaxation is support-proper
half-integral. Hence x is support-proper half-integral, and Corollary 3.3.2 implies that its lift x is also
support-proper half-integral. O

3.4 The generalized cutting-plane algorithm and the main theorem

The main result of Section 3 of this thesis is the following adaptation of the cutting-plane framework of
Chandrasekaran, Végh and Vempala [3] to perfect b-matchings.
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Theorem 3.4.1 (Main theorem). Let G = (V,E), b : V — Z.¢, and c : E — Z define a feasible minimum-cost
perfect b-matching instance. Let C be the perturbation of ¢ defined in Section 3.7. Then Algorithm I terminates
after O(|V|log |V|) iterations.

In every iteration, the maintained family of blossom inequalities is laminar and critical, the current
primal optimum is unique and support-proper half-integral, and every newly added inequality is a valid
b-odd blossom inequality violated by the current optimum.

The integral solution returned by the algorithm is a minimum-cost perfect b-matching for the original
cost function c.

The notion of a I'-extremal dual optimum is defined later in Section 3.5. In the algorithm below it is used
as the tie-breaking rule for selecting a dual optimum.

Before running the algorithm, we may assume without loss of generality that the perturbed edge costs
are nonnegative. Indeed, adding the same constant M to every edge cost changes the objective value of
every feasible solution of PZ(G,’E) by the same amount M @, because every feasible perfect b-matching
relaxation satisfies x(E) = % dvey X(0(v)) = 1@. Thus the set of primal optima is unchanged for every
restricted relaxation. Choosing M large enough, we may assume

cle)=0 Ve € E.

With this convention, the initial vector I' = 0 is feasible for Dg(G,E’).

Algorithm 1 Generalized cutting-plane algorithm for perfect b-matchings

1. Let ¢ be the perturbed cost function described in Section 3.7.
2. Initialize ¥ =0andI' = 0.
3. Repeat:

(a) Solve PZ:(G,E), and let x be its unique optimum. If x is integral, return x.
(b) LetII be a I'-extremal dual optimum of DbT(G,a.
(c) Keep the positive-dual old cuts: H' :={S € F : II(S) > 0}.

(d) Contract every maximal member of H” with respect to I1. Let (G, b, ¢) be the contracted instance,
and let X be the image of x.

(e) Let C be the family of connected components K of supp(X) such that E1,2(%) N E4[K] # 0.
Equivalently, since X is support-proper half-integral, these are exactly the support components K
for which the number of odd half-integral Euler components of G,2(%) contained in K is odd.

(f) For every K € C, let Sk be the full original preimage of V(K) under the contraction of the
maximal members of H’. Define H” :={Skx : K € C}.

(g) SetF « H’ UH", and let T be the extension of IT to the new family ¥ defined by

rs) = I(s), SeH,
0, SeH”.

Lemma 3.4.1. In every iteration in which the contracted solution X is support-proper half-integral, every set
Sk € H" belongs to Oy and satisfies x(6(S )) = 0 < 1. Moreover, H' U H"' is laminar.
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Proof. Fix K € C. Since K is a connected component of supp(X), no positive X-edge leaves K. Hence
%(64(K)) = 0. Summing the degree equations over K gives

b(K) = 2%(E[K]) + 2(55(K)) = 23(E[K]).

Modulo 2, every integral edge contributes 0 to 2X(E[K]), while every non-integral edge contributes 1. Since
K € C, the component K contains non-integral edges. Because x is support-proper half-integral, K contains
an odd number of odd half-integral Euler components of G;,2(X). Since G;,2(X) is Eulerian, the parity of
the number of non-integral edges in K is the parity of the number of odd half-integral Euler components
contained in K. Hence

b(K)y=1 (mod 2).

Thus K is b-odd.
Now lift K back to the original graph. Each contracted node corresponds to a maximal set M € H’. Since
[I(M) > 0, complementary slackness gives x(6(M)) = 1. Hence

b(M) = 2x(EIM]) + x(6(M)) =1 (mod 2).

Therefore replacing a contracted node of demand 1 by its original set preserves parity. Consequently the full
preimage S g is b-odd.

Moreover, because K is a support component of £, £(65(K)) = 0. The cut value is preserved under taking
the full preimage, so x(6(S x)) = 0. Therefore the blossom inequality for S g is violated: x(6(Sk)) =0 < 1.

It remains to check that S ¢ € Op. Since K € C, the component K contains an odd half-integral Euler
component, and hence contains at least one edge of G1/2(%). Therefore S g is nonempty.

The set S g is a proper subset of V, otherwise S ¢ = V, and then b(S ) = b(V) would be odd, contradicting
that the parity of b(V) is even due to feasibility.

Finally, |Sk| > 2. If Sk contains the preimage of a contracted node, then it contains a member of
H' C Oy, and therefore has size at least 2. Otherwise S g consists only of original vertices. If it were a
singleton, say S ¢ = {v}, then

x(6(S k) = x(6(v)) = b(v) > 0,
contradicting x(6(S x)) = 0. Hence |S x| > 2. Therefore Sk € O,.

Finally, distinct support components K are disjoint, so their full preimages are disjoint. Let 7 € H’, and

let M(T) be the maximal member of H’ containing 7. In the contracted graph, M(T) is a single node. For

any K € C, either this node lies in K, in which case T € M(T) C Sk, or it does not lie in K, in which case
T NSk =0.Hence H' UH" is laminar. O

3.5 Structure of dual solutions

In this section we derive the structural statements of the dual needed for the analysis of the cutting-plane
algorithm. Throughout, let ¥ C O, be a critical laminar family, let IT be an ¥ -critical dual feasible solution
to DZ(G, ¢), let ¥ be an arbitrary dual optimal solution to DbT(G, ¢), and let x be an optimal solution to

PZ(G, ¢). In this section we do not assume uniqueness of x unless explicitly stated.
3.5.1 Consistency of dual solutions
For S € F and u € S, recall

Tl (u) := TT(u) + Z I(T),  Ws(u):=P(u)+ Z ¥(T).

TeF TeF
TCS, ueT TCS, ueT
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Definition 3.5.1. We say that I1 and ¥ are identical inside S € 7 if
I(T) = ¥(T) YT e(FUuV), TcS.
Definition 3.5.2. For S € ¥, define
Any(S) = IEIE%X(HS (u) = ¥s(u)).
Definition 3.5.3. We say that ¥ is consistent with I1 inside S if
s (u) — Y (u) = Anmw(S)

for every vertex u € S satisfying x(6(u,V\ §)) > 0.
Lemma 3.5.1. Let S € ¥ be such that

1. § is (L, 7, b)-factor-critical,

2. I(T) > O foreveryT € F with T C S,

3. there exists an optimal solution x to PZ(G, c) with x(6(S)) = 1.
Then the following hold.

1. Any(S) = 0.

2. For every vertex u € S satisfying x(6(u, V\ S)) > 0, one has Ilg(u) — Vs (1) = Anw(S). Equivalently,
Y is consistent with I inside S .

Lemma 3.5.2. Assume the hypotheses of Lemma 3.5.1, and assume further that Y is consistent with Il inside
S. Let (G',b',c’,F") be obtained by contracting S with respect to Il as in Section 3.3. Define ¥’ on V' U ¥’
by
¥(T), T'e(VVUF)\ (s},
Y(T") =
W(S) = Anw(S), T ={s}
Then the image x’" of x is optimal for PZTI (G, ), and ¥’ is optimal for D;f,’ (G, ).

Proof. Primal feasibility of x’ is exactly as in Lemma 3.3.1(ii). Set

A= Ane(S) = max(ITs () = W5 w).
We first prove that P’ is feasible for DZC/’ (G’, "), and then verify complementary slackness with the image x’
of x.
For dual feasibility we must show that for every edge ¢’ € E’,
(T < (e).
T'eV'UF": e'es(T")

There are two cases.
Case 1: ¢’ = vwwith v,w # 5. Then the edge is unchanged by the contraction, so ¢’(vw) = c(vw). Also, all
dual variables appearing in the inequality are unchanged, hence

W(T') = Z W(T) < c(ow) = ¢’ (vw),
T’ eV'UF":vwed(T') TeVUF :vwed(T)
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where the inequality follows from feasibility of ¥ for Df(G, c).
Case 2: ¢’ = svwithv € V\ S. Choose a preimage edge uv € E with u € S such that

c'(sv) = c(uv) — Ig (u),
that is, u attains the minimum in the definition of the contracted cost. By definition of ¥/,
Y(s) =P(S) - A, Y (v) = P(v),

and

W(T") = Z ¥(T).

T'eF’: sves(T') TeF :uved(T), T\S #0

Therefore

Z W(T) = ¥(S) - A +PO) + Z ¥(T).
T'eV'UF": sved(T") TeF :uved(T), T\S #0

Now use feasibility of ¥ for the original edge uv:

P(u) + P(v) + Z W(T) < c(uv).
TeF : uves(T)

Since

Wsw) =W+ Y WD),

TeF
TCS, ueT

the preceding inequality can be rewritten as

Yo (1) + V(S) + P(v) + Z W(T) < c(uv).
TeF :uved(T), T\S #0

Hence
Y(T') < c(uv) — Ps(u) — A.
T eV'UF’: sved(T")

By the definition of A, Ils () — Ws(u) < A, so —Ws(u) — A < —IIg(u). Therefore
c(uv) — Ps(u) — A < c(uv) — g (1) = ¢’ (sv),

and thus
W(T") < (sv).
T'eV'UF’: sved(T’)
This proves dual feasibility of ¥’.
We now verify complementary slackness between the primal feasible solution x” and the dual feasible solution
v
(i) Every edge ¢’ € E’ with x'(e’) > 0 is tight for ¥'.
Again there are two cases.

Case 1: ¢ = vw with v,w # 5. Then x’(vw) = x(vw) > 0. Since x and ¥ are optimal for the original pair
(PZC(G, c), DZ(G, ¢)), complementary slackness gives

WY(T) = clyvw).
TeVUF :vwed(T)
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As above, the corresponding contracted inequality is identical, hence
Y(T") = (vw).
T’ eV'UF":vwed(T")

So vw is tight for ¥’.

Case 2: ¢’ = sv with x'(sv) > 0. By definition of the image x’, there exists u € S such that x(uv) > 0. Since
uv is in the support of x, complementary slackness between x and ¥ implies that uv is tight:

P(u) + P(v) + Z W(T) = c(uv).

TeF :uved(T)

Equivalently,
P (u) + P(S) + P(v) + Z Y(T) = c(uv). (1)
TeF :uves(T), T\S #0

Now x(uv) > O withu € § and v ¢ S implies x(6(u, V \ §)) > 0. Since ¥ is consistent with IT inside S, by
definition we obtain I1g(u) — W (u) = A, hence Ils(#) = Ws(u) + A. Using (1),

Y(T)=¥(S)-A+¥OW) + Z W(T)
T’ eV'UF’: sved(T") TeF :uved(T), T\S #0

=c(uv) —¥Ys(u) — A
= c(uv) — Ilg (u).

It remains to show that u is a minimizer in the definition of ¢’(sv), i.e.
' (sv) = c(uv) — Ig (u).
Take any z € S withzv € E. Forevery T € ¥ with T \ § # 0, we have
uv € (T) & zve o),

since u,z € S and v ¢ S. Hence the external dual contribution is the same for uv and zv. Feasibility of ¥ for
7v gives
Ps(z) + ¥(S) + P() + Z W(T) < c(zv).
TeF: 2ved(T), T\S 20

Comparing this with the tight equality (1), we get
c(zv) = ¥s(2) = c(uv) — Yy ().
Using [Is(z) — Ws(z) < A for every z € S, and 15 (1) — Ws (1) = A, we obtain

c(zv) —s(2) = c(zv) = Ys(z) — A
> c(uv) —Ws(u) — A
= c(uv) — g (u).

Thus u indeed attains the minimum, and so ¢’(sv) = c¢(uv) — I (u). Consequently,

Y(T') = c'(sv),
T/eV'UF": sves(T)

and the edge sv is tight for V’.
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(ii) Every set T’ € ¥ with W' (T") > 0O is tight for x’.

Let 77 € ¥’ satisty W'(T’) > 0, and let T € ¥ be its preimage. By definition of ¥/, we have
Y(T’) = W(T), hence ¥(T) > 0. Since x and ¥ are complementary in the original LP pair, it follows that
x(6(T)) = 1. Hence x'(6(T")) = x(6(T)) = 1. So every blossom inequality with positive dual value is tight in

x.

We have shown that every positive primal edge is tight for the dual, and every positive dual blossom
variable is tight for the primal. Hence x” and ¥’ satisfy complementary slackness. Since both are feasible, it
follows that x” is optimal for PZ' (G',c") and ¥’ is optimal for Df (G, ). m]

Lemma 3.5.3. Let S € F satisfy the hypotheses of Lemma 3.5.1. Then every edge of supp(x) N E[S] is tight
with respect to 11, and
x(6(T)) =1 YT efF, TCS.

Proof. Foreachu € §, define «,, := x(6(u, V' \ §)). Since x(6(S)) = 1, we have Z a,=1.ForT ¢ §,let

ues
aT) = Z au = x(0(T,V\ S)).
ueT
Consider the local primal LP on G[S']:
min Z c(e)z,
e€E[S]
s.t. Z(6grs1(w)) = b(u) — Yues,
2(66151(T)) 2 1 — a(T) YT eF, TCS,

z=0.

The restriction x|g[s; is feasible.
Let
I(T) := TK(T) YT e([FuUuV), TcS.

We claim that IT is optimal for the dual of this local LP. For each u € S, let M, be a chosen Il-critical
b-matching for u inside S, and define w := Z ay, M,. Forevery v € §,
uesS

W(OG1517) = D @ubsu() = (D au)bv) -y = b(v) - @,

ues ues

Furthermore, for every T C S in , Lemma 3.2.1(i) gives

W@aisi(T) = D @ =1-a(l).

ueS\T

Thus w is primal feasible, uses only I1-tight edges, and all descendant blossom inequalities are tight. Hence
IT is dual optimal by complementary slackness.

Now let z be any feasible solution to the local primal LP. Replacing the restriction x|gs] by z while
keeping all edges outside E[S ] unchanged yields a feasible solution to PZC(G, ¢). If R € ¥ is disjoint from §
or contains S, then 6(R) N E[S] = 0, so the value of R’s cut is unchanged. For R C S, feasibility is exactly
one of the local constraints. For R = §, the cut value is determined only by edges leaving S, which are not
changed. Hence the modified vector is feasible for PZ(G, ¢). Consequently, if z had smaller local objective
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value than x|g(s], then the resulting global solution would have smaller objective value than x, contradicting
optimality of x. Therefore x|g[s] is also optimal for the same local LP.

Complementary slackness with IT now implies that every edge of supp(x) N E[S] is tight with respect to
I1. And because II(T") > O forevery T C S in ¥, complementary slackness gives

x(o(T)) =1 VT CS, TeF.
O

Lemma 3.5.4. Let S € ¥ be an inclusionwise minimal set of . Let A and " be feasible solutions to
Df(G, ¢), and suppose S is (N, T, b)-factor-critical. Then

Anr(S) = max(As (u) = T's () = max|As (u) - T's ()]
If AAr(S) > 0, and we define
AT :={ueS :T(u) = Aw) + Arr(S)}, A" :={ueS :T(u) = A(w) — Apr(S)},
then b(A™) > b(A™).
Proof. Since S is inclusionwise minimal in ¥, there are no strict descendants of S in ¥, and therefore
As(u) = Au), s (u) = T'(w) Yues.

Let A = max|A@u) - T(w)|.- By definition, A > Ay r(S). If A = 0, then A r(S) = 0 as well, and the statement
ue

follows. Assume now that A > 0.
Define the sets A* and A~ using A in place of Ax r(S), namely

AY i ={ueS :T(u) = A(u) + A}, A" :={ueS :T(u) = A(u) — A}.

Since S is (A, ¥, b)-factor-critical, for every a € S there exists a A-critical b-matching M, for a
inside S, using only edges tight with respect to A. Hence for every edge uv with M, (uv) > 0 we have
A(u) + A(v) = c(uv), and the feasibility of I gives I'(u) + I'(v) < c(uv).

Therefore, if u € A* and M,(uv) > 0, then I'(u) — A(u) = A implies I'(v) — A(v) £ —A. By maximality of
A, this forces A(v) —TI'(v) = A, thatis,v € A™.

Since A > 0, the set A* U A~ is nonempty, and the previous implication shows that A~ # (. Consequently,
the maximum absolute difference is attained with positive sign, and thus A = Ax ().

Now pick a € A™ and consider the A-critical b-matching M,. By the argument above, every edge of
positive multiplicity in M, incident to a vertex of A™ has its other endpoint in A~. Since a € A™, the deficit
vertex is not in A*. Therefore, summing the degree equations of M, over the vertices of A*, we obtain
M, (6(A*,A7)) = b(A™).

Next, summing the degree equations over the vertices of A, we obtain total degree b(A™) — 1, because
M, has deficit exactly one at the vertex a € A~. The contribution of edges between A~ and A* is exactly
M, (5(A~,A")) = b(A"), and all remaining contributions are nonnegative. Hence b(A™) — 1 > b(A™"), that is,
b(A™) > b(A"). This proves the lemma. O

Lemma 3.5.5. Let S € F be inclusionwise minimal. Assume
(i) S is (IL, 7, b)-factor-critical,

(ii) there exists an optimal solution x to PZ(G, c) with x(6(S)) = 1.
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Then Y is consistent with Il inside S, and Anw(S) = 0.

Proof. Apply Lemma 3.5.4 with A =Iland I' = V. If A g(S) = 0, there is nothing to prove.
Set

A= Ang(S) >0, A" :={ues : Il(u) —¥Y(u) = A}, At i={ueS P -Iu) = A.

Then b(A™) > b(A™).
Take any edge uv € supp(x) N E[S] with u € A™. Since uv is tight for ¥ and feasible for I1,

Y(u) + Y(v) = c(uv) = (u) + I1(v).

Using I1(u) — ¥(u) = A, we obtain ¥(v) — I1(v) > A.

By maximality of A, this forces v € A*. Thus no positive edge of x lies inside E[A™], and no positive
edge of xjoins A" to S \ (A~ UAY).

Since no positive edge of x lies in E[A™], we have x(E[A™]) = 0, and therefore

D(A7) = x(6(A7,A)) + x(6(A7,V \ S)).

Also,
X(6(A™,AY)) < Z X(6(v)) = B(A™).

veAt

Hence
x(6(A™,V\S) >b(A") —b(A") > 1.

Since x(6(S)) = 1 and 6(A~,V \ S) C 6(S), we must have x(6(A~,V \ §)) = 1. Therefore every edge of
supp(x) N 6(8) is incident inside S with a vertex of A~, and these are exactly the vertices attaining the
maximum of [y (u) — Ws (u). This is consistency inside S . O

Proof of Lemma 3.5.1. We proceed by induction on |V|, and subject to that, on |S]|.

If S is inclusionwise minimal, this is Lemma 3.5.5.

Assume S is not minimal. Let 7 € # be a maximal strict subset of S. By Corollary 3.2.1, T is also
(IL, ¥, b)-factor-critical. By Lemma 3.5.3, x(6(T)) = 1. Hence the induction hypothesis applies to 7: V¥ is
consistent with Il inside 7', and Ar := Apg(7T) > 0.

Contract T with respect to I1. Let (G', b, ¢’, '), x’, II’, ¥’ be the contracted objects, where ¥’ is defined
as in Lemma 3.5.2. By Lemma 3.5.2, x” and ¥’ are optimal for the contracted instance. By Lemma 3.3.1(i),
IT" remains feasible and the image S’ of S is (I", ¥, b”)-factor-critical.

We claim that the hypotheses of Lemma 3.5.1 hold for S’ in the contracted instance. By Lemma 3.3.1(i),
S’ is (I", ¥, b")-factor-critical. Moreover, if R’ € F’ satisfies R” C S’, then its preimage R € ¥ satisfies
R C S and R # T. Since R is nonmaximal in ¥, the ¥ -criticality of II gives I1(R) > 0, and hence IT'(R) > 0.
Finally, x'(6(S”)) = x(6(S)) = 1. Thus the induction hypothesis applies to S”’.

Therefore ¥’ is consistent with I1" inside S’, and A’ := Ay (S’) > 0. Let ¢ be the contracted image of 7.
We compare contracted and uncontracted quantities.

If u € S \ T, then by definition

IT5, (u) — W5, (1) = s (u) — s (u).
If u € T, then by maximality of T inside S,

s (u) = W () = (7 (w) = Yr@w) + I(T) - YD),
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while
ITg, (1) = ¥, (1) = T(T) = (¥(T) — A7) = Ar + TI(T) = ¥(T).

Since
Iy (u) — ¥7(u) < Ar,

we obtain
s (u) — s (u) < TI5, (1) — PS5, (0).

Moreover, if x(6(u, V' \ §)) > 0, then x(6(u, V \ T)) > 0, because every edge from u leaving S also leaves 7.
Hence consistency of W with Il inside T gives

I (u) —Yr(u) = Ar,

and therefore equality holds:
s (u) — s (u) = 1§, (1) — ¥, (0).

We now compare the maxima.

First, for every u € S, the above relations show Ils (u) — Ws(u) < A’, hence A y(S) < A’.

Conversely, every contracted vertex of S’ corresponds either to an original vertex of S \ T or to the
contracted node ¢. For vertices of S \ T the values are unchanged. For the contracted node,

I, (1) = Ws. (1) = Ar + T(T) = W(T) = M (u”) — s ()

for any vertex u* € T attaining the maximum A7 inside 7. Therefore the value at 7 is also realized by some
original vertex of §. Hence A" < Anw(S), so Anqy(S) = A'.

It remains to verify consistency. Let u € S satisfy x(6(u, V \ §)) > 0.

If u ¢ T, then its image in S’ is the same vertex and

X' (0w, V'\§") = x(6(u,V\S)) > 0.
Since ¥’ is consistent with [1” inside S”,
g (u) — Ws (u) = Tlg, (u) = W5, () = A" = A w(S).
If u € T, then the corresponding edge(s) of x leaving S are summed at the contracted node ¢, and thus
X6, V'\S") =x(6(T,V\S)) > 0.

Consistency of ¥’ with IT" inside S gives I, (7) — W5, () = A’. By the equality established above for
boundary-active vertices inside 7,

Is () = Vs () = I, (1) = W, (1) = A" = Anw(S).

Thus every vertex of S with positive x leaving S attains the maximum, i.e. ¥ is consistent with IT inside
S. i

Lemma 3.5.6. Let A and I be dual feasible solutions to Df(G, o). If S € ¥ is both (A, T, b)-factor-critical
and (I', F, b)-factor-critical, then A and T are identical inside S .
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Proof. Assume not, and choose a counterexample with |V| minimal and, subject to that, |S| minimal.

