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Abstract

The matching forest problem in mixed graphs is a common generalization of the matching
problem in undirected graphs and the branching problem in directed graphs. Giles presented an
O(n?m)-time algorithm for finding a maximum-weight matching forest, where n is the number
of vertices and m is that of edges, and a linear system describing the matching forest polytope.
Later, Schrijver proved total dual integrality of the linear system.

In the present paper, we reveal another nice property of matching forests: the degree se-
quences of the matching forests in any mixed graph form a delta-matroid and the weighted
matching forests induce a valuated delta-matroid. We remark that the delta-matroid is not
necessarily even, and the valuated delta-matroid induced by weighted matching forests slightly
generalizes the well-known notion of Dress and Wenzel’s valuated delta-matroids. By focusing
on the delta-matroid structure and reviewing Giles’ algorithm, we design a simpler O(n?m)-
time algorithm for the weighted matching forest problem. We also present a faster O(n3)-time
algorithm by using Gabow’s method for the weighted matching problem.

1 Introduction

The concept of matching forests in mixed graphs was introduced by Giles [14, 15, 16] as a common
generalization of matchings in undirected graphs and branchings in directed graphs. Let G =
(V,E, A) be a mixed graph with vertex set V', undirected edge set E and directed edge set A.
Let n and m denote |V| and |E U A|, respectively. For a vector x € RFY4 and FF C E U A, let
(F) =3 cpx(e).

We denote a directed edge a € A from u € V to v € V by uv. A directed edge is often called an
arc. For an arc a = uwv, the terminal vertex v is called the head of a and denoted by 0~ a, and the
initial vertex u is called the tail of a and denoted by 7 a. For a vertex v € V, the set of arcs whose
head (resp., tail) is v is denoted by 6~ v (resp., 6Tv). For B C A, let 9" B = [J,c 5 0~ a. A vertex
in 07 B is said to be covered by B. An arc subset B C A is a branching if the underlying edge set
of B is a forest and each vertex v € V is the head of at most one arc in B. For a branching B, a
vertex not covered by B is called a root of B, and the set of the roots of B is denoted by R(B),
ie, R(B)=V\0 B.

An undirected edge e € E connecting u,v € V is denoted by (u,v). We often abbreviate (u,v)
as uv, where it obvious that it is undirected. For e = uv € E, both v and v are called as the head
of e, and the set of heads of e is denoted by Je, i.e., de = {u,v}. For a vertex v, the set of edges
incident to v is denoted by dv. For F' C E, let OF = J, .y Oe. A vertex in OF is said to be covered



by F. An undirected edge subset M C FE is a matching if each vertex v € V is the head of at most
one edge in M. A vertex not covered by M is called a root of M and the set of the roots of M is
denoted by R(M), i.e., R(M) =V \ OM.

An edge set FF C E'U A is a matching forest if the underlying edge set of F' is a forest and each
vertex in V is the head of at most one edge in F. Equivalently, an edge set F' = B U M, where
B C Aand M C E, is a matching forest if B is a branching and M is a matching with OM C R(B).
A vertex in 07 B UM are said to be covered by F', and a vertex is a root of F' if it is not covered
by F. The set of the roots of F is denoted by R(F). Observe that R(F) = R(B) N R(M) and
V = R(B)UR(M).

1.1 Background

Matching forests inherit the tractability of branchings and matchings. Let w € RFY4 be a weight
vector on the edge set of a mixed graph G = (V, E, A). We consider the weighted matching for-
est problem, the objective of which is to find a matching forest F' maximizing w(F). For this
problem, Giles [15] designed a primal-dual algorithm running in O(n?m) time, which provided
a constructive proof for integrality of a linear system describing the matching forest polytope.
Later, Schrijver [21] proved that Giles’ linear system is totally dual integral. These results com-
monly extend the polynomial-time solvability and the total dual integrality results for the weighted
branchings and weighted matchings [4, 7, 9].

Topics related to matching forests include the following. Using the notion of matching forests,
Keijsper [17] gave a common extension of Vizing’s theorem [23, 24] on covering undirected graphs
by matchings and Frank’s theorem [11] on covering directed graphs by branchings. Another aspect
of matching forests is that they can be represented as linear matroid matching (see [22]). From
this viewpoint, however, we do not fully understand the tractability of matching forests, since the
weighted linear matroid matching problem is unsolved while the unweighted problem is solved [18].

In the present paper, we reveal a relation between matching forests and delta-matroids [1, 3, 5]
to offer a new perspective on weighted matching forests which explains their tractability. For a
finite set V' and F C 2V, the pair (V,F) is a delta-matroid if it satisfies the following exchange

property:
(DM) VS1,52 € F, Vs € S51ASy, It € S1ASs, SlA{s,t} e F.

Here, A denotes the symmetric difference, i.e., S1AS2 = (S1 \ S2) U (S2 \ S1).

A typical example of a delta-matroid is a matching delta-matroid. For an undirected graph G =
(V,E), let Fay = {OM | M is a matching in G}. Then, (V,Fy) is a delta-matroid [2, 3]. Branch-
ings in a directed graph also induce a delta-matroid, which we call a branching delta-matroid. For
a directed graph G = (V, A), let Fg = {R(B) | B is a branching in G}. Then, it is not difficult to
verify that Fp is a delta-matroid (see § 2.1).

A delta-matroid (V,F) is called even if |S1| — |S2| is even for any Si, S, € F. Note that a
matching delta-matroid is an even delta-matroid, whereas a branching delta-matroid is not. Even
delta-matroids are characterized by the following simultaneous exchange property [25]:

(EDM) V51,85 € F, Vs € 51ASQ, dt e (51A52) \ {S}, Slﬁ{s,t} € F and SgA{S,t} e F.

The concept of valuated delta-matroids [6, 26] is a quantitative generalization of even delta-
matroids. A function f:2" — R U {—oc} is a valuated delta-matroid if domf # ) and

(V-EDM) V51,52 € domf, Vs € S1ASy, dt € (51ASQ) \ {S}, f(Slﬂ{S,t}) + f(SgA{S,t}) >
f(S1) + f(S2).



Here, domf := {S | SCV, f(S) # —oo}. Note that (V,domf) is an even-delta matroid. We
remark here that weighted matchings in a weighted undirected graph induce a valuated delta-
matroid fys with domfy; = Fas (see § 2.1).

1.2 Contributions

In this paper, we consider delta-matroids commonly extending matching delta-matroids and branch-
ing delta-matroids, and also a valuation on those delta-matroids. For this purpose, we introduce a
new class of delta-matroids which properly includes even delta-matroids. We call (V| F) a simulta-
neous delta-matroid if it satisfies the following weaker simultaneous exchange property:

(SDM) VSl,SQ e F,Vse 51ASQ, dt e 51ASQ, SlA{s,t} € F and SQA{S,t} e F.

Note that every even delta-matroid is a simultaneous delta-matroid. Also, a branching matroid is
a simultaneous delta-matroid (see § 2.1).

