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Chapter 1

Minimum Spanning Trees

1.1 Foreword

Discrete optimization deals with finding the best solution out of a finite number
of possibilities in a computationally efficient way. Typically the number of possible
solutions is exponentially large and in order to obtain an optimum solution efficiently,
insights into the problem structure are required to succeed. These lecture notes are to
a good part based on the excellent lecture notes by Schrijver [Sch17| (in particular our
earlier chapters). Other parts are based on different sources that will be mentioned
at the beginning of the respective chapters. The reader should understand that
these notes are solely created for reference for the students of the Math 514 course
and we do not claim any originality in the exposition or in the results. In case
of any correctness issues, the reader is refered to the original work. Sections that
are somewhat optional and are not necessarily covered in every iteration of 514 are
marked with *.

1.2 Undirected graphs

Many mathematical optimization problems can be naturally phrased as a problem
on networks or graphs. For that reason we introduce the most common terms.
Unfortunately, many graph theory terms are not standardized; we follow here the
definitions of Diestel [Diel2].

An wundirected graph is of the form G = (V,FE) where V is a finite set and
E C {{u,v} : u,v € Vu # v}. We call V the vertices and E the edges of G. Here
is a visualization of an example graph:
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1 3

~

®5

2 4
Graph G = (V,E) with V = {1,2,3,4,5}

and E = {{1,2},{1,3},{2,4}, {3,4}, {3,5}}

We also write G = (V(G), E(G)). We will also use the terms vertices and nodes
interchengably. Given a graph G = (V| FE), and a subset U C V, the edge set
S(U) = {{u,v} € E| [{u,v} NU| =1} is called a cut. For example, the bold edges

in the figure below form a cut.

ll\ \

A subgraph of G = (V(G), E(Q)) is a graph H = (V(H), E(H)) where V(H) C
V(G) and E(H) C E(G) with the restriction that if {7, j} € E(H) then i,j € V(H).

If V! C V(@G), then the subgraph induced by V' is the graph (V’, E(V')) where
E(V") is the set of all edges in G for which both vertices are in V.

A subgraph H of G is a spanning subgraph of G if V(H) = V(G), i.e. the
subgraph contains all vertices of the original graph.

A walk in a graph G = (V, E) is a sequence of vertices and edges vy, e1, v1, €2, Vg,
€3,...,€k, Uk, such that for : = 0,...,k, v; € V, ¢; € E where ¢; = {v;_1,v;}.

Vo @
U1 =V —
x 6 /U/
62—66
er

a walk of length 7

V7 @

A walk in which start and end vertex are identical, i.e. vy = v, is a closed walk.

Vo = Vg IN /US/I (R}
ol / \
closed walk of length 6

A path is a graph P = (V, E) with vertices V' = {wvg,v1,...,v;} and edges
E = {{vo,v1}, {v1,v2}, ..., {vg_1, vk }} and all vy, ..., vy are distinct. The length of
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the path is the number of edges in the path which equals k. We refer to such a path
as (vg, vk )-path if we want to emphasize the endpoints.

Vo U1 . Vg
[ ] @ { ] { ] { ]

path

A cycleisagraph G = (V, E) with V = {vg,v1, ..., 051} and E = {{vg, v1},{v1,v2},...,{vk_1,v0}}
where vg,...,v,_1 are distinct and k > 3.

U1
® )
Vo ./
\o )
Vk—1

cycle with k = 5 vertices and edges

A graph G is acyclic if it contains no cycle as subgraphs. An acyclic graph is called
a forest. A connected forest T'= (V(T), E(T)) is a tree.

°
forest tree T'

A subgraph T' = (V(T'), E(T)) is a spanning tree of G, if T' is spanning, connected
and acyclic.

° °
spanning tree

A Hamiltonian circuit of G is a subgraph that is a spanning cycle.

—o—o
Hamiltonian circuit/tour

Given a graph G = (V, E) we can define an equivalence relation so that u ~ v if
there exists a u-v path in G. Let V1,..., V} be the equivalence classes of that relation.
Then the induced subgraphs G[V1],...,G[V;] are called (connected) components of
G.
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Vi Vo
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(connected) components

A set M C E of edges with degree at most 1 for each vertex is called matching. A
set M C E of edges with degree exactly 1 for each vertex is called perfect matching.