If § is inclusionwise minimal, apply Lemma 3.5.4 first to (A, ') and then to (I, A). The first application
gives b(A™) > b(A"), while the second swaps the roles of the two sets and gives b(A*) > b(A™), which is a
contradiction.

Hence S contains a strict descendant T € . By Corollary 3.2.1, T is both (A, ¥, b)- and (I', ¥, b)-factor-
critical. By minimality of S, the two solutions are identical inside 7', i.e.

AR) =T(R) YVRe(FUV),RCT.
Contract 7. Because A and I' agree on all strict descendants of 7', we have
Ar(uw) =T'r(w) Yuel.

Therefore the contraction with respect to A and the contraction with respect to I' produce the same contracted
graph and the same contracted costs, since the latter depend only on the quantities Ar(x) and I'r(u). Let
A’,T” denote the contracted duals, and let S’ be the image of S.

By Lemma 3.3.1(i), the image S is both (A’, ¥, b’)- and (I, ¥, b’)-factor-critical.

We claim that A’ and I are not identical inside S’. Indeed, suppose they were identical inside S’. Then
in particular:

e for every strict descendant R C § with R # T, the corresponding image R’ ¢ S’ satisfies A’(R") =
I"(R’), hence A(R) = T'(R),

e the contracted singleton ¢ = {T'} is a strict subset of S”, so A’(¢) = I'’(¢). By definition of the contracted
dual, A’(¥) = A(T) and I'"(r) = I'(T"), hence A(T) = I'(T).

Together with the already established identity inside 7', this implies that
AR) =T(R) YVRe(FUV),RCS,
meaning A and I are identical inside S, which is a contradiction.

Thus (G’, S’) is a smaller counterexample, contradicting the minimal choice of (G, S). O

3.5.2 Finding a positively-critical dual optimal solution

Algorithm 2 Positively-critical-dual-opt-b

1. Input: a dual optimal solution ¥ to DbT(G, ¢) and an ¥ -critical dual solution II.
Output: an ¥ -positively-critical dual optimal solution.

2. While ¥ is not ¥ -positively-critical:

(a) Choose a maximal set S € ¥ such that ¥(S) > 0 and I1, ¥ are not identical inside S .
(b) Set A :=Apgw(S).
(¢c) Define

1= min{1, ¥(S)/A}, A >0,
e A=0.
(d) Replace ¥ by ¥ defined by

A-D¥T)+AKT), TS, TeFUY,
W(T) =q¥(S) - 1A, T =S5,
(1), otherwise.
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3. Return V.

If S € F satisfies W(S) > 0 and II, ¥ are identical inside S, then every Il-critical b-matching inside S is
also W-tight, because edges inside S do not cross S and the two duals agree on all strict descendants and
vertices of S. Thus S is also (W, 7, b)-factor-critical. Hence, if ¥ is not ¥ -positively-critical, there must exist
a set with positive W-value where IT and ¥ are not identical inside.

Lemma 3.5.7. Let S € F be maximal such that ¥(S) > 0 and I1,¥ are not identical inside S. Let ¥ be
defined as above. Then ¥ is also dual optimal for Df(G, ¢), and either ¥(S) = 0 or I1 and ¥ are identical
inside S.

Proof. Since Y(S) > 0, complementary slackness between x and ¥ gives x(6(S)) = 1. Hence Lemma 3.5.1
applies to S, and A p(S) > 0.

By construction, if A = 1, then IT and ¥ are identical inside S. If 1 < 1, then ¥(S) = 0.

It remains to prove optimality, and for this we verify feasibility and the complementary slackness
conditions. Any dual variable outside S is unchanged. Any strict descendant 7 C S receives a convex
combination update toward II.

We first check dual feasibility. For an edge uv € E[S], the new dual left-hand side is a convex combination
of the old one for ¥ and the one for II, hence remains feasible. Now consider an edge uv with u € S and
v ¢ S. The only part of the dual left-hand side that changes is the contribution from strict descendants of
S containing u together with the contribution of S itself, all ancestor and external-set contributions remain
unchanged.

We have

Ps(u) +P(S) = (1 - VW (u) + As () + ¥(S) — 2A
= Ws () + ¥(S) + A5 (u) = s (u) - A)
< Ws(u) +¥(S),

because Ilg (1) — Ws (1) < A. So all such dual inequalities remain feasible.

For complementary slackness, if x(uv) > 0 with uv € E[S], then uv is tight for both ¥ and II by
Lemma 3.5.3, hence also for their convex combination. If x(uv) > 0 withu € S, v ¢ S, then by consistency
Ig (u) — Ws (1) = A, so equality holds in the formula above and the edge remains tight. Edges outside S are
unchanged and remain tight when positive.

Finally, let T € F be a blossom set with W(T) > 0. If T = S, then x(6(S)) = 1, since ¥(S) > 0 and x, ¥
satisfy complementary slackness.

If T ¢S, then

W(T) =(1-)¥T)+ AT) > 0.

Hence either W(7') > 0 or II(T) > 0. In the first case, complementary slackness between x and ¥ gives
x(6(T)) = 1. In the second case, Lemma 3.5.3 gives x(6(T)) = 1.If T ¢ S, then ¥(T') = W(T) > 0, so again
x(6(T)) = 1 by complementary slackness between x and ‘P.

Thus every blossom set with positive P-value is tight for x, therefore (x, V) satisfies complementary
slackness, so ¥ is dual optimal. O

Corollary 3.5.1. If F is a critical family, then every dual optimal solution to DZ(G, ¢) can be transformed
into an F -positively-critical dual optimal solution by the above algorithm. The procedure terminates after at
most |F | iterations.
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Proof. Correctness follows from Lemma 3.5.7. It remains to show termination.

Once a set § has been processed, either W(S) becomes 0, or IT and ¥ become identical inside S. Once
identity inside S holds, it is preserved by all later updates. Updates outside S do not change variables inside
S, while an update at a strict ancestor of S replaces values inside S by convex combinations with the same
[1-values, and therefore keeps them equal to I1.

Suppose S is processed twice, and choose the first such repetition. After the first processing, either
Y(S) =0, or ITand ¥ are identical inside S. Since identity inside S is preserved by later updates, the second
processing of S can occur only in the first case. Thus, immediately after the first processing, ¥(S) = 0.

For ¥(S) to become positive again before the second processing, some strict ancestor of S must be
processed, since updates at disjoint sets, descendants of S, or S itself do not increase P'(S ) before the second
processing. Let S’ 2 S be the first strict ancestor of S processed after the first processing of S.

At the time when S was first processed, S’ could not have had positive dual value. Indeed, if ¥(S’) > 0,
then by the maximal choice of S, the duals IT and ¥ would have been identical inside S’. This would imply
that they were identical inside S, contradicting the fact that S was processed. Hence W(S’) = 0 at that time.

For S’ to become positive before it is processed, some strict ancestor of S’ must have been processed
earlier. This contradicts the choice of S’ as the first processed strict ancestor of S. Therefore no set is
processed twice. O

3.5.3 Extremal dual solutions

We now assume that the primal optimum x of Pb¢(G, c)is unique. Let F, :={S € F : x(6(5)) = 1}. For a
dual optimal solution ¥ define
[¥(S) — TI(S)I
h(W,I0) = _—
P

A dual optimal solution ¥ is called I1-extremal if it minimizes A(*P, IT) among all dual optimal solutions of
D} (G, o).

We can obtain a II-extremal dual by solving the following linear program. The support of ¥ is restricted
toVUF.

. . ) r(T)
(Dfy,)  min h(P,II) := Z T
TeVUF,
st. —nrT)<¥(T)-TIT) < KT) VT € VUF,,
Z W(T) = c(uv) Y uv € supp(x),
TeVUF:uved(T)
Z W(T) < c(uv) Yuv € E \ supp(x),
TeVUF,:uved(T)
P(S) >0 VS €F

The feasible solutions of (D ;) are precisely the dual optimal solutions of DbT(G, c¢) supported on V U F,.
Indeed, primal-dual complementary slackness with the fixed primal optimum x forces equality on every edge
of supp(x) and forces ¥(S) = 0 for every blossom set § € ¥ \ ¥,. Hence an optimal solution to (D ) is a

[T-extremal dual optimal solution to DZC(G, c).

Lemma 3.5.8. Let F be a critical family and 11 an F -critical dual. Then every I1-extremal dual optimal
solution ¥ to DbT(G, ¢) is F -positively-critical.
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Proof. Assume for a contradiction that ¥ is not # -positively-critical. Then there exists a maximal set S €
such that W(S') > 0 and IT and ¥ are not identical inside S. Let A := A w(S). Define

L min{L¥(S)/AL - A>0,
1, A=0,

and let ¥ be the dual solution obtained from ¥ by the correction step of Lemma 3.5.7.

By Lemma 3.5.7, ¥ is dual optimal for DZ(G, ¢). Moreover, if ¥(T) > 0, then either ¥(T) > 0 or
I(T) > 0. If ¥(T) > 0, then T € ¥, by complementary slackness between x and Y. If II(T") > O, then T € 7
by Lemma 3.5.3. Thus every newly positive strict descendant still belongs to 7. Therefore ¥ is feasible for
D;’b as well.

We claim that (P, II) < A(P, I1), contradicting the extremality of ‘P.

For every T € V U ¥, define

7(T) := [¥(T) - I(T)| — [¥(T) — TI(T).
Then

«(T)

WP, TT) — h(P,T1) = Z iR

TeVUF,

If T ¢ S, then ¥(T) = W(T), and therefore 7(T) = 0. If T C S, then by the definition of the correction

step,
(1) - IKT) = (1 - H(¥(T) - IT)),
and hence
w(T) = A|W(T) — II(T)|.
Further, for T = S we have
P(S) = P(S) - 1A,

and therefore
7(S) = [¥(S) - II(S)| — [F(S) - TI(S)| = —AA.

Case 1: A > 0. Choose u € S such that ITg(u) — Ws(u) = A and let y := r;lasx |T|. Since every such T is a
C

ueT
TeVUF,

strict subset of S, we have y < |S|. Now
7(T) > 7(T) N 7(S)
7| 7| N

TCS
ueT

WP, TT) — h(P, T1) = Z

TeVUF,

A AN A AA
> 2 ) W=D = 15> 2 ) (D) = ()| = 17

TS |S| _7 TS |S|
ueT ueT
A AA 1 1
= —(Ils (u) — Y5 (u) ——:A/l(———).
s s00) = 357 y IS]

Since A > 0, 4 > 0, and y < |§|, the last quantity is strictly positive. Hence A(‘Y,II) — h(P,11) > 0,
contradicting the extremality of ‘.

Case 2: A = 0. Then A = 1, and therefore

(7)) =¥ -1T)| VTS,
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while 7(S) > 0.
Hence, for any u € S,

i T T W(T) - T(T
HEID - A= Y T|(T|)ZZT|(T|)=Z%-

TeVUF, TcS TCS
ueT ueT

Since IT and W are not identical inside S, there exists some strict subset 7 € S, T € VUF,, with II(T) # V(7).
Choose u € T. Then the above sum contains at least one strictly positive term, and therefore

h(¥,TD) — h(P,T1) > 0,

again contradicting the extremality of V.
In both cases we obtain a contradiction. Therefore no such set S exists, and ¥ is ¥ -positively-critical. O

3.5.4 The next family of cuts

In this subsection we prove the b-matching analogue of Lemma 3.2 in [3] under the support-proper cut-
generation rule introduced in Section 3.4.
Let ¥ € Oy, be the current laminar family. Let x be the unique optimum of PZC(G, ¢), and let I1 be the

I'-extremal dual optimum of DZ(G, c). By Lemma 3.5.8, I1 is ¥ -positively-critical. Define the family of
retained old cuts by H’ :={S € F : I[I(S) > 0}. Contract every maximal member of H" with respect to II.
Let (G, b, &) be the resulting contracted instance, and let X be the image of x.

For a connected component K of supp(X), define

n(K) := #{odd half-integral Euler components of G »(%) contained in K}.

Let
K :={K : K is a connected component of supp(%), n(K) is odd}.

For every K € K, let S k¢ be the full original preimage of V(K) under the contraction of the maximal members
of H’'. Define H"” :={Sg : K € K}, H := H UH". We extend II to the family H by setting

I(S) =0 VS e H”.

The aim of this subsection is to show that / is again a critical family, and that this extended dual solution IT
is H-critical.

Lemma 3.5.9. The family H = H’' UH" is laminar. Moreover, every set S € H' belongs to Oy, and satisfies
x(6(S)) = 0 < 1. Further:

1. distinct members of H"' are disjoint,
2. forevery T € H’' and every S € H", either TNS =0 orT C S,
3. every member of H" is maximal in H.

Proof. The validity, violation, and laminarity statements follow from Lemma 3.4.1, since the present
construction is the same support-proper cut-generation rule applied to the contracted solution .

It remains only to prove the containment properties used below. Distinct connected components of
supp(%) are vertex-disjoint, so their full original preimages are disjoint. Hence distinct members of H"’ are
disjoint.
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Let T € H’, and let M(T) be the maximal member of H’ containing 7. In the contracted graph, M(T) is
represented by a single node. For S = S x € H", either this node belongs to K, in which case T € M(T) C S,
or it does not belong to K, in which case T NS = 0.

Thus every member of H” is either contained in or disjoint from every member of HH”’. Since no member
of H’ contains a member of H"’, and distinct members of H"’ are disjoint, every member of H’’ is maximal

inH. O

Lemma 3.5.10. Let H' ={S € F : II(S) > 0}, and contract every maximal member of H’ with respect to
IL Let (G, b, &) be the resulting contracted instance, and let % be the image of the current primal optimum x.
Assume that X is support-proper half-integral.

Let K be a connected component of supp(x) such that the number of odd half-integral Euler components
of G12(%) contained in K is odd. Then, for every node q € V(K), there exists an integer vector N4 € Zf(()K)
supported on supp(X)[K] such that

by -1, v=gq,

q =
N1(5k(v)) {B(v), veV(K)\{q}.

Moreover, if every edge of supp(X)[K] is tight with respect to the contracted dual, then N7 uses only tight
edges.

Proof. Since K is a connected component of supp(%), no positive edge of & leaves K. Hence £(04(K)) = 0.
Summing the degree equations over K, we get

b(K) = 2%(E[K]) + %(64(K)) = 2X(E[K]).
Modulo 2, every integral edge contributes O to 2X(E[K]), while every non-integral edge contributes 1. Hence
b(K) = |E12(®) N E[K]| (mod 2).

Because % is support-proper half-integral, G,»(%) is Eulerian. In an Eulerian graph, the parity of the number
of edges is equal to the parity of the number of odd Euler components. Therefore

|E1/2(X) N E[K]| = #{odd half-integral Euler components of G;,2(X) contained in K} (mod 2).
By the choice of K, the latter number is odd. Consequently,
b(K)=1 (mod 2).

Construct a multigraph M on vertex set V(K) by replacing every edge e € E[K] by 2X, parallel copies. This
is well-defined because % is half-integral. Since K is a support component, for every v € V(K) we have

Ox() = F(3g(v) = b).

Thus
degp(v) = 2X(0g(v)) = 2lA7(v) Yv € V(K),
hence M is Eulerian. It is connected because K is connected in supp(%).

The number of edges of M is
EM) = > 2% = b(K),

e€E[K]
which is odd.
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Fix ¢ € V(K), and take an Euler tour of M starting and ending at g: ¢ = vg,e1,V1,€2,...,€m, Vin = ¢,
where m = |[E(M)| = b(K) is odd. Select the even-positioned edges of this Euler tour. For each original edge
e € E[K], let N/ be the number of selected copies of e.

For every vertex v # g, the Euler tour pairs the incident tour-edges at v into consecutive entering-leaving
pairs. Exactly one edge in each such pair has even position. Therefore

NU(Sg(v)) =b(v) Vv #yq.

At the initial vertex g, the first and last tour-edges both have odd position, because m is odd. Thus g receives
one selected edge fewer than half of its incident tour-copies:

Ni(6k(9) = b(g) - 1.

Therefore NY is an integer nonnegative vector supported on supp(X)[ K] with the required degree vector.
If every edge of supp(X)[K] is tight with respect to the contracted dual, then N7 uses only tight edges,
because it is supported on supp(X)[K]. O

Lemma 3.5.11. For every S € H”, the set S is (I, H, b)-factor-critical, where H := H' U H" .

Proof. Let S = Sk € H”, where K is the selected connected component of supp(£) whose full original
preimage is S. We must show that for every w € S, there exists a [1-tight (S, by ,,, H)-perfect b-matching.

Let By, ..., B, be the maximal members of A’ contained in S. In the contracted graph G, these sets are
represented by contracted nodes ¢4, ..., t,. Each B; € H’ satisfies I1(B;) > 0. Since IT is ¥ -positively-critical,
each B; is (I1, ¥, b)-factor-critical. Replacing ¥ by H adds no new proper descendant inside B;, it only
possibly removes old descendants. Therefore the old I1-critical b-matchings inside B; remain valid with
respect to H.

Fix w € §, and let g € V(K) be the image of w in the contracted graph. By Lemma 3.5.10, there exists an
integer vector N7 € Zf(()K) supported on supp(X)[K] such that

b -1, v=gq,

q =
NSk (v)) {,;(v), ve V(K)\ {g}.

Moreover, since * and the contracted dual are optimal, every edge of supp(X) is tight in the contracted instance.
Hence N7 uses only contracted tight edges.

We now lift N? to an integer edge vector M on E[S]. Consider an edge ¢’ € E(K) used by N? with
multiplicity N4(e”). We choose preimages as follows.

If ¢’ = uv, where neither endpoint is contracted, then ¢’ is already an edge of the original graph, and we
include NY(e’) copies of uv in M.

If ¢’ = t;v, where v is uncontracted, choose a preimage edge a;v, with @; € B;, attaining

c(tiv) = c(av) — lp,(a;).

Include N4(¢’) copies of a;vin M.
If ¢’ = t;t;, where i # j, choose a preimage edge a;a;, with a; € B; and a; € Bj, attaining

ett) = claaj) — Up(a;) — g (aj).

Include N4(e’) copies of a;a; in M.
In each case, the chosen preimage edge is I1-tight in the original graph. Indeed, if ¢’ has no contracted
endpoint this is immediate. If ¢’ = #;v, then tightness of ¢’ in the contracted graph gives

i) + i) + Z (T) = é(tv).

T: tves(T)
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Using fl(ti) = II(B;) and the defining equality ¢(#;v) = c(a;v) — I1p,(a;), this is exactly the original tightness
equality for the edge a;v. The case e’ = f;¢; is identical, except that one adds the two internal contributions
IIp,(a;) and HBJ. (aj). Thus all lifted external edges are I1-tight.

Now consider each block B;. Since E(ti) = 1, the vector N satisfies

0, g=t,

N%%m»={l et

If g # ¢, then exactly one lifted edge is incident with B;. Let a; € B; be its endpoint inside B;. Insert
inside B; a Il-critical b-matching for a;. This internal matching has degree b(v) at every v € B; \ {a;} and
degree b(a;) — 1 at a;. The unique lifted edge incident with a; restores the missing unit.

If g = ¢;, then w € B; and no lifted edge is incident with B;. Insert inside B; a I1-critical b-matching for w.
This gives degree b(v) at every v € B; \ {w} and degree b(w) — 1 at w.

For vertices of S that do not lie in any contracted block B;, the degree condition follows directly from N4.
Therefore the lifted vector M satisfies

by -1, v=w,

M(@66is1(v) = {b(V) ves\{wh

Furthermore, every edge used by M is II-tight: the lifted external edges were chosen as tight preimages, and
the internal critical b-matchings inside the blocks use only I1-tight edges.
It remains to verify the H-matching inequalities. We prove that

M((SG[S](R)) <1 YReH,RCS.

Since every member of H”’ is maximal in 4, no proper subset of S that belongs to H lies in H"'. Hence
every such R belongs to H’.

Let R € H’ with R ¢ S. By laminarity, R is contained in a unique maximal member B; of H’ contained
inS.

First suppose R = B;. If g # t;, then N9(6k(¢;)) = ?)(tl-) = 1, so exactly one lifted edge enters B;. The
internal critical b-matching inside B; uses only edges of E[B;]. Hence M(ég(s1(B;)) = 1.

If g = t;, then

N6k (1) = b(t)) =1 =0,

so no lifted edge enters B;, and the internal critical b-matching again uses only edges of E[B;]. Hence
M(5G[SJ(B,')) =0<1.

Now suppose R C B;. If g # t;, the unique lifted edge entering B; is incident with some vertex a; € B;,
and the internal matching inside B; is a [I-critical b-matching for a;. By Lemma 3.2.1,

1, CliEBi\R,

M, (6ci81(R)) =
{(0618;1(R)) {0’ 4 cR.

If a; € R, then the internal matching crosses R zero times, while the unique lifted edge incident with a; crosses
R once. If a; ¢ R, then the internal matching crosses R once, while the lifted edge does not cross R. In both
cases, M(6gis1(R)) = 1.
If ¢ = 1;, then no lifted edge enters B;. The internal matching inside B; is a [1I-critical b-matching for w,
and the same Lemma 3.2.1 gives M(ég[s1(R)) < 1.
Therefore
M(6gis1(R)) <1 YReH,RCS.

Thus M is a Il-tight (S, by, H)-perfect b-matching. Since w € S was arbitrary, S is (I, H, b)-factor-
critical. O
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Theorem 3.5.1. Let 7 be critical, and let 11 be the extremal dual optimum chosen in the current iteration. Let
H = H' UH" be defined as above. Then H is a critical family, and T1, extended by TI(S) = 0 for S € H", is

an H-critical dual.

Proof. By Lemma 3.5.9, H is laminar.

First consider a set T € H’. Since II(T) > 0, and T1 is ¥ -positively-critical, T is (TI, F, b)-factor-critical.
Letu € T, and let M,, be a [1-critical b-matching for u inside T with respect to 7.

We claim that M), is also valid with respect to H. To check (I, H, b)-factor-criticality of 7', we only need
to verify cut constraints for sets R € H,RC T.

No member of H" is properly contained in 7', because every member of " is maximal in H. Thus
every proper member of H contained in T belongs to H’ C ¥ . Replacing ¥ by H removes some old
descendants but adds no new descendants inside T'. Therefore any (7, br,, ¥ )-perfect critical b-matching is
also a (T, br ,, H)-perfect critical b-matching. Hence every set T € H” is (I, H, b)-factor-critical.

Now let S € H”. By Lemma 3.5.11, S is (Il, H, b)-factor-critical. Thus every member of H is
(I1, ‘H, b)-factor-critical.