The first main result in this paper is that matching forests also induce a simultaneous delta-
matroid. For a mixed graph G = (V, E, A), let Fyrp = {R(F) | F is a matching forest}. We prove
that Fysr is a simultaneous delta-matroid.

Theorem 1. For any mized graph G = (V, E, A), it holds that (V, Fyr) is a simultaneous delta-
matroid.

Furthermore, we generalize the notion of valuated delta-matroids in order to deal with a quan-
titative extension of Theorem 1. That is, we define valuated delta-matroids on simultaneous delta-
matroids, which slightly generalize valuated delta-matroids on even delta-matroids [6]. We call a
function f: 2" — RU{—oc} a valuated delta-matroid if domf # () and

(V—SDM) V51,5, € domf, Vs € S1ASy, dt € 515, f(Slﬂ{S,t}) + f(SQA{S,t}) > f(Sl) +
f(52).

Note that (V,domf) is a simultaneous delta-matroid.
For a weighted mixed graph (G, w) with G = (V, E, A) and w € RFY4, define a function fy/r :
2V - RU{—oc} by

max{w(F) | F is a matching forest with R(F) = S} (S € Fur),

—00 (otherwise).

fur(S) = {

We prove that fyp satisfies (S-VDM).
Theorem 2. For any weighted mized graph (G,w), it holds that farr is a valuated delta-matroid.

Proofs for Theorems 1 and 2 will be given in § 2.2. We remark that the relation between valuated
delta-matroids in the sense of [6] and those in our sense is similar to that between M-concave
functions and Mf-concave functions [20].

The next contribution of this paper is new algorithms for the weighted matching forest problem:
we design a simpler algorithm and a faster algorithm than Giles’ algorithm [15]. In § 3, we present
a simple O(n?m)-time algorithm which focuses on the delta-matroid structure. We also present
an O(n3)-time algorithm in § 4 by using the technique of Gabow [13] for the weighted matching
problem.



2 Delta-matroids and matching forests

In this section, we prove Theorems 1 and 2. That is, we show relations between delta-matroids and
matching forests, and between valuated delta-matroids and weighted matching forests.

2.1 Matching delta-matroids and branching delta-matroids

In this subsection, we describe basic facts on delta-matroids, including their relations to matchings
and branchings. We begin with exhibiting two operations on delta-matroids. The dual of a delta-
matroid (V,F) is a delta-matroid (V,F), defined by F = {V \ S | S € F}. The union of two
delta-matroids (V, F1) and (V,Fa) is a pair (V,Fy V Fa) defined by F; V Fo = {S1 US>y | 51 €
F1,S2 € Fo, 51N Sy =0}, which is a delta-matroid [2].

The relation between matchings and delta-matroids is well-known. Let (G,w) be a weighted
undirected graph with G = (V,E) and w € RP. As stated in § 1, the pair (V,Fys), where
Fy = {OM | M is a matching in G}, is an even delta-matroid, which we call the matching delta-
matroid of G. Moreover, a function fy; : 2 — R U {—o00} defined below is a valuated delta-
matroid [19]:

max{w(M) | M is a matching with OM = S} (S € Fu),

fu(S) {—oo (otherwise).

We now present a relation between branchings and delta-matroids. Let (G, w) be a weighted
directed graph with G = (V, A) and w € R4. Recall that Fg = {R(B) | B is a branching in G}. It
is verified that (V, Fp) is a delta-matroid as follows. For a directed graph G, a strong component
is called a source component if it has no arc entering from other strong components. The vertex set
and arc set of a strong component K are denoted by VK and AK, respectively. Let K1, ..., K; be
all source components in G. Then, we have that Fg ={S | SCV, |SNVEK;|>1fori=1,...,l}.
Thus, it follows that (V, Fp) is a generalized matroid [12]. Moreover, it also follows that (V, Fp)
satisfies (SDM). We call (V, Fp) as the branching delta-matroid of G.

Theorem 3. For any directed graph G, it holds that (V, Fp) is a simultaneous delta-matroid.

Furthermore, this fact extends to weighted branchings. Define fp : 2V — R U {—o0} by

max{w(B) | B is a branching with R(B) =S} (S € Fp),

S) =
I5(5) {—oo (otherwise).

Then, fp is a valuated delta-matroid, which immediately follows from arguments in Schrijver [21,
Theorem 1].

Theorem 4. For any weighted directed graph (G,w), it holds that fp is a valuated delta-matroid.

2.2 Delta-matroids and matching forests

In this subsection, we prove Theorems 1 and 2. We begin with a simple proof showing that (V, Fsr)
is a delta-matroid for a mixed graph (V, E, A). Let Fjs be the matching delta-matroid of (V, E)
and Fp the branching delta-matroid of (V, A). Then, it immediately follows from the definition of
matching forests that Fysr is the dual of Fy; V Fp, and thus (V, Farr) is a delta-matroid.

We now prove Theorem 1, which is a stronger statement. First, Schrijver [21] proved the
following exchange property of branchings.



Lemma 5 (Schrijver [21]). Let G = (V, A) be a directed graph, and By and By be branchings
partitioning A. Let R1 and Ro be vertex sets with Ry U Ry = R(B1) U R(B2) and Ry N Ry =
R(B1)NR(B3). Then A can be split into branchings B and B) with R(B]) = R; fori=1,2 if and
only if each source component K in G satisfies that |K N R;| > 1 fori=1,2.

By using Lemma 5, Schrijver proved an exchange property of matching forests [21, Theorem 2].
Here, we show another exchange property of matching forests, which relates them to simultane-
ous delta-matroids. The proof below is quite similar to the proof for Theorem 2 in [21]. For
completeness, however, we describe a full proof.

Lemma 6. Let G = (V, E, A) be a mized graph, Fy and Fy be matching forests partitioning E'U A,
and s € R(F») \ R(Fy). Then, there exist matching forests F| and F} which partition EU A and
satisfy one of the following:

(i) R(F]) = R(F1) U{s} and R(F;) = R(F») \ {s},
(ii) R(F{) = R(F1)U{s,t} and R(F}) = R(F3) \ {s,t} for some t € R(Fy)\ (R(F1)U{s}),
(i) ROF{) = (R(F) U {s}) \ {t} and R(FY) = (R(F>)\ {s}) U {t} for some ¢ € R(F})\ R(Fy).

Proof. Let M; := F;NE and B; := F; N A for ¢ = 1, 2. Denote the family of the source components
in (V,;A) by K. If v € R(B1) N R(Bs) for v € V, then we have {v} € K. Thus, for a source
component K € K with |K| > 2, K N R(B;1) and K N R(B3) are not empty and disjoint with each
other. For each K € K with |K| > 2, choose a pair ek of vertices, one of which is in K N R(By)
and the other in K N R(Bz). Denote N = {ex | K € K}. Note that N is a matching.

Construct an undirected graph H = (V, M1UM3UN). We have that H is a disjoint collection of
paths and cycles. For, an endpoint u of an edge ex € N satisfies that either u € 9~ By or u € 0~ Bo,
and thus u is not covered by both of M; and Ms. Moreover, we have that s is an endpoint of a
path P in H. For, since s € R(F,), we have that s is not covered by Mj. If s is covered by M,
then s € R(B1), and thus s € R(By) N R(Bz). This implies that s is not covered by N.