) ° ° ) ° )
matching perfect matching

We want to make the following convention: Formally speaking paths / trees
/ spanning trees / cycles / Hamiltonian circuits are defined as (sub)graphs H =
(V(H),E(H)). Often we will refer to an edge set F(H) as paths (or trees etc) in
which case the subgraph is meant that contains all the vertices incident to F(H).

1.3 Minimum Spanning Trees

This section is a reproduction of Section 1.4 in [Sch17]. The first problem that we
discuss will be the one of finding the cheapest spanning tree in a graph:

MINIMUM SPANNING TREE

Input: Undirected graph G = (V, E), length function ¢ : F — R

Goal: A spanning tree T of G (i.e. E(T) C E(G)) minimizing ¢(T') :=
ZeeE(T) £(e).

N SN
IZAVA NS AV

graph G = (V, E) minimum spanning tree T

One may easily imagine applications to designing road systems, electrical power lines
or telephone lines. We summarize two facts on spanning trees (we leave the proofs
to the reader).

Lemma 1.1. Let T be a spanning connected subgraph of G. The following condi-
tions are equivalent
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e T is a spanning tree (i.e. acyclic).
e One has |E(T)| = |V(T)| — 1.
e For each edge e = {u,v} € E there exists a unique u-v path in T

Lemma 1.2. Let T be a spanning tree in G. Suppose e € E(G) \ E(T) and let
f be any edge on the unique path in T between the end points of e. Then T' =
(V(T),E(T)\ {f} U{e}) is again a spanning tree in G.

spanning tree T' spanning tree T’
The Dijkstra-Prim algorithm

We suggest the following algorithm:

Dijkstra-Prim Algorithm

Input: A connected graph G with edge costs ¢ : E — R.
Output: A MST T of G.

(1) Choose any v € V and set T := ({v},0)

(2) WHILE V(T) #V

(3) Choose e € §(V(T')) of minimal length
(4) Add e to E(T') (and include endpoint of e)

We would like to note that the earliest algorithm for finding an MST is due to
Boruvka (1926). Later variants appeared by Dijkstra [Dij59] and Prim [Pri57].

The algorithm above is also called a “Greedy algorithm”. While there is no
formal definition of what a greedy algorithm is, typically a greedy algorithm builds
a solution iteratively by selecting the cheapest option in every step without looking
ahead or revising past choices. We will now prove that the Disjkstra-Prim algorithm
always finds an optimum solution. The following definition will be useful:

Definition 1.3. Fix a graph G and length function ¢. A forest F' (in G) is called
greedy if there exists a minimum spanning tree 7' with E(F') C E(T).

Intuitively, this means a forest is greedy if it can be extended to a minimum
spanning tree. Now to the main technical claim that shows how one can grow a
forest while keeping it greedy:
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Proposition 1.4. Let F' be a greedy forest, U be one of the connected components.
If e € §(U) is an edge of minimum length in 6(U), then F' U {e} is again a greedy
forest.

Proof. Let F be a greedy forest and let U be one of its connected components U.
As F' is greedy, there must be some MST T with E(T) O E(F).

T
. o FRREPE .\F
® o/.\oi o/.
........ IR

Select e € 6(U) of minimum length. Since T' is a spanning tree, there must be a
unique path P in T between the endpoints of e. Since one endpoint of P lies in U
and one endpoint lies outside of U, there must be an edge f € E(P)NJ§(U).

We have £(e) < £(f) by assumption and moreover T" := (V, (E(T) \ {f}) U {e}) is
a spanning tree. Then ((T") = ¢(T) — ¢(f) + £(e) < ¢(T) and hence T" is an MST
that includes F'U {e}. O

Using this proposition it is easy to prove correctness of the Dijkstra-Prim algo-
rithm.

Corollary 1.5. The Dijkstra-Prim algorithm yields a MST of G.