It remains to check positivity on nonmaximal sets. Every member of 4"’ is maximal in . Therefore
every nonmaximal member of H lies in H’. But by definition of H’,

I(T)>0 VT eH.

Hence every nonmaximal member of H has positive I1-value.

Finally, extending IT by zero on the new maximal sets H’* preserves dual feasibility, because adding
a dual variable with value zero does not change any dual inequality. Therefore IT is an H-critical dual.
Consequently H is a critical family. O

Lemma 3.5.12. Suppose that in an iteration of the cutting-plane algorithm the current family F is critical,
and T is an F -critical feasible solution to DbT(G, c). Let Il be a I'-extremal dual optimum of DbT(G, c¢). Then:

1. Tl is an F -positively-critical dual optimum,

2. if H = H" UH" is the next family chosen by the support-proper cut-generation rule above, then H is
critical,

3. 11, extended by zero on the new maximal sets H", is an H-critical dual.

Proof. Part (i) is Lemma 3.5.8.

Parts (ii) and (iii) follow from Theorem 3.5.1. Indeed, the theorem shows that the family H = H’ U H”
is laminar and critical, and that the dual solution IT, with zero value on every new maximal set in H", is
H -critical. m|

3.6 Convergence analysis

The goal of this section is to prove that the generalized cutting-plane algorithm terminates after O(|V|log|V|)
iterations. The proof follows the same structure as the convergence proof for perfect matchings in [3], but the
potential function is adapted to the b-matching setting.

In the perfect matching case, the convergence argument tracks the number of odd cycles in the support of
the current proper half-integral solution. In the present setting, a half-integral support component need not be
a single odd cycle after unshrinking b-factor-critical sets. We therefore use the support-component potential

D;(2) = #{ Q: Qis aconnected component of supp;(z) and Ej/2(2) N Eg[Q] # (Z)}.
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For support-proper half-integral vectors, this is the number of support components that contain an odd number
of odd half-integral Euler components.

The convergence proof is organized around two claims. First, we prove that the potential is non-increasing
from one cutting-plane iteration to the next: @g(xx+1) < O (xr). Second, we prove a persistence property
for the cuts generated during a constant-potential phase. Namely, if ®g(x;) = Pg(xi1) = -+ = Dg(x)),
then every new cut generated during the iterations i,..., j — 1 is still present in the active laminar family
at the beginning of iteration j. This means that if #,” denotes the newly generated cuts in iteration k, we

j-1
prove U ‘H;' C F;. These two facts imply the iteration bound, because in every nonterminal iteration the
k=i

algorithm generates exactly one new cut for each counted support component, so |H’| = ®G(x;). During a
constant-potential phase with potential value p, at least p new cuts are generated in every iteration, and by
persistence, they remain simultaneously present. Since the active family is laminar and consists of proper
non-singleton sets, its size is bounded by |V| — 1. Therefore a phase with potential p has length O(|V|/p), and
summing over all possible values of p gives the bound O(|V|log|V]).

As in the original proof, the convergence analysis is based on an auxiliary primal-dual procedure. This
procedure is not part of the cutting-plane algorithm, it is used only in the proof, in order to compare
consecutive LP optima and to prove that the potential @ is non-increasing. The procedure works with two
laminar subfamilies £ and K. The sets in L are kept as blossom inequalities, while the sets in K are imposed
as equality constraints.

3.6.1 Auxiliary LPs

Let £, K C O, be such that £ U K is laminar. Consider the following modified primal:
(P,(G,e)  min > cle)z

ecE

s.t. z(6(v)) = b(v) Yv ey,
7(6(8)) =1 ¥S e K,
2(6(S)) > 1 VS € L,
z2>0.

The corresponding dual is

(DG, max D BMAM + > A(S)

veV SeLUK
s.t. Adu) + A(v) + Z A(S) < c(uv) Vuv € E,
SeLUK: uves(S)
A(S) >0 VS € L.

The dual variables A(S) for § € K are unrestricted, because the corresponding primal constraints are
equalities. Every feasible solution of qub(G, ¢) is feasible for PfUW(G, ¢), and a feasible solution of

D% (G, c) is feasible for D™ (G, ¢) only if
AGS)20  VYSeK.

3.6.2 Valid configurations

The auxiliary procedure maintains a primal-dual configuration (£, K, z, A), where £ may decrease during
the procedure, while K remains fixed. The following definition is the b-matching analogue of the valid
configuration used in the ordinary matching proof.

44



Definition 3.6.1. A quadruple (L, %, z, A) is called a valid configuration if the following conditions hold.

(A) LUK C Oy is a laminar family, all sets in K are pairwise disjoint, and every set in K is disjoint from
every set in L. The vector A is feasible for D7£( ,(G,0), and A(S) >0 VS € L. Furthermore, every
set S € LUK is (A, LUK, b)-factor-critical.

(B) The vector 7 is support-proper half-integral and satisfies all constraints of P(IL(,b(G’ ¢), except that for
some sets S € K we allow z(8(S)) = 0 instead of z(6(S)) = 1.

For every set S € LUK, the full support graph supp(z) spans all vertices of S. Equivalently, every
vertex u € S is incident with at least one edge e € supp(z), where e may lie in E[S] or in 6(S).

More precisely, the following local structure is required.

(i) If S

€ K and z(6(S)) = 0, then inside S there is exactly one connected component of supp(z)[S ]

that contains an odd number of odd half-integral Euler components. All other connected compo-
nents of supp(z)[S 1, if any, are integral. Equivalently, S contains exactly one support component

counted by ©.
(ii) If S € LUK and z(6(S)) = 1, then the reduced boundary of S has one of the following two
forms.
(a) The boundary consists of one edge of value 1, attached at a vertex u € S. In this case z|g[s]

(b)

is an integral tight critical b-matching with deficit at u. That is,

2(0grs1(w)) = b(u) — 1, 20gis1(V) = b(v) Vv e S \{u},

all edges used inside S are tight, and all descendant (L U ¥K)-constraints inside S are
respected. In particular, there are no half-integral edges inside S .

The boundary consists of two edges of value 1/2, attached at vertices ui,u, € S, not
necessarily distinct.

If uy = up, then the two half-boundary edges are treated as one full boundary unit at u;, and
case (a) applies.

If uy # ua, then zlgis) = %Mul + %Muz, where M, and M,, are tight critical b-matchings
such that the following support-compatibility condition holds:

all non-integral edges of z|g(s) lie in the same connected component of supp(z)[S ] as the two
attachment vertices uy, up, and

|E12(2) NE[S]|=0 (mod 2).

Consequently, expanding or contracting S creates no counted support component hidden
entirely inside S, splits no counted support component, and preserves the value of the
support-component potential ©.

(C) Every edge in supp(z) is tight with respect to A, that is,

Alw) + A(w) + Z A(S) = c(uv) Yuv € supp(z).
SeLUK: uved(S)

Moreover, z(6(S)) =1 VS € L.
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3.6.3 The support-proper half-integral »-matching procedure

For an edge e € E* with integral z*-value, we say that e is decreasable if 7, > 0, and increasable if e € E™.
Thus every tight edge with integral z*-value is increasable, and every positive tight edge with integral z*-value
is decreasable. An edge may be both increasable and decreasable.

An alternating walk is a walk P = vgejvye; - - - exvg such that e; is an increasable edge for odd i, and a
decreasable edge for even i. In an update along P, we increase the odd-positioned edges by 1 and decrease
the even-positioned edges by 1.

Algorithm 3 Support-proper half-integral b-matching procedure

Input: a valid configuration (¥, K, x, IT).
Output: a valid configuration (£, K, z, A), where £ C ¥, and z is optimal for PZ,:( b(G, 0).

1.
2.

Setz:=x, A =11, L:=F.

Construct the contracted tight graph G* = (V*, E*) by contracting every maximal member of £ U K

with respect to A, and deleting all non-A-tight edges.

. Let b* and z* be the contracted demand vector and the image of z.

Define T := {g € V* : g is a contracted K-node and z*(dg-(g)) = 0}, and

R :=T U{v e V* : vlies in a support component of z* containing a half-integral edge}.

. While T # 0, repeat the following steps.

(a) If there exists a nonempty alternating 7-R walk in G*, let P = vpe v - - - exvi be a shortest
nonempty alternating 7-R walk, with vo € T and v; € R.

Case I(a).

Case I(b).

Case I(c).

If P is a path and v; € T, perform the unit alternating update along P. Then lift the update to
G through tight critical b-matchings.

If Pis a path and v € R\ T, let Q be the support component of z* containing v. Perform
the unit alternating update along P. Then replace z*|g+[g) by the deficit vector N"* from
Lemma 3.6.1, and lift the update to G through tight preimages and tight critical b-matchings.
If P is not a path, extract an odd alternating blossom cycle C and an alternating path P from
vo to a base node r € V(C). Perform the unit alternating update along P;. Then perform
the half-unit alternating update on C, with sign chosen to restore the degree equation at r.
Finally, lift the update to G through tight preimages and tight critical b-matchings.

(b) If no nonempty alternating 7-R walk exists, perform the following dual update.

Case I1.

Define B* := {v € V* : v is reachable from T by an even alternating path}, and
B~ :={v € V* : vis reachable from T by an odd alternating path}.
Choose £ > 0 maximal such that the update

Ag):=Ng)+&  VgeB",
A :=MNg) - VYqgeB
preserves dual feasibility and
AS)=0 VS e L

If a new edge becomes tight, add the new tight edges to G™.
If some S € L N B~ satisfies A(S) = 0, then unshrink all inclusionwise maximal such sets S,
remove them from £, and update G*, b*, and z7*.
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(c) Recompute 7" and R.

6. Return (L, K, z, A).

Lemma 3.6.1. Let Q be a connected component of supp(z*) containing half-integral edges. Assume that 7" is
support-proper. Then b*(Q) is odd. Moreover, for every q € V(Q), there exists an integer vector N7 € ZgO[Q],
supported on supp(z*)[Q], such that

P -1, v=gq,

q =
N(69o(v)) {b*(v), ve V(O)\ {g).

Proof. Since z* is support-proper and Q contains half-integral edges, Q contains an odd number of odd
half-integral Euler components. Hence the same Euler-tour construction as in Lemma 3.5.10 applies, with
(G, b, %, K) replaced by (G*, b*, z*, Q). This gives b*(Q) odd and produces the required integer deficit vector
N4, |

Y
=
B
=~

.

-

.
N
S
N
~

= e =4
}y /\R.
R R

R

-1

Figure 1: Schematic illustration of Case I(b) in the auxiliary procedure. An alternating path from an
exposed K-node (white) reaches a counted support component. After the unit update along the path and
the replacement of that component by the deficit vector N'*, the exposed node is corrected and the counted
support component is removed.

Lemma 3.6.2. Let (L, K, z, A) be a valid support-proper configuration, and let G*, 7*, and T be the associated
contracted objects. Define

Q") :=|T| + #{Q : Qs a connected component of suppg.(z°) and E12(z") N E*[Q] # 0)}.
Then ©g(z) = Qg(Z).

Proof. We compare the support components counted by ®(z) before contraction with the objects counted
by Qg-(z") after contraction.

Let 8 be the family of maximal members of £ U K. These sets are pairwise disjoint by laminarity.
Each B € 8B is contracted to a single node b of demand 1. First consider a maximal contracted set B with
z(6(B)) = 1. By the validity condition, the reduced boundary of B has one of the following forms.

If the boundary consists of one edge of value 1, attached at a vertex u € B, then the internal part z|g(p) is
an integral tight critical b-matching with deficit at u. Hence no half-integral edge is hidden strictly inside B.
Contracting B cannot delete or create a counted support component. The support component of z meeting the
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boundary of B is represented after contraction by the support component of z* containing the contracted node
b.

If the boundary consists of two half-edges of value 1/2, attached at distinct vertices u;, uy € B, then the
validity condition gives z|g[p] = %Mul + %Mm with support-compatible critical b-matchings. In particular,
all non-integral edges inside B lie in the same support component as the two boundary attachments, and
|E1/2(z) N E[B]| =0 (mod 2). Thus no counted component is hidden entirely inside B, and the contraction
of B does not split a counted component. Moreover, replacing the internal half-integral structure by the
contracted node preserves the parity of the number of odd half-integral Euler components in the affected
support component. Therefore the affected support component is counted before contraction if and only if its
image is counted after contraction.

If the two half-boundary edges are attached at the same vertex, validity treats them as one full boundary
unit, so this reduces to the previous integral boundary-one case. Thus every maximal set B € £ U K with
7(6(B)) = 1 preserves the counted support components bijectively under contraction.

Now consider a maximal set B € K with z(6(B)) = 0. Then after contraction its node b is isolated in
suppg-(z*), because no positive edge leaves B. Therefore b is not counted by the second term of Qg+ (z*).
However, by the validity condition regarding exposed sets, inside B there is exactly one support component
of supp(z)[B] that contains an odd number of odd half-integral Euler components. Equivalently, B contains
exactly one support component counted by ®g(z). This single counted component is represented after
contraction by the additional contribution 1 from the term |T'|, because b € T'.

All support components disjoint from the maximal contracted sets are unchanged. All support components
meeting a nonexposed contracted set are counted bijectively before and after contraction. Each exposed K-set
contributes exactly one counted component before contraction and exactly one unit to |7| after contraction.

Combining these disjoint contributions gives the desired equality. O
= R
B B
+ - * R B> 1
O @ ® + — O—e .—‘\ 'R
\\ |
i - o | R
Py R
R

Figure 2: Schematic illustration of Case I(c). The shortest alternating walk contains an alternating path P,
and an odd alternating blossom cycle. After the unit update along P; and the half-unit update on the cycle, a
new half-integral support component is created. The support component of this cycle becomes part of R.

Lemma 3.6.3. Let P be a shortest alternating T-R walk in G*. If P is not a path, then P contains an odd
alternating blossom cycle C and an alternating path P\ from its initial node in T to a base node r € V(C).

Proof. Let P = vpeyviey - - - exvg. If Pis not a path, some vertex occurs at least twice. Choose two occurrences
vi = v, i < j, with j — i minimal. Then the subwalk v;e;1v;41 - - - ejv; has no repeated internal vertex, hence
itis a cycle. If j — i were even, deleting this alternating cycle would preserve the alternating parity of the
remaining 7-R walk and would give a shorter alternating 7-R walk, contradicting the choice of P. Hence
j—1iis odd.
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Thus the subwalk between the repeated vertices is an odd alternating blossom cycle C: it is alternating
along the cycle except at the base vertex, where the two incident cycle edges have the same parity with respect
to the walk. The initial segment from vy to the repeated vertex is an alternating path P; to the base of C. O

By the minimal choice of the repetition, the closed subwalk has no repeated internal vertex. Removing
closed repetitions, if necessary, gives an update using every edge at most once.

Lemma 3.6.4. Let S € LU K be a contracted factor-critical set with reduced demand 1, and suppose the
reduced vector is half-integral and the positive reduced boundary support of S has total value 1. Then S
can be expanded in one of the two local forms required in Definition 3.6.1(B): one boundary edge of value
1, or two boundary edges of value 1/2. The expansion preserves degree equations, descendant constraints,
tightness, support-proper half-integrality, and the support-component potential .

Proof. This follows from Corollary 3.3.1. In the one-boundary-edge case we use a tight critical b-matching
with deficit at the attachment vertex. In the two-half-boundary-edge case we use %M,,l + %Muz, with the
support-compatible choice guaranteed by Corollary 3.3.1. The corollary also gives that no counted support
component is hidden inside S, no counted component is split, and @ is preserved. O

Lemma 3.6.5. After every iteration of Algorithm 3, the quadruple (L, K, z, \) is a valid configuration.

Proof. We check the possible steps. We argue by induction on the iterations of the auxiliary procedure.
Assume that (£, K, z, A) is a valid configuration before the current step. In each step we first perform the
update in the contracted graph G*, and then expand the affected contracted sets back to the original graph.
For contracted sets whose boundary has value 1, we use Lemma 3.6.4.

Case I(a)
In Case I(a), the update is along an alternating path whose odd-positioned edges are increasable and whose
even-positioned edges are decreasable. Hence no edge value becomes negative, and all values remain
half-integral. At every internal vertex of the path, one incident edge is increased and one incident edge is
decreased, so the degree is unchanged. The two endpoints are exposed nodes in 7. Since z*(6(vx)) = O, the
last edge of the path cannot be used as a decreasable edge, hence the path has odd length. Therefore the
update increases z"(6(vg)) and z*(6(vx)) from O to 1, as required for the corresponding contracted K -nodes.
Every other contracted set whose boundary support is changed by the path still has reduced boundary value 1.
Hence each such set is expanded by Lemma 3.6.4. Therefore the local validity conditions for all affected
contracted sets are preserved. All used edges are tight, so complementary tightness is preserved.

Case I(b)
In Case I(b), the path update increases the degree of the initial exposed node from O to 1. By P being the
shortest walk, no internal vertex of P lies in R. Since every vertex of Q belongs to R, the first vertex of
Q reached by P is r = v;. If the last edge were used in a decreasable position, then it would be positive
before the update, so its other endpoint would already lie in the same positive-support component Q, hence
in R, contradicting the choice of v as the first vertex of R on the path. Therefore the last edge is used in an
increasable position. Since the endpoint r € R \ T is reached by an increasable edge, the path update creates
one unit of surplus at r. The component Q is the support component of z* before the path update. Replacing
the old vector z*|g+[o; by N" creates a deficit of one at r, and hence cancels the surplus created by the path
update. The replacement is supported on the old support of Q, so all used edges remain tight. Since Q is
replaced by an integral vector, one counted support component is removed.

Now consider a contracted node s4 of Q, corresponding to a maximal set A € £ U K. Since b*(s4) = 1,
the vector N” gives
SA =T,

0’
N'(6p(sa)) = {1

, SAFT.
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If s4 # r, the unique incident unit supplied by N is lifted to a tight preimage edge attached at some vertex
a € A, and A is expanded by a tight critical b-matching with deficit at a. If s4 = r, then the unit is supplied
instead by the last edge of the alternating path, which reaches r on an increasable edge, this edge is lifted to a
tight preimage attached at some a € A, and A is again expanded by a tight critical b-matching with deficit at a.
Thus every contracted set affected by the replacement has total boundary value 1, and Lemma 3.6.4 applies.
Therefore the local validity conditions are preserved, and the lifting through contracted sets creates no hidden
counted component and splits no counted component. The only change in the support-component potential is
the intended removal of the half-integral support component Q and the correction of the one 7" vertex.

Case I(c)

In Case I(c), the unit update along P; corrects the initial exposed K-node and creates a degree imbalance at
the base r of the odd alternating blossom cycle C. The half-unit alternating update on C, with the appropriate
sign, cancels this imbalance. At every vertex of C \ {r}, one incident cycle edge is increased by 1/2 and one is
decreased by 1/2. At r, the two incident cycle edges receive the same sign, chosen opposite to the imbalance
created by the unit update on P;. Hence all degree equations are restored. The half-unit update is feasible
because every edge used in a decreasing position on C is decreasable before the half-update, and hence has
positive integral value, so decreasing it by 1/2 keeps it nonnegative.

All contracted sets whose reduced boundary support is affected still have reduced boundary value 1. They
are therefore expanded by Lemma 3.6.4, so their local validity conditions remain true.

The edges of C become half-integral and form one odd half-integral Euler component. Let Q be the full
connected component of supp(z*) containing C after the update. Then Q is a counted support component. We
claim that Q does not merge with any support component that was already counted before the update. Let
Py U C denote the path-cycle structure used in the Case I(c) update.

First observe that before the update, no vertex of P; U C lies in R. Indeed, if some vertex of P U C were
in R, then the initial segment of the chosen shortest nonempty alternating 7-R walk ending at the first such
vertex would be a shorter alternating 7-R walk, and this would contradict the choice of P.

Thus Py U C is disjoint from every support component that was counted before the update. The only
newly positive edges outside the old support are edges that belong to the updated support of P; U C. Hence, if
the new half-integral component containing C were connected by positive support to an old counted support
component, then some vertex of P; U C would already have been connected before the update to that old
counted component by a positive-support path. That vertex would then have belonged to R, a contradiction.

Therefore the full positive-support closure of the newly created half-integral cycle is disjoint from all
previously counted support components. Consequently, Case I(c) creates exactly one new counted support
component and destroys none. Since the new component contains exactly one odd half-integral Euler
component, and no old counted component is merged with it, the support-proper parity condition remains
valid. All other support components are unchanged.

Case 11

The dual update preserves feasibility by Lemma 3.6.6. Adding newly tight edges only enlarges the tight
graph and does not change either z or A, so tightness of the current support is preserved.

Let Z be the collection of inclusionwise maximal members S € £ whose contracted node belongs to B~
and whose dual value becomes zero after the maximal update. We unshrink all members of Z and remove
them from L.

For each § € Z, the removed dual variable has value zero, so deleting it from the dual family preserves
dual feasibility. The contracted node s corresponding to S has reduced demand 1. By validity before
unshrinking, the incident boundary support of s has total value 1. We expand S by Lemma 3.6.4. This
preserves all vertex degree equations, all remaining descendant £ U K-constraints, tightness, support-proper
half-integrality, and the support-component potential.

The family £ U K remains laminar because £ only loses members and K is unchanged. The positivity
condition A(S) > 0 remains true for every remaining S € L, since all zero-valued L-sets are removed.
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It remains to check factor-criticality. During the dual update, only dual variables represented as nodes
of the current contracted graph are changed. Thus the dual values strictly inside every maximal contracted
member that remains contracted are unchanged, and its old tight critical b-matching certificates remain tight.
Removing members from £ only removes descendant constraints, so these certificates remain feasible for the
smaller family. Therefore every remaining set in £ U K is still (A, £ U K, b)-factor-critical.

Thus all requirements of a valid configuration remain true. O

Lemma 3.6.6. Let (L, K, z, A) be a valid support-proper configuration, and assume that Pﬁ »(G, ¢) is feasible.
Let G* = (V*, E™) be the current contracted tight graph. Assume that T # 0, and that there is no alternating
T-R walk in G*. Define B* and B~ as in the dual update of Case II of Algorithm 3.

Then B* N B~ = 0. Moreover, there exists € > 0 such that the update described in Case Il of the algorithm
preserves dual feasibility and the nonnegativity constraints on the L-sets. If € is chosen maximal, then either
a new edge becomes tight, or some set S € L N B~ satisfies A(S) = 0.

Proof. We work in the contracted instance. For an edge e = uv of the contracted graph, let A(e) := A(u)+A®),
where the notation includes the corresponding contracted dual contribution. Let s(e) := ¢*(e) — A(e) be the
slack of the edge. Thus e € E* if and only if s(e) = 0. First we show that B* N B~ = 0.

