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1 Minimum Cost Spanning Trees

What’s a spanning tree?

Definition 1.1

Given a graph G = (V, E), a subgraph T is a spanning tree of G if:
* V(T) =V(G)
* T is connected

* T'is acyclic (contains no cycle)

Theorem 1.2

Let G = (V, E) be connected graph, T' be a subgraph of G, with V(T) = V, then the
following are equivalent (TFAE)

* T is a spanning tree of G.
» T is minimally connected ('I" will be disconnected if any edge is dropped).
* T is maximally acyclic (Add any edge between vertices of T makes it cyclic).

* Yu,v € V, there exists a unique u — v path inT" (call it T, ).

Theorem 1.3

A graph G = (V, E) is connected if and only if VA C V with() # A # V, we have 6(A) # ()
(0(A) :={e € E: |en A|= 1}, the set of edges with exactly one edge in A).

1.1 Minimum Spanning Tree Problem
Input:

* Connected graph G = (V. E).

* Costs C,,Ve € F.

Output: A spanning tree 7" of G of minimum cost C(T') := >~ gy Ce.
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Theorem 1.4

Let G = (V, E), connected, C : E — R, T is a spanning tree of G, then TFAE:

a) T is a MST (minimum spanning tree).
b) Yuv € E\ E(T), all edges e on T, ,, have C, < Cl,,.

c) Ve € E(T), let T\, Ty be the two connected components obtained from T when re-
moving e. then e is a min cost edge in (1) (of G).

Proof.

*a) = b). Suppose Juv € E \ E(T) and e € T,, such that C, > C,,, consider
T" = T + uv — e. Since we don’t change delete any vertices, V(7") = V(T') = V(G). If
we write T3, , = u, V1, . .., Vy,, v and say v;, v,y are the ends of e. Then, for any two vertices
of G, if they are not on T, ,,, they are still connected. If at least one of them is on 7, ,, say
ks is on T, ,,, WLOG, say the unique pathis &y, ..., u, ..., ko, if e is not in the path, we are
good, if it is, then we take k1, ..., u,v,..., ks on T". Hence, 7" is connected. That is, 7" is
connected and |E(T")|= |E(T')|= |V|—1, so by theorem 2, we know 7" is a spanning tree
of G. And since Cy,, < C,, C(T") < C(T'), T is not a MST, contradiction, so no such uv
exists.

*b) = ¢). Suppose Jde € T,uv € 0(Ty) such that C,, < C.. First, uv ¢ E(T),
otherwise, since v € 75 and 71, T5 are connected, so there is a cycle including uv and e in 7',
contradiction. Also, e € T}, because we have v € 11, and v € T5, and T}, T’ are separated
by e, so any path from 77 to 75 will include e. Then this contradicts to b), contradiction, no
such e exists, ¢) is true.

* ¢) = a). Let T satisfy ¢). Let 7" be a MST with largest k := |E(T) N E(T™)].
If Kk =n—1=|V|-1, we are done.
Else, there is e € E(T) \ E(T™) (note T is also a spanning tree). Let 77,75 be connected
component of 7" — e, there exists e* € E(T*) N (17).
First e* ¢ E(T') because otherwise, we have e and e* connecting 77 and 75 in 7' (note
e #e¥).
Also, T" = T* — e* + e is also a spanning tree, because all vertices stay connected and the
number of edges stay the same (as above proof).
By ¢), C. < Cpr, 30 C(T) < C(T*). SoT"is aMST, and |E(T) N E(T")|= k + 1 > k,
contradiction. So k =n — 1, T = T* which is a MST.

]
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1.2 Kruskal’s Algorithm

Algorithm 1 Kruskal’s Algorithm for MST

Input: G be a connected graph, n = |V|, m = |E|
H = (V,0)
while / is not a spanning tree do
Find the cheapest edge whose endpoints are in different components of H
H<+— H+e
end while

We also have an equivalent version:

Algorithm 2 Equivalent

Sort edges sothat C,; < ... < C,, .
fori=1,...,mdo
if endpoints u, v of e; are in different components of H then
H+ H + e
end if
end for

Implementation:

* Keep array comp, with comp[v] < v,Vv € V initially.

* The if step in algorithm 2 can be done by checking if complu] == comp[v], for e = wuv.
O(1).

» When the assignment step in alg2 is executed, go through comp[t],Vt € V, if comp|t] ==
complv], set compl[t] = complu|. That is, make sure u, v and the vertices they are connected
to are in the same component. O(7).

* Sort step O(m logm).

* For loop step O(m) in total.

Overall, we have O (m logm)+O(mn) = O(mn), which is a polynomial time. At the end, H will
be a spanning tree.

Q: Can algl get stuck?

* The e we need to find always exists. Since H is not a spanning tree, either it is not connected,
or it has a cycle in it. However, if H has a cycle, the last edge added to that cycle will not be
added because its two endpoints are already in H. Hence, H is disconnected, so we can find
an edge connecting different components of H.

* Everytime H < H + e is executed, two different components are connected, so the num-
ber of different connected components of A minus 1. Also, since H is acyclic before the
assignment, and e connects two different components, there is no cycle.
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* Every iteration, the number of components minus 1, and we have n components at the be-
ginning, so we do O(n) iterations, during the time, we keep the H acyclic.

Q: Does it return a MST?

Suppose not, there exists uv € E'\ E(H) and e € H,, with C,, < C, by theorem4, so C,, will
be considered before C. in the first step of alg2. When C,, is being tested in alg2’s third step,
there is no path from w to v, so they are in different components, so uv will be added to H, not e,
contradiction.

1.3 Correctness via LP

» Show techniques that can be used in other settings

* Lead to "good” approaches for more challenging problems

1.3.1 Integer Programming Formulation

* Let z, € {0, 1} to indicate if edge e is in the MST

* Spanning tree: acylic, n — 1 edges (n := |v|)

min Z Cele Cl
eckE
st. x(E) =n— 1 ,where z(F) := er
ecF

z(F)<n—k(F),YFCE
z€{0,1}"

For Acyclic:

Consider /' C E. How many edges of F' can a spanning tree have?

Let x(F') be the number of connected components of (V, F'), then our answer is n — x(F’). Since
if we consider every connected components of (V, F'), we can find a spanning tree in it and have
at most the number of vertices in that component minus one edges. So, sum over all components,
we have n — k(F') at most without forming a cycle.

Note: If F' = {e}, then k(F) = n — 1, so (F) < n — k(F) becomes z. < 1, so our problem
becomes

min E CeZe

c€E

st.x(EF)=n—1
(F)<n—k(F),VFCE
x}O,xGZE
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1.3.2 LP relaxation:

(Pst), Cpg, := min Zcexe

c€E

st.x(E)=n—1
z(F)<n—k(F),VFCFE
z =0

It has optimal solutions. Since G is connected, it has feasible solutions (just find a spanning tree)
and its feasible regions is bounded, so it has optimal solutions.

Proof Idea:
* Any spanning tree T corresponds to a feasible solution to (Psy) == ¢(T) = (p,,.-

* Shows that spanning tree produced by Kruskal is optimal for (Psr) (using Complementary
Slackness).

min ¢’z

st.x(E)=n—1
z(F)<n—k(F),VFCE
=0
note that n — 1 = n — k(FE). Then we find the dual
Dual (DST)Z
max Z (n — k(F))yr
FCE

s.t. Z yr < Co,Ve € F

F:ecF

yr KO VE C E
yg 1s free.
Let £ ={ey,...,en}, Withe,, <c¢., <...<c,,. Let E; = {e1,..., ¢},
¢ yE‘Z :CEi_C€i+1 <O,\V/Z:1,7m—]_
* Yy =Ce,,Yp =0,V other F.