Denote the set of vertices on P by V P, the set of edges in M; U M2 on P by EP, and let
M{ := MyAEP and M := MyAEP. Then, both M| and M are matchings and

R(My) = (R(My)\VP)U (R(M2) NVP),  R(Mj) = (R(M2) \VP)U(R(M)NVP).
Now, by Lemma 5, there exist disjoint branchings B} and B} such that
R(By) = (R(B1) \VP) U (R(B2) NV P), R(B3) = (R(B2) \VP)U (R(B1) N VP).

(Note that |[K N R(B})| > 1 for i = 1,2 for every source component K.)
Since R(B;) U R(M;) =V, we have that F := B, U M/ is a matching forest for ¢ = 1,2, and

R(F) = (R(F1) \VP) U (R(F2) NV P), R(Fy) = (R(F») \VP) U (R(F1) NV P).

If VP = {s}, then Assertion (i) applies. Otherwise, denote the other endpoint of P by ¢. If
t € V\(R(F1)AR(Fy)), then Assertion (i) applies. If ¢t € R(F3)\ R(F1), then Assertion (ii) applies.
If t € R(F1) \ R(F3), then Assertion (iii) applies. O

Theorem 1 is obvious from Lemma 6. Furthermore, Theorem 2 also follows from Lemma 6.
Proof for Theorem 2. Let 51,52 € domf and s € S1ASs. For i = 1,2, let F; be a matching forest
such that R(F;) = S; and w(F;) = farr(S;). Without loss of generality, assume s € R(F3) \ R(F1).
By applying Lemma 6 to the mixed graph consisting of the edges in F} and F5, we obtain matching
forests Fy and FY such that w(F])+w(F5) = w(F1)+w(F») and satisfying one of Assertions (i)—(iii).
Now the statement follows from w(F]) < fayr(R(FY)) and w(F5) < farr(R(FY)). O



3 A simpler algorithm

Let (G,w) be a weighted mixed graph with G = (V, E,A) and w € RPY4. In this section, we
describe a primal-dual algorithm for finding a matching forest F' maximizing w(F’). This algorithm
is a slight modification of Giles’ algorithm [15]. The main difference results from focusing the
delta-matroid structure of branchings (Theorem 3).

3.1 LP formulation for the weighted matching forest problem
For a subpartition £ of V, let UL denote the union of the sets in £ and let

v(L):={e|e€ E, eis contained in UL} U{a | a € A, a is contained in some set in L}.

Let A denote the collection of subpartition £ of V' with |£| odd. The following is a linear program-
ming relaxation of an integer program describing the weighted matching forest problem:

(P) maximize Z w(e)x(e)

ecEUA

subject to  x(6*(v)) < (veV), (1)
z(v(£)) < [V ﬁl 1£]/2] (L e A), (2)
z(e) >0 (e€ EUA). (3)

Here, 6" (v) € E U A denotes the set of edges which have v as a head, i.e., 6"d(v) = dv U
6~ v. Note that the above linear system is a common extension of those describing the weighted
matching problem [7] and the weighted branching problem [9]. Giles [15] proved the integrality of
the system (1)—(3).

Theorem 7 ([15]). For any weighted mized graph (G,w), the linear program (P) has an integer
optimal solution.

Furthermore, Schrijver [21] proved that the system (1)—(3) is totally dual integral [10], which
commonly extends the total dual integrality of those for matchings [4] and for branchings. That
is, Schrijver proved that the following dual problem of (P) has an integer optimal solution if w is
integer:

(D) minimize  » y(v) + > 2(L)[|U LI - |L]/2)

veV LeA
subject to  y(u) + y(v) + Z 2(L) >w(e) (e=uveR), (4)
L: eey(L)
y)+ > z(L) > w(a) (a =wv € A), (5)
L:aey(L)
y(v) =0 (veV), (6)
2(L) >0 (LeA). (7)

Theorem 8 ([21]). For any weighted mized graph (G,w) with w integer, the linear program (D)
has an integer optimal solution.



Define the reduced weight w' € RFY4 by

w'(e) =y(w) +y) + Y z(L)—wle) (e=uve E),
L:eey(L)
w'(a) = y(v) + Z z2(L) —w(a) (a =uv € A).
L:aevy(L)

Below are the complementary slackness conditions of (P) and (D).

z(e) >0 = w'(e) =0 (e€ EUA), (8)
z(6™y) <1 = y(v) =0 (veV), 9)
2(£) >0 = z(v(£)) = [[UL[-[L]/2] (L€ A). (10)

3.2 Algorithm description
3.2.1 Notations

In the algorithm, we keep a matching forest F', which corresponds to an integer feasible solution x
of (P), and a dual feasible solution (y, z). We maintain that = and (y, z) satisfy (8) and (10). The
algorithm terminates when (9) is satisfied.

Similarly to the classical weighted matching and branching algorithms, we execute shrinking of
subgraphs repeatedly. We keep two laminar families A and 7 of subsets of V', the former of which
results from shrinking a strong component in the directed graph and the latter from shrinking an
undirected odd cycle.

We use the following notations to describe the algorithm.

e For a cycle or a path @ in an undirected graph (V, E), let VQ and EQ denote the vertex set
and edge set of @), respectively. We often abbreviate EQ as Q.

o V' :=AUT, =02 U{{v}|veV}

e For each U € ', let Gy = (Viy, Ey, Ay) denote the mixed graph obtained from the subgraph
induced by U by contracting all maximal proper subsets of U belonging to A. Also, let
G = (V E, A) denote the mixed graph obtained from G by contracting all maximal sets in
(2. We denote a vertex in a shrunk graph by the set of vertices in V' which are shrunk into
the vertex. Also, we often identify a vertex U in a shrunk graph and the singleton {U}.

e For G = (V,E, A) and a dual feasible solution (y, z), the equality subgraph G° = (V, E°, A°)
of G is a subgraph defined by E° = {e | e € E, w'(e) = 0} and A° = {a | a € A, w'(a) = 0}.
We denote the branching delta-matroid in (V, A°) by (V, Fg), i.e

F% ={R(B) | B C A° is a branching in G°}.

The outline of the algorithm is as follows.

e We maintain a matching forest F = MUB in G°, where M C E° and B C A°, in order to
maintain (8).

e In contracting a vertex set U C V, we associate a partition Ly of U such that xz(vy(Ly)) =
||ULy| = |Ly]/2]. The vector z is restricted to subpartitions associated to the sets in 2’ in
order to maintain (10).