Suppose that v € B* N B™. Then there is an even alternating path from some node of T to v, and also an
odd alternating path from some node of T to v. Concatenating one path with the reverse of the other gives an
alternating walk between two nodes of 7. Since T' C R, this is an alternating 7-R walk, contradicting the
assumption of Case II. Hence B* and B~ are disjoint.

Now assign to each contracted node g € V* the sign

1, gqge€B*,
o(q):==4-1, ge€B,
0, ¢g¢B"UB.

Under the dual update by &, the left-hand side of the dual constraint for an edge e = uv changes by
&(o(u) + o(v)). Therefore only edges with o-(u#) + o-(v) > 0 can become more restrictive.

We claim that no currently tight edge has positive coefficient o(u) + o(v). Let e = uv € E*. Since every
edge of E™ is tight, it is increasable in the alternating-walk sense. Let uv € E* be tight and increasable, and
suppose u € B*. Let P be an even alternating path from T to u. If v ¢ V(P), then appending uv, used as an
increasable edge, gives an odd alternating path from 7' to v, sov € B™.

If v € V(P), then either v occurs on P at odd distance from 7', in which case again v € B™, or it occurs
at even distance. In the latter case, the subpath of P from v to u, together with the edge uv, forms an odd
alternating cycle attached to an alternating path from 7. Equivalently, following P from T to u, then traversing
uv, and then following P backwards from v to its initial node in 7', gives an alternating 7-T walk. Since
T C R, this is an alternating T-R walk, contradicting the Case II assumption. Therefore this case cannot occur.
Hence, under the Case II assumption, every tight increasable edge leaving a node of B* has its other endpoint
in B.

Consequently, a tight edge cannot have both endpoints in B*, and cannot join B* to V*\ (B* UB™). These
are precisely the cases where o(«) + o(v) > 0. Hence every edge with o(u) + o(v) > 0 has strictly positive
slack.

Define g; := min{ Swv)

o) +o)
the full contracted graph, before deleting non-tight edges. If the set in the minimum is empty, set &, = +oo.
By the previous paragraph, every denominator appearing in this minimum is positive and every corresponding
slack is strictly positive, so g1 > 0.

cuveE (G:u), o(u) + o) > 0} , Where E(GZ“) denotes the edge set of
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The only dual nonnegativity constraints that can become tighter are those for sets in £ N B~. Define
& =min{A(S) : S € LN B}, withegy = +o0if LN B~ = 0. Since A(S) > 0 forall § € £ in a valid
configuration, we have &, > 0.

Choose 0 < € < min{ey, &3}. Then every edge with o(u) + o(v) > 0 remains feasible by the definition
of 1. Every edge with o(u#) + o(v) < 0 only becomes looser, or remains unchanged. Hence all dual edge
inequalities remain feasible. Also, every set S € £ N B~ keeps nonnegative dual value by the definition of &;,
while all other sets in £ either increase or stay unchanged. Thus the updated A is feasible for Dzb(G, c).

Now choose € maximal. If the maximum is attained by &1, then some edge inequality with positive
coefficient becomes tight, hence a new edge enters the tight graph. If the maximum is attained by &;, then
some § € £ N B~ satisfies A(S) = 0. It remains to exclude the case &; = &, = +o0o. We show that in this case
the auxiliary dual objective would be unbounded above.

Let b* denote the demand vector in the contracted graph G*: original vertices keep their original demand,
while every contracted node corresponding to a member of £ U K has demand 1. Under the Case II update
direction, the auxiliary dual objective changes at rate

D @@= ) b~ ) b9,

qev* qeB* qeB~

We prove that this rate is strictly positive.

First observe that B- N R = 0 and (B* \ T) N R = 0. Indeed, if ¢ € B~ N R, then an odd alternating
path from 7' to ¢ would be an alternating 7-R walk, contradicting the Case II assumption. Similarly, if
g € (B \ T) N R, then the even alternating path from 7T to ¢ is nonempty and gives an alternating 7-R walk,
again a contradiction.

Consequently, every node in B~ U (B* \ T) is saturated by the current solution z*, while the nodes of T
are exactly the exposed K-nodes. Hence

Z6(q)=b"(q9) VgeB U(B"\T),

and
7@B(q)=0, b(@=1 VqeT.

If there is an alternating walk from T to a node r, then either there is an alternating path from 7 to r
with the same parity, or, during the deletion of repeated subwalks, one obtains an alternating 7-R walk. The
second possibility is excluded in Case II. Thus, in Case I, every alternating walk from 7" can be replaced by
an alternating path with the same endpoint and parity.

We now show that every positive support edge incident with a node of B~ has its other endpoint in B* \ T'.
Let g € B™, and let e = gr be an edge with z*(e) > 0. Since g ¢ R, the support component containing g
contains no half-integral edge. Therefore e has positive integral value and is decreasable. Appending e to an
odd alternating path from 7T to g gives an even alternating walk from 7 to r. By the shortening observation,
there is an even alternating path from 7 to r, so r € B*. Since nodes in T are exposed and have no incident
positive support edge, we have r ¢ T. Hence r € B*\ T.

It follows that all positive support incident with B~ goes to B* \ T. Therefore

> Z(6(g) = 2" (6(B™, BT\ T)).

qeB™

On the other hand,
> Z(6(g) = (6B T, B).

geBA\T
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Using the equalities above, we obtain

PIAGEDIR !

qeBT\T qeB-

Since T € B*, T N B~ =0, and every g € T has b*(¢) = 1, this gives

D@- D @ = ) @+ Y, b@- ), b (@ =ITI>0.

qeB*t qeB~ qeT qeB\T qeB~

Thus the Case II update direction strictly increases the auxiliary dual objective. If £, = &, = +o00, then
this feasible dual direction could be followed indefinitely, and the auxiliary dual objective would become
unbounded above.

This is impossible in the applications of the lemma, because the auxiliary primal PVE’ (G, ) 1s feasible.
Indeed, if 7 is any feasible solution of this primal, then weak duality gives that the dual objective < ¢ 7 for
every feasible auxiliary dual solution. Hence the auxiliary dual cannot be unbounded above. Therefore the
case g = & = +oo cannot occur. This proves the lemma. O

Lemma 3.6.7. When Algorithm 3 terminates, the returned vector 7 is optimal for qu »(G,0).

Proof. At termination, T = 0, so every K-set satisfies

26(8)) =1 VS e K.
By validity, z satisfies the degree equations, z > 0, and

20(8)) =1 VS e L.

Thus z is feasible for Pﬁb(G, o).

The dual vector A is feasible for Dib(G, c¢) by validity. Moreover, every edge in supp(z) is tight with
respect to A, and every set § € L with positive dual value satisfies z(6(S)) = 1. The variables corresponding
to K are unrestricted dual variables, and the corresponding primal constraints are equalities, so there is no
additional complementary slackness condition to check for them.

Therefore z and A satisfy complementary slackness for the pair Pﬁb(G, ), Dqg’b(G, ¢), hence z is optimal

for P{ (G, ¢). O

Lemma 3.6.8. Let x be the input solution of Algorithm 3, and let 7 be the solution at the beginning of any
later iteration. Then ®g(z) < Og(x). Moreover, if ®g(z) = ©g(x), then Cases I(a) and I(b) have not been
executed before this iteration.

Proof. By Lemma 3.6.2, it is enough to track
Qg+ (z") =TI +#{Q : Qis a support component of z* containing half-integral edges}.

In Case I(a), two exposed nodes are corrected and no new half-integral support component is created.
Hence |T'| decreases by 2, and the second term does not increase. Therefore Q strictly decreases.

In Case I(b), one exposed node is corrected, so |T| decreases by 1. The alternating path update is a unit
update, hence it preserves integrality of all edge values it changes. The support component Q at the other
endpoint is then replaced by the integer vector N**. Therefore the support component containing the old Q
after the update contains no half-integral edge. Thus one counted support component is removed, and no new
counted support component is created. Hence Q strictly decreases.
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In Case I(c), one exposed node is corrected, so |T| decreases by 1. By the Case I(c) part of Lemma 3.6.5,
the half-unit closed update creates exactly one new counted support component and does not merge it with
any previously counted support component. Hence the second term in Q increases by 1, and € is unchanged.

In Case II, the primal vector z is unchanged. Therefore Q is unchanged, except for the purely representa-
tional effect of unshrinking a set. By Lemma 3.6.2 and Lemma 3.3.5, unshrinking preserves the value of the
potential.

Thus the potential never increases. If equality holds between the input and the current solution, no strictly
decreasing step could have occurred, therefore Cases I(a) and I(b) have not been executed. O

Lemma 3.6.9. Let ¥ C Oy, be a critical laminar family, let x be the unique optimum of PZC(G, c), and let 11
be the dual optimum used in one iteration of the algorithm. Define H' := {T € ¥ : II(T) > 0}. Let H"' be the
family of new cuts generated by the support-proper rule from (¥, x,11), and set H .= H U H".

LetS € H'. Contract S with respect to I1, and denote the resulting contracted instance by (G, b, ¢, F, %, 1).
Apply the same support-proper cut-generation rule to (¥, X, 1), and let H = H' U H"' be the resulting next
family.

Then H is exactly the image of H under the contraction of S, after deleting the members of H contained
in S. More precisely, H' ={T : T e H', T ¢ S}, and H" ={T : T € H"}. Moreover, every T € H" is
either disjoint from S or properly contains S, so no member of H"' is deleted by the contraction.

Proof. First we compare the retained old cuts. Since S € H’, we have I1(S) > 0, and by complementary
slackness, x(6(S)) = 1. Therefore we can contract S with respect to IT and Lemma 3.3.1 applies.

Let T € . By laminarity, T is disjoint from S, properly contained in S, properly contains S, or equal to
S.If T C S, then T is absorbed by the contraction and has no nontrivial image in 7. If T ¢ S, then its image
T belongs to ¥ . For such sets, the image dual satisfies II(T) = II(T). Therefore II(T) > 0 exactly when
II(T) > 0. Hence the retained positive-dual family in the contracted instance is H ={T:TeH,T¢S).

It remains to compare the new cuts. Let M1, ..., M, be the maximal members of H’. Since § € H’, the
set S is contained in a unique maximal member of H’, say M ;. We first note that contraction with respect to
a dual is associative along the chain § € M;. If § = M|, there is nothing to prove. Assume S ¢ M;. For
u € S, the internal contribution of u with respect to M is

;) = s (u) + II(S) + Z II(R).
RefF
SCRCM;, ueR
For every laminar set R with S C R, every u € S belongs to R. Hence the previous identity can also be written
as
My, (u) = s () +TIS) + > TI(R).

ReF
S QRQMJ'

Now contract S first. The contracted node s has image dual value II(s) = T1(S). Its internal contribution
with respect to the image M of M is

My,(s) = TI(S) + Z TI(R).

ReF
S.C_RQMJ‘

For an edge uv with u € § and v ¢ M}, direct contraction of M; contributes the reduced cost c(uv) — Iy, (u). If
S is contracted first, then the edge uv contributes to the compressed edge sv with reduced cost c(uv) — Ilg (u).
When M ; 1s contracted afterwards, the additional contribution subtracted from the node s is 11 Mj(s). Hence
the total reduced cost contribution is

c(uv) — g (u) — IZIMj(s) = c(uv) — Hp;(u).
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Thus contracting S first and then contracting M; subtracts exactly the same total dual contribution as
contracting M directly. Taking the minimum over all preimage edges gives the same compressed boundary
cost in both contraction orders.

The same argument is immediate for edges with one endpoint in M; \ §, because those edges are not
affected by the first contraction of §. Edges between two maximal positive-dual sets are handled by applying
the same calculation independently at each contracted endpoint. Therefore contracting § first and then
contracting the maximal members of H’ gives the same final reduced instance as contracting My, ..., M,
directly.

Consequently, the support components used by the cut-generation rule are the same in both constructions.
Since the selectedness criterion is evaluated in this common final reduced graph on this common reduced
vector, a support component is selected before contracting S if and only if the same support component is
selected after first contracting S .

Let K be a selected support component in this common final reduced graph. In the original construction,
the corresponding new cut is the full preimage of V(K) in G under the contraction of the maximal members
of H’. Call this set Tk. In the construction after first contracting S, the corresponding new cut is the full
preimage of V(K) in G under the contraction of the maximal members of . By the order-independence
proved above, this latter full preimage is exactly the image Tx of Tk under the contraction of .

Therefore the new cuts generated in the contracted instance are precisely the images of the new cuts
generated in the original instance: H” = {T : T € H"'}.

Finally, we verify that no member of H"’ is deleted by the contraction of S. Every member of H"’ is
maximal in H = H UH”, while S € H’. Hence no T € H" can be properly contained in S. Also T # S,
because S € H' C F and x(6(S)) = 1, whereas every newly generated cut T € H"’ satisfies x(6(T")) = 0.
Therefore each T € H” is either disjoint from S or properly contains S, and its image is a genuine member
of H"”. Combining the descriptions of A’ and H"’ proves the claim. m|

Lemma 3.6.10. Assume (xp) holds. Let F C Oy, be a critical laminar family. Let x be the unique optimum of
Pbgt(G, ¢), and let 11 be an F -positively-critical dual optimum of DbT(G, C).

Define H' :={S € F : TI(S) > 0}, this is the retained subfamily in the next cutting-plane iteration.
Contract every maximal member of H' with respect to IL. Let (G, b, &) be the resulting contracted instance,
and let X be the image of x. Let H"' be the family of full original preimages of those connected components
0 of supp(X) for which E| (%) N E(G[Q)) # 0. Equivalently, since & is support-proper half-integral, these
are exactly the support components containing an odd number of odd half-integral Euler components. Set
H:=H UH".

Let y be the unique optimum of PZ{(G, ¢), and let Y be an H-positively-critical dual optimum of DZ{(G, c).
Then ®g(y) < Og(x), and if Og(y) = P (x), then P(S) >0 VS € H”.

Lemma 3.6.11. Suppose that the objects in Lemma 3.6.10 form a counterexample, and choose such a
counterexample with |V| minimal. Then Y(S) =0 VS € H'.

Proof. Suppose not. Let S € H’ satisfy P(S) > 0. Since § € H’, we also have TI(S) > 0, hence S is
(I1, H, b)-factor-critical. Since WV is H-positively-critical and W(S) > 0, the same set S is also (¥, H, b)-
factor-critical. By Lemma 3.5.6, IT and ¥ are identical inside S.

Consequently, contracting S with respect to IT is the same as contracting S with respect to . Let (G, b, ©)
be the resulting contracted instance, and let (7-: JH ,H”, %, 7,11, ¥) denote the images of the corresponding
objects.

Since I1(S) > 0, complementary slackness between x and IT gives x(6(S)) = 1. Similarly, since P(S) > O,
complementary slackness between y and ¥ gives y(6(S)) = 1. Therefore Lemma 3.3.1 applies to both pairs
(x,II) and (y, ). Since x and y are support-proper half-integral, Lemma 3.3.5 gives ®5(%) = @g(x) and
D) = D(y).
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By Lemma 3.6.9, the support-proper cut-generation step commutes with the contraction of S. Hence the
next cut family generated in the contracted instance is exactly H = H' UH” , where H' ={T : T e H', T ¢
S}, H"” ={T : T € H"}. Moreover, no member of H" is deleted by the contraction.

Thus the contracted objects (G, b, ¢, ¥, X, 1, H., 3,'P) satisfy the hypotheses of Lemma 3.6.10. Since
Ds(%) = DPg(x) and Ds(9) = Dg(y), the contracted instance is again a counterexample: if the original
counterexample violates ®g(y) < Pg(x), then the contracted one violates @z(y) < Pgi(X), and if the
original counterexample has @ (y) = ®g(x) and ¥(So) = 0 for some Sy € H”, then its image satisfies
Di(F) = (%), P(So) = 0, o € H”. This contradicts the minimal choice of |V|. Therefore no such § € H’
exists, and hence

Y($)=0 VS e H'.

Lemma 3.6.12. In the setting of Lemma 3.6.10, suppose
PS)=0 VYSeH
and define K :={S € H" : Y(S) > 0}. Then ‘K is disjoint from H’, and (H’, K, x,I1) is a valid configuration.

Proof. First, H’ U K is laminar because H’ U H”" is laminar. The members of K are pairwise disjoint
because the members of H”" are pairwise disjoint.

We next show that every member of K is disjoint from every member of H’. Let S € K. Since WY(S) > 0,
the set S is (W, H, b)-factor-critical. Since S € H"’, Theorem 3.5.1 gives that S is (I1, H, b)-factor-critical.
Hence, by Lemma 3.5.6, IT and ¥ are identical inside S .

Suppose that some T € H’ were properly contained in S. Then W(T') = II(T) > 0, because T € H’
means II(7") > 0. This contradicts the assumption

Y(T)=0 VT eH.

Hence no member of H’ is properly contained in S.

On the other hand, no member of H’ can properly contain S, because S € H”’, and every member of H"’
is maximal in H = H’ U H"". Therefore, by laminarity, every member of H” is disjoint from S.

The vector 11, extended by I1(S) = 0 for S € K, is feasible for DZJ,(G, ¢), and

I(T)>0 VT eH'.

For every T € H’, we have II(T) > 0. Hence complementary slackness between x and IT gives x(6(T")) = 1.
Thus the H’-constraints are satisfied as tight inequalities.

Every setin H’ U K is (I, H’ U K, b)-factor-critical. For S € H’, we have I1(S) > 0, so S is (I1, F, b)-
factor-critical. Switching from # to H’ U K adds no proper descendant inside S, because the members of
K C H’ are maximal in H and disjoint from every member of H’. It only removes some old descendant
constraints. Hence the same critical b-matchings certify (I, H" U K, b)-factor-criticality. For sets in K € H",
this follows from Lemma 3.5.11. Switching from H to H’ U K only removes descendant constraints, so the
same critical b-matchings remain valid.

It remains to verify the local support structure required in the validity Definition 3.6.1(B).

First let S € K. Then S € H”, so S is the full original preimage of a support component Q of
the contracted image X containing half-integral edges. By construction of the new cuts, x(6(S)) = 0. By
Lemma 3.3.5, counted support components of X lift bijectively to counted support components of x. Therefore
the component Q lifts to exactly one support component of supp(x)[.S ] counted by ®g(x). Hence S satisfies
the exposed-set condition in Definition 3.6.1(B)(i).
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Now let T € H’. We have II(T) > 0, and therefore complementary slackness gives x(6(T)) = 1. The
set T is (I1, 7, b)-factor-critical, since I1 is ¥ -positively-critical. Hence the boundary-one local structure
required in Definition 3.6.1(B)(ii) is exactly the support-compatible lifting structure proved in Section 3.3:
after contracting 7', the reduced node has demand 1 and boundary value 1, when it is expanded, the positive
reduced boundary is either one edge of value 1, or two edges of value 1/2, and the internal part is given by a
tight critical b-matching or by the support-compatible average of two tight critical b-matchings. Thus no
counted support component is hidden inside 7', no counted component is split, and the support-component
potential is preserved.

Finally, every edge in supp(x) is tight with respect to 11, by complementary slackness between x and
I1. Since all members of # \ H’ have Il-value zero and the new members of K are assigned Il-value
zero, the same tightness statement is valid for the dual family H’ U K. Therefore (H’, K, x, I1) is a valid
configuration. O

Lemma 3.6.13. Let K € H" and suppose that
PES)=0 VS e H\K

and
Y(ES)>0 VS € K.

Run the auxiliary procedure from the valid configuration (H', K, x,I1) and let the output be (L, K,z, A).
Then z =y.

Proof. 1t is proved later in Subsection 3.6.4 that the auxiliary procedure terminates in a strongly polynomial
number of iterations.
By Lemma 3.6.5 and Lemma 3.6.7, £ C H’, (£, K, z, A) is valid, and z is optimal for qub(G, ¢). Since
H’ < H \ K, the hypothesis gives
Y(iS)=0 VS e H'.

By the definition of K,
Y(ES)=0 vS e H" \ K.
Therefore the only blossom sets in H with positive W-value belong to K.

Since y is feasible for PZ{(G, ¢), it is feasible for PZ((G, ¢). Moreover, deleting the zero-valued variables
in H \ K leaves a feasible dual solution for DZ<(G, ¢), and y satisfies complementary slackness with this
restricted dual.

Since £ € H’, the vector y is feasible for sz(G, ¢), because it satisfies the equality constraints for K
and the inequalities for £. Moreover,

Feas(sz) c Feas(PbLUW) c Feas(PZ().

Since y is optimal for PZ((G, ¢) and feasible for Png(G, ¢), the optimum values of all three LPs are equal.
The vector z is optimal for be(G, ¢), hence it has this same common optimum value. Therefore z is also
optimal for PfU(K(G, ¢). The vector y is feasible for Pfuq((G, ¢) and has the same common optimum value,
so y is also optimal for PfUW(G, c).
The family £ U K is critical by validity of the final configuration. Therefore (%) implies that PbLUW(G, c)
has a unique optimum. Since both y and z are optimal for this LP, we get y = z. O

Proof of Lemma 3.6.10. By Theorem 3.5.1, H = H’ U H" is critical, and I, extended by

ns)=0 VS eH”,
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is an H-critical dual. Hence, by (%), P;H(G, ¢) has a unique optimum.

We prove the lemma by contradiction. Choose a counterexample to the lemma with |V| minimal. Thus
either @ (y) > Dg(x), or Dg(y) = Dg(x) and P(So) = 0 for some S € H”.

By Lemma 3.6.11, applied to this minimal counterexample, we have

Y(iS)=0 VS e H'.
Define K :={S € H” : ¥(S) > 0}. Then
Y($S)=0 ¥S e H\ K,

and
Y(E)>0 VS e K.

By Lemma 3.6.12, the quadruple (H’, K, x,I1) is a valid support-proper configuration. Run the auxiliary
support-proper half-integral b-matching procedure with input (H’, K, x, I1), and let its output be (L, K, z, A).
By validity preservation, £ € H’, and (£, K, z, A) is a valid support-proper configuration. By the optimality
property of the auxiliary procedure, z is optimal for PZ »(G,0).

By Lemma 3.6.13, we have z = y. Therefore Lemma 3.6.8 gives ®g(y) = ®5(z) < Og(x). This proves the
non-increase part of the lemma.

It remains to prove the additional positivity statement. Suppose, for a contradiction, that ®;(y) = Og(x)
and that some set S € H" satisfies ¥(S¢) = 0. Then S ¢ K.

Let Qg be the support component of X whose full original preimage is S. We use the same O notation
for the corresponding support component in the initial contracted graph of the auxiliary procedure with input
(H’, K, x,II). Thus Qy contains half-integral edges and £(65(Qo)) = 0.