Now, we want to show that 7 is feasible for (Dgr) and all constraints are satisfied at equality
(except the yr < 0 ones). Foreache; € E/, weknow e; € E;, ..., E,, and some other non-F; edge

subsets. Hence,
Z Yr = Z Yg; + Z Yr
=i

F:e;eF F#Ej,j?ileiEF
= C¢; — Ce,, + Ce,, + 0

= C,

?
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So the Complementary Slackness condition for Dual constraints are satisfied, we only need to
check either y;, = 0 or T, constraint is tight.

Now, let = be the incidence vector of tree 1" constructed by Krustal. Note: T(E;) = > p Te =
|E(T) N Ey.

* T, = (V,E; N E(T)) is a maximally acyclic subgraph of H; = (V, E;). Suppose not, then
we can add an edge ej, of E; \ E(T) to T;, and it’s still acyclic. This edge e; connects two
component of T, otherwise, since e, ¢ E(T), its endpoints are in the same component in 7',
so there is a path between its endpoints in £, N E(T) C E; N E(T), contradiction. Since it

connects two components of 7}, it will added be to 1" at k*" iteration, so it will be in E(T),
contradiction.

* As argued before, n — x(FE;) is the largest number of edges we can choose from E; without
forming a cycle in H; = (V, E;), that is, by previous point, n—k(E;) = |E;NE(T)|= T(E;).

* Now we argue the Complementary Slackness conditions are satisfied. For each F' C E, if
F e {F,,..., E,}, then by the previous point, the equality is tight; otherwise, yr = 0. For
each e € E, we showed that all constraints of the dual problem are tight. So 7,y are optimal
for Psp, Dgr respectively.

* Hence, ¢'T = ¢(T') = (},, by Complementary Slackness Theorem.

Consequence of Proof:
* (p,, = c(T*), where T* is MST.

* Solving the above LP can give us an integral solution (under mild assumptions), which rarely
happens.

Alternative Formulation for Pgp:

Cpgp -= min T
st.x(F)=n—1
z(E(S) < [S[-LV0 S S GV
0

V

T

where E(S) = {e € E: |en S|=2}.

1.3.3 Greedy and Max Cost Forest

* MST Algorithms are greedy (best decision based only on local structure).

* Ex: Max weight independent set. Given G = (V,F), S C V is an independent set if
Yu,v € S, uv ¢ E. Then given C,, Yv € V, find independent set S, which maximize

c(S) == ZUES Co-
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Maximum Forest Problem:
Given G = (V, E), a forest is a subgraph (V, F') with F' C F that is acyclic. (We refer to a forest
by its set of edges). Then we want

Given G = (V, E), ¢, Ve € E, find a forest F' maximizing c(F) := >, p Ce.
USE MST:

» Compute MST with respect to ¢, = —c..

* Delete from MST all edges with ¢, < 0.

Remark. If G is not connected, add edges to it with cost —M, where M > 0 is large.

* The above algorithm will compute a max cost forest: Consider any two components of the
computed forest. By the definition of MST algorithm, the edge deleted from the computed
spanning tree has the smallest cost in the edges between the two components (w.r.t. —c,),
so all edges between this two components have negative costs. Also, for any edges e not
connecting two components of the forest, if it has a positive cost, then it will be added to the
computed spanning tree, hence a contradiction. Similar for the case when an edge is between
two vertices of a component of the forest.

* We should have M greater than the largest absolute value of the negative c., so that when we
are computing the MST, the ”added” edges will never be selected.

1.3.4 Kruskal for Maximum Cost Forest

Algorithm 3

H=(V,0).
while Jde : c. > 0, with endpoints in different connected components of 7 do
e = highest cost edge whose endpoints are in different components of H.
H+— H+e
end while
return 1

To solve MST (alternatively):
e Add —M to ¢.,Vesuchthatc, — M < 0
* Solve maximum cost forest w.r.t. ¢, = —(c. — M)

If G is connect, and with all costs ¢, > 0, the above algorithm will find a spanning tree with the
largest cost w.r.t. ¢, that is, a spanning tree with the smallest cost w.r.t c.
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2 Matroids

Look at edge setes of forests, i.e. instead of finding H = (V, F’), we just refer to F.

Algorithm 4 Generic Greedy

F + 0.
while Je : U {e} € [ and ¢, > 0 do
choose such e with largest c.;
F«+ FU{e}
end while
return /'

where [ here represents the set of all forests.

2.1 Matroid 1

Definition 2.1: Matroids

Let S be a ground set. Let I C 2° (the set of all subsets of S). M = (S, 1) is called a
Matroid if it satisfies the following:

(M1) eI
(M2) If F €I, F' CF, then F' € 1.

(M3) For all A C S, every inclusionwise maximal element of I that is contained in A
(definition of the basis of A) has the same cardinality. That is, B € I is a subset of A
and no other subsets of A in I is a strict superset of B, then B is a basis of A.
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Example 2.2

e Let G = (V,E). Set S = E, I = { all forest}. We get a Graphical/Forest Matroid.

e Let S = {1,...,n}. Letr € {0,...,n}, I = set of all subsets of S with at most r
elements. We have

U’ = (S,I) = Uniform matroid of rank r

QI: Is U} a matroid?

(MI) |¢|=0<r
(M2) If A€ Iand B C A, then |BI< |A|I<r = Bel.

(M3) If there are two basis By, Bs of A and |B,|< |By|< min{r, |Al|}, then let e €
By \ By. Then By U{e} C Aand |B; U {e}|< |Bz|< min{r,|A|}. So By is not
a basis, contradiction.

» Let N be an m X n matrix of real numbers. Let S = {1,...,n}. I = {A C S :
columns indexed by A are linearly independent.}. We call this a Linear Matroid.

eg.:
200100
N=10100 30
001020
,then I = {0,{1},...,{5},{1,2},{1,3},{1,5},{2,3},{2,4},{2,5},.. .}
(MI) 0 € I
(M2) If a set of vectors is linearly independent, then any subset of it is also linearly
independent.

(M3) Follows from linear algebra. (Note: basis of a vector space transalte to basis of

A).
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Example 2.3

1 2

4 3

Let S=V,1={ACV: Aisa stable set}.
(MI1) D el
(M2) A subset of a stable set is also stable set.

(M3) Maximal (inclusionwise) subsets of S: {1,4},{2, 3} which has the same cardinality.
So is this example a matroid? NO!.
A = {1,2,3}, then both {1},{2,3} are the maximal subsets of A that are in I but
they have different cardinality.

Definition 2.4: nomenclature of matroids

» Elements of I are called independent sets.

* Minimal dependent sets are called circuit (in the forest sense, cycle are circuits).

If M = (S, I) satisfies (M1),(M?2), it’s called an independence system.

The rank of A: r(A) := max{|B|: BC A,B e I}

The basis of M = the basis of S.

* r(S) is the rank of M (matroid or independent system).

p(A) := min{|B|: B is a basis of A}. Note:

M is a matroid <— p(A) =r(A),YACS

2.2 Matroid 2

Maximum Weight independent Set (for independent systems):
Given M = (S, I) independence system, ¢, € R, (I can always delete the ones with ¢, < 0, so
assume ¢, > 0), forall e € S, find A € I maximizing c(A4) := > ., Ce.
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F«0
while Je : F'U {e} € [ and ¢, > 0 do:
Choose such e with largest c.;
F «+ FU{e}
end while
return F’

Theorem 2.5: Rado, Edmonds

Let M be a matroid, ¢ € Ri. Then greedy algorithm above finds Maximum Weight Inde-
pendent Set.