Figure 1: Augmentation. (Thick edges are in F' and the black vertex is a source vertex.)

e Similarly to Edmonds’ matching algorithm [8], we construct an alternating forest H, which
is a subgraph of (V, EO) The vertex set and edge set of H are denoted by VH and EH,
respectively. We often abbreviate EH as H. Each component of H is a tree and contains a
unique source verter. Intuitively, a source vertex is a vertex where (9) is not satisfied (see
§ 3.2.3 for precise definition). For v € V H, let P, denote the path in H connecting a source
vertex and v. The edges incident to a source vertex does not belong to M, and edges in M
and E° \M appear alternately on each P,. We label a vertex v as “even” (resp., “odd”) if
the length of P, is even (resp., odd). Here, the length of a path is defined by the number
of its edges. The set of vertices labelled as even (resp., odd) is denoted by even(H) (resp.,
odd(H)). Also, let free(H) := V' \ (even(H) U odd(H)).

3.2.2 A rough description of augmentation and shrinking

Before presenting a full description of the algorithm, we briefly sketch how to augment the matching
forest, shrink subgraphs and associate a partition with the shrunk vertex set.

To make things easy, let us suppose that no subgraph is shrunk, i.e., A=T=0and G =G.
Denote the current matching forest by F=MuU B where M C E° is a matchlng and B C A° is a
branching.

After labeling a vertex v as even in growing the alternating forest H, we search for an arc a €
A° N §v. Note that arcs in 6 v do not belong to B. If such an arc a is found, our algorithm
proceeds as follows.

o If R(B)\ {v} € F3, then reset the matching forest F := M’ U B', where M’ := MAP,
and B’ is a branching in (V, A°) with R(B') = R(B)\ {v}. This procedure is one kind of
augmentation, in which the number of vertices violating (9) decreases. See Figure 1 for an
illustration.

o If R(B)\ {v} ¢ F5, it follows that v € VK for some source component, K of (V, A°) and
VK \{v} C 9~ B. If K contains no undirected edge in £°, we add X = VK to A and update
G by contracting the vertices in X to a single vertex. The newly created vertex is called a
pseudo-vertex, denoted by X € V. We then define a partition Lx of X by Lx = {X} and
set z(Lx) = 0. Note that (10) holds for Lx, since z(v(Lx)) = |X| -1, |U Lx]| = |X]| and
|Lx| = 1. See Figure 2 for an illustration. The case where K contains an undirected edge in
E° will be described in § 3.2.3.

Note that we can determine whether R(B) \ {v} € F§ or not by decomposing (V, A°) into strong
components. Also, it is not difficult to find a branching B’ C A° with R(B’) = R(B) \ {v}.

Remark 9. The above bifurcation is the main difference from Giles’ algorithm [15]. In Giles’
algorithm, we augment the matching forest if B” = B U {a} is a branching in G, which is a
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Figure 2: Shrinking of a source component. (Thick edges are in F and the black vertex is a source
vertex. The square in the shrunk graph indicates the pseudo-vertex X € V.)

N O e |

Figure 3: Augmentation. (Thick edges are in F and the black vertex is a source vertex.)

sufficient condition for R(B) \ {v} € F3. (Here, we reset the matching forest F' := M’ U B".) If
B” is not a branching, we have that B” contains exactly one directed cycle D, and we contract

X' = VD to a single vertex. For instance, in Figure 1 we do not augment F but contract the
directed cycle consisting of u, v, w in Giles’ algorithm.

Also, if we find an undirected edge e € E° connecting two even vertices v and v, we do similar
procedures as the the classical blossom algorithm [8]. If u and v belong to different components in
H, then we augment the matching forest by resetting F' := M'UB, where M’ := M /\(P,UP,U{e}).
See Figure 3 for an illustration.

Assume that v and v belong to the same component of H (see Figure 4 for an illustration).
Here, HU{e} contains exactly one odd undirected cycle C. We now add U = VC to T, and update
G by contracting the vertices in U to a pseudo-vertex U € V. We then define a partition Ly of U
by Ly = {{v} | v € U} and set z(Ly) = 0. Note that (10) holds for Ly, since x(y(Ly)) = ||U|/2]
and | U£U| = ‘ﬁU’ = |U’

Dealing with a subgraph containing pseudo-vertices is a bit more complicated. Consider shrink-
ing a source component K in G and let X C V be the union of vertices in VK. Denote the maximal
proper subsets of X belonging to A and 7 by Y1,...,Yy € A and Wh,...,W; € T, respectively.
Here, we can assume that arcs in AK N (6TW;Ud~W;) are incident to an identical vertex vy, € Viy,
for every i = 1,...,1, since otherwise we can augment the current matching forest (see Figure 5).
Let X' = (X\ (W1 U---UW)))U{ow, }U---U{vw,}. Note that X’ forms the vertex set of a strong
component in (V, A°). We now add X’ to A and let Lx» = {X'} be the associated partition with

U

6I:>O—O—<:|

()

U

Figure 4: Shrinking of an undirected odd cycle. (Thick edges are in F and the black vertex is a
source vertex. The pentagon in the shrunk graph indicates the pseudo-vertex U € V'.)



Figure 5: Augmentation. (Thick edges are in F and the black vertex is a source vertex. The graph
inside the dotted circle indicates Gy, which is shrunk into the vertex W in G°.)

X'. See Figure 6 for an illustration.

Finally, consider shrinking an odd undirected cycle C'. Let U C V denote the union of vertices
in VC. Denote the maximal proper subsets of U belonging to A by Y;...,Y; € A and the proper
subsets of U belonging to Y Wy ..., W; € T, respectively. Let Cyy be an odd cycle in Gy which can
be obtained by adding even number of edges from each Ey; to C. For i =1,... k, let I ff € Cy
denote the two edges incident to Y;, and let vil, v? € Y; denote the vertices to which fi1 and f? are
incident, respectively. If, for some Y;, the two vertices vl-l and viQ are distinct and Z(L)/i/) = 0 for
the minimal subset Y/ € A of Y; such that {vil,vf} C Y/, we can augment the current matching
forest (see Figure 7 for an illustration).

Suppose otherwise. Without loss of generality, assume that vil and v? are identical for ¢ =
1,...,7, and distinct for ¢ = j +1,...,k. For i = j+ 1,...,k, let Y/ € A be the minimal
subset of Y; such that {v},v?} C Y/. Note that 2(Ly/) > 0 for i = j +1,...,k Let U =
(U\(Y1U---UYg))U{oyy, .oy vy, JU(Y] U YY) We now add U’ to 7', and define a partition £
of U’ by the collection of {vy, },...,{vy;},Y],,..., Y} and singletons of the other vertices in U’.
See Figure 8 for an illustration.

3.2.3 A full description of the algorithm
We now present a full description of our algorithm.

Algorithm SIMPLE
Input. A weighted mixed graph (G, w), where G = (V, E, A) and w € RFY4,
Output. A matching forest F' in G maximizing w(F).

Step 1. Set I := 0, y(v) := max{{w(e)/2 | e € E},{w(a) | a € A}} for every v € V, A := () and
Y :=0. (Hence 2 ={{v} |veV} G=G, F=0and z is void.)

Step 2. Constr}lct the equality subgraph G° = (V, E°, flo) Define t}le set of source vertices S =
{U U eV, y(v) >0 and z(6"*(v)) = 0 for some v € U}. If S = (), deshrink every sets in

10



Wa

Wi

Figure 6: The graph on the left is a strong component K in G, where Y € A and Wy, W5 € T. The
graph on the right represents a graph obtained by deshrinking Y, W; and W5. The dotted squares
indicate X', which is newly added to A.