Since Og(y) = Og(x) and z = y, we have O (z) = P (x). By Lemma 3.6.8, no strictly potential-decreasing
step occurred during the auxiliary procedure, so Cases I(a) and I(b) were never executed.

Case II does not change the primal vector. We claim that a Case I(c) step cannot merge the component
descending from Qg with a newly created counted support component. Indeed, by the Case I(c) part of
Lemma 3.6.5, the full positive-support closure of the newly created half-integral component is disjoint from
every support component that was counted before the update. Since the component descending from Qy is
counted throughout the present constant-potential argument until a possible unshrinking of a retained old cut
inside S, no Case I(c) step can first meet or merge with it.

Because Cases I(a) and I(b) never occur, no operation deletes the counted component descending from Qy.
By the preceding paragraph, Case I(c) cannot merge this component with a newly created counted component.
Therefore, up to the first possible unshrinking of a retained old cut contained in S, the current image of S is
still a single support component containing half-integral edges, namely the descendant of Q.

We next show that no member of H’ contained in S leaves L. Suppose otherwise, and let Ty € H’,
Ty C Sy, be the first such set removed from L. Immediately before this unshrinking, every retained old cut
contained in S that was contracted before this step is still represented in the current image of S, by the
choice of Ty. Hence the contracted node fy representing T is a vertex of the current image of S .

Since this current image is the support component descending from Qy, it contains half-integral edges.
Therefore #y € R. But Ty can be unshrunk only in Case II, and then its contracted node belongs to B~. Thus
there is an odd alternating path from 7 to #y. Since #y € R, this gives an alternating 7-R walk, contradicting
the assumption of Case II.

Hence every member of H’ contained in S remains contracted until the end of the auxiliary procedure.
Consequently, the final image of Sy is still the support component descending from Qy. Since support
components have no positive edges leaving them, we get z(6(S)) = 0.
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But S € H, and z = y. Since y is feasible for P;H(G, ¢), we have z(6(S o)) = y(6(Sy)) = 1, a contradiction.
Therefore no such Sy € H” exists. Hence, whenever @s(y) = Og(x), we have

¥(S)>0 v¥S e H”.

This proves both parts of the lemma. O

3.6.4 The non-decreasing scenario

A phase means a consecutive interval of iterations of Algorithm 3. A phase is called non-decreasing if the
potential ®;(z) does not decrease during the phase. Since the potential is non-increasing during the auxiliary
procedure, a non-decreasing phase is a phase of constant potential. Hence, by Lemma 3.6.8, Cases I(a) and
I(b) do not occur during such a phase, only Case I(c) and Case Il may occur. In this subsection we analyze
phases of the auxiliary support-proper half-integral b-matching procedure in which the support-component
potential does not decrease.

Let (7, %K, x, IT) be the input valid configuration, and let (£, K, z, A) be the current valid configuration at
the beginning of an iteration of the auxiliary procedure. Let G* = (V*, E*) be the current contracted tight
graph, and let z* be the image of z. We define the sets 7 and R and alternating walks as in the previous
subsections.

Definition 3.6.2. A node q € V* is called outer if there exists an even-length alternating walk from a node of
R to q. It is called inner if there exists an odd-length alternating walk from a node of R to q. We denote the
sets of outer and inner nodes by N°, N' respectively.

Every node of R is outer.

Lemma 3.6.14. Consider a Case I(c) step in a non-decreasing phase. Let P = vye vy - - - exvi be the shortest
alternating T-R walk chosen by the procedure, with vo € T. Let P; = vpev) - - - egve be the alternating
path from vy to the base r = v¢ of the odd cycle C. Let Q be the support component of the new vector z*
that contains the half-integral cycle created on C. Then every node that was reachable from vy by an even,
respectively odd, alternating walk before the Case I(c) update is reachable after the update from a node of
QO C R by an even, respectively odd, alternating walk.

Proof. Along the path P, the update increases the odd-positioned edges and decreases the even-positioned
edges. Hence every odd-positioned edge of P; is positive after the update, while an even-positioned edge
may disappear from the positive support only if its value is decreased to zero.

The half-unit update on the odd cycle C creates a half-integral support structure containing the base vertex
r = v¢. Let Q be the full positive-support component containing this newly created half-integral cycle. After
R is recomputed, every vertex of Q belongs to R.

If O contains vy, then every alternating walk that previously started at vo can simply be restarted from
vo € Q C R, with the same parity.

Assume therefore that vo ¢ V(Q). Moving backwards from r along P;, the component QO continues
through all edges of P, that remain positive after the update. Let e;; be the first edge, when moving backwards
from r toward vy, that is not positive after the update. Then e, ; is an even-positioned edge of Py, and it was
decreased to zero. The vertex v lies on the Q-side of this obstruction.

The initial segment vpe vy - - - e2;v2; has even length. Before the update it is an alternating path starting
at vo. After the update it can be traversed backwards as an alternating walk starting at v;; € Q. Indeed, an
edge that was even-positioned on P; is tight and can therefore be used as an increasable edge in the reverse
traversal, while an edge that was odd-positioned on P has just been increased and is therefore positive, so it
can be used as a decreasable edge in the reverse traversal.
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Since the reversed segment has even length, concatenating it with any pre-update alternating walk that
started at vg preserves the parity of the endpoint. Thus every node that was previously reachable from vy by
an even, respectively odd, alternating walk is reachable after the update from the node v2; € Q € R by an
even, respectively odd, alternating walk. O

Lemma 3.6.15. Let P be a non-decreasing phase of the auxiliary procedure. If a node is outer in some
iteration of P, then in every later iteration of P it remains a node of the current contracted graph and remains
outer. If a node is inner in some iteration of P, then in every later iteration of P it is either still inner; or it
has been unshrunk in an intermediate Case Il step.

Proof. During a non-decreasing phase, Cases I(a) and I(b) do not occur, because both strictly decrease the
potential by Lemma 3.6.8. Hence it is enough to check Case I(c) and Case II.

First consider Case I(c). Let P = vgejv; - - - exvx be the shortest alternating 7-R walk chosen by the
procedure, with vo € T. Let P; = vge V) - - - egve be the alternating path from vy to the base of the odd
alternating cycle C. Let Q be the full positive-support component of the new vector z* containing the
half-integral Euler component created on C. After R is recomputed, every node of Q belongs to R.

By Lemma 3.6.14, every node that was reachable from v by an even, respectively odd, alternating walk
before the update is reachable after the update from a node of Q C R by an even, respectively odd, alternating
walk. Thus the outer and inner labels generated from the exposed root v are preserved.

It remains to check that no old witness rooted in R \ {vg} is destroyed by the Case I(c) update. The only
edges that can become unusable are the even-positioned edges of P, that are decreased to zero. Indeed,
odd-positioned edges of P are increased, and all other unmodified positive/tight statuses remain unchanged.

Suppose that an old witnessing alternating walk W, rooted at some w € R \ {vg}, uses such an edge
erj = v2j_1v2; as a decreasable edge, and that e>; becomes zero after the update. Choose the first such edge
of Py used by W. The endpoint v,; is on the Q-side of ey}, since the suffix of P; from v;; to the base of C
remains in the positive-support component Q.

First suppose that W reaches v,; before using e;;. Then the prefix of W from w to v,; has odd length,
because e;; is used next as a decreasable edge. The prefix of Py from vg to v,;_1 has length 2j — 1, hence
odd. Since e, was positive before the update, it was decreasable. Therefore the prefix of Py from vg to vz,
followed by e;;, followed by the reverse of the prefix of W from w to v}, is an alternating walk from vo € T
tow € R\ {vo}.

Thus, before the Case I(c) update, there already existed an alternating 7-R walk reaching a node of R
before the odd cycle C is used. If the first reached node of R lies in 7', the procedure would have been in Case
I(a), if it lies in R \ T, the procedure would have been in Case I(b). Both cases strictly decrease the potential,
and therefore cannot occur in a non-decreasing phase.

Hence W cannot use e;; from the Q-side endpoint v,;. It remains only to consider the case where W
reaches v,;_1 before using e ;. In this case the prefix of W from w to v,;_1 has odd length, and then e; is
used as the next, even-positioned, decreasable edge. After the update, delete from W this prefix together with
the edge e>;. The remaining suffix starts at vo; € Q C R. Since the deleted part has even length, the parity of
the endpoint reached by W is unchanged. Thus the old witness is not destroyed, it is replaced by a witness of
the same parity rooted at the new component Q.

Consequently, no old witness rooted in R \ {vp} is destroyed by the Case I(c) update. Hence Case I(c)
preserves the outer and inner status of every node that remains represented. Since Case I(c) does not unshrink
any contracted set, every represented node remains present.

Now consider Case II. Define B* and B as in Algorithm 3. Since 7 C R, we have B* C N° and B~ C N'.
During the dual update, every tight edge on an alternating path from 7 to a node of B* U B~ remains tight:
such an edge has one endpoint in B and one endpoint in B~, so the two endpoint changes cancel. Therefore
all alternating paths witnessing membership in B* or B~ remain valid. Adding newly tight edges can only
create additional alternating walks.
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We next treat the nodes whose witnesses start from a counted support component rather than from an
exposed K-node.

Leta € N°\ B*, and fix an even alternating witness W from a node of R \ T to a. We claim that no node
of W lies in B* U B™.

Suppose first that W meets a node g € B~. Let W, be the prefix of W from its rootin R\ 7 to g. If W,
has even length, then g € N° N B™, and the odd alternating path from 7 to g, followed by the reverse of W,,
gives an alternating 7-R walk, contradicting Case II. If W, has odd length, then replacing W, by the odd
alternating path from 7T to ¢, and then following the suffix of W from ¢ to a, gives an even alternating path
from T to a. Hence a € B*, contrary to the choice of a. Thus W does not meet B~.

Suppose next that W meets a node ¢ € B*. Again let W, be the prefix of W from its root in R\ T to ¢. If
W, has odd length, then g € N' N B*, and the even alternating path from T to g, followed by the reverse of
Wy, gives an alternating T-R walk, contradicting Case II. If W, has even length, then replacing W, by the
even alternating path from T to ¢, and then following the suffix of W from ¢ to a, gives an even alternating
path from 7 to a. Hence a € B*, again a contradiction. Thus W does not meet B*.

Therefore the witness W is disjoint from B* U B~, and so it is not affected by the Case II dual update. The
same argument with even and odd interchanged shows that if @ € N* \ B~, then an odd alternating witness
from R \ T to a is disjoint from B* U B™. Hence every node in N° \ B* keeps an outer witness, and every
node in N\ B~ keeps an inner witness, except possibly when such a witness passes through a set that is
unshrunk. This case is handled next.

Suppose that a set S € £ N B~ is unshrunk. The contracted node of S is inner at the moment of
unshrinking. We show that every alternating witness passing through this node can be lifted through S with
the same endpoint parity. Let such a witness use two boundary edges attached in S at vertices u;,up € S. If
u1 = up, no internal trail is needed. If u; # uy, choose tight critical b-matchings M,,, and M,, inside S. In the
reduced colored difference of M, and M,,, the unique imbalanced component contains u; and u,. Hence it
contains an alternating uu,-trail of even colored length, using only tight edges. The endpoint colors of this
trail are the ones determined by the excess colors in the colored difference, and these are exactly the statuses
needed to alternate with the two boundary edges of the external witness. Inserting this trail between the two
boundary edges gives a lifted alternating witness through the expanded set S, with the same endpoint parity
as before unshrinking. Thus every remaining represented node keeps its outer or inner status, while the node
corresponding to § itself disappears and was inner.

Finally, an outer node cannot be unshrunk. Indeed, if a node ¢ € B~ were also outer, then there would be
an even alternating walk from some node of R to ¢, and an odd alternating path from some node of T to g.
The odd alternating path from T to g, followed by the reverse of the even alternating walk from R to g, gives
an alternating 7-R walk, contradicting the assumption of Case II.

Thus after Case II every outer node remains present and outer, while every inner node either remains
inner or is unshrunk during that step.

The two monotonicity statements follow by induction over the iterations of the non-decreasing phase. O

Corollary 3.6.1. A non-decreasing phase of the auxiliary support-proper half-integral b-matching procedure
contains at most (K| + |F |+ (V| + 1) + |K| + |F| iterations. In particular, its length is O(|V|(|V] + |F])).

Proof. During a non-decreasing phase, Cases I(a) and I(b) do not occur. Hence every Case I step occurring
inside the phase is of type I(c).

A Case I(c) step corrects exactly one exposed K-node and no other K-set becomes exposed in this step.
Case II does not change the primal vector z. Therefore the set T of exposed K-nodes decreases by one in
every Case I(c) step and never increases during a non-decreasing phase. Hence Case I(c) can occur at most
|K| times.

Now consider Case II. In such an iteration, the maximal dual update has one of two possible outcomes:
either a new tight edge appears, or some set S € £ N B~ reaches dual value 0 and is unshrunk. The second
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outcome can occur at most || times, because £ C ¥ only decreases and each such step removes at least one
member of L.

It remains to count Case II iterations in which no set is unshrunk. We split the phase into blocks separated
by either a Case I(c) step or a Case II step in which a set is unshrunk. There are at most |X| + |# | separating
steps, and hence at most |X| + || + 1 blocks. During one such block, the primal vector z, the set T, the set L,
and the contracted vertex set are fixed. Only the tight edge set may change.

We claim that inside one block there are at most |V| + 1 Case II iterations with no unshrinking. Fix
one such Case Il iteration, and let B* and B~ be the even and odd T-reachable sets at the beginning of the
iteration. Since no set is unshrunk, maximality of the dual update implies that at least one new edge becomes
tight. Such an edge uv must satisfy o(u) + o(v) > 0, where o(g) is defined as in Lemma 3.6.6 Thus, up to
switching the endpoints, only two cases are possible: u,v € B*,oru € B*,v ¢ B* U B™.

First suppose that a new tight edge joins two nodes of B*. Choose even alternating paths from 7 to its
two endpoints. Adding the new tight edge between the two endpoints gives an alternating 7-7 walk, and
since 7' C R, this is an alternating 7-R walk. Therefore a Case I step becomes possible in the next iteration.
Consequently, this can occur only as the last Case II iteration of the current block.

Now suppose no new tight edge joins two nodes of B*. Then some new tight edge uv has u € B*,v ¢
B U B™. Let P be an even alternating path from 7 to u. Since v ¢ B* U B™, the node v does not occur on P.
The new edge uv is tight and hence increasable. Therefore appending uv to P gives an odd alternating path
from T to v. Thus v enters the odd T-reachable set B™.

Moreover, within the same block, once a node becomes odd T'-reachable, it remains odd 7 -reachable
in later Case II iterations. Indeed, the witnessing alternating path has edges only between even and odd
reachable nodes, and these edges have dual-change coefficient 1 + (—1) = 0. Hence they remain tight under
later Case II updates in the same block. Since the primal vector does not change inside the block, the same
path remains alternating.

Therefore, except possibly for one terminal Case II iteration that creates an alternating 7-R walk, every
Case Il iteration with no unshrinking strictly adds at least one new node to B™. Since the contracted graph
has at most |V| nodes, there can be at most |V| such enlarging iterations inside one block, and at most one
terminal iteration. Hence each block contains at most [V| + 1 Case Il iterations with no unshrinking.

There are at most |K| + |¥| + 1 blocks, therefore the number of Case II iterations with no unshrinking
is at most (|| + |F |+ 1)(JV| + 1). Adding the at most |K| Case I(c) iterations and the at most |7 | Case 11
iterations with unshrinking gives the bound (|K| + ||+ D(V]| + 1) + |K]| + |F]. O

Lemma 3.6.16. Assume that the auxiliary procedure is non-decreasing with input (¥, K, x, I1) and output
(L,K,z,\). For sets in ¥ \ L that have been unshrunk, use A(S) = 0. Let G* be the final contracted tight
graph, and let 7* be the final contracted primal vector. Then for every S € VU F UK, if A(S) # I1I(S), then
either S € ¥\ L, or S is represented by a node of the final contracted graph.

Moreover:

(i) If A(S) > II(S), then S is represented by an outer node of the final contracted graph.

(ii) If A(S) < TI(S), then either S € F\L, orS is represented by an inner node of the final contracted graph,
or S is represented by a node lying in a final support component of z* that contains a half-integral
edge.

Proof. A dual value can change only in a Case II dual update. Such an update changes only the dual values
of nodes that are represented in the current contracted graph: it increases the values on B* and decreases the
values on B™.

Therefore, if S € VU F U K satisfies A(S) # I1(S), then S must have been represented as a node at
some Case II step. From the first such step onward, the status of this coordinate is tracked by Lemma 3.6.15.
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If the corresponding node disappears during the procedure, this can only happen by unshrinking, and then
S € ¥\ L, with the convention A(S) = 0. Otherwise the coordinate is represented by a node of the final
contracted graph. This proves the first part.

Now suppose A(S) > TI(S). Then, at some Case II step, the node representing S belonged to B*,
hence it was outer at that step. By Lemma 3.6.15, outer nodes remain represented and outer throughout a
non-decreasing phase. Thus S is represented by an outer node in the final contracted graph.

Now suppose A(S) < II(S). Then, at some Case II step, the node representing S belonged to B~, hence
it was inner at that step. If it was later unshrunk, then S € ¥ \ L. Otherwise it remains represented. By
Lemma 3.6.15, its odd alternating reachability is preserved unless the node becomes part of a final support
component containing half-integral edges. Hence, in the final contracted graph, it is either inner or lies in
such a half-integral support component.

Finally, if § € %K, then S is never unshrunk. Thus any changed % -set remains represented in the final
graph. In the application below, K = H”’, and it is proved in Lemma 3.6.20 that these nodes start exposed
and outer, and during a non-decreasing execution they are never decreased. O

Lemma 3.6.17. Assume that the auxiliary procedure is non-decreasing. Let (L, K, z, A) be the terminating
valid configuration, and let G* be the final contracted tight graph with cost function c¢*. Let 7* be the image
of z. Let ® : V¥ — R be an arbitrary optimal solution to the dual of the degree relaxation D°,(G*, c*). Let
N°, N be the final outer and inner sets. Then the following hold.

(i) If g € V* lies in a support component of z* containing half-integral edges, then A(q) = O(q).
(ii) If g € N°, then A(g) < O(q).
(iii) If g € N, then A(q) > O(q).

Proof. At termination T = (. Hence z* satisfies all degree equations in the final contracted graph. Since
every positive edge of z* is tight with respect to A, the pair (z*, A) satisfies complementary slackness for the
degree relaxation in G*. Therefore z* is primal optimal and A is dual optimal for PY.(G*, ¢*) and DY (G*, c*).
By assumption, © is another optimal dual solution.

For a node ¢ € N° U N/, let £(g) denote the length of a shortest alternating walk from R to ¢ in the final
contracted graph. We prove the three statements by induction on £(g).

First consider the base case ¢(g) = 0. Then g € R. Since T = () at termination, this means that ¢ lies in a
support component Q of z* containing half-integral edges.

We show that

A(r) = 0O(r) Vre V(Q).

Since z* is optimal and both A and ® are optimal dual solutions, every edge uv € supp(z*) is tight for both
dual solutions. Hence

A@W) + A®) = c*(w) = O(u) + B©O) Yuv € supp(z*).
Define d(v) := ®(v) — A(v). Then
du)+dv)=0 Yuv € supp(z").

The component Q contains a half-integral Euler component with an odd number of edges. Since this
component is Eulerian and has odd size, it contains an odd closed trail. Along this odd closed trail, the
relations d(u) + d(v) = 0 force d = 0 on all vertices of the trail. Since Q is connected in the support graph, the
same relations propagate d = 0 to every node of Q. Therefore

A(r) = O(r) Vr e V(Q).
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In particular, the equality holds for every node at distance 0. This is the b-matching replacement for the
ordinary proof’s base case, where a node at distance 0 lies on an odd cycle of the final support.

Now assume the statements have been proved for all nodes with £ < i, and let u be a node with £(u) = i+1.
Let v be the predecessor of # on a shortest alternating walk from R to u. Then €£(v) = i.

If i is even, then v is outer, and the edge vu is used in an increasable position. Since vu € E*, it is tight
with respect to A, so A(v) + A(u) = ¢*(vu). Dual feasibility of @ gives @(v) + O(u) < c¢*(vu). By the induction
hypothesis for the outer node v, A(v) < ®(v). Combining these three relations yields ®(u) < A(u). Thus u is
inner and satisfies A(u) > O(u).

If i is odd, then v is inner, and the edge vu is used in a decreasable position. Therefore z;,, > 0. Since z* is
primal optimal and both A and ® are dual optimal, this positive edge is tight for both duals:

AW) + A(w) = c*(vu) = O) + Ou).

By the induction hypothesis for the inner node v, A(v) > ®(v). Therefore A(u#) < ®(u), meaning that u is
outer and satisfies A(u) < O(u).

This completes the induction. The induction gives (ii) and (iii). The base case also proves (i), because
every node in a support component containing half-integral edges belongs to R at termination. O

3.6.5 Persistence of outer cuts

In this subsection we prove the support-proper b-matching analogue of Lemma 3.4 in [3]. The goal is to show
that during a sequence of iterations in which the support-component potential does not decrease, the newly
generated cuts remain present in the subsequent cutting-plane families.

Definition 3.6.3. Let H = H' U H" be the family obtained in one step of the support-proper cut-generation
rule, where H' = {S € F : II(S) > 0} is the family of retained old cuts and H" is the family of newly
generated cuts. Extend I1 to H by setting

I$) =0 VS e H”.

Let G* = (V*, E*) be the graph obtained from G by deleting all non-11-tight edges and contracting every
maximal member of H. Let x* be the image of x in G*.

The contracted nodes corresponding to the members of H'' are regarded as exposed K-nodes. Define T
and R as before. A node q € V* is called outer if there exists an even-length alternating walk in G* from a
node of R to q. We use the notation

O (X, IIL,H) :={q € V" : g is outer in G*}.
For a contracted node q € V*, let pre(q) C V denote its preimage in the original graph. We define
Outer(x, ILH) := H" U{S € H' : Ag € O (x, 11, H) such that S C pre(q)}.

Remark 3.6.4. For old cuts § € H’, TI(S) > 0 is automatic from the definition of H’. Newly generated cuts
S € H” are included in Outer(x, IT, H) although TI(S) = 0, because they are exposed K-nodes and hence
belong to the root set 7 C R.