Proof. Later 0

Theorem 2.6: Rado, Edmonds

Let M = (S, I) be an independence system. Then greedy finds an optimal independent set
Ve e ]Ri if and only if M is a matroid.

Proof.
* ( <= ) By Theorem 9 above.

* ( =) Suppose M is not a matroid. Let A C S, A; and A, be bases of A with |A;|< |As|.

Let
V1, Ve S Al
Ce = Vg, Ve€ A\ A
O, Ve ¢ A1 U AQ
Choose v; > 0 and v; > vy > %vl. Then since all other elements have cost zero, the

greedy algorithm only considers the elements in A; U A,. Since vy > vy, the algorithm will
select A; first, since A; is a basis of A, the algorithm can’t add more elements to it, so it
stops and output A;. Then A, has cost v1|A; N Ag|+va]|As \ A1|> vg|Ag|> v1]|Aq|. So the
greedy algorithm does not ouput an optimal solution when all ¢ € R, contradiction.

]

Theorem 2.7: Jenkyns 176

Let (S,I) be an independent system. Let grg be the total weight of the independent set
formed by the greedy algorithm and optg 1 be the optimal solution weight. Then

grs.r = q(S, I)opts

where q(S, 1) = minacg ()20 % (rank quotient).
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Proof. Let S ={ey,...,en} 1 ¢y = ... 2 ¢e,. Let S; :={ey,...,e;} and Sp; = 0. Let G € I be
solution obtained by greedy, o € I be the optimal solution and G; = G N S;; 05 = 0 NS;.

n

Q) =) ¢= ;Cej(\Gjl—\Gjll) =D IGil(ce; = o)

- —
JjEG J A,>0

note that if e; € G, then |G;|—|G;_1|= 1, otherwise, |G,|—|G;_1|=0andc,,, := 0.
Greedy computes a maximum independent subset of .S; implies G; is a basis of S; implies

(@) = |GylA,
j=1
> (854,
j=1

> a(S,1)r(S))4,
j=1

> 4(S,1)]oy]4,

Jj=1

= Q(Sa I) Z‘O—jKCej - C€j+1>
j=1

= (S, 1)) ce,(loj|—loja)

=1

ZQ(S7I)ZCj

Jj€EOT

= q(5, I)e(o)
]

Hence, by Jenkyn’s results, we have if M is a matroid, greedy gets an optimal solution. And
Theorem 9 is proved by it.
How fast is Greedy? Hence a total O(|S]) times executed.

F+00O(1)
while Je: Fu{e} €l andc. > 0do:
can be checked i;rﬁme Poly(]S])?
Choose such e with largest c.; O(]S])
F+ Fu{e}O(1)
end while
return F' O(1)
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2.3 Matroid 3

Theorem 2.8

Let M = (S,1) independent system. Then (M3) <= (M3') : VX,Y € [,|X]|>
Y]|,Jz € X\Y :YU{z} el

Proof.
* (M3) = (M3) trivial.

* (M3) = (M3). Let X,Y € [ and |X|> |Y]|. Consider A = X UY. Then Y is
not a basis of A because by (M3), and |X|> |Y], we have |Y|< r(A). Then there exists
re A\Y=X\Y :YU{z} el

]

Example 2.9

Let G = (V,E),W C V a stable set. Letk, € Z,,Yv € W, S = E, I = {F C E :
|0(v) N FI< ky,Yv € W} Clearly (M1), (M2) hold.

(M3') Let X,)Y C E, X,)Y € I, |X|> |Y|. Lt Wy = {v e W :|5(v)NY|= k,}. Also,
21X [= > v | X N6(v)|. then

21X|= ) |Xndw)|+ > XN+ Y XN

veWy <k vEW\Wy veEV\W
V= D> [Ynéw)|+ Y [Ynswl+ Y [Yns)
vEWy T’ veEW\Wy veV\W

Since | X|> |Y|, there exists v € X \'Y: x € §(v) only for some v ¢ Wy. Otherwise, all
x € X are either in'Y or incident to Wy, then |X | is the number of edges in X incident to
Wy and the rest. While the rest part of X are all in Y but not incident to Wy which are in
the set of edges in'Y but not incident to Wy, and the number of edges in X incident to Wy
is less than or equal to number of edges in Y incident to Wy . Mathematically, say Kx is
subset of X suchthatx € Kx <= x € 6(v) for some v € Wy. Ky is the subset such that
y € Ky <= y € d(v)forsomev € Wy. And | K x|< | Ky | by the definition of Wy-. Then,
X\ Kx CY \ Ky. Hence, | X|< |Y|, contraction. Then Y U {x} satisfies the condition.

2.3.1 Circuit characterization

Theorem 2.10: Circuit

If instead of describing I, you are given the set of circuits (min. dependent set) (C) of M,
then Ac ] < FceC:cCA.

Proof.
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* — : by (M2), any subset of A should be in /, so it has no subset in C.

» < : Suppose A is not in [, then its dependent, keep deleting elements from A till it’s in C,
then we have a subset of A which is in C, contradiction.

]

S = {17273’4}’ C= {{4}> {1’2a3}}’ I = {Q’ {1}> {2}’ {3}a {17 2}7 {173}7 {273}}'

Q: When is C C 27 the set of circuits of a matroid?

Let M = (S, 1) be a matroid. Then VA € I, Ve € S, AU {e} contains at most 1 circuit.

Proof. Let A be smallest set so that
s Ael
e Jde : AU {e} has two distinct circuits C, Cs.

Note e € C; N Cy, otherwise, A has a circuit then it can’t be in [.

By the choice of A, we have A U {e} = C} U C; (otherwise there exists u € A\ (C; U Cy), then
A\ {u} is a smaller set satisfying the properties above).

Since Cy € Oy, Cy € C (if Cy C Oy, then C5 is not a circuit), lete; € Cy \ Cy and ey € Cy \ C.
Consider A" = (C7 U Cy) \ {eq, ea}, if A’ has a circuit C, then

o C'# (4, C # Cybecause C'N{ey,en} = 0.
* Since ey ¢ Cy, Cy C {A\ €1} U {e}, similarly, C is also a subset of it.

* Then A\ {ey, ex} will be a set satisfying the properties, contradicts to the minimality of A,
so A’ has no circuit, so A’ € L.

so A, A" are bases of C; U Cy, with | A’|< | A| which contradicts to M being a matroid. O

Theorem 2.13

Let C C 25. Then C is the set of circuits of a matroid iff
(cl)Dé¢c
(CZ) IfOl,CQ € C,Cl C Oy, then C = (.

(C3) If C1,C5 € C,C7 # Cyand e € Cy N Cy, then there exists C' € C with C C
(Cl U CQ) \ {6}

Proof.
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s (= ): (C1), (Cy) are trivial to prove. Suppose (C'3) not true, then A := (C1UCy)\{e} € T
by fc € C such that C C A. This implies A U {e} has two distinct circuits, contradicts to
the previous theorem.

e Define I = {ACS:HC € CwithC C A}. Let M = (S, 1), then (M1), (M?2) clearly
hold.
Suppose (M 3) is false, let Ay, A, be the bases of A C S with |A;|< |As|, choose A, As with
largest |A; N As|. Lete € A;\ A, (it exists because A; ¢ Ay) and A, U{e} contains a circuit
C. If AyU{e} contains C’ # C' (note e € C'NC"), then (C'3) = A, contains a circuit, but
Ay € I. Hence C'is aunique circuitin AsU{e}. Let f € C\A; = (A, U{e}) \ {f} €1,

As

but [A3 N Ay|> |As N Ay, |As|= |A2|> | A;|, contradiction. Note: we can make A; a basis
by adding elements, but the inequalities above still hold.