Proof. At start T = ({v},0) is a greedy forest. In every step, the Dijkstra-Prim
algorithm selects a cheapest edge in §(V (7)), hence by Proposition [[L4] T" remains

a greedy forest. At the end, T is a spanning tree that is greedy. By definition of
greedyness, there must be an MST 7™ with E(T') C E(T*), but then 7% =T7. O

Kruskal’s algorithm

One can also construct a different greedy-style algorithm that selects edges without
keeping the edge set connected.
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Kruskal’s Algorithm

Input: A connected graph G with edge costs £ : E — R.
Output: A MST T of G.
(1) Sort the edges such that £(e1) < l(ez) < ... < l(en).

(2) Set T = (V,0)

(3) For ¢ from 1 to m do
If T'U {e;} is acyclic then update T := T U {e;}.

We will also prove correctness for Kruskal’s algorithm:
Theorem 1.6. Kruskal’s algorithm computes an MST.

Proof. In fact, we will use the same Proposition [[L4l Again, at the beginning (V)
is trivially a greedy forest. In every step we add a cheapest edge crossing one of the
connected components. So we again terminate with a connected greedy forest which
must be an MST. U

1.4 The Maximum Reliability Problem

Minimum spanning trees have numerous applications. Here we will showcase one.
We are given a graph G = (V, E) and a function s : E — R>o where we call s(e) the
strength of an edge. For a path P in G, we define the reliability as

P) = i
r(P) = min s(o)

Moreover, for a pair u,v € V, define the reliability as
ra(u,v) := max{r(P) : P is u-v path in G}

One can imagine that G is a communication network and if we send data between
u and v along a path P then the minimal bandwidth on any edge determines the
data rate. Naturally we would be interested in determining the u-v path P that
maximizes the data rate, which would define r¢(u,v).

o P
/7 N0

We will not only prove that one can use an MST algorithm to solve the maximum
reliability problem, but also show that an MST with respect to lengths —s(e) provides
a compact solution:
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Theorem 1.7. Let T' be a spanning tree in G maximizing zeeE(T) s(e). Then
rp(u,v) = rg(u,v) Yu,v € V.

Proof. 1t suffices to prove that rp(u,v) > rg(u,v). Fix a u-v path P in G. We
need to prove that there is a path @ in T so that r(Q) > r(P). Let vg,..., v, be
the nodes of P with {v;_1,v;} € E(P) and let @Q); be the unique v;_1-v; path in T
We know by optimality of T' that s(e) > s(v;_1,v;) for all e € E(Q;). Let @ be
concatenation of Q1,...,Qn. Then Q is a u-v walk in T with r(Q) > r(P).

o= —o_ Q;
o Ne
P N ’
\, /
U e ° ° 'Y ° ° o
UVi—1 U

1.5 Exercises

Exercise 1.1.
Find, both with the Dijkstra-Prim algorithm and with Kruskal’s algorithm, a spanning tree
of minimum length in the graph in the figure below.

v v Vs
[} o [ ]

NAVAV
ANANAN

[ J (] o o
U1 V2 U3 4

Source: This exercise is taken from Schrijver [Sch1T].

Exercise 1.2.
Let G = (V, E) be a graph and let £ : E — R be a length function. Call a forest F' good if
L(F") > U(F) for each forest satisfying |F’| = | F|.

Let F be a good forest and e be an edge not in F so that F' U {e} is a forest and such
that (among all such e) £(e) is as small as possible. Show that F U {e} is good again.
Source: This exercise is taken from Schrijver [Sch1T].



Chapter 2

Matroids — the basics

This chapter is a reproduction of Chapters 10.1 and 10.3 in Schrijver [Sch17]. Let us
recall Kruskal’s algorithm from Chapter [[.3] to find an MST in a graph G = (V, E)
with |E| = m and length function ¢: F — R:

(1) Sort the edges such that £(e1) < l(ez) < ... < l(en).
(2) Set T = (V, ()

(3) For ¢ from 1 to m do
If T'U{e;} is acyclic then update T := T U {e; }.