Lemma 3.6.18. Assume (%) holds. With the notation above, let y be the unique optimum of PZ{(G, ),
and let Y be a M-extremal dual optimum ofD;JH(G, o). LetH .. :=1{S € H :¥(S) >0}, and let H., be

next next

the family of newly generated cuts from the support-proper cut-generation rule applied to (H,y, V). Set
Haext = Hioxi U Hyoyi- If O (y) = Og(x), then Outer(x, I1, H) C Outer(y, ¥, Haext)-

next next*
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Before the next lemma, we record one technical point that is needed in the minimal counterexample
argument. A failure of Lemma 3.6.18 means that some outer cut is present before the transition, but is no
longer outer after the transition. When we contract a positive-dual set S, such a cut is usually mapped to
its image in the contracted instance. However, if the cut is contained in S, then it becomes absorbed and no
longer appears as a cut after the contraction.

In this case the obstruction is represented in the contracted instance by the outer node corresponding to
the contracted set. Equivalently, in the original graph we identify this node with its full preimage. This does
not change the substance of the argument. If the corresponding outer node survived after the transition in
the contracted instance, then the alternating witness could be lifted through the contracted factor-critical set,
using the tight critical b-matching certificates inside §. The lifted witness would show that the original cut
also survives after the transition. Therefore a failure of outer persistence is not lost by passing to a contracted
instance.

We shall also use that every member of H” is maximal in H = H’ U H"’, by the construction of the
newly generated cuts.

Lemma 3.6.19. Suppose Lemma 3.6.18 is false, and choose a counterexample (G, b, ¢, F, x, ILH,y, ¥V, Hyext)
with |V| minimal, using the interpretation above when an obstructing cut is absorbed by a contraction. Then

Y(S)=0 VS e H'.

Proof. Suppose not. Let § € H’ satisfy W(S) > 0. Since S € H’, by definition, I1(S) > 0. Thus S is
(I, H, b)-factor-critical. Since W is H-positively-critical and W¥(S) > 0, the set S is also (¥, H, b)-factor-
critical. By Lemma 3.5.6, the dual solutions IT and ¥ are identical inside S. Hence contracting S with respect
to IT gives the same contracted costs as contracting it with respect to V.

Contract S, and denote the contracted objects by bars. Since II(S') > 0 and W(S) > 0, complementary
slackness gives x(6(S)) = 1 = y(d(S)). Therefore Lemma 3.3.1 applies to both pairs (x,I1) and (y, V).
Moreover, Lemma 3.3.5 gives ®5(%) = Og(x) and O5(¥) = Og(y). Since the original counterexample satisfies
D;(y) = Dg(x), the contracted instance satisfies Oi(¥) = P (X).

By Lemma 3.6.9, the support-proper cut-generation rule commutes with the contraction of S. Hence the
family generated from (%, &, IT) is precisely the image H = H’ U H" of H = H’ U H". Applying the same
lemma to the transition from (7, y, ¥), the family generated from (7, 7, P) is precisely the image Hyex of
7‘{next'

Since the original instance is a counterexample, there is an obstruction to outer persistence before the
transition which does not survive after the transition. If the obstruction is represented by an active cut, we
denote this cut by U. If this cut is absorbed by the contraction of S, we represent the same obstruction by the
corresponding outer node, as described above.

In either case, let ¢ be an outer node of the contracted tight graph associated with (x, IT, ) such that the
obstructing cut, or its absorbed representative, is contained in pre(g).

We distinguish two cases.

First suppose that U ¢ S. Then U has a non-absorbed image U after contracting S. The alternating
witness showing that g is outer projects through the contraction of S, since the contraction is common for the
two dual solutions and preserves tightness and alternating parity. Hence U is outer before the transition in the
contracted instance.

We claim that U does not survive after the transition in the contracted instance. Indeed, if it did survive,
then the corresponding alternating witness after the transition could be lifted through the contracted set S.
This lifting is valid because I1 and ¥ are identical inside S, and because S is factor-critical with respect to
both dual solutions. The required internal parts of the lifted witness are supplied by tight critical b-matching
certificates inside S'. The lifted witness would show that U survives after the transition in the original instance,
contradicting the choice of U. Therefore U gives an obstruction in the contracted instance.
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Now suppose that U C S. In this case the set U becomes absorbed after contracting S, so we use the outer
node that represents the contracted set. Let g be the image, after contracting S, of the outer node ¢ whose
preimage contains U. The outer witness for g projects to an outer witness for g. Hence the corresponding
node is outer before the transition in the contracted instance.

We claim that this node does not survive after the transition in the contracted instance. If it did survive,
then the alternating witness after the transition would again lift through S, because IT and ¥ are identical
inside S and § 1is factor-critical for both dual solutions. The lifted witness would show that U is contained in
an outer node after the transition in the original instance.

It remains only to check that, in the cut case, the cut U is still present in the next family. If U C §, then
U ¢ H’, because the members of H”’ are maximal in H = H’ U H"”. Hence U € H’. Since Il and ¥ are
identical inside S, we get W(U) = II(U) > 0. If U = §, then W(U) > 0 holds by the choice of §. Thus in
both cases the cut U is retained in Hex. Therefore the lifted witness would imply that U survives after the
transition in the original instance, again contradicting the choice of U.

Thus, after contracting S, we again obtain an obstruction to outer persistence. Consequently, the
contracted instance is a smaller counterexample to Lemma 3.6.18. This contradicts the minimality of |V/|,
because S is a proper non-singleton set and contracting it strictly decreases the number of vertices.

Therefore no S € H’ can satisfy ¥(S) > 0. Hence

Y(§)=0 VS e H'.

Lemma 3.6.20. Assume the hypotheses of Lemma 3.6.18, and assume ®g(y) = ®g(x). Suppose
Y(S)>0 VS e H”, Y(i§)=0 VS e H'.

Run the auxiliary procedure from the valid configuration (H',H", x,11), and let the output be (L, H",z, A).
Assume that z = y. Then, after extending

AS)=0 VS e H'\ L,
the vector A is an optimal solution of DbH(G, c).

Proof. Recall that the auxiliary procedure was run with input (H’, H"’, x, IT) and output (£, H"’, z, A), where
L CH’. Since z = y and Og(y) = Og(x), the auxiliary execution is non-decreasing by Lemma 3.6.8. By
validity of the final auxiliary configuration, A is feasible for D?’Z (G, ¢). Thus all edge dual inequalities are
satisfied with respect to the family £ U H"’, and the variables corresponding to sets in £ satisfy

AS)>0 VS e L

The variables corresponding to the equality-family "’ are unrestricted in the auxiliary dual. To prove
feasibility for the ordinary blossom dual DZ{(G, ¢), we must show two things:

AS)>0 VS eH”,

and that adding the zero variables
AlS)=0 VS eH \L

does not violate any edge inequality.
The second point is immediate: variables in H’ \ £ are assigned value zero, and therefore adding them
back to the dual family leaves every dual edge inequality unchanged.
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It remains to prove nonnegativity on H”’. Fix § € H"". At the beginning of the auxiliary procedure, S is
an exposed K-node, because x(6(S)) = 0. Hence its contracted node belongs to 7', and therefore belongs to R,
so it is outer at the beginning of the auxiliary execution. Since the execution is non-decreasing, Lemma 3.6.15
implies that this node remains outer throughout. It is never unshrunk, because H"’ is the fixed K-family of
the auxiliary procedure.

We claim that an outer K-node is never decreased in a Case II dual update. Indeed, in Case II the
decreasing nodes are precisely the nodes in B~. If an outer node belonged to B~, then there would be an even
alternating walk from R to this node and an odd alternating path from 7 to the same node. Concatenating
these two walks would give an alternating 7-R walk, contradicting the assumption of Case II. Therefore an
outer node is never in B™.

Thus the dual value of the node corresponding to S € H” is never decreased during the auxiliary
execution. Since initially

[ES) =0 VS e H”,

we obtain
AS)=>0 VS e H”.

Therefore A, extended by zero on H’ \ L, is feasible for DZ{(G, ¢). We verify complementary slackness with
the primal vector z = y next.

By validity of the final auxiliary configuration, every edge of supp(z) is tight with respect to A. Since
z =y, every positive edge of y is tight with respect to A. It remains to check the blossom complementary
slackness conditions. Let S € H satisfy A(S) > 0. There are three cases.

If § € L, then validity of the final auxiliary configuration gives z(6(S)) = 1. Since z = y, this gives
y(6(8)) = 1.

If S € H”, then S is a K-set of the auxiliary procedure. At termination of the auxiliary procedure, 7' = 0.
Therefore no K'-node remains exposed, and the final vector satisfies z(6(S)) = 1. Again z = y, so y(6(S)) = 1.

Finally, if § € H’ \ L, then by definition A(S) = 0, so this case cannot occur under the assumption
A(S) > 0.

Thus every blossom variable of positive A-value is tight for y. The pair (y, A) therefore satisfies
complementary slackness for P;)H(G, ¢) and DZ{(G, ¢). Since both y and A are feasible, A is optimal for
DH(G, o). O

Lemma 3.6.21. Assume the setting of the proof of Lemma 3.6.18 after the auxiliary procedure has terminated:
7=y, Y(S)>0VS e H”, Y(S)=0VS e H',

and the extension of A by zero on H' \ L is optimal for DZ{(G, ¢). Let G* be the final contracted graph
obtained by contracting the maximal members of L U H" with respect to A. For S € LU H"”, let
AL (§) = man(AS (1) — ¥ (u)). Define © : V¥ — R by

’ Uue,

Y(S), q is the image of a maximal S € H",
B(q) ={¥P©S) - Af%HH(S), q is the image of a maximal S € L,
Y(g), q is an uncontracted vertex.
Then O is optimal for Dg* (G*, c*). Moreover, if q is the image of a maximal member S € L, then O(g) < 0.

Proof. For every maximal S € H"', we have P(S) > 0. Hence S is (¥, H, b)-factor-critical. Since § is
also (I1, H, b)-factor-critical, Lemma 3.5.6 implies that IT and ¥ are identical inside S . During the auxiliary
procedure no member of H”" is unshrunk, and no member of £ C H’ lies inside S. Thus A and ¥ are
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identical inside S. Since z = y and the terminal auxiliary solution has z(6(S)) = 1 for S € H"”, Lemma 3.3.1
sends ¥ to the value W(S') on the contracted node.

Now let S be a maximal member of L. By validity of the final auxiliary configuration, S is (A, LUH", b)-
factor-critical, every strict descendant of S in £ U H” has positive A-value, and z(6(S)) = y(6(S)) = 1.
Also, by the previous claim, the extension of A is optimal for DZ'((G, ¢), and since W(S) = O for every
S € H’, the restrictions of both A and ¥ to £ U H"’ are optimal dual solutions for DbLU(H” (G, ¢). Therefore
Lemma 3.5.1 applies to S in the family £ U H"”, with A as the critical dual and ¥ as the arbitrary optimal
dual. Lemma 3.5.2 gives the image value W(S) — Aﬁ;{” (S) on the contracted node.

Applying these contractions to all maximal members of £ U H"’ gives exactly the vector ®. Hence O is
an optimal dual solution of the final contracted degree relaxation.

Finally, if ¢ is the image of a maximal § € £, then S € H’, so W(S) = 0. Lemma 3.5.1 gives
Aﬁf{,ﬂﬁ (S) > 0, and therefore

O(g) = W(S) - ALy (8) = —ALT " (5) <.

Lemma 3.6.22. Assume the setting of Lemma 3.6.21. Then, for every S € VU H,
IA(S) —TI(S)| < |W(S) — II(S)|. Moreover, equality can hold only if A(S) = P(S).

Proof. We use the convention
AS)=0 VS eH \ L

It is enough to prove that, for every S € V U H, the value A(S) lies between T1(S) and W(S). Once this
is known, |A(S) — II(S)| < [W(S) — I1(S)| is immediate. Moreover, equality can occur only if A(S) is the
endpoint W(S), if A(S) = I1(S), then equality forces W(S) = I1(S), and again A(S) = ¥(S).

If A(S) = II(S ), there is nothing to prove. We distinguish the two remaining cases.

A coordinate S € V U ‘H is said to be represented by a node gs of the final contracted graph if S is either
an uncontracted vertex or a maximal contracted set whose image is gs. A strict descendant hidden inside a
contracted node is therefore not represented.

First suppose that A(S) > II(S). By Lemma 3.6.16, the coordinate S is represented by an outer node gg of
the final contracted graph. Applying Lemma 3.6.17 to the optimal final contracted dual ® from Lemma 3.6.21,
we get A(gs) < O(gs). Since gs represents S, this gives A(S) < O(gs).

We claim that gg cannot be a contracted £-node. If it were the image of a maximal member M € L, then
the represented coordinate would be S = M. By Lemma 3.6.21, ©(gs) < 0. On the other hand, M € L C H’,
so [I(M) > 0. Together with A(M) > II(M), this gives

0 <II(M) < AM) = Algs) < O(gs) <0,

a contradiction. Hence g is not a contracted £-node.

Therefore, by the definition of ®, ®(gs) = (S ). Consequently, II(S) < A(S) < W(S), thus A(S) lies
between I1(S) and W(S).

Now suppose that A(S) < TI(S). By Lemma 3.6.16, one of the following alternatives holds: S € H’ \ £,
or S is represented by an inner node of the final contracted graph, or S is represented by a node lying in a
final support component of z* that contains a half-integral edge.

IfS € H' \ L, then A(S) = 0. Also, since W(S) = 0 for every § € H’, we have W(S) = A(S) < II(S).
Thus A(S) lies between I1(S) and W(S).

Next suppose that S is represented by an inner node gs. By Lemma 3.6.17, A(gs) > O(gs). Equivalently,
O(gs) < A(S).
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If g5 is not a contracted £-node, then by the definition of ®, ®(gs) = ¥(S). Hence ¥(S) < A(S) < I1(S),
so A(S) lies between I1(S ) and W(S).

If gg is a contracted £-node, then the represented coordinate is the corresponding maximal member
S € L. Since L € ‘H’, the assumption W(T') = 0 for all T € H’ gives W(S) = 0. By validity of the final
configuration, A(S) > 0, therefore W(S) = 0 < A(S) < II(S), and again A(S) lies between I1(S) and P(S).

Finally suppose that S is represented by a node gs lying in a final support component of z* that contains
a half-integral edge. By Lemma 3.6.17, A(gs) = ©(gs). Thus A(S) = O(gs).

We claim that gs cannot be a contracted £-node. If it were the image of a maximal member M € L, then
the represented coordinate would be S = M. By Lemma 3.6.21, O(gs) < 0, whereas validity gives A(S) > 0.
This contradicts A(S) = O(gs). Hence gs is not a contracted £-node.

Therefore, by the definition of @, ®@(gs) = W(S). Consequently, P(S) = A(S) < I1(S). Thus A(S) lies
between I1(S) and W(S) in this final case as well.

We have shown in all cases that A(S) lies between I1(S ) and W(S). Therefore |A(S) — II(S)| < [¥(S) —
I1(S)|. As observed at the beginning, equality can hold only if A(S) = P(S). O

Lemma 3.6.23. Assume the setting of Lemma 3.6.22. Assume also that A, extended by
AS)=0 VS eH \ L,
is optimal for DZ{(G, c). Then A =Y.

Proof. By assumption, the extended vector A is an optimal solution of DZ{(G, ¢). By definition, W is the
[T-extremal optimal solution of DZ’(G, ¢). Therefore ¥ minimizes

=(S) - I1I(S
pam- Y EO-TO)

SeVUH, IS

over all dual optima Z, where H,, := {S € H : y(6(S)) = 1}.
By Lemma 3.6.22,
IA(S) —TI(S)| < |W(S) - TI(S)| VS € VUH,,

hence A(A,II) < h(W,IT). Since VW is II-extremal, equality must hold. Therefore equality holds term by term
in the preceding inequalities. By the equality condition in Lemma 3.6.22, this implies

A(S) ="Y(S) VS € VUH,.

It remains to consider the sets of H \ H,. Let S € H \ H,. Since y is feasible for PZ{(G, ¢), we have
y(6(S)) > 1. Since S ¢ H,, we also have y(6(S)) # 1, therefore y(6(S)) > 1. By complementary slackness
between y and the optimal dual ¥, W(§) = 0. Similarly, by complementary slackness between y and the
optimal dual A, A(S) = 0. Thus

A(S) =Y(S) VS € H\ H,.

Combining the two cases gives A = Y. O

Lemma 3.6.24. Assume that the auxiliary procedure is run from the valid configuration (H', H", x,11) and
terminates with (L, H" ,z, A). Assume that the execution is non-decreasing. If S € H’ N Outer(x, I1, H), then
A(S) = II(S) > 0.

Proof. Let M be the maximal member of H’ containing S. By Lemma 3.6.12, applied with K = H"’, the
families H’ and H"’ are disjoint. Moreover, every member of H’’ is maximal in H by construction. Hence
M is a maximal member of H’ U H”’, and it is represented by a node m in the initial contracted graph of the
auxiliary procedure with input (H’, H"’, x, II).
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By the definition of Outer, the contracted node containing the image of S is outer. Since M is the
maximal member of H’ containing S, this node is precisely the node m representing M. The execution is
non-decreasing, so by Lemma 3.6.15, the node m remains present and outer throughout the whole execution.

In Case II, a node can be unshrunk only if it belongs to B~. But an outer node cannot belong to B™, hence
M is never unshrunk.

If § = M, then the dual value of S can only be increased while its node is outer, and is never decreased.
Therefore A(S) > II(S). If S € M, then S remains strictly inside the contracted node M for the whole
auxiliary execution. Since M is never unshrunk, every strict descendant of M, including S, remains hidden
inside the contracted node m throughout the execution. Case II changes only the dual values of nodes in the
current contracted graph, and strict descendants of a contracted node are not nodes of that graph. Hence the
dual coordinate of S is never exposed to a Case II dual update, and therefore A(S) = I1(S). In both cases,
A(S) = TI(S). Since S € H’, by definition I1(S) > 0. Thus A(S) > II(S) > 0. ]

Proof of Lemma 3.6.18. Suppose, for a contradiction, that the statement is false, and choose a counterexample
(G, b,c, F,x,ILH,y, ¥, Huext) with |[V| minimal, using the interpretation above when an obstructing cut is
absorbed by a contraction.
Since H = H’' U H" is the family generated from (F, x, I1), and since @ (y) = P(x), Lemma 3.6.10
gives
¥(S)>0 v¥S e H”.

By Lemma 3.6.19,
Y(i§)=0 VS e H'.

Hence H; ., =1{S € H : ¥(S) > 0} = H".

By Lemma 3.6.12, with K = H"’, the quadruple (H’, H"’, x,T1) is a valid configuration. Run Algorithm 3
from this input, and let its output be (£, H"”,z, A). By Lemma 3.6.13, with K = H”, we have z = y.
Therefore ®;(z) = Og(y) = P;(x), so the auxiliary procedure is non-decreasing.

By Lemma 3.6.20, the extension of A by
AS)=0 VS eH'\ L

is optimal for DZ{(G, c).
Now construct the final contracted graph and the vector ® as in Lemma 3.6.21. Then Lemmas 3.6.21 and
3.6.22 apply, and Lemma 3.6.23 yields A = ¥. Since ¥(S) = O forall § € H’, we get

AS)=0 VS e H'.
But validity of the final configuration gives
AS)>0 VS e L,

and £ C H’. Hence L = 0.

Thus the final contracted tight graph of the auxiliary procedure is exactly the contracted tight graph
obtained from (y,'¥) after contracting the maximal members of H; ., = H". This is the intermediate
contracted graph used in the next cut-generation step, before the newly generated cuts H, /., are contracted.

We now compare the two outer families. Every member of H"’ belongs to Outer(x, I, H) by Defini-
tion 3.6.3. During the non-decreasing auxiliary execution, the corresponding contracted nodes are fixed
J-nodes, hence they start outer and remain outer by Lemma 3.6.15. Since H]_,, = H", these same cuts are
retained positive-dual old cuts in the next iteration.

When H].,, is added, each old set in H]_,, = H" is either disjoint from a new set in . or contained

in it. If its contracted node is not contained in a new set, its previous outer witness remains valid. If it is
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contained in a new set, then the new set is an exposed node in the definition of Outer(y, ¥, Hyext), hence it is
outer by definition. Therefore H"’ C Outer(y, ¥, Hpext).

It remains to exclude old retained cuts from the initial outer family. Suppose that S € H’ NOuter(x, IT, H).
Then Lemma 3.6.24 gives A(S) > TI(S) > 0. But A = W and W(S) = 0 for all S € H’, a contradiction.
Hence H’ N Outer(x, I1, H) = 0. Together with the definition of outer cuts, this gives Outer(x, IT, H) = H"'.
Therefore Outer(x, IT, H) C Outer(y, ¥, Haext), contradicting the choice of the counterexample. O

Lemma 3.6.25. Assume that () holds. Let F;, Fit1,...,F; be consecutive families generated by the
support-proper cutting-plane algorithm, and let x;, Xiy1, . .., xj be the corresponding unique primal optima.
Suppose that Og(x;) = Pg(xi41) = -+ = Og(x;). For each iteration k, let 7{1;’ denote the family of newly

generated cuts in that iteration. Then every cut generated during this constant-potential interval remains
j-1

present at the end: U H! CFj.
k=i

Proof. Fix§ € 7—(]:’ for some k € {i, ..., j—1}. At the moment it is generated, S belongs to Outer(xy, ITi, Hj),
because every newly generated cut is included in the outer family by Definition 3.6.3.

We prove by induction on € = k,k+ 1,...,j— 1 that S € Outer(x., ITp, H;). The case £ = k was just
shown.

Assume the claim holds for some £ < j — 1. Since the potential is constant throughout the in-
terval, ®g(xy) = @g(xe+1). Applying Lemma 3.6.18 to the transition from ¥, to ¥y, we get S €
Outer(x¢t1, [gt1, Hes1). This proves the induction.

In particular, S € Outer(x;_1,I1;_1,H;_1). By Definition 3.6.3, Outer(x,_,IT;_1, H;-1) C 7-(}_1 U 7—(}’_1.

j-1
But ;= H; | UH] |, therefore S € ;. Since S € H) was arbitrary, U H! CFj. m
k=i

3.6.6 Completion of the convergence proof

We now complete the proof of convergence. We use the following notation for the cutting-plane iterations. At
the beginning of iteration k, let F; be the current laminar family, let x; be the unique optimum of Pbﬁ (G, o),
and let I be the extremal dual optimum chosen in that iteration. If x; is not integral, the algorithm constructs
H] :={S € Fi : k() > 0} and a family H,” of newly generated cuts. The next family is Fy+1 := H; UH,".

Lemma 3.6.26. If xi is non-integral, then |H}'| = ®c(xy), and if the algorithm has not terminated, then
DOg(xp) > 1.