[

2.4 Matroid 4

Theorem 2.14: Bases characterization

Instead of giving I, we are given B, the set of bases of M, then A € I <— A C B, for
some B € B.

Theorem 2.15

Let B C 2°. B is the set of bases of a matroid (S, I) if and only if

(B1) B #0

(B2) VBy, By € B, v € By \ By, there exists y € By \ By such that (B; \ {z}) U {y} € B.

Theorem 2.16

Let B C 2°. B is the set of bases of a matroid (S, I) if and only if

(B1) B #0

(B2) VBy,Bs € B, y € By \ By, there exists v € By \ By such that (B \ {z}) U {y} € B.

2.5 Polymatroids
Let M = (S, ) be a matroid, ¢ € RY. Let 2 € R¥ be decision variables.

max CT.Z'

(Py)  st.z(A)<r(A),VACS
x>0
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Note: If J € I, then 2/ (incidence vector) is feasible for (Pyy).

Theorem 2.17

Let M = (S, 1) be a matroid, and let G be the solution returned by the greedy algorithm.
Then x% is optimal for (Pyy).

Definition 2.18

A function f : 25 — R is called submodular if VA, B C S,

f(A)+ f(B) = f(ANB) + f(AUB)

Proposition 2.19

Let M = (S,I). Then r(A) is submodular.

Proof. Let A, B C S. Let J be a basis of AN B (i.e. |Jo|=r(A N B)). Extend J to a basis Jp
of B (i.e. |Jg|= r(B)) (by keep adding elements of B to .J until we get a maximal independent
set contained in B). Similarly, extend Jp to a basis J, of AU B (ie. |Jy|= r(A U B)). Let
J =Ju\ (Jg\ Jn)

e Since J' C J, we have J' € I.

* Suppose there exists v € J'\ A, thenv € J,\ Aandv ¢ Jg \ Jy. Since v ¢ A, we have
vé& Jn.sov ¢ Jp,and v € B. Since J, is a basis, Jg U {v} € I, then Jp is not a basis of
B, contradiction. So J' C A.

Thus:
r(A) +r(B) = | |+|Jsl= |Ju — (|J8l=|Jnl) + |IBl= [Jul+|Jnl= (AU B) +r(AN B)

O

Definition 2.20

Let f : 25 R, be submodular, then
{:v eR: ””(Ag)é{;(A),VA - S}

is called a Polymatroid.

Note: May assume f()) = 0, f is monotone (i,e. X CY C S «— f(X) < f(Y)).
Consider (where f monotone and f(()) = 0)

max CT.T

(Pr) st.x(A) < f(A),VACS
x>0
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min Zf(A

ACS
2 Z Ya = Ce, Ve € S
Ae€c A
y=0
Primal Greedy
S={e1,....,en},Ce, = .. >02>c¢q,, =...2¢C,. S5 =1{e1,...,e;} and

f(Sj-1), Vi=1,...,k
Vi>k

| |
/—/H

If £(:S5) = r(5j), for M = (5,
basis of S;_1, then when r(.S;
is also a basis of .S;. When r(
is a basis of .S;.

r(Sj-1), wehave z., = 0,s0¢; & Gj. ThenG —Gj_l,so G

I') matroid. Let G be a greedy solution, G; := GNS;. If G;_;isa
) (]1){L‘€J—180€J€G:>G— ]1U{€j}:>Gj

)
S;

Dual Greedy

Ys; = Ce; — Cejy, Vi =1,... k=1

ysk - Cek
ya = 0, for all other A

We can show that z, y above are optimal solutions by Complementary Slackness conditions.

Let M = (S,1I), c € RS, J € I. Then J is an inclusionwise minimal, max weight indepen-
dent set if and only if

(a) e€c J = c.>0
(b) e¢ J,JU{etel = c. <0
(c)eg¢ J feld (JUu{eh) \{ftel = c.<cy.

Proof.
* — : trivial

e <« : Consider (F,), where r is the rank function of M which is monotone, submodular
and r()) = 0. (note J is independent, so J is feasible for P,). Let y be the solution from
greedy. Let 2/ be the characteristic vector of .J. Then

Z Ya = Cejavj < k

AcejcA
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and
a) = v’e;=0,Yj >k

Thus forall j € {1,...,n}, wehavex] =00R 3, 4 ya = Ce;.

Pick y4 > 0. By construction, A = S; for j < k. Note z/(S;) = |J N S;|= |J;|. Suppose
|J;]< 7(S;), then J; is not a basis of S;, but it’s an independent set so there exists e € S; \ J
such that J; U {e} € 1.

Casel JU{e} eI, thenb = ¢, <0,bute € S; = c¢. > 0, contradiction.

Case2 JU{e} ¢ I. Extend J; U {e} to a basis J' of J U {e}. Note J is a basis of J U {e}.
Hence, |J'|= |J| by both being basis of J U {e}.
Then there exists f € J\ S suchthat J' = (JU{e})\ {f} € I. This f exists because
ee€ J '\ J,sothereis f € J\ J',;and J; C JNJ', so f ¢ J;, which implies f ¢ ;.
Then by ¢), c. < ¢y.
By ys, = Ce; = Ce;oy >0 = Ce; > e, and f ¢ S; = ¢, > ¢y > ., we have
Ce; > Ce;yy 2 Cf 2 Ce, Ut e € S, 50 ¢ < ¢, contradiction.

Hence, 27 (S;) = r(S;).

Hence, Complementary Slackness conditions hold, so 7 is optimal for (P,) which implies .J is a
maximal weight independent set. And a) implies the inclusionwise minimality. [

2.6 Matroid Construction

Let M = (S,Z) be a matroid.

1. Deletion: Let B C S, M \ B := (5',7') is a matroid, where 5" := S\ B, Z' := {A C
S\B:AeT}.

2. Truncation: Let k € Z,, define Z' := {A € Z : |A|< k}. Then M’ = (S,Z’) is a matroid.

3. Disjoint Union: Let M; = (S;,Z;),Vi € {1,...,k} be matroids, with S; N .S; = 0,Vi # j.
Then M1 D...D Mk = (S,I), with S = Ulesl And 7 = {A g S AﬂSl S Il,VZ =
1,...,k} is a matroid.

Proof.

(M1) hold
(M2) hold

(M3) Let Bbeabasisof A C S. Let B; = BN S;,Vi. Then B; € Z, but also, it is a basis of
AN S;. (otherwise, we can add o € AN S; to B;, hence to B, then B is not a basis of
A). This implies |B|= Y2 || Bi|= 32 | (AN S,), thus all basis of A have the same
size.

]
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Example: Partition Matroid: Let S = S;US, ... USk, by,...,br € Z,. M = (S,T) where
[={ACS:|ANS|<bi,Vi=1,...,k}. Then M; = (S,,T,), T, = {J C S, : |J|< bi} is
the uniform matroid. And M = M, & ... M,.

4. Contraction: Let B C S, let J be a basis of B. Then M/B = (5',7') where S’ = S\ B,
I'={ACS:AUJ eI}

Proposition 2.22

If M is forest matroid of G = (V, E), B C FE, then M/ B is a forest matroid of G/B
(contraction in graph theory).