Figure 7: The two graphs above are G and those below are G. The dotted box indicates W € 7 and
the nested three dashed boxes indicate Y, Y’ V" € A, where Y CY' C Y and 2(Ly/) = 2(Ly) = 0.
In the present step, augmentation and deshrinking of Y and Y’ are executed.
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i

Ys 1174

Figure 8: The graph on the left is an odd cycle C in G, where Y1,Ys € A and W € 7. The graph
in the right represents G, where the dotted box indicates Yy with z(Ly;) > 0. The set of vertices
inside the dashed boxes is U’, where the dashed boxes indicate the partition L.

Figure 9: Augmentation in Step 4.2.1. (Thick edges are in F and the black vertex is a source
vertex.)

(2 and return F. Otherwise, let H be (S, (), label the vertices in S as even, and then go to
Step 3.

Step 3. If there exists an arc a € A° \ B with ~a € even(H ), then go to Step 4. Otherwise, go
to Step 5.

Step 4. Let v := 8 a. If R(B) \ {v} € F3, then go to Step 4.1. Otherwise, go to Step 4.2.

Step 4.1: Augmentation. Reset F := M’ UB', where M’ :== MAP, and B’ is a branching in
(V,A°) with R(B’) = R(B) \ {v}. Delete each T € 2’ with z(L7) = 0 from (', and then go
to Step 2. See Figure 1 for an illustration.

Step 4.2. Let K be the source component containing v and let X C V be the union of vertices in
VK.
o If there exists e € F° \ M such that de C VK, then go to Step 4.2.1.
e Otherwise, go to Step 4.2.2.
Step 4.2.1: Augmentation. Let By be a branching in K with R(Bf) = de. Reset F':= M'UB’,

where M’ := (MAP,) U {e} and B' := (B\ AK) U B, delete each T € (2’ with z(L7) = 0
from (2, and then go to Step 2. See Figure 9 for an illustration.

Step 4.2.2. Let Wy, ..., W, be the maximal proper subsets of X belonging to 1. If, for some
i €{1,...,l}, AK contains a pair of arcs fT € §"W; and f~ € 6~ W, such that 97 f* and
0~ f~ belong to distinct vertices in Gyy,, then go to Step 4.2.2.1. Otherwise, go to Step 4.2.2.2.

12



Step 4.2.2.1: Augmentation. Let By be a branching in K such that R(Bg) = {W;} and f* €
Bk. Reset F:= M'U B’, where M’ := MAP, and B' := (B\ A(K))U Bg U{f~}. Then,
delete each T' € (2 with z(L7) = 0 from {2’ and go to Step 2. See Figure 5 for an illustration.

Step 4.2.2.2: Shrinking. For each i = 1,...,[, let vy, € Vi, denote the unique vertex in Gy,
to which arcs in AK are incident. Let X’ = (X \ (W3 U---UW;)) U {ow,} U--- U {ow,} and
add X’ to A. Let Lx = {X'} be the associated partition with X', set z(Lx/) := 0, and then
go to Step 3. See Figure 6 for an illustration.

Step 5. Choose an edge e € E° \ EH such that one of its head u is even. Denote the other head
of e by v.
e If v € even(H) and e connects different components in H, then go to Step 5.1.
e If v € even(H) and u and v belong to the same component in H, then go to Step 5.2.
e If v € free(H) and v = @~ a for some a € B, then go to Step 5.3.
If v € free(H) and v € €’ for some ¢/ € M, then go to Step 5.4.

If v is a pseudo-vertex labelled as “saturated,” then go to Step 5.5.
If no edge in £°\ E(H) satisfies the above conditions, then go to Step 6.

Step 5.1: Augmentation. Reset F' := M’ U B, where M’ := MA(P, U P, U {e}), delete each
T € ' with 2(Lr) = 0 from (2, and then go to Step 2. See Figure 3 for an illustration.

Step 5.2. Let C be the cycle in HU{e} and let U C V be the union of the vertices in VC. Denote
the maximal proper subsets of U belonging to Aand 7 by Y7,...,. Y, € Aand Wy ... W, €T.
Let Cy be an odd cycle in Gy obtained by adding even number of edges from each EW to
C. Fori=1,...,k, let fl, f} € Cy denote the two edges incident to Y;, and let v},v? € Y;
denote the vertices to which fi1 and ff are incident, respectively. If, for some Y;, the two
vertices v and v? are distinct and Z([,YZ_/) = 0 for the minimal subset Y] € A of Y; such that

{v},v?} C Y/, then go to Step 5.2.1. Otherwise, go to Step 5.2.2.

Step 5.2.1: Deshrinking and augmentation. Delete Y, from A and reset

N S MAPYAC (f} fF € BAM),
o ]\}IAP{'}Z_ (otherwise).

Here, Py denotes the path in H U {e} from S to Y; consisting of odd number of edges. Delete
each T € 2 with z(L7) = 0 from (2, and then go to Step 2. See Figure 7 for an illustration.

Step 5.2.2: Shrinking. Without loss of generality, assume that vl-l and vl-2 are identical for ¢ =
1,...,7,and distinct for s = j+1,..., k. Fori=j+1,...,k, let Y/ € Abe the minimal subset
of ¥; such that {v},v?} C Y. Let U’ (U\(Y1U---UYg)) U{oyy, ..., oy; FU (Y J+1 ~-UYy)).
Add U’ to T, and define a partition Ly of U’ by the collection of {vy; },...,{vy; }, Y] 1, .., Y]
and singletons of the other vertices in U’. See Figure 8 for an illustratlon

Step 5.3: Augmentation. Reset F':= (MAP,) U (B \ {a}), delete each T € 2’ with z(L7) =0
from (2, and then go to Step 2. See Figure 10 for an illustration.

Step 5.4: Forest extension. Grow H by adding e and ¢’. Label v as odd and the other head of
¢’ as even. Then, go to Step 3.

13



Figure 10: Augmentation in Step 5.3. (Thick edges are in F and the black vertex is a source
vertex.)

Step 5.5: Augmentation. Reset F:=MuU B, where M’ := ]\AJAPV7 and unlabel v. Delete each
T € 2" with z(L7) = 0 and then go to Step 2.

Step 6. Apply Dual_Update described below, delete each T € 2 with z(Ly) = 0 from (2, and
then go to Step 3.