Proof. The family H,” is defined after contracting the maximal members of #;. It contains exactly one full
original preimage for each support component of the contracted image X that contains half-integral edges.
By Lemma 3.3.5, ®g(x;) = ®s(Xk). The right-hand side is exactly the number of contracted support
components from which the cuts in H, ./ are generated, therefore |H. V| = O (xk).
If x; is non-integral, then it has at least one support component containing a non-integral edge, and
therefore ®g(x;) > 1. O

Lemma 3.6.27. For every nonterminal iteration k, ?{];’ NF =0.

Proof. Let S € H;’. By construction of the new cuts, x4(6(S)) = 0. If S € F, then feasibility of x; for
Pbﬁ (G, ¢) would give x¢(6(S)) > 1, a contradiction. Hence S ¢ ¥, and therefore ‘H]:’ NFr = 0. O

Lemma 3.6.28. [9] Let L be a laminar family of proper subsets of V, and assume |S| > 2 VS € L. Then
Ll <|V|-1.
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Lemma 3.6.29. Assume (%) holds. Leti < i+ 1 < --- < j be consecutive iterations such that
V-1

D

O (x;) = O(xi41) = -+ = Pg(x;) = p for some integer p > 1. Then j—i+1 < + 1.

Proof. Since the potential is constant on the interval, Lemma 3.6.26 gives |H’| = p forevery k = i,..., j—1.

Moreover, by Lemma 3.6.27, the cuts in H,” are genuinely new at the moment when they are generated.
Apply Lemma 3.6.25 to the subinterval i, ..., j. Every cut generated in the iterations i,i + 1,...,j— 11is

present in ¥ ;. Hence the family #; contains at least p(j — i) distinct cuts generated during these iterations.

Since ¥; is laminar and all its members are proper non-singleton subsets of V, Lemma 3.6.28 gives

p-D<IFI<IVI- 1

VI-1 Vl-
p

,orequivalently, j —i+1 <
p

Lemma 3.6.30. Assume that (xp) holds. Then the cutting-plane algorithm for perfect b-matchings terminates
after O(|V|log|V)) iterations.

1
Therefore j —i < + 1. This proves the claim. O

Proof. For each nonterminal iteration k, set py := ®g(x). By Lemma 3.6.26, p; > 1. By Lemma 3.6.10,
applied to the transition from 7 to F41, we have

Di+1 = P (xps1) < Do (x) = pi.

Thus the potential is non-increasing along the algorithm.

Moreover, py < |V|, as each counted support component contains at least one vertex, and distinct support
components are vertex-disjoint.

Partition the nonterminal iterations into maximal intervals on which the potential is constant. For a

fixed value p, there is at most one such interval, since the sequence py is non-increasing. By Lemma 3.6.29,

V-1
Vi + 1. Therefore the total number of

the length of the interval with value p, if it exists, is at most

nonterminal iterations is at most

Vv -1 Vi
Z( p +1)=(|V|—1)Z +[VI = 0(V|log|V)).

p=1 p=1 p

If ®g(xx) = 0, then x has no non-integral edge. Since the current optimum is half-integral, x is integral,
and the algorithm terminates. o

Theorem 3.6.1. Assume (xp). Then the generalized cutting-plane algorithm for the minimum-cost perfect
b-matching problem terminates after O(|V|log|V|) iterations. In every nonterminal iteration, the generated
cuts are valid violated b-odd blossom inequalities, and the maintained family remains laminar and critical.

Proof. Validity and violation of the newly generated cuts follow from Lemma 3.4.1. Criticality of the next

family follows from Theorem 3.5.1. The current optimum is support-proper half-integral by Lemma 3.3.6.
The iteration bound follows from Lemma 3.6.30. Thus the algorithm terminates after O(|V|log|V|)

iterations. O
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3.7 Uniqueness by bounded perturbation

In this section we prove that a perturbation of the integer cost function ¢ guarantees uniqueness of the
optimum for every critical family of laminar relaxation used by the algorithm, so it satisfies ().
Let E = {ey, ..., e} be an arbitrary fixed ordering of the edge set. Define byax := ma‘} b(v),
ve

bV
B:= % Every feasible perfect b-matching satisfies x(E) = B, because

2x(E) = Z x(6(v)) = Z b(v) = b(V).

veV veV

Let K := 4mbpax, choose an integer Q > 2K + 1, and a rational number 0 < A < min {1, 2—13} . We define
the perturbed cost function by

&) =cle)+A07  (i=1,...,m).
The number of bits needed to encode this perturbation is polynomial in the input size.
Lemma 3.7.1. Let g € ZE \ {0} satisfy
lg(e)) < K VYeekE.
m .
Then ) g(e))Q™" # 0.
i=1

Proof. Let k be the first index such that g(ex) # 0. Then this first nonzero term has absolute value at least
Q*. The remaining part of the sum is bounded by

> geno™

i>k

< KZ 07 = %Q‘k.

i>k

1
Since Q > 2K + 1, we have < —. Thus the tail has absolute value strictly less than %Q‘k , and therefore

0-1

m
it cannot cancel the leading term, so Z g(e)Q™ 0. O
i=1

Lemma 3.7.2. Let H = (U, Ey) be an undirected graph, and let a,d € Rgg satisfy
a(og(w)) = d(og(u)) Yu e U.

If a # d, then there exists an even alternating closed walk W in H, such that its odd edges belong to
{e € Eg : a(e) > d(e)}, and its even edges belong to {e € Ey : d(e) > a(e)}. Moreover, W may be chosen to
have at most 4|Eg| edges.

Proof. Let g :=a—d. Since a(0y(u)) = d(6g(u)) for every u € U, we have
g0y(u)) =0 Yu e U.

Since a # d, there is an edge with nonzero g-value. Start with an edge e with g(e) > 0. Whenever the
walk enters a vertex through an edge with positive g-value, the equality g(6g(x)) = 0 implies that there is
an incident edge with negative g-value. Similarly, whenever the walk enters through an edge with negative
g-value, there is an incident edge with positive g-value. Thus we can continue the walk by alternating the
sign of g.
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There are at most 2|U’| possible states, where U’ is the set of non-isolated vertices in the support of g and
a state consists of a vertex together with the sign of the next edge to be chosen. Hence some state repeats
before we can take more than 2|U’| steps. The segment between the two occurrences of the repeated state is
an even alternating closed walk. Since |U’| < 2|Eg]|, the walk has at most 4|Ey| edge occurrences. O

Lemma 3.7.3. Let 7 C Oy, be laminar. Suppose that PZ(G, ¢) has two distinct optimal solutions x and y,
and suppose that DbT(G, ¢) has an F -positively-critical optimal dual solution 11 satisfying

I(S) >0 VS eF.
Then there exist two optimal feasible solutions a, d of PZ(G, &) and a nonzero integer vector g € ZF such that
g6(v) =0  VYvey,

2(S) =0 VS eF,
lg(e)] < K Ve e E,

and
gle)>0 = ale) >0, gle) <0 = d(e) > 0.

Proof. Since II(S) > O for every § € ¥, complementary slackness gives
x(0(5)) =y(6(5)) =1 VS eF.
Choose an inclusionwise minimal set T € F U {V} such that
x(0(u, VAT)) = y(6(u, V\T)) YueT,

but x and y are not identical inside 7. Such a set exists because V satisfies the conditions.
Let S be the family of maximal members of ¥ strictly contained in 7. For every S € S, define

a, = x(6(u, V\S)), @, = y(6(u, V\S)).

Zau:Za;z 1.

uesS uesS
Because I1(S) > 0 and II is F -positively-critical, every S € S is (I1, ¥, b)-factor-critical. Hence, for
every u € S, choose a IT-critical b-matching M inside S, satisfying the deficit demand by ,.
We now define two modified solutions a, d. Outside the sets in S, set a(e) := x(e), d(e) := y(e). Inside

each S € S, set
. 2 : S
a|E[s] = a'uMu,

Since x(6(S)) = y(6(S)) = 1, we have

ues
and
d|E[SJ = Z a/'uM,f
ues
We first verify feasibility. Fix § € Sand r € §. Then Z ayubs ,(r) = b(r) — a,. The edges from r to

ues
V \ S contribute @,, hence the degree equation at r remains satisfied. The same argument applies to d.

Now let Z € F with Z C §. By Lemma 3.2.1,

I, ueS\Zz

S —
M3 (6(2)) = {0, o
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Therefore the internal contribution of a across 6(Z) is Z ay. The contribution of the edges from Z to V' \ S
ueS\Z

is Z a,. Consequently,
ueZ

a6(2)) = Z cxu+Za/u =Za/u= 1.

ueS\Z ueZ uesS

Similarly, d(6(Z)) = 1. For Z = §, we have a(6(S)) = d(6(S)) = 1. All other laminar constraints are
unchanged, therefore a and d are feasible.

Moreover, a and d are optimal. Every internal edge used by a critical b-matching is tight with respect to
I1, and every unchanged positive edge was already tight by complementary slackness. Also, every set in ¥ is
tight for both a and d, as shown above. Thus both a and d satisfy complementary slackness with I1.

We claim that ¢ and d are not identical after the modification. If x and y differ inside some S € S
and o, = | for every u € S, then § itself satisfies the external-degree condition and x, y differ inside S,
contradicting the minimality of 7. If @ # o’ for some § € S, the difference is visible on the boundary of S.
Finally, if no such difference occurs inside any member of S, then the difference between x and y inside T
remains outside the interiors of these maximal children. Thus a # d.

Contract every set S € S, now keeping parallel edges. Let 7’ be the image of T, and let a’, d’ be the
projected vectors restricted to the graph induced on 7”.

We show that a’ and d’ have the same degree at every vertex of T’. For an original vertex u € T not
contained in any member of S, this follows from a(6(u, V\ T)) = d(6(u, V\ T)) and from the degree equations.
For a contracted node corresponding to S € S, we have a(6(S)) = d(6(S)) = 1, and the total value of the
edges from S to V \ T is the same for a and d, because the external degrees of all vertices of T are equal.
Therefore the value of the edges from S to 7'\ § is also the same. Hence

a' (6 (w)) = d' (67 (uw)) YueT’.

We claim that a” # d’. Suppose that a’ = d’. Since parallel edges are retained, this means that a and d are
equal on all edges of E[T] except possibly on edges contained inside members of S. If x and y differed inside
some S € S and had the same external degrees at every vertex of S, then § would contradict the minimal
choice of T. Thus, whenever x and y differ inside such an §, their external degree vectors (a,)ues and (@],),es
differ. But then, because the boundary edges are kept as parallel edges in the contraction, a’ and d’ would
differ on an edge incident with the contracted node for S, which is a contradiction. Therefore no difference
can occur inside any member of S. Since a’ = d’ also implies equality outside the interiors of these members,
we would get that x and y are identical inside 7', contradicting the choice of T'.

By Lemma 3.7.2, there exists an even alternating closed walk W’ in the contracted graph on 7", consisting
of at most 4m edges, such that the positive edges of W’ have positive a’-value and the negative edges have
positive d’-value. Let H” be the signed incidence vector of W’, with coefficient +1 on the positive occurrences
and coeflicient —1 on the negative occurrences. Since W’ is closed and alternating,

H'(6(wm) =0 YueT’.

We now lift H’ to an integer vector g € ZE. For every occurrence of an edge of W’ that is not incident
with a contracted node, we put the same coefficient on the corresponding original edge.

Now consider a contracted node corresponding to some S € S. Since H’(6(S)) = 0, the positive and
negative boundary edges at this contracted node can be paired. For each pair, let the positive boundary edge
be attached to a vertex p € S, and let the negative boundary edge be attached to a vertex g € S. In the lift, we
add the internal signed vector MIS7 - Mj. If p = g, this internal contribution is zero.

We verify the balanced properties of g. First, consider vertex degrees. For one paired passage through
S, the positive boundary edge contributes +1 at p, and the negative boundary edge contributes —1 at g. The
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internal vector Mg - Mg has degree difference —1 at p and +1 at g, and O at all other vertices of S. Hence
the total degree contribution is zero at every vertex of S. Since the contracted walk is balanced outside the
contracted sets, we get

go(v) =0 YveV.

Second, consider a set Z € F. If Z is disjoint from 7', contains 7', or is equal to 7', then the lifted object
has zero net value crossing of Z, therefore g(6(Z)) = 0. It remains to consider the case Z C S for some § € S.

If Z = §, the internal vector has no edge crossing S, while each paired boundary passage contributes one
positive and one negative crossing of 6(S ), hence g(6(S)) = 0.

If Z € S, then for one paired passage through S the internal contribution is

My (5(Z)) = M3 (8(2)) = 1pgz = 14gz,

the two boundary edges contribute 1,c7 — 1,47, therefore the total contribution across 6(Z) is
(1pgz — Lygz) + (1pez — L4ez) = 0.
Summing over all paired passages through S, we obtain g(6(Z)) = 0. Therefore
g(2) =0 VZeF.

The vector g is nonzero, because its projection to the contracted graph is the nonzero vector H’. We now
bound the coefficients of g. Every critical b-matching satisfies

M5 (e) < bypax Ve € E[S],

because the multiplicity of an edge cannot exceed the demand at either endpoint. The contracted alternating
walk W’ has at most 4m edge occurrences. Thus any original edge can receive contributions from at most 4m
inserted critical h-matching differences, each of absolute value at most bp,x. Consequently,

|8(€)| < 4"nbmax =K Ve € E.

Finally, g is sign-compatible with a and d. If g(e) > 0 on a boundary edge, then the corresponding
contracted edge was positive in @’, so a(e) > 0. If g(e) > 0 on an internal edge, then it receives a positive
contribution from some M g, where the corresponding positive boundary edge of W’ is attached at p. Hence
a, > 0, and therefore a contains Mf, with positive weight. Thus a(e) > 0. The proof that g(e) < 0 implies
d(e) > 0 is identical. This proves the lemma. O

Lemma 3.7.4. Let ¥ C Oy, be a critical laminar family. Then PZC(G, ¢) has a unique optimal solution.

Proof. Assume, for contradiction, that the statement is false. Choose a counterexample ¥ with || minimal
and let x and y be two distinct optimal solutions of PZC(G, 0).
By Corollary 3.5.1, there exists an ¥ -positively-critical optimal dual solution II for DZ(G, ¢). We first
show that
II(S) > 0 VS eF.

Let H :={S € ¥ : TI(S) > 0}. We claim that H is a critical family. Indeed, # is laminar since H C F. The
restriction of IT to V U H is feasible for DZ”(G, ), because the dual variables in F \ H all have value zero.
Hence the tight-edge graph with respect to the restricted dual is the same as the tight-edge graph with respect
to IL.

Now let S € H. Since II(S) > 0 and IT is ¥ -positively-critical, the set S is (I1, F, b)-factor-critical.
The same critical b-matchings also certify that S is (I, H, b)-factor-critical, because replacing # by the
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subfamily H only removes laminar-set constraints from the definition of an ¥ -matching. Finally, every
nonmaximal member of H has positive IT-value by the definition of . Therefore the restricted dual IT|yy gy
is an H-critical dual, and so H is critical.

Since TI(S) = O for every S € F \ H, the restricted dual has the same objective value as IT. Thus x and
v, which are feasible for the relaxed primal PZ{(G, ¢), have objective value equal to a feasible dual value of
D;]H(G, ¢). By strong duality, both x and y are optimal for PZ{(G, ).

If H < F, then H is a smaller critical family for which the relaxation PZ{(G, ¢) has two distinct optimal
solutions, contradicting the minimal choice of . Hence H = ¥, and therefore

II(S) > 0 VS € F.
By Lemma 3.7.3, there exist optimal feasible solutions a, d and a nonzero integer vector g € ZF such that
g(v) =0 VveV

g(8)=0 VS € F,
lg(e)] < K Ve e E,

and
g(e) > 0= a(e) >0, gle) <0 =d(e) > 0.

By the last part, for sufficiently small & > 0, both a — £g and d + &g are nonnegative. The equalities
go(v) =0 YveV
and
g(s) =0 VS e F

show that both perturbed vectors remain feasible for Pf(G, ).

Since a is optimal, ¢"(a — £g) > ¢"a, and therefore ¢"g < 0. Since d is optimal, ¢"(d + £g) > ¢"d, and
therefore ¢" g > 0. Together these give ¢"g = 0.

Expanding the perturbed cost gives

m
0=¢"g=cTg+ /IZ gle)O™.

i=1

m
Since ¢ and g are integer vectors, ¢ g € Z. By Lemma 3.7.1, Z g(enQ™" # 0. Moreover,
i=1

A
1
<
"

>
A
N | —

ig(eoQ‘f <
i=1

Since 0 < A < 1, we have

m
0< 1> genQ| <1,
i=1

m
and therefore ¢ g + A Z g(e)Q" is an integer plus a nonzero real number of absolute value strictly smaller
i=1
than 1, which cannot be zero. This contradicts ¢'g = 0, and therefore Pf(G, ¢) has a unique optimal
solution. O
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Lemma 3.7.5. Let M be a minimum-¢-cost integral perfect b-matching. Then M is also a minimum-c-cost
integral perfect b-matching.

Proof. For every integral perfect b-matching M, we have M(E) = B. Therefore

m m
; 1
~ o . -1 ) = —
0 < &M) - (M) = A;M(el)Q < /1; M(e) = 1B < .
Suppose, for contradiction, that there exists an integral perfect b-matching M’ such that c(M’) < ¢(M). Since
c is integral, c(M’) < ¢(M) — 1. Hence

M) <c(M) + % <c(M) - % < (M),

contradicting the ¢-optimality of M. Therefore M is also optimal for the original cost function c. O

Proof of Theorem 3.4.1. Run Algorithm 1 with the perturbed cost function ¢. By Lemma 3.7.4, ¢ satisfies
(*p). Hence Theorem 3.6.1 applies: the algorithm terminates after O(|V|log |V]) iterations, every intermediate
family is laminar and critical, every generated cut is a valid violated b-odd blossom inequality, and every
current optimum is support-proper half-integral.

When the algorithm terminates, the current optimum is integral. Since it satisfies the degree equations
x(6(v)) = b(v) for all v € V, it is an integral perfect b-matching. It is optimal for the perturbed cost function
¢, because it is the optimum of the final relaxation. Finally, Lemma 3.7.5 shows that every minimum-¢-
cost integral perfect b-matching is also minimum-cost with respect to the original integer cost function c.
Therefore the returned solution is a minimum-cost perfect b-matching for c. O
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4 The Miller-Pekny Algorithm in the Uncapacitated Setting

The second algorithm studied in this thesis is based on the staged primal-dual method of Miller and Pekny
for the perfect b-matching problem [13]. In contrast to the cutting-plane approach discussed in the previous
chapter, this method is mainly combinatorial. It does not repeatedly solve LP relaxations and explicitly
separate violated blossom inequalities. Instead, it starts from a half-integral optimal solution of the degree
relaxation and transforms it into an integral perfect b-matching by using alternating structures, contractions,
expansions, and transfer operations.

The original Miller—Pekny algorithm is formulated for capacitated perfect b-matchings. In that setting,
edges may have lower and upper capacities, and the blossom constraints have a more general form. In this
chapter we consider only the uncapacitated case, thus all lower bounds are zero and there are no explicit edge
upper bounds. Consequently, the capacity-dependent cases of the original algorithm disappear. An edge that
is increased is never blocked by an upper capacity, while an edge that is decreased only has to have positive
current value.

In the uncapacitated setting, every supervertex represents a b-odd set S C V, and the corresponding
blossom inequality has the simple form x(6(S)) > 1. The more general (R, T')-notation used in the capacitated
formulation is therefore not needed. The main structure of the algorithm remains the same: Stage One solves
the degree relaxation and initializes primal and dual solutions satisfying complementary slackness, while
Stage Two removes the remaining odd fractional cycles by alternating transfers in a surface graph.

4.1 The uncapacitated formulation

We use the notation and the perfect b-matching formulation introduced in Section 2. Thus G = (V, E),
b:V —>Z.,and c : E — R are fixed.

The algorithm stores only the blossom inequalities represented by the current supervertices. We denote
this active family by 8 C Op,. The corresponding restricted primal relaxation is

min Z CijXij
ijeE
s.t. x(6() = b(i) VieV,
x(0(S) =1 VSes,

xij=>0 VijeE.
Its dual is
max Z b(i)y; + Z &
ieV SeB
s.t. yi+yj+ Z zs <cij VijeEE,
SeB:
ijed(S)
zs =20 VS € B.

For an edge ij € E, define the reduced cost

Cij = Cij = Yi—Yj~ Z zs.-
SesB:
ije5(S)

Dual feasibility is equivalent to
¢ij=0 VijeE.
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The condition x;; > 0 = ¢;; = 0 is maintained throughout the algorithm, and zg > 0 = x(6(S)) = 1 is
satisfied at the end of each iteration of Stage Two. Since no upper capacities are present in the uncapacitated
formulation, there is no complementary slackness condition regarding saturated edges.

Uncapacitated admissibility rules

The absence of edge upper capacities gives the following simple rules, which are used throughout Stage Two.
An edge used with increasing sign is always admissible. An edge used with decreasing sign is admissible if
and only if its current value is positive. If an edge has to absorb two units of a later transfer, then an increasing
edge is again always admissible, while a decreasing edge is admissible if and only if its current value is at
least two. Thus the only blocking case is a decreasing edge with current value one.

4.2 Stage One: solving the degree relaxation

Stage One solves the degree relaxation of the uncapacitated perfect b-matching problem. At this stage the
blossom inequalities are ignored, and only the degree equations and nonnegativity constraints are enforced:

min Z CijXij

ijeE
st. x(6() =b@i) VieV,
xij=0 VijeE.

The optimum of this relaxation is not necessarily integral, but it can be chosen half-integral. This half-integral
optimum is the starting point of Stage Two.

Transportation formulation

Following Miller and Pekny [13], the degree relaxation can be written as a transportation problem. Construct
a bipartite graph Gt = (S, T, A) as follows. For every original vertex i € V, create a supply node s; € S and a
demand node #; € T. For every undirected edge ij € E, add the two arcs (s;, ;) and (s}, #;), both with cost ¢;;.
The node s; has supply b(i), and the node #; has demand b(i).