Theorem 2.23

M/B is a matroid independent from choice of J, and its rank fcn is vyp(A) =
TM(A U B) — TM<B)

Proof. (M1),(M2) clearly hold. (M3): Let A C S’ = S\ B, let J' be an M /B basis of
A= JUJ eT.

Claim. J U J' is an M-basis of AU B.

Proof. Suppose not, then thereise € AUB\ JUJ and JUJ U{e} € Z. Ife € B,
then J U {e} € Z and it’s a subset of B, contradicts to .J being a basis of B. If ¢ ¢ B then
e€ A\ B,then (J'U{e})UJ € T = J' U{e} € 7', contradicts to J' being a basis of
A. O

By the claim, |JU J'|=ry(AUB) = |J|+|J'|=ru(AUB) = |J/|=ru(AUB) —
|J|=rm(AUB)—ry(B). Thus, A € I'if and only if |A|= ry/p(A) = ry(AUB) =1y (B)
which doesn’t depend on J. [l

5. Duality: M* = (S,Z*),Z7* ={ACS: S\ Ahasabasisof M} = {AC S :ry(S\A) =
rar(S)}. Note here the basis of M means the basis of S.
Example: M =U,ACS={1,...,n},Acl* <= |AI<Kn—r = M*"=U)".

Theorem 2.24

M* is a matroid with rank function r*(A) = |A|+ry (S \ A) — ra(9).

Proof. Clearly (M1), (M2) hold. For (M3),let A C S, let J* an M*-basis of A. Let .J be
an M-basis of S\ A. Extend J to an M-basis J' of S\ J*. By definition, we know J is an
M -basis of S.

Claim. A\ J* CJ'
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Proof. Suppose e € (A\ J*)\J' = J' C S\ (J*U{e}), and since .J’ is an M -basis of
S, J*U{e} € I*, contradiction. O

Then

[T = [AN T+ |= A= T+ = 1T = A= [+ 1= Al =ra(S) + 7 (S \ A)

O
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3 Matchings

3.1 Matchings 1

Given a graph G = (V, E), a subset M C E is a matching if |6(v) N M|< 1,Yv € V i.e.,
every vertex incident to at most one edge in M.

Given a matching M, a vertex v is called M-covered if |6(v) N M|= 1, and it’s called
M-exposed otherwise.

Note: There are 2| M| M-covered vertices and |V'|—2| M| M-exposed vertices.
* A matching is perfect if there are no M -exposed vertices.

* The size of the largest cardinality matching in G will be denoted as v(G). ( M is a perfect
matching if and only v(G) = @ )

* Given G = (V, F), and a matching M, a path P = (vy,...,v;) is called M -alternating if
{Uifl,’l)z'} eEM — {Ui,UiJrl} ¢ M,VZ = 2,...,k— 1.

* An M-alternating path is called M-augmenting if v;, vj are exposed.

* Given Fy, F; C E, the symmetric difference between [, F5 is defined as

FiAF, ={e € E : eisin exactly one of F, F,}

Let M be a matching of G = (V, E). Then M is a max cardinality matching if and only if
there does not exist an M-augmenting path.

Proof.

* ( = ) Suppose there exists an M -augmenting path P = {vy,...,v;}. Let e; = {v;_1,v; },
Vi=1,...,k Let M' = MAE(P). Note since P is M-augmenting, we know vy, v, are
M-exposed, so e,e, ¢ M, so k is odd. Thatis |M'|= |(E(P)\ M) U (M \ E(P))|=
|M|—|(E(P) N M)|+|(E(P) N M)|+1 = |M|+1. Suppose M’ is not a matching. Then
there are two edges in M’ incident to one vertex. If both edges are in M, then M is not a
matching, contradiction. Hence, at lease one of them is in M’ \ M, call it e. Then e is in
E(P)\ M. If we have v;v;y1€v;12v;13. Then v;v;,1 and v;,ov;, 3 are not in M’ by they are in
both M and E(P), so v; 41, v;42 are not M’-exposed, contradiction. If one end of e is vy (vy),
then if v; incident to another egde in €/, we know e’ # vyvy by vive € M = vjvy & M/,
so e ¢ E(P),soe € M, then v; incidence to ¢ and vjve in M, contradiction. Hence,
vp is incidence to another €’ in M’, then ¢/ ¢ E(P) = ¢’ € M, but vy is M-exposed,
contradiction. Hence, M’ is a matching, and | M’|> | M|, contradiction, so not such P exists.
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* ( < ) Suppose M’ is a matching of G' with |M’'|> |M|. Consider G' = (V, MAM').

Note |d¢r(v)|< 2,Vv € V, because if |dg: (v)|= 3 for some v € V, then there are three edges
incident to it, so there are at least two edges in the same matching incident to it, contradiction.
Also |6¢/(v)|< 2 = G is a (edge) disjoint union of paths and cycles, and all of them are
alternating (w.r.t. M and M’). Also note if C'is a cycle in G, |E(C) N M|= |E(C) N M|,
otherwise C' is an odd cycle and there will be a vertex incident to two edges in M or M’,
contradiction. Hence, there exists a path P with |E(P) N M’|> |E(P) N M|, then P is the
desired M -augmenting path in GG, contradiction.

O

Q: Does there exist a path from a vertex u to a vertex v?
A: Use Breadth First Search.

Q: Does there exist an M -alternating path from an M-exposed vertex v to an M-exposed
vertex v?

A: Similar, keep the path you are looking for alternating. Instead of constructing a Breadth
First Search Tree, we construct an “alternating” trees. It can keep track of nodes at odd/even
distance from the tree root.

Tentative Algorithm:

Input: G = (V, E), M is a matching, r € V is M-exposed. T < ({r},0), A(T) < 0, B(T) «+
{r}, where A represents the node at odd distance from the tree root, and B represents the node at
even distance from the tree root.

A B

A B

In the tree, we use tilde lines to represent the edges in M and straight lines otherwise. Also,
we can see that each path from the root r to a node in 7" is an M -alternating path in G.

Case 1:

Case 2:

If we can find vw € E: v € B(T),W ¢ V(T), and w is M -covered. We can extend 7" using
vw.

Let z € V : wz € M, since v is in T, v is incident to another edge in M, so z # v,.
Then update V(T') « V(T) U {w,z}, B(T) «+ B(T) U {z}, A(T) + A(T) U {w},
E(T) + E(T) U {vw,wz}.

If we findvw € E : v € B(T),w ¢ V(T) and w is M-exposed, then we find an M-
augmenting path from r to w, which is P’ = P + vw, where P is the M -alternating path
fromrtovinT, M < MAP'.
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Hence, the tentative algorithm can be written as

Algorithm S Tentative Algorithm for Matchings
G = (V,E), M is a matching, r € V and it’'s M-exposed. T' <+ ({r},0), A(T) + 0, B(T) +
{r} (initialized T" with r).
while Jvw € E : v € B(T),w ¢ V(T) do:

if w is M-covered then
Use vw to extend T'
else
Use vw to augment M;
if 3 M-exposed vertex € V' then
Initialize 7" with r
else
Stop
end if
end if
end while
return )/

This does not always work (e.g. GG is not connected).

3.2 Matching 2

Definition 3.3

A graph is bipartite if there exists a partition (A, B) of V such that Ve € E||le N A|=
len B|= 1.