While Kruskal’s algorithm is a greedy algorithm we have proven that for any graph
and any weights ¢, it always finds the optimum. Clearly one can design very similar
greedy-style algorithms for other problems. For example, suppose we wanted to find
a maximum weight matching in a graph G = (V, E). If in the graph below we select
the maximum weight edge first, then we will arrive at a solution of value 4 +1 =5
while there is a better matching of value 3 + 3 = 6.

a 1 b
° °
3 3
° °
d 4 c

Certainly some structure is needed so that greedy solutions are optimal. That struc-
ture is precisely captured by matroids!

Definition 2.1. A matroid is a pair M = (X, T) where X is a finite set and Z C 2%
so that the following holds:

(i) Non-emptyness: ) € T

(ii) Monotonicity: If Y € Z and Z C Y then Z € 7.

15
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(iii) Ezchange property: fY,Z € T and |Y| < |Z| then for some x € Z\'Y one has
YUu{z} el

The set X is called the ground set and the family of sets Z is the family of
independent sets.

Definition 2.2. Let Y C X. A set B C Y is called a basis of Y if B € Z and for
all z €Y \ B one has BU{z} ¢ .

Phrased differently, a basis is an inclusion-wise maximal independent set (always
with respect to some set Y C X that does not need to be itself independent). We
state a lemma that we will prove in the exercises:

Lemma 2.3. Let M = (X,7Z) be a matroid and let Y C X. Any two bases By, By
of Y have the same cardinality, i.e. |Bi| = |Ba|.

Since bases of Y have the same cardinality it makes sense to give a name to that
quantity. We define the rank of Y as

ry(Y) =max{|B|: BCY and Be€ T}

We define rank of the matroid M itself as rp;(X). One can prove that the exchange
property (iii) is equivalent the property that all bases have the same cardinality.

Lemma 2.4. Let M = (X,Z). Then M is a matroid if and only if
(i) vel
(i) IfY € Zand Z CY then Z €T

(iii’) For all Y C X, all maximally independent subsets of Y have the same cardi-
nality.

Again, we leave the proof for the exercises.

2.1 Examples of matroids

There are numerous examples of matroids. We will discuss two classes.
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Graphic matroids

Let G = (V, E) be an undirected graph. Then (F,Z) with Z := {F C F | F' acyclic}
is a matroid. Such matroids are called graphic matroids. We can also describe the
rank function explicitly. For a set Y C E, let Hq,..., H; be connected components
of the subgraph (V,Y). Then one can see that

k
rky (V) = V| — k=Y ([V(H;)| - 1)
i=1

The linear matroid

Let V be a vectorspace (for example R™). Pick any subset X := {vy,...,v,} CV
and let
7 :={Y C X | Y linearly independent }

Then M = (X,Z) is a matroid, called a linear matroid. In particular for Y C X one
has

rky/ (V) = dim(span(Y))

2.2 The Matroid Greedy Algorithm

We will now show that a Kruskal-type greedy algorithm can find a basis Y of a
matroid that maximizes ) .y w(z) where w : X — R is any weight function.

The Matroid Greedy Algorithm

Input: Matroid M = (X,Z) and weight function w: X — R.
Output: A basis Y maximizing w(Y) := > .y w(x).
(1) Sort the elements in X = {ej,..., ey} such that w(e;) > w(ez2) > ... >
w(en).
(2) Set Y :=10
(3) For i from 1 to n do
If YU{e;} €7 then update Y :=Y U {e;}.

Note that in case of a graphic matroid, the matroid greedy algorithm is identical
to Kruskal’s algorith. Now we will now prove that indeed for any matroid, the
algorithm finds an maximum weight basis. First we prove a simple lemma which is
a frequently used argument when dealing with matroids.

Lemma 2.5. Let M = (X,7Z) be a matroid and let Y C Z C X withY € Z. Then
there exists a basis Be€ 1 of Z withY C B C Z.

!Note that since weights maybe negative, maximizing w(Y") is equivalent to minimizing —w(Y).
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Proof. Start with B := Y. Aslong as B is not yet a basis of Z, there is some element
x € Z \ B so that BU{z} € Z. We iterate until B is a basis. O

Now we come to the main theorem. Actually we will prove the stronger claim
that if we had chosen any weaker property instead of (iii), then the greedy algorithm
would fail for some weight function.