Procedure Dual_Update. Define families of vertex subsets of V' as follows:

Ay := {maximal set in A, contained in some even vertex},
A_ = {maximal set in A, contained in some odd vertex},
7. := {maximal set in 7", contained in some even vertex},

7_ := {maximal set in 7", contained in some odd vertex}.
Moreover, let
A’ :={X CV | X € A, maximal proper subset of some element in 1% },
A" :={X CV | X € A, maximal proper subset of some element in 7"},

Vi:={veV|{v} €even(H) or v is contained in some even vertex},

V_o:={veV|{v} €odd(H) or v is contained in some odd vertex}.
Then, update (y, z) by

y(v
y(v) == {y(v
y(v

)—€ (veVy),
)
)
2(Ly)+2 (UeTUu(A_\A)),
(
(
(
(

+e (vell),
(otherwise),

N

)
Ly)—2 (UeT_U(AL\Ay),
Ly)+e (Ue(Ap\A)U(A_nAL)),
) —
)

2
)
S
I
I

IS

Ly
Ly

(U € (ArnAl)U(A_\AL)),

(otherwise),

IS

where € > 0 is the maximum value maintaining (4)—(7). That is, € is the minimum of the following:
e =min{y(v) |[v e Vi}; e =min{z(Ly)/2|U e T U (AL \ Ay}
e3 =min{2(Ly) | U € (AL NA)UA_\ AL} e =min{w(e)/2 | e € E, de C Vi };
e5s = min{w'(e) | e € E, one of de belongs to V., and the other V' \ (V. U V_)};
€6 = min{w’(e) | de C X for some X € Ay UA" };
ez =min{w'(a) |a € A, 07a € Vi, a & v(Ly) for any U € AL UT, 1.

Then, apply one of the following.
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Figure 11: Deshrinking of U and saturation in Case 3.1. (Thick edges are in F and the black vertex
is a source vertex. The graph inside the dashed ellipse indicates Gy, and the graph inside the
dotted circle indicates Gyy. Both Gy and Gy are shrunk in G° before the present Dual_Update.
After the present Dual_Update, U is deshrunk whereas W is kept shrunk and labelled as saturated.)

Case 1 (€ = €1): Termination. Deshrink every sets in ' and return F.
Case 2 (€ = €2): Deshrinking. Apply Case 2.1 or 2.2.

Case 2.1 (e = z(Ly)/2 for some U € Y_): Deshrinking. Delete U with € = z(Ly)/2 from
T, and then go to Step 3.

Case 2.2 (e = z(Ly)/2 for some U € A, \ Ay): Deshrinking. Denote the maximal set in

T containing U by W, and the maximal set in A containing U by X. Add U=WUXto7,
define a partition L5 of U by (Ly \ {U}) U{X}, and set z(Ly) = 0. Then, delete U from A
and go to Step 3.

Case 3 (e = €3). Apply Case 3.1 or 3.2.

Case 3.1 (e = z(Ly) for some U € A; N A!,): Deshrinking and saturation. Denote the set

in 7, containing U by W, and the pseudo-vertex containing W by W. Delete U from A,
reset [ := (MAPW) U B, and label W as “saturated.” (Note that GYy has a matching forest
covering all vertices in GY,.) Delete each T € 2" with z(Lr) = 0 from (2, and then go to
Step 2. See Figure 11 for an illustration.

Case 3.2 (e = z(Ly) for some U € A_\ A”). Let U be the vertex in V containing U, and

let f1, fo € H be the two edges incident to U. It f1 and f5 are incident to distinct vertices in
Gy, then apply Case 3.2.1. Otherwise, apply Case 3.2.2.

Case 3.2.1: Deshrinking and augmentation. Reset M := MAPU. Delete U from A and each
T € 2 with z(Ly) = 0 from ', and then go to Step 2. See Figure 12 for an illustration.

Case 3.2.2: Deshrinking. Delete U from A and then go to Step 3. See Figure 13 for an illus-
tration.
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Figure 12: Deshrinking of U and augmentation in Case 3.2.1. (Thick edges are in F' and the black
vertex is a source vertex. The graph inside the dotted circle indicates Gys.)

Figure 13: Deshrinking of U in Case 3.2.2. (Thick edges are in F and the black vertex is a source
vertex. The graph inside the dotted circle indicates Gy .)
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Figure 14: Saturation in Case 6. (Thick edges are in F and the black vertex is a source vertex. The
graph inside the dotted circle indicates G x, and the undirected edge e € FE satisfies that w'(e) = e.
After the present Dual _Update, X is kept shrunk and labelled as “saturated.”)

Case 4 (e = €4). Go to Step 5. (We can execute Step 5.1 or 5.2.)
Case 5 (e = €5). Go to Step 5. (We can execute Step 5.3 or 5.4.)

Case 6 (€ = €g): Saturation. Let X C V be an element in Ay U A, such that contains e € F
with € = w/(e), and let X denote the pseudo-vertex in G containing X. Reset M := M APy

and label X as “saturated.” Delete each T € 2 with z(L7) = 0 from (', and then go to
Step 2. See Figures 14 and 15 for an illustration.

Case 7 (e = e7). Apply Case 7.1 or 7.2.
Case 7.1 (e = w’(a) for some a € A). Go to Step 4.

Case 7.2 (e = w’(a) for some a € Ay with U € T,): Saturation. Reset M := M APy and
label U as “saturated.” Delete each T € 2’ with z(Lr) = 0 from (2, and then then go to
Step 2. See Figure 16 for an illustration.

3.3 Validity and complexity

In this subsection, we verify Algorithm SIMPLE. Our verification is threefold: check if the feasibility
is maintained; check if (8) and (10) are maintained; and prove that (9) is achieved in polynomial
time.

3.3.1 Feasibility

It is obvious that the initial primal and dual solutions defined in Step 1 are feasible. Feasibility of the
primal solution all through the algorithm is also clear. We check the dual feasibility conditions (4)—
(7) after executing Dual_Update.

Condition (6) directly follows from € < ¢;. Condition (7) also follows from € < ez and € < e3.
Consider Condition (4). If e € E does not belong to v(Ly) for any U € (2, then w'(e) decreases in
the following two cases.

e Je C V4. In this case, w'(e) decreases by 2e. We have that w’(e) > 0 is maintained since
€< ¢e4.

17



Figure 15: Saturation in Case 6. (Thick edges are in F' and the black vertex is a source vertex. The
graph inside the dashed ellipse a subgraph shrunk into the pseudo-vertex X, and that inside the
dotted circle indicates Gx. The edge e € E satisfies that w’(e) = e. Both G¢ and Gx are shrunk

in G°. After the present Dual_Update, X and X are kept shrunk and X is labelled as “saturated.”)

Figure 16: Saturation in Case 7.2. (Thick edges are in F' and the black vertex is a source vertex.
The graph inside the dotted circle indicates Gyy. After the present Dual_Update, U is kept shrunk
and labelled as “saturated.”)
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[DeNVy| =1 and |[0enV \ (VL UV_)| = 1. In this case, w'(e) decreases by € and
w'(e) > 0 directly follows from e < 5.