Let wy,; denote the flow on the arc (s;, 7;). The transportation problem is

min Z Cij (Ws,-tj + ws_,.,l.)

ijeE

st ) wey=bl)  YieV,
jiijeE
D wan=bl)  VieV,
jiijeE

wst; 20, w20 Vij€eE.
From a feasible transportation solution w, define

Ws,'tj + WSjtl‘

Xij = ) Vl_]EE 2)

Then x satisfies the degree equations, as for every original vertex i € V,

3 x= %{ 3w+ Y ws,ti] = 2000 + b(D) = b,

JiijeE JiijeE JUijeE
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Conversely, every feasible solution x of the degree relaxation gives a feasible transportation solution by
setting
Wsit; = Xij» Wsit; = Xij Vlj eE.
The transportation objective is then twice the objective value of the degree relaxation:
Z Cij (Ws,-t_,- + Wsjt,-) = Z cij(xij + xij) =2 Z CijXij.
ijeE ijeE ijeE
Therefore the transportation problem and the degree relaxation are equivalent for optimization.
The transportation constraint matrix is totally unimodular, since it is the node-arc incidence matrix of a

bipartite network. Since all demands are integral, there is an optimal integral w solution to the transportation
problem. By (2), the corresponding solution of the degree relaxation satisfies

1
XijEEZZO VijEE.
Therefore Stage One returns a half-integral optimum of the degree relaxation.

Dual initialization

Let u,, and v;, be the dual variables of the transportation supply and demand constraints. The transportation

dual is
max Z b(i)us, + Z b(i)vy,
eV i€V
S.t. ug + Vi < Cij Vij € E,
Us; + vy < Cjj Vij € E.
Define TR .
yi = —2 VYieV.

Then, for every edge ij € E,
usl. + V;l- + Msj + th

Yityi= 5 < ¢jj.
Thus y is feasible for the dual of the degree relaxation, which is
max Z b(@)y;

i€V
st. yity;j<cyj VijeE.

S blii = 5| " bliws, + 3 b, |

i€V i€V i€V
Hence optimal transportation primal and dual solutions initialize optimal primal and dual solutions for the
degree relaxation.
At the beginning of Stage Two, no blossom dual variables are active. Therefore the reduced cost of an
edgeij € Eis ¢;j = ¢;j — y; — yj. The Stage One primal and dual solutions satisfy

Moreover,

Cij = 0 VijeE,
and by complementary slackness, x;; > 0 = ¢;; = 0.
Thus every edge with positive primal value is tight at the end of Stage One. This is the edge complementary
slackness condition that Stage Two preserves while eliminating the fractional cycles.
Since x(6(i)) = b(i) is integral for every vertex i, each vertex is incident with an even number of
non-integral edges. Therefore the graph induced by the non-integral edges is Eulerian, and its connected
components decompose into cycles.
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4.3 Stage Two: removing fractional odd cycles

Stage Two starts from the half-integral optimum obtained in Stage One. Its goal is to remove all fractional
edges while preserving the degree equations, dual feasibility, and complementary slackness.

Preprocessing of the fractional support

Even fractional cycles can be eliminated directly. If C is an even fractional cycle, then we alternately add and
subtract % along the edges of C. At every vertex of C, one incident edge is increased and one is decreased, so
the degree equations are preserved. Every decreased edge has value at least 1, so nonnegativity is preserved.
Since all positive fractional edges are tight, the modification has zero reduced-cost contribution.

The same idea applies when two odd fractional cycles are not disjoint. Their union contains an even
alternating closed walk, and an alternating i% update on this walk eliminates at least one fractional odd
cycle without changing the objective value. Repeating this preprocessing leaves only pairwise disjoint odd
fractional cycles.

A single odd fractional cycle cannot be corrected independently: an alternating J_r% update around an
odd number of edges leaves one vertex with an uncancelled degree change. Therefore Stage Two eliminates
odd cycles in pairs. It searches for an alternating walk connecting two odd fractional cycles. Whole units
are transferred along the connecting walk, and half-unit alternating updates are applied on the two terminal
cycles, making the two fractional cycles integral.

4.3.1 Surface graph, states, and dual updates

The search is performed in a sequence of surface graphs G°, G, G?, . ... The initial surface graph G is the
original graph after the preprocessing described above. Later surface graphs are obtained by shrinking odd
surface cycles into supervertices and by expanding supervertices when their dual value drops to zero. A
surface object is either an original vertex or a supervertex. If an original vertex u is contained in a surface
object U, we write u € U.

Each surface object has one of the three states up, down, zero. Objects in the alternating tree are in state
up or down, while objects outside the tree are in state zero. The root supervertex is always in state up. During
a dual update of size 4, the dual variables of up-objects are increased, the dual variables of down-objects are
decreased, and the dual variables of zero-objects are unchanged. For an original vertex this is the vertex dual
vi, and for a supervertex this is the blossom dual zg.

With respect to the current alternating tree, a surface edge is called internal if both endpoints are in the
tree, boundary if exactly one endpoint is in the tree, and external if neither endpoint is in the tree. A surface
edge is called attractive if its reduced cost decreases under the current dual update direction. The relevant
cases in the uncapacitated setting are summarized as follows:

endpoint states reduced-cost change role step size
up-zero -4 attractive boundary edge Ce
up-up -24 attractive internal edge Ce/2
up—down 0 neutral tree edge -
down-zero +4 not attractive -
down—down +21 not attractive -

If no zero reduced-cost attractive edge is currently available, the next dual step is chosen as

. . . C .
A = min{min&,, min —, minzs ;. 3)
e€eAy, e€A; 2 SeD
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Here Ay is the set of attractive boundary edges, A; is the set of attractive internal edges, and D is the set of
active down non-root supervertices with positive dual value. A minimum over an empty set is interpreted as
+00. Frozen supervertices are not included in D, because their dual value is fixed at zero.

Push operation

The following operation is used repeatedly. Let R be the set currently being constructed in the surface
graph. The push operation absorbs every surface object that is reachable from R through a positive boundary
edge, except for possibly a magic edge that is excluded from the push. The operation is continued until no
admissible positive boundary edge remains, or until another odd fractional cycle is reached. In the latter case,
the algorithm has found a transfer opportunity.

Supervertex record

Whenever a supervertex is created, the algorithm stores the data needed to reconstruct alternating routes
through it later. This supervertex record contains the surface cycle that caused the shrink operation creating
the supervertex, the stem, the base object, parent relations, edge signs, petal paths, and for a tight non-root
supervertex, its magic edge. Later grow, expand and transfer operations refer to this stored record instead of
recomputing the internal structure.

4.3.2 Root, non-root, and frozen supervertices

Choose one remaining odd fractional cycle C. The algorithm starts a new search from C by forming a root
supervertex. Initially set R := V(C). Then apply the push operation without excluding any boundary edge.
If the push reaches another odd fractional cycle, a transfer path has already been found. In that case root
formation stops and the transfer operation is performed.

Otherwise the push terminates with x(6(R)) = 0. The set R is b-odd, since after the push terminates,

b(R) = 2x(E[R]) + x(6(R)) = 2x(E[R]).

The parity of 2x(E[R]) is determined by the number of half-integral edges contained in R. Since R contains
the starting odd fractional cycle and no second odd fractional cycle has been reached, this number is odd,
hence b(R) is odd. Therefore R violates the blossom inequality x(6(R)) > 1. The set R is then contracted into
the root supervertex. The root has no magic edge.

Figure 3: Formation of a root supervertex. The half-integral odd cycle on vertices 1,2, 3 is chosen as the
initial root cycle. Positive boundary edges are absorbed until no positive edge leaves the represented set. The
resulting set satisfies x(6(R)) = 0, so it becomes the root supervertex R.

A non-root supervertex is formed when the search closes an odd alternating surface cycle that does not
contain the root. After the subsequent push operation, the represented set has exactly one positive boundary
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unit. This boundary edge is stored as the magic edge. Thus a tight non-root supervertex represents a b-odd
set S satisfying x(6(S)) = 1. Such a set may have a positive blossom dual variable. If this dual value later
becomes zero while the supervertex is in the down state, the supervertex is expanded.

Figure 4: Root and non-root supervertices in the uncapacitated setting. The root supervertex S V; has no
magic edge and satisfies x(6(S V1)) = 0. The non-root supervertices S V, and § V3 each have a unique positive
boundary edge of value 1, which is stored as the magic edge.

A third type of object is a frozen supervertex. Frozen supervertices arise during the push following a
shrink operation. Suppose that an odd surface cycle has been found and the backward trace toward the root
identifies a candidate magic edge. In the uncapacitated case, this candidate is the first decreasing edge on the
trace with current value one. If the subsequent push reaches a vertex past the magic edge, on the root side of
this candidate edge, then the candidate magic edge no longer separates a completed non-root supervertex
from the rest of the tree. This supervertex is then stored as a frozen supervertex inside a larger exposed
supervertex.

A frozen supervertex is never exposed as an independent surface object. It represents an odd set with
x(6(S)) > 1, and its dual value is fixed at zero. It is kept only because its supervertex record may be needed
later when an enclosing supervertex is expanded or when a transfer path is reconstructed through it.

4.3.3 Alternating tree operations

The alternating tree is modified by four operations: grow, shrink, expand, and transfer. These operations are
described below.

Grow

Let e = 1J be a zero reduced-cost attractive boundary edge, where [ is already in the alternating tree and J is
outside the tree. The grow operation adds J to the tree, with 7 as its parent and e as its parent edge. The state
of J and the sign of e are chosen so that the path from the root to J remains alternating.

If J is a simple vertex and the entering edge requires the next edge of a future transfer to be decreasing,
then the algorithm immediately searches for positive tight edges incident with J. Such edges can serve as
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decreasing continuation edges and are added to the alternating tree structure according to the uncapacitated
admissibility rules.

If J is a non-root supervertex, the way in which the alternating path passes through it is determined by its
supervertex record. If the entering edge is not the magic edge, the stored internal route is followed from the
entering edge toward the magic edge. If the entering edge is the magic edge, the same stored route is used in
the reverse direction, starting from the magic edge and continuing toward the corresponding internal surface
object. A frozen supervertex is never reached as a separate object, the grow operation always reaches the
enclosing exposed supervertex.

Shrink

Suppose a zero reduced-cost attractive internal edge e = IJ joins two up-objects in the alternating tree and is
not itself a tree edge. Adding e closes an odd alternating surface cycle. Let C; be the surface cycle formed by
e together with the two tree paths from 7 and J to their nearest common ancestor.

The shrink operation first includes the objects of C;. It then traces from the base of the cycle toward
the root to decide whether a stem must also be included. Along this trace, the algorithm tests whether each
edge can absorb two units of a later transfer. By the uncapacitated admissibility rules, increasing edges
always pass this test, while decreasing edges pass it exactly when their current value is at least two. Hence
the first possible obstruction is a decreasing edge m with x,, = 1. If the trace reaches the root without such
an obstruction, the new supervertex contains the current root and becomes a root supervertex. If the first
obstruction is the unit edge m, then m becomes the candidate magic edge, and the stem is the part of the
traced path lying on the cycle side of m.

After the cycle and stem have been identified, the push operation is applied. For a root candidate, the
push absorbs all positive boundary edges. For a non-root candidate, the push absorbs positive boundary edges
except for the candidate magic edge. If the push reaches another odd fractional cycle, the algorithm performs
a transfer instead of completing the shrink.

At the end of the shrink operation, one of three outcomes occurs. If the represented set contains the root,
it becomes a root supervertex and satisfies x(6(R)) = 0. If the represented set does not contain the root and
has exactly one positive boundary edge, it becomes a tight non-root supervertex S satisfying x(6(S)) = 1. The
unique positive boundary edge is stored as its magic edge. Finally, if the candidate non-root object loses its
valid unique outside connection during the push, it is stored as a frozen supervertex inside a larger exposed
supervertex.

Expand

Expansion is performed when a down tight non-root supervertex has dual value zero. Let S be such
a supervertex. The expand operation replaces S by its immediately contained surface objects. Since
the corresponding blossom dual has value zero, removing this active blossom variable does not affect
complementary slackness.

Expansion also restores the alternating tree inside S. The tree enters S through a particular boundary
edge, and the route from this entering edge to the magic edge is reconstructed from the supervertex record.
Contained objects that lie on the reconstructed alternating route remain in the tree, contained objects not used
by the route are removed from the active tree. If S immediately contains frozen supervertices, those frozen
objects are expanded as well, so that they never appear as independent surface objects.

Transfer

Transfer is performed when the alternating tree identifies an alternating walk connecting two distinct odd
fractional cycles. The walk is first expanded through all supervertices it crosses, using their supervertex
records. Thus the actual transfer is carried out in the original graph.
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On the integer-valued connecting part of the walk, the algorithm makes whole-unit changes:

X, < X, + 1 onincreasing edges,

X, < x, — 1 on decreasing edges.

Every decreasing edge used in this part is admissible by construction. At the two terminal odd cycles, the
algorithm applies alternating half-unit changes. The orientation on each terminal cycle is chosen so that the
half-unit update creates exactly the imbalance needed to cancel the whole-unit change on the incident path
edge.

Only the two terminal odd cycles are rounded by half-unit changes. If the transfer path passes through an
interior supervertex, the stored cycle of that supervertex is used only to reconstruct a whole-unit alternating
route through the supervertex.

The transfer preserves all degree equations: every internal vertex of the expanded walk has one incident
edge increased and one incident edge decreased, and the imbalances at the terminal cycles are cancelled by
the adjacent path edges. Since all changed edges are tight, the reduced-cost change is zero. Therefore transfer
preserves complementary slackness and eliminates the two odd fractional cycles at its ends.

4.3.4 Complete Stage Two algorithm

At the beginning of Stage Two, all even fractional cycles and all non-disjoint odd fractional cycles have been
eliminated. Thus the remaining fractional support consists of pairwise disjoint odd cycles. The following
steps are repeated until no fractional odd cycle remains.

Algorithm 4 Stage Two algorithm

Step 1. Choose one remaining odd fractional cycle C. If no such cycle exists, terminate.

Step 2. Form a root supervertex from C, and initialize the alternating tree at this root. If the root push reaches
another odd fractional cycle, apply the transfer operation, reset all surface-object states to zero, update
the fractional support, and return to Step 1.

Step 3. Search in the current surface graph. If a zero reduced-cost attractive boundary edge is found, apply
the grow operation. If a zero reduced-cost attractive internal edge is found, apply the shrink operation.

Step 4. If grow or shrink reaches another odd fractional cycle, apply the transfer operation, reset all surface-
object states to zero, update the fractional support, and return to Step 1.

Step 5. If no zero reduced-cost attractive edge is available, compute A from (3). Increase the dual variables of
up-objects by A, decrease the dual variables of down-objects by A, and leave the dual variables of
zero-objects unchanged. Frozen supervertices remain fixed at dual value zero.

Step 6. After the dual update, expand every down tight non-root supervertex whose dual value has become
zero. The alternating tree is restored inside each expanded supervertex using its supervertex record.

Step 7. Continue the current search from Step 3.
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4.4 Correctness and running time

Theorem 4.4.1. If the uncapacitated perfect b-matching instance is feasible, the algorithm described above
terminates with an integral minimum-cost perfect b-matching.

Proof. Stage One returns an optimal solution x of the degree relaxation together with a feasible dual solution
y. The solution x is half-integral, satisfies the degree equations, and satisfies edge complementary slackness:

x,-j>0:>E,-j:O.

Thus every positive edge is tight when Stage Two begins.

Stage Two preserves the following invariants. First, the degree equations are preserved. The only
operation that changes the primal vector is transfer, because grow, shrink, and expand only change the surface
representation and the alternating tree structure. Along a transfer path, every internal vertex has one incident
edge increased and one incident edge decreased, and at the two terminal odd cycles the half-unit updates
create one unit imbalances, which are exactly cancelled by the adjacent path edges. Hence x(6(i)) = b(i)
remains true for every vertex i.

Second, nonnegativity is preserved. Edges used with decreasing sign are chosen according to the
uncapacitated admissibility rules, therefore a decreasing edge always has enough current value to absorb the
required decrease.

Third, dual feasibility is preserved. Dual updates are chosen by (3), so no reduced cost becomes negative
and no positive blossom dual variable is decreased below zero. If a down non-root supervertex reaches dual
value zero, it may be expanded. Removing a zero-valued blossom dual variable does not affect the dual
objective or complementary slackness.

Fourth, complementary slackness is preserved. All primal changes are made along tight edges, hence
every transfer has zero reduced-cost contribution. Moreover, every active non-root supervertex with positive
blossom dual value represents a tight blossom inequality x(6(S)) = 1.

It remains to prove termination. After the initial preprocessing, the fractional support consists of pairwise
disjoint odd cycles. Each transfer eliminates the two odd fractional cycles at its ends. The intermediate tree
operations and dual updates serve only to find such a transfer path, they do not create a new odd fractional
cycle. Since the number of odd fractional cycles is finite, only finitely many transfers can occur.

When no odd fractional cycle remains, the current half-integral solution has no fractional edge, thus the
final vector is integral. Since the degree equations have been preserved throughout Stage Two, the final vector
is a perfect b-matching.

At termination, the final primal solution and the maintained dual solution are feasible and satisfy
complementary slackness. Extending the dual solution by zero on all blossom inequalities not represented by
active supervertices gives a feasible dual solution for the full perfect b-matching relaxation. Therefore the
final integral perfect b-matching is minimum-cost. O

Let n :=|V|,m := |E|, and let p be the number of disjoint odd fractional cycles after preprocessing. Since
these cycles are vertex-disjoint, p = O(n).

The running time of Stage One is determined by the algorithm used to solve the transportation problem, or
equivalently the corresponding minimum-cost flow problem on the bipartite transportation graph. This graph
has 2n nodes and 2m arcs, and we denote the resulting running time by Tans(21, 2m). The capacity-dependent
term appearing in the original Miller—Pekny analysis is not necessarily needed, since the transportation
problem is a special case of the minimum-cost flow problem, for which strongly polynomial algorithms
[18, 14] are known.

For Stage Two, each transfer eliminates two odd fractional cycles, therefore there are O(p) = O(n)
transfers. Between transfers the algorithm performs one alternating tree search. During one such search,
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the number of surface object events is O(n): a surface object can enter the tree, an odd surface cycle can
be shrunk, or a down supervertex can be expanded. With a direct implementation that scans the edge set to
identify the next attractive edge or the next dual step, each such event costs O(m). Hence one search costs
O(nm), and all Stage Two searches cost O(n>m). Therefore the running-time bound for the uncapacitated
algorithm is O(T'yans (21, 2m) + n’m). If Stage One is implemented with a strongly polynomial minimum-cost
flow algorithm, then the resulting uncapacitated Miller—Pekny algorithm is strongly polynomial.
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5 Conclusion

This thesis studied cutting-plane and primal-dual methods for minimum-cost perfect b>-matchings. After
introducing the basic polyhedral background of b-matchings, the main part of the thesis adapted the cutting-
plane framework of Chandrasekaran, Végh and Vempala [3] from perfect matchings to perfect b-matchings.
The final part then considered the staged primal-dual algorithm of Miller and Pekny in the uncapacitated
perfect b-matching setting.

The main result obtained in the thesis was the adaptation of the cutting-plane framework of Chan-
drasekaran, Végh and Vempala to perfect b-matchings. After applying the perturbation that guarantees
uniqueness, the resulting algorithm preserves a laminar critical family of »-odd blossom inequalities through-
out its iterations. The corresponding primal optimum stays support-proper half-integral, and each newly
added inequality is a valid b-odd blossom inequality violated by the current solution. The convergence
analysis established an O(|V|log|V|) bound on the number of iterations and showed that the final integral
solution is a minimum-cost perfect b-matching with respect to the original cost function.

The b-matching adaptation became considerably longer than the corresponding perfect matching argument,
because the b-matching setting changed the structure of the violated cuts. In the ordinary perfect matching
case, a fractional basic solution of the degree relaxation is supported by matching edges and odd cycles,
and an odd fractional cycle directly determines a violated blossom inequality. For perfect b-matchings, this
simple structure was no longer sufficient. After contractions and unshrinking operations, the nonintegral
structure does not necessarily have to be represented by a single odd cycle in the original graph. The proof
therefore had to work with support-proper half-integrality and support components containing non-integral
Eulerian structure.

This structural change led to several additional complications. Factor-criticality had to be replaced by
b-factor-criticality, where deleting a vertex was replaced by creating a one-unit deficit in its demand. The
lifting arguments required colored differences of critical b-matchings, and the convergence proof had to
use a support-component potential instead of simply counting odd cycles. The additional lemmas were
therefore needed because the structure of the cuts generated by the b-matching cutting-plane method is more
complicated than the odd cycles appearing in the perfect matching case.

The Miller—Pekny algorithm [13] provided a second perspective on the same problem. Unlike the cutting-
plane method, it proceeds in a primarily combinatorial way. It starts from an optimum of the degree relaxation
and then eliminates the remaining fractional odd cycles through alternating-tree operations, contractions,
expansions and transfers. Although the algorithm is not presented as an explicit cutting-plane method, the
supervertices formed during its execution play a role analogous to blossom structures. Thus, both approaches
considered in the thesis are based on the same underlying idea: the half-integral structure of the degree
relaxation has to be controlled carefully in order to reach an optimal integral solution.

There are several natural directions for further work. First, it would be interesting to know whether the
convergence proof for the cutting-plane method can be made simpler. The proof given here followed the
structure of the original perfect matching argument, but in the »-matching setting this led to a long sequence
of additional lemmas and a more complicated auxiliary procedure. This therefore raises the question whether
the convergence argument can be replaced by another proof that avoids some of this complexity.

The open questions raised in [3] also have their natural b-matching analogues. One may ask whether the
number of iterations can be polynomially bounded if the cuts are generated by a more general separation
procedure, such as the Padberg—Rao [15] type separation method. Such an analysis would have to handle
intermediate solutions that are not necessarily support-proper half-integral. Another question is whether
efficient convergence can be proved using positively-critical dual optimal solutions without the additional
extremal tie-breaking rule. In the proof given here, extremality is used to obtain the persistence property
needed for the iteration bound, but it is a question whether this choice is essential.

A further direction is the capacitated version studied by Miller and Pekny [13]. In that setting, each edge
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has an upper capacity d,, lower capacity /., and after some transformations, the problem is formulated as

min Z CeXe

ecE

subject to
Z X, = b, Yv ey,
eco(v)

0<x,<d, Ve € E,
Xeydp € Zy Ye € E.

The blossom inequalities in this capacitated formulation are indexed by pairs (R, T), where R C V, |R| > 3,
and T C 6(R). The pair (R, T) is taken to have odd parity when Z b, + Z d, is odd. For such pairs, the

veR ecT
corresponding inequality is

Xo + Z(de —X.) > 1.
ecO(R\T eeT

This capacitated description is more complicated than the uncapacitated one used in the main part of the
thesis. In the uncapacitated perfect b-matching problem, a blossom inequality is indexed only by one b-odd
set S and has the form x(6(S)) > 1. With lower and upper edge capacities, the corresponding inequality is
no longer determined by a vertex set alone. It also depends on a chosen subset 7' of the boundary of R, and
it measures the residual capacity of the cut in two ways: by the amount x, — [, above the lower bound on
edges in 6(R) \ T, and by the amount d, — x, below the upper bound on edges in 7. Therefore, extending the
Végh-type cutting-plane method to this capacitated setting would require new versions of the cut-generation
rule, the contraction operation, and the dual interpretation of positive blossom variables.
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