Theorem 3.4: Hall’s Theorem

Let G = (V, E) be bipartite, with bipartition V. = AUB. Then there exists a matching
covering A if and only if |[N(X)|> |X|,VX C A where N(X) :={v e V\X:3Juc¢€
X with {u,v} € E}.

Proof.

* (= )Ifthereexists X C A : |X|> |N(X)], then since vertices only matched to vertices in
N(X), no matching can cover all vertices in X (there is a vertex in X having no neighbors).

* ( <= ) By induction, cases |A|= 0, |A|= 1 are trivial.
If IN(X)|—|X|> 0,vyX C A, X # 0, pickuv € E withu € A, v € B, and consider
G’ = G\ {u, v}, bipartite with bipartition A’ = A\ {u}, B’ = B\ {v}. Now, VX C A/,
|INe/(X)|= |[Ng(X)|-1 = |Ne(X)|—|X|> 0,¥X C A’. By induction, there exist a
matching M’ covering A, then M’ U {u, v} covers A.
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If IN(X)|= |X]|, for some X C A, X # (. By induction, there exist a matching M; in
G[XUN(X)] covering X. Now consider G’ = G[(A\ X)U(B\N(X))]. Note VY C A\ X,

[Ner(Y)|= [Na(Y) \ No(X)|= [Na(X UY)|- L)f_', > [X UY[-[X|= Y]

=|Ng(X)]

Hence, there exists a matching in G’ covering A\ X, combine it with M, there is a matching
covering A.

O

Let G = (V, E) be bipartite with bipartition V.= AUB. Then G has a perfect matching if
and only if |A|= |B| and | X|< |N(X)|,VX C A

Algorithm 6 Algorithm for Perfect Matchings of bipartite graphs
G = (V, E) be bipartite, initialize T" with r.
while Jvw € E : v € B(T),w ¢ V(T) do:

if w is M-covered then
Use vw to extend T’
else
Use vw to augment M;
if 3 M-exposed vertex € V' then
Initialize 7" with r
else
Stop, output perfect matching M
end if
end if
end while
Output No Perfect Matchings exists. (*)

If algorithm reaches (*), then GG has no perfect matching.
Proof. If the algorithm reaches (*), then

* N(B(T)) = A(T). First, A(T)) € N(B(T)), and if there exist a vertex u € N (B(T))\ A(T)
which is a neighbor of v € B(T'), then u ¢ B(T), because otherwise, both u, v are at even
distance from the root, and by G being bipartite, that means both u, v are in the same partition
of (G, and they are incident, contradiction.

* |B(T)|> |A(T)|. Suppose the tree has a leaf in A(T"), then by our algorithm, if it’s M-
exposed, we augment M, otherwise, we extend 7', so all leaves of T" are in B(T'). That is,

for every vertex in A(T), it has a neighbor in B(T) in the tree with one larger height from
the root, and since € B(T'), we have |B(T')|> |A(T)|.
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* By what’s above, we know |B(T")|> |N(B(T))|, by the Corollary above, GG has no perfect
matching.

]

Definition 3.6

U C V is a vertex cover if Ve € E |leNU|> 1. We let 7(G) be the size of the smallest
cardinality vertex cover. Fact: v(G) < 7(G). Otherwise, consider the max cardinality
matching, you need at least | M| vertice to cover the M-covered vertices because for each
edge in M, you need one of the ends in the vertex cover.

Theorem 3.7: Konig’s Theorem

Let G be bipartite, then v(G) = 7(QG).

3.3 Matching 3

Recall ¥(G) < 7(G) and equality holds for bipartite graph. Suppose A C V, let Hy, ..., Hy be
odd connected components of G \ A.

Q: How many M -exposed vertices can there be?

If H; has no M-exposed vertices, then there exists at least on edge in M from H; to A (becasue
there are odd number of vertices in H;). But there are at most | A| such edges, implies there are at
least k — | A| M-exposed vertices for all matching M.

Recall: there are |V|—2|M| M-exposed vertices in any matching, which implies |V|—2|M|>
k — |A]|,YM. Itis equivalent to [M|< 5(|V|—k + |A]). Then, let k = oc(G \ A) (number of odd
components of G\ A),

V(G) < =([V|—0c(G\ A) + |A|),YA C V

N | —

We also note that if A is a vertex cover, then G\ A is a graph with no edges, so oc(G\ A) = |V |—|4],
then the bound above becomes |A|.

Theorem 3.8: Tutte-Berge Formula

Let G = (V, E) be a graph. Then
1
max{|M|: M is a matching} = 5 min{|V|—oc(G\ A) + |A|: ACV}

Theorem 3.9: Tutte’s Matching Theorem

G has a perfect matching <= oc(G \ A) < |A|,YAC V.

Proof. 1f oc(G) > 0, then G has no perfect matching and A = () violates oc(G \ A) < |A].
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If oc(G) = 0, then
G has a perfect matching
—= v(G) = g
<= n=min{n —oc(G\ A) + |Al: ACV}
<= min{|A|—oc(G\A): ACV}=0

But for A = (), |A|—oc(G \ A) = 0, so 0 can be obtained, that is,
min{|A|—oc(G\A): ACV} =0 < oc(G\ A) <|A|,VACV
]

So Tutte’s Matching Theorem is proved by using Tutte-Berge Formula, which is what we want
to prove now. Before that, we say u € V is essential if u is M-covered in EVERY maxmimum
cardinality matching M ; otherwise, it is inessential.

Proof. of Tutte-Berge Formula.

Goal:Show a matching M and A C V with exactly oc(G \ A) — |A] vertices (which is saying
oc(G\ A) — |A|= |V |=2|M]|). If such M, A are found, then the Tutte-Berge formula is proved. As
we have shown before, v(G) < 1(|V]—oc(G\ A) + |A]),VA C V, s0 v(G) < 3 min{|V|—oc(G \
A) + |Al: AC V}. When oc(G \ A) — |A|= |V|—2|M| many M -exposed vertices, we know

U(@) > (M= 5(IV]~0c(G\ 4) +]A]) < 5 min{][V]—oc(G\ A) + |A]: AV}

so the Tutte-Berge Formula holds.
Now we do induction on m = |E|
Base: m = 0, let A = (), we are done. Now assume m > 1 and pick uv € E:

Case 1: visessential. Let G’ = G \ v, then v(G’') < v(G). By induction, there exists matching M’
inG and A’ C V' \ {v} with

1
[M'|= 5(n =1 —oc(G"\ A) +|A')

Let M be a matching of G with |M|= v(G). Pick e € d(v) N M (it exists by v being
essential). Then M = M \ e is a matching in G’ which implies | M |= |[M|—1 < |M’|. Now,
suppose |M|—1 < |M’|, then |M|< |M’|, then since M’ is also a matching in GG, we have
|M|> |M'|, so |M|= |M’|, then M’ is a maximum cardinality matching in G without v,
so v is not essential, contradiction. Hence, |M|—1 = |M’|. Then let A = A’ U {v}, then
|Al=|A'|[+1and G\ A=G"\ 4', s0

M= ML = S(n 41— 06(G/\ A) +]A]) = £ (n— 0c(G\ A) + |A]

we are done.

Case 2: u, v both are inessential. Later.
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Let C' be an odd cycle, let G’ = G/C (contracting C'). Thatis V'(G) = V(G) \ V(C) U {C};
E(G)={e€c EG):enC=0}U{vC : Juv € E(G),u € V(C),v ¢ V(C)}. Note from this
point, we allow parallel edges. The idea is that a matching in G’ can be extend to a matching in G
with the same number of exposed vertices. The process is, let all edges in the matching of G’ be
in the matching of G, then let one vertex in C' to represent the C in G’, and C' has even number of
vertices left, then choose edges so they are all M -covered.