If e € F belongs to v(Ly) for some U € ', we have the following five cases.

e € y(Ly) for some U € Y. Since y decreases by € at both endpoints of e and z(Ly)
increases by 2e, the only possibility for w’(e) to decrease is that e also belongs to y(Lx)
for some X € A/, contained in U. In such a case, w'(e) decreases by € and w'(e) > 0 is
maintained since € < ¢g.

e € v(Ly) for some U € Y_. In this case, y increases by € at both endpoints of e and
2(Ly) decreases by 2e. Hence, w'(e) does not change if e € y(Lx) for any X € A’ contained
in U, and increases by € if e € v(Lx) for some X € A’ contained in U.

e € v(Ly) for some U € A \ A!,. In this case, w'(e) decreases by € since y decreases by
e at both endpoints of e and z(Ly) increases by e. Here, w'(e) > 0 follows from € < €.

e € v(Ly) for some U € A_ \ A’_. In this case, w'(e) increases by € since y increases at
both endpoints of e and z(Ly) decreases by e.

e € v(Ly) for some U, not in H. In this case, w'(e) does not change.

Finally, consider Condition (5). If a € A does not belong to v(Ly ) for U € 2, w'(a) > 0 follows
from € < e7. If a € A belongs to v(Ly) of some U € 2, We have the following five cases.

a € v(Ly) for some U € T,. In this case, a also belongs to v(Lx) for some X € A,
contained in U. The dual variables y(0~a), z(Ly) and z(Lx) change by —e, 2¢ and —e,
respectively, and hence w’(a) does not change.

a € v(Ly) for some U € Y_. In this case, a also belongs to v(Lx) for some X € A"
contained in U. The dual variables y(0~a), 2(Ly) and z(Lx) change by €, —2¢ and e,
respectively, and hence w’(a) does not change.

a € v(Ly) for some U € A, \ A’,. In this case, w'(a) does not change since (0~ a)
decreases by € and z(Ly) increases by e.

a € v(Ly) for some U € A_\ A’_. In this case, w'(a) does not change since y(9~a)
increases by € and z(Ly) decreases by e.

a € v(Ly) for some U, not in H. In this case, w'(a) does not change.

3.3.2 Complementary slackness conditions

Consider condition (8). Since the edges in F' are picked from G°, it suffices to check that (8) is
maintained in the Dual_Update. For each edge e € M not shrunk, w’(e) does not change. Also, it
can be easily verified that w’(e) does not change for each edge e which has belonged to a shrunk
source component or a shrunk odd cycle.

For condition (10). it is not difficult to see that we can deshrink each set U € 2/ with z(Ly) > 0
so that z(y(£)) = ||U L] —|L]/2].
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3.3.3 Complexity

First, we show that ¢ > 0 in a Dual_Update, the proof of which implies time complexity of Algo-
rithm SIMPLE.

Proposition 10. In the procedure Dual_Update, it holds that € > 0.

Proof. (€1 > 0). If ¢ = 0, then we have that S = () and Algorithm SIMPLE should have termi-
nated.

(€2,€3 > 0). A vertex set shrunk after the latest augmentation or saturation is contained in an
even vertex in (. Hence, for each U € A_ UY_, we have that U was shrunk before the latest
augmentation or saturation, at which z(Ly) > 0. Also, for U € A’ | we have that z(Ly) > 0
by the bifurcation rule between Steps 5.2.1 and 5.2.2. If z(Ly) hits 0 for such U, then U is
deshrunk.

(eq4 > 0). If there exists e € E such that w'(e) = 0 and de C V,, then we do not execute
Dual_Update but Step 5.1 or 5.2.

(es > 0). If w'(e) = 0 for e € E such that one of de belongs to V. and the other in V'\ (Vy UV_),
then we do not execute Dual_Update but Step 5.3, 5.4 or 5.5.

(€6 > 0). Suppose w'(e) = 0 for e € E such that de C X for some X € Ay U A/ . Denote the
minimal set in A containing de by X.. When X, is added to A, we have that w'(e) > 0 by
the bifurcation rule between Steps 4.2.1 and 4.2.2. If w’(e) hit zero for such e, then we should
have executed saturation of the pseudo-vertex containing e.

(€7 > 0). If w'(a) =0 for a € A attaining €7, then we execute Step 4 or saturation of the pseudo-
vertex containing a.

O

We now discuss the time complexity of Algorithm SIMPLE. The bottleneck part is Dual_Update.
It follows from the proof for Proposition 10 that Dual_Update is executed O(n) times between
consecutive augmentations or saturations. Since augmentations and saturations collectively happen
at most n times and Dual_Update takes O(m) time for determining e, the total complexity is O(n?m).

Theorem 11. Algorithm SIMPLE finds a mazimum-weight matching forest in O(n?m) time.

3.4 Remarks

We close this section by noting a property of the matching forests maintained in Algorithm SIMPLE:
a matching forest appearing at any stage of Algorithm SIMPLE has the maximum weight among
all matching forests with the same root-size.

Theorem 12. Let F' be a matching forest which we have at any stage of Algorithm SIMPLE.
(Deshrink each element in 2, if 2 # 0.) Then, it holds that w(F) > w(F') for any matching
forest F' with |R(F")| = |R(F)].
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Proof. Let F be a matching forest obtained at an arbitrary stage of Algorithm SIMPLE and let
(y,z) be the dual solution at that stage. For any matching forest F”, it holds that

w(F') <y(V\RE) + > 2L)NL)NFl <y(V\RF) + > (L) VL] —[L/2]].
LeA LeEA

Especially for the matching forest F', conditions (8) and (10) imply that

w(F) =y(V\R(F)) + Y 2(O)[|u L]~ |£/2]].

LeA

Here, for v € R(F), we have that y(v) < y(v') for every v’ € V since the values of y € RV are
identical in Step 1 and y(v) is decreased at each Dual_Update for v € R(F). Thus, y(V \ R(F)) >
y(V\ R(F")) it |R(F)| = |R(F")|. Therefore, w(F) > w(F") follows. O

4 A faster algorithm

In this section, we present an O(n3) algorithm for the weighted matching forest problem by in-
corporating Gabow’s technique for weighted matching [13] into Giles’ weighted matching forest
algorithm [15]. The difference from the algorithm in § 3 is that we do not maintain the equality
subgraph G° explicitly. Instead, we keep the following.

e For each pair Y, Z of disjoint sets in {2, we keep an edge ey € E connecting Y and Z and
minimizing w’. We keep ey as lists: for each Y € 2, we have a list containing the ey .
Moreover, for each Y € {2, we keep an edge ey with ey = ey for some Z € (2 contained
in an even (pseudo-)vertex in H and with w’(eyz) minimal. Similarly, for each pair Y, Z of
disjoint sets in {2, we keep an arc ayz € A from Y to Z minimizing w’. We keep ay 7 as lists:
for each Z € (2, we have a list containing the ayz. Moreover, for each Z € {2, we keep an
arc ay with az = ayz for some Y € 2 and with w’(ayz) minimal.

e For each X € A, we keep an edge fx € Ex minimizing w’. Also, we associate a graph Gy,
which is initially the directed cycle shrunk when X is added to A.

e For each U € 7', we keep an arc by € Ay minimizing w’. We also associate graph G7;, which
is initially the odd undirected cycle shrunk when U is added to 7.

The algorithm is described below.