Theorem 2.6. Suppose M = (X,Z) satisfies conditions (i) and (ii). Then the
following is equivalent:

(A) M is a matroid.

(B) For any weight function w : X — R, the greedy algorithm finds a maximum
weight basis.

Proof. (A) = (B). We fix a matrix M and a weight function w : X — R. We will
generalize the analysis of Kruskal’s algorithm.

Definition 2.7. We say an independent set Y € 7 is greedy if there is a maximum
weight basis B with Y C B.

We prove how to grow an independent set while keeping it greedy.

Claim I. Suppose Y € I is greedy and x € X \'Y so that Y U{z} € T and w(z)
mazimal. Then'Y U {zx} is greedy.

Proof of Claim. By assumption, Y is greedy, hence there is a maximum weight
basis B with B D Y. If z € B, then Y U {z} C B and we are done! So suppose
x ¢ B. Construct basis B’ with Y U {z} C B’ C BU {z} (see Lemma [Z5]). As
|B'| = |B| there is a unique element 2’ € B\ B’. By choice of z, w(z) > w(z’) and
so w(B') > w(B). Then Y U {z} is greedy! O
B

B/

Let Y; C {e,...,e;} be the set Y after iteration i in the algorithm.

Claim II. For alli, Y; is a basis of {e1,...,e;}.

Proof of Claim II. By construction, each Y; is an independent set. Suppose for
the sake of contradiction that for some 4, Y; is not a basis of {ej,...,e;}. Then there
is some e; ¢ Y; with j < so that Y; U{e;} € Z. In particular we did not select e;
in iteration j but from Y; C Y; we know that Y; U {e;} € Z which is a contradiction.
To finish the direction, note that Kruskal’s algorithm always adds the maximum
weight element € X \'Y so that Y U {} € Z. Hence the final independent set
Y will be greedy. By Claim II, the final independent set Y is also a basis of the
matroid.



2.3. EXERCISES 19

—(A) = —(B). Now assume that M is not a matroid and in particular (iii) is
not satisfied. That means there are Y, Z € Z with k := |Y| < |Z] so that YU{z} ¢ T
for all z € Z\'Y. We claim that there is a weight function w : X — R for which the
greedy algorithm does not find the maximum weight basis. In fact, we define

k+2 ifzeY
w(x):=q¢k+1 ifzeZ\Y
0 ifre X\ (YUZ)

The greedy algorithm will pick all the elements in Y plus potentially some elements
in X\ (YUZ) (which have value 0. Then the value of the greedy solution is

w(Y)=k(k+2) < (k+1)? <w(Z2)

< BT

Y A

[ Jew]

2.3 Exercises

Exercise 2.1.
Let (X,Z) be a pair with X finite and Z C 2%. Consider the following properties:

(i) 0eZ

(i) Y eZand ZCY, then Z € T.
(i) Y, Z €Z and |Y] < |Z|, then Y U{z} € T for some z € Z\Y.
(iv) For any Y C X, any two bases of Y have the same cardinality.

Assume that (i)-+(ii) hold. Prove that (iii) and (iv) are equivalent.
Source: This exercise is taken from Schrijver [Schi7].

Exercise 2.2.

Let M = (X,Z) be a matroid. An inclusion-wise minimal dependent set Y C X is called a
circuit. Two elements z,y € X are called parallel if {z,y} is a circuit. Show that if  and
y are parallel and Y € Z with € Y, then (Y \ {z}) U {y} € Z.

Source: This exercise is taken from Schrijver [Sch17].
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Chapter 3

Polytopes, Polyhedra, Farkas
Lemma and Linear Programming

Discrete optimization is typically about optimization with a finite number of candi-
date solutions. On the other hand, convex programs and linear programs contain in
general an infinite number of points. We will later make the connection in Chapter Bl
First we give an introduction into linear programming and the related geometry. Here
we very closely follow Chapter 2 in Schrijver [Sch17].