Proposition 3.10

Let G = (V. E), C an odd cycle, G' = G/C. Let M' a matching in G'. Then there exists
a matching M of G such that the number of M-exposed vertices in G equals the number of
M'-exposed vertices in G'.

Note we add 'm% new edges to M’ to get M. Therefore, v(G) > v(G') + 5%, but the equality
does not necessarily hold, for example

where the left graph G has v(G) = 3, the right one has v(G’) = 1 and |C|T_1 = 1. An odd cycle is
tight if v(G) = v(G") + <=L,

Now back to the proof, we pick a tight cycle C' containing uv and where C is inessential in
G’ = G/C. Then there exist /M’ matching of G, A’ C V(G'):

1= S(IV(E) ~ oclG'\ 4) + |A])

If C ¢ A, then any component of G’ \ A’ containing C will be a component of G\ A of same
pairing after extending back (that is, if the component in GG’ is odd, then the component in G will
also be odd because there are even number of vertices if deleting C, and C' has odd number of
vertices, same if the component in GG’ is even). Hence, there are

Cl-1
oc(G\A) 1= oG\ A)-|A|= V]| 1-2)pr'= VI [CT1-2 (13112 ) = w2l

many M -exposed vertices.
Q: But why does such C' exist? What if C € A’? O

3.4 Matching 4

Let wv € E. If u, v are inessential, then there is a tight odd cycle C containing the edge uv,
such that C is inessential in G' = G/C.
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Proof. Let M,,, M, be maximum cardinality matchings exposing u, v respectively. (Notel: uv ¢
M, U M,; Note 2: Mwu, Mv covers v, u respectively by the maximality). Then

* Degree of u,vis 1 in M,AM, := F ((V, F) is a vertex disjoint union of M,,, M, alternating
paths/cycles).

» There exists an alternating path P starting at « and the other end z is M,-exposed. Suppose
the other end is M,-exposed, then the path P is an M-augmenting path, contradicts to the
maximality of M in G. If z # v, then vu + P is an M, augmenting path in GG, contradiction.
Hence, P is an alternating path from u to v, let C' = uv + P, note C'is an odd cycle because
P has even length (by v = 2 is M, exposed).

- 0(C)N M, = . Since the path is alternating, the only vertex in C' not incident to a M,
edge in C'is u, but since u is M, -exposed, 6(u) N M,) = .

- M, \ C is a maximum cardinality matching in G \ C'. Suppose not, then there is a larger
matching M’ in G\ C. And consider M’ U{M, N E(C)}, itis a matching in G because
5(C)N M, = (). And it is larger matching in G than M, because

|M,|=|M,NE(G\C)|+|M,NEC)|< |M'|+|M,NE(C)|=|M U{M,NE(C)}

contradiction. Hence, C is inessential in G'.

- Hence, M, \ C is a maximum cardinality matching in G/C without including C, so C

.. J . COl—1 . .
is inessential in G/C. Since there are % many M, vertices in C', we know

Cl-1

v(G) = |My|= |M,\ C|+|M, N EC)|=v(G/C) + 5

so C'is a tight odd cycle containing uv, as required.

Let M be a matching, A C'V such that |M|= 1(|V|—oc(G \ A) +|Al|). Then all vertices in
A are essential.

Proof. Letv € A. Let A’ = A\ {v},V' =V \{v},G' = G\ {v}. Since the components of G \ A
are the same as the components of G’ \ A, we know

0c(G\ A) = oc(G' \ A')
) < 3 (V| -oe(G\ A) + |A)
= S(VI-1— 0c(G\ A) +]A|-1)
= |M|-1
so v is essential. [

Then answer our question, C € A’ reaches a contradiction because C is inessential. Hence, such C'
exists,and C ¢ A'. O
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3.5 Matching 5

We say an M -alternating tree 7" is frustrated if Vuv € E, uw € B(T'), we have v € A(T).

Proposition 3.13

If T is frustrated, then G has no perfect matching.

Proof. Since all neighbors of vertices in B(7T') are in A(T"), we know G \ A(T') has at least | B(T)|
many odd components, because each vertex in B(7") in G \ A(T') is an odd component. Hence,

loc(G\ A(T))|= [B(T)|> |A(T))
then by Tutte’s Matching Theorem, we know G has no perfect matching. ]

Letu,v € B(T) such that uv € E, then T'+uv has a unique odd cycle C' (called Blossom). Srhink
the Blossom and let G' = G/C.
O -—— -

Note:
 Edgesin M \ E(C) form a matching M’ in G'.
* Shrunken Tree 7" is M’-alternating in G'.
* Psuedonode v is in the set B(7") for the tree 7.

Note: One may need to shrink multiple times.
We say the graph obtained after shrinking (sequentially) Blossoms is a derived graph.
S(v) will represent the set of vertices that have been shrunk into v € V(G’), then

Yo € V(G'), S(v) = {”’ ifveVi(c)

UwecS(w), if v = ve, for some Blossom C

Note: |S(v)| is odd, Vv € V(G’) by definition |S(v)|= 1 or it’s a sum of odd many odd numbers.

Proposition 3.14

Let G’ be a derived graph from G, M' a matching of G', T" an M’-alternating frustrated
tree of G’ with all pseudonode in B(T"), then G has no perfect matching.
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Proof. 1f G has a perfect matching M, then for any Blossom C', G/C also has a perfect matching
M\ C, hence, G’ will have a perfect matching, but G’ has an M’-alternating tree,contradiction. []

Proposition 3.15

Let G’ be derived graph from G, M' an matching of G', T" an M'-alternating tree, uv €
E(G") withu,v € B(T"), C' unique cycle (Blossom) in T" + uv.

Then M" = M'\ E(C") is a matching for G" = G'/C" and T" = (V(T") \ V(C") U
{ver }, E(T') \ E(C")) is an M"-alternating tree in G" with ver € B(T").

Algorithm 7 Blossom Algorithm for Perfect Matching
Input graph GG and matching M of G
Set M' =M,G =G
Choose an M’-exposed node r of G’ and put 7' = ({r}, 0)
while there exists vw € E' withv € B(T),w ¢ A(T) do
ifw ¢ V(T), wis M'-exposed then
Use vw to augment M’
Extend M’ to a matching M of G
Replace M’ by M and G’ by G
if there is no M’-exposed node in G’ then
Return the perfect matching M’ and stop
else
Replace T' by ({r}, ®) where r is M'-exposed.
end if
else if w ¢ V(T'), w is M’-covered then
Use vw to extend T'
else if w € B(T') then
Use vw to shrink and update M’ and T’
end if
end while
return G', M’ T and stop; G has no perfect matching.

Theorem 3.16

Blossom algorithm does O(n) augmentation, O(n?) shrinks, O(n?) tree extensions and cor-
rectly determines if G has perfect matchings.