Algorithm FAST

Initialization. Set I := (), y(v) := max{max{w(e)/2 | e € E}, max{w(a) | a € A}} for every
veV,A:=0and T :=0. (Hence 2 = {{v} |v eV}, F =0 and z is void.) Moreover, set
H = (. The ey, ey, ayz and ayz and are set easily.

Iteration. Reset (y, z) as described in Procedure Dual_Update in Algorithm SIMPLE. After that,
at least one of the following cases applies.

Case 1 (w’(ay) = 0 for some maximal set U € §2 in even(H)). Denote B’ := BU {ay}.
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Case 1.1 (B’ is a branching): Augmentation. Let M’ := MAPy. Reset M := M', B :== B’
and H := M’, and update the ey.

Case 1.2 (B’ contains a directed cycle). Let D be the directed cycle in B and X C V be the
union of the vertices in D. Let Wy, ..., W; be the maximal proper subsets of X belonging to
T. If, for some i € {1,...,1}, AD contains a pair of arcs f+ € 6*W; and f~ € 6~ W; such
that 07 f* and 9~ f~ belong to distinct vertices in G -, apply Case 1.2.1. Otherwise, apply
Case 1.2.2.

Case 1.2.1: Augmentation. Reset ' := M'UB’, where M’ := M APy and B' := BU{ay}, and
H := M’, and update the ey.

Case 1.2.2: Shrinking. For each i = 1,...,[ let vy, € Vyy, denote the unique vertex in Gy, to
which arcs in AD are incident. Let X’ = (X \ (Wi U---UW})) U {ow,} U---U{vw,} and add
X" to A. Let Lx» = {X'}, set z(Lx/) := 0 and determine fx. Then, update the ey, ey,
ayz and az.

Case 2 (w’(ey) = 0 for some maximum set U € 2 in even(H)). Denote the other endpoint
of ey by W, which also belongs to even(H ). Apply Case 2.1 or 2.2.

Case 2.1 (Py and Py are disjoint): Augmentation. Reset M := M’ = MA(PyU{e}UPy),
H := M’, and update the ey.

Case 2.2 (Py and Py intersect). Let C be the cycle in H U {ey} and U C V be the union
of the vertices in C. Denote the maximal proper subsets of U belonging to A and 7" by
Yi,..., Y, € Aand Wy...,W; € 7. Let Cy be an odd cycle in Gy obtained by adding even
number of edges from each GQ,VJ, to C. For i =1,...,k, let fil,ff € Cy denote the two
edges incident to Y;, and let vil, v? € Y, denote the vertices to which fi1 and fl-2 are incident,
respectively. If, for some Y;, the two vertices v} and v? are distinct and z(ﬁyl/) = 0 for the
minimal subset Y/ € A of ¥; such that {v},v?} C Y/, then apply Case 2.2.1. Otherwise, go
to apply Case 2.2.2.

Case 2.2.1: Deshrinking and augmentation. Delete Y/ from A and reset

N JMIAPG)AC (f}ff € B\ M),
M APy (otherwise).

Here, Py denotes the path in H U {e} from S to Y; consisting of odd number of edges. Reset
H := M’, and update the ey z, ey, ayz and az.

Case 2.2.2: Shrinking. Without loss of generality, assume that v} and v} are identical for i =
1,...,7, and distinct for ¢ = j+1,...,k. For i = j+1,...,k, let Y/ € A be the minimal
subset of ¥; such that {v},v?} C Y/, Let U' = (U\ (Y1 U---UY,))U{oy,...,vy,} U
(Y], U---Y)). We now add U’ to 7, and define a partition Ly of U’ by the collection
of {vvi },...,{vy;}, Y/ 1, .., Yy and singletons of the other vertices in U’. Set z(Lyr) = 0,

determine by» and update the ey z, ey, ayz and az.
Case 3 (w’(ey) = 0 for some U € free(H)). Apply Case 3.1 or 3.2.

Case 3.1 (U € 0~ a for some a € BorU saturated): Augmentation. Denote the endpoint
of ey other than U by W. Reset M := M' = (MAPw)U{ey}, B:= B\ {a}, H:= M, and
update the ey. If U is a saturated pseudo-vertex, unlabel U.
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Case 3.2 (U € V \ 8~ B): Forest extension. Add ey to H and update the ey.

Case 4 (z(Ly) =0 for some U € T_): Deshrinking. Delete U from 7". Let u € V be the
vertex covered by H \ M and v € V be the one covered by M. Let P be the even-length u-v
path in G}, and N be the matching in G}, covering all vertices in the odd cycle other than v.
Reset H:= HUPUN and M := M U N, and update the ey, ey, ayz and az.

Case 5 (2(Ly) = 0 for some U € A/, U (A_\ A”)): Deshrinking. Apply Case 5.1, 5.2 or
5.3.

Case 5.1 (U € A_\ A”). Let u € Vy be the vertex covered by H \ M and v be the one covered
by M. If u and v are distinct, then apply Case 5.1.1. Otherwise, apply Case 5.1.2.

Case 5.1.1: Deshrinking and augmentation. Delete U from A, reset M = M = MAPU,
H := M’, and update the ey z, ey, ayz and az.

Case 5.1.2: Deshrinking. Delete U from A, and update the ey z, ey, ayz and ay.

Case 5.2 (U € A/, \ A}): Deshrinking. Denote the set in 7 containing U by W, and the
maximal set in A containing U by X. Delete U from A, add U=WUX to?, define a
partition Lz of U by (Ly \ {U}) U {X}, and set z(L;) = 0. Then, update the eyz, ey, ayz
and az.

Case 5.3 (U € Ay N A’,): Deshrinking and saturation. Denote the set in 7’y Contammg U
by W, and the pseudo-vertex containing W by W. Delete U from A, reset M = M
(MAPy,), and label W as “saturated.” Reset H := M’ and update the eyz, ey, ayz and
ay.

Case 6 (w'(fx) =0 for some X € AL U A’ ): Saturation. Let X denote the pseudo-vertex

in G containing X. Add fx to G'sx. Reset M:=M = MAPX and label X as “saturated.”
Reset H := M’ and update the ey.

Case 7 (w’(by) = 0 for some U € T ): Saturation. Let U denote the pseudo-vertex contain-
ing U. Add by to G7;. Reset M := M' = M APy and label U as “saturated.” Reset H := M’
and update the ey.

The validity of Algorithm FAST can be verified just as we did for Algorithm SIMPLE. Let us
mention here the complexity. In Algorithm FAST, Procedure Dual_Update can be executed in O(n)
time, by scanning the ey, az, fx and by, together with the z(Ly ), instead of scanning all edges
in E'U A. Updating the lists after shrinking, deshrinking or forest extension takes O(n) time and
updating after augmentation and saturation takes O(n?) time. Thus, the total time complexity

O(n?).

Theorem 13. Algorithm FAST finds a mazimum-weight matching forest in O(n3) time.

We remark that we do not incorporate the branching delta-matroid F 2, which is used in Algo-
rithm SIMPLE. This is because we need to decompose the equality subgraph (V, A°) into strong
components in order to determine whether R(B) \ {v} € F3, which takes O(m) time.
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