3.1 Convex sets

We begin with a basic definition:

Definition 3.1. A set C C R™ is convez if for all z,y € C' and 0 < XA < 1 one has
A+ (1-NyecC.

Intuitively, for any pair of points z,y € C' in a convex set, the line segment
connecting them must lie inside C.

convex not convex

The point A\x + (1 — \)y is called a conver combination of x and y. It is not difficult
to see that intersections of convex sets are again convex:

Lemma 3.2. Let C; C R" be convex for i € I. Then ﬂz‘el C; is convex.

Proof. Let z,y € ();c; Ci and 0 < A < 1. For any i € I we have z,y € C; and hence
Az + (1 =Ny € C;. Then Az + (1 — Ny €, Ci. O

21
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CinNCy
A consequence of this lemma is that for any set X C R"™ there is a unique smallest
set containing X, which we denote by

conv(X) := ﬂ C

CDOX:C is convex

We can also give an alternative characterization of what the convex hull of X is:

Lemma 3.3. For any X C R" one has

conv(X):{zt:)\.:E.| teN, z1,...,2p € X, }
— il )\ZEOVZ:L,taHde:l)\Z:l
1=
2 COUV{(El’,,,’(EE—)}
I
x3
Zq

Definition 3.4. For ¢ € R*\ {0} and 6§ € R, the set H = {x € R" | Tz = §}
is called an affine hyperplane. The set H< = {x € R" | cf'z < 6} is a (closed)
half-space and H. := {x € R" | 'z < 6} is a (open) half-space.

\\A R* . A R?

..'4:

Y

N\

closed halfspace H< open halfspace H .

Definition 3.5. We say that a hyperplane H separates two sets X C R™ and
Y CR", if X and Y lie in different open halfspaces of H.
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It is an important result that disjoint convex sets can always be separated by
a hyperplane. The reader may note that this result has an infinite-dimensional
analogue, called the Hahn-Banach Theorem. We denote B(z,r) := {x € R" | || —
z|l2 < r} as the Euclidean ball of radius r with center z.

Theorem 3.6 (Separating Hyperplane Theorem). Let C' C R™ be a closed convex
set and z € R™ \ C. Then there is a hyperplane separating z and C.

Proof. The claim is true if C' = (), so suppose C # ().

Claim I. The minimum min{||z —y||2 : y € C} is attained.

Proof of Claim I. Fix r > 0 with B(z,7) N C # 0. Then min{||z —y|l2: y € C} =
min{||z —y|2 : y € B(z,7) N C}.

Moreover the set B(z,7) N C is compact and the map y — ||z — yl||2 is continuous.
The claim then follows. O

Now to the main statement. Fix the point y € C' minimizing ||z —y||2. We choose
the hyperplane H := {z € R" | Tz = §} with ¢ :=z —y and § := ¢ (5H¥).

H

c vy | 2
—

Claim II. One has ¢z > 6 and 'z < §Vx € C

Proof of Claim II. First, we verify that indeed ¢’z = §+3||c/|3 > 6. Next, suppose
for sake of contradiction that there is an 2 € C with ¢’z > §. Note that in particular
one has ¢’z > ¢’'y. Consider y(\) := (1 — A\)y + Az for some parameter 0 < A < 1
that we determine later.

Q

z 0T—
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Then using that ¢ = z — y we have

lz=yNI3 = lle+ Ay —2)II3

!
= Jelf +2xc"(y — 2) +3%y — @[l < llell3 = ||z - ylI3
N—_——

<0

if we pick A > 0 small enough. O

Definition 3.7. Vectors z1,...,x, € R™ are affinely independent if

(;/\izni:Oand ;Aizo) N </\1:...:>\m:0)

The relationship of affine to linear independence is as follows:

Lemma 3.8. z1,...,2, € R" affincly independent < (%}),..., (*1") are linearly
independent.

From Lemma [B.8 we can see that at most n + 1 points in R™ can be affinely
independent. Also note that affine invariance is invariant under translation. We
define the unique smallest affine subspace containing X as

t t
affinehull(X) := {Zx\m | x1,...,2¢ € X and Z)\i = 1}
i=1 =1

affinehull (X