Proof. Each augmentation increase |M'| by 1, implies O(n) augmentation. Between two augmen-
tation steps, shrink reduces size of G’ by at least 2 vertices implies O(n) shrinks, so total O(n?)
shirnks. Similar for tree extensions. 0
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Algorithm 8 Blossom Algorithm for Maximum Cardinality Matching
Input graph GG and matching M of G
Set M =M,G' =G, T=0
(x) Choose an M'-exposed node r of G’ and put T' = ({r}, )
while there exists vw € E’ withv € B(T),w ¢ A(T) do
ifw ¢ V(T), wis M'-exposed then
Use vw to augment M’
Extend M’ to a matching M of G
Replace M’ by M and G’ by G
if there is no M’-exposed node in G’ then
Return the perfect matching M’ and stop
else
Replace T" by ({r}, 0) where r is M'-exposed.
end if
elseif w ¢ V(T'), w is M'-covered then
Use vw to extend T'
else if w € B(T') then
Use vw to shrink and update M’ and T’
end if
end while
T+« TU{ThHG +G\V(T); M' <+ M'\ E(T)
if There exists an M’-exposeed node in G’ then
go back to (x)
else
return M = Upcr My
end if

Proof. Let Ty, ..., T} be the trees in T'; M be the final matching. For each T;, there exists only
one M-exposed vertex in 7; because each 7; is an My, -alternating tree, so the only M -exposed
vertex in T; is its root, so there are k M-exposed vertices in total. Let A = U¥_; A(T;). Each vertex
in B(T;) is an odd component of G \ A because each 7; is frustrated, all neighbors of vertices in
B(T;) are in A. Hence,

k k
0c(G\ A) > Z T)1= > (JAT)|+1) = |A]+k

i=1
which implies

|M|=

Ok LV i-oe(G 4) + 1)

l\DIr—\

so M is a maximum cardinality matching. 0
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3.6 Matching 6

Definition 3.17: Gallai-Edmonds Decomposition

Let G = (V,E), B be the set of inessential vertices, C := {v € V\ B : v € Ng(B)},
D :=V\ (CUB). (B,C, D) is called the Gallai-Edmonds partition/decomposition of G.

Proposition 3.18

Let'T;,1 = 1,..., k be the frustrated trees found in Blossom algorithm. Then

C=ULAT), B=UL(Uesm)Sv), D=V\(BUC)

Note.
* This implies all components of G[B] are odd and C' is a minimizer of Tutte-Berge Formula.
* This also implies that Gallai-Edmonds decomposition can be computed in polytime.

* Implies G[D] only has even components. (every vertex in D is M-covered, and it’s not
matched to A nor B).

Proof. We saw all vertices in U¥_| A(T;) are essential (by the proof of correcness of the Blossom
Algorithm, we know A is the minimizer of Tutte-Berge Formula hence all vertices in it is essential).
For all v € UF, (U,UE B(T)S (v)), there exists an even M -alternating path from an M/ -exposed
vertex  to it. Pick such path P, and then M’ = M AFE(P) is a matching with |M'|= |M|, and v
is M'-exposed which implies that v is inessential.

* Consider v € V' \ (Ul_, A(T}) U (UL, (UyenrS(v)))), and consider G’ = G \ v. Since

Dl
D' only has even components, we know oc(G’ \ C') = oc(G' \ C'\ v) > oc(G \ C), not D is
not connected to BB, so we removing v will not increas the number of components in 53, but
only D. Hence

v(G) < 5 (V-1 =oc(G"\ C) +|C]) < % (IV]=oc(G\ C) +C) = v(G)

1
2

¢ Hence, v is essential.
Note.

» v € D’ is not adjacent to a vertex in B, otherwise, if v is M-covered, we can extend M, if
it’s M-exposed, we can augment M .

* v € C is adjacent to a vertex in B by the definition of the alternating trees.
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4 Weighted Matching

4.1 Weighted Matching 1

Minimum Weight Perfect Matching
Given G = (V, E), c. € R,Ve € E, find a perfect matching M of G minimizing c(M) = > .,/ Ce-
Idea:

min E Cee

eclk
st. z(d(v))=1LYveV
r>0,xeZf
and we can have the relaxation as
(Pyr) = min Z Cele
ecl
st.  z(d(v)) =1Yv eV,
>0

(Dyr) : max Zyv

veV
st. Yoty < Cp,Vuv € E

Note: Zp,, := optimal value of (Py), so Zp,, < ¢(M),V perfect matching M. (Notice that every
perfect matching’s indicator vector is a feasible solution for Py;).
Q: Can we solve our problem by solving (Py;)?

1
0
0
1
0 0
0 0
1

Every perfect matching has at least one edge with cost 1. However, the optimal value of Py, is 0
because we can give 0.5 to those edges of the triangles.
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Theorem 4.1: Birkhoff

Let G = (V, E) be bipartite, c € RE, then G has a perfect matching if and only if (Py;)
is feasible. Moreover, if (Pyy) is feasible, then let M* be a minimum cost perfect matching,
then we have Zp,, = c(M*).

Proof.
G has a perfect matching <= P, is feasible (SKIPPED)

Remaining statement: Algorithmic Proof.
Construct a matching H that corresponds to a optimal solution to (P);) using Complementary
Slackness:

* Let 7 be feasible for (D).
s Let = ={w e E:y, =7, = Cu}

 If G~ := (V, E7) has a perfect matching M, then x| % satisfy Complementary Slackness
conditions, so we are done, we know )M is a minimum weighted perfect matching.

* Else, update 7.

But how should we update y?
Recall at the end of the algorithm for perfect matching on G=, we will be in one of the two
situations

a) Found a perfect matching M, and it’s the min weighted perfect matching in G.
b) It finds a frustrated tree in G~—.

Idea: Update 7/, s to get £, such that

new

* 7 is still feasible for (D).
e Current M C E=

new:*

* Current £(T) C E-.

new*

* Atleastoneedge uv € E\ E5,:ue B(T),veV(T)isinE_,,.

Y. +e, Yue B(T)
Let e = min{cy, — ¥, — Y, : v € B(T),v ¢ V(T)},andlety’ =<y, —¢, Yue A(T).

* 7" is still feasible for (P,). Since the graph is bipartite, no uv € E such that u,v € B(T).
Ifue B(T),ve A(T), theny, +7s =7, +7,. fuec AT),v ¢ V(T), then g, + 7, =
U+ Ty — €< T, +7p < Cup. Ifu € B(T),v ¢ V(T), then

ﬂffi‘m :yu+yv+€ gyu—i_gv—i_cuv - (yu—i_yv) = Cuv

Ifu,v & V(T), theny, + 75 =Y, + V-



Fall 2024 Rui Gong Weighted Matching

* M C E;.,. Consider any edge uv in E(T'), then it has one end in A(7") and the other end in
B(T), so we know ¥ + ¥ =7, + Y, = Cups SO uv € E- . Thatis, M C E(T) C E;

new:*

]

Algorithm 9 Min Weight Perfect Matching Algorithm for Bipartite Graphs
Let y be a feasible solution to (Py), M a matching of G=
If M is a perfect matching of G, return M and stop
Set T' < ({r},0) where r is an M-exposed node of G
while not stopped do
while there exists vw € E= withv € B(T), w ¢ V(T') do
if w is M-exposed then
Use vw to augment M
if there is no M -exposed node in G then
Return the perfect matching and stop
else
Replace 7" by ({r}, 0) where r is M-exposed
end if
else
Use vw to extend 7'
end if
end while
if every vw € E with v € B(T) has w € A(T') then
Stop, GG has no perfect matching
else
Let e = min{c,y — Yo — Y : v € B(T),w ¢ V(T)}
Replace y, by y, + € forv € B(T), y, — € forv € A(T).
end if
end while

Note.
* M C E~ all the time, so if we find a perfect matching, it will be a min weight one.

* Stopping points: either we find a perfect matching in G or we find a frustrated tree in G (not
G7), so there is no perfec matching.

* The loop can only run polynomially many times because for every iteration, one more egde
will be added to 7", so the algorithm will terminate in polynomial time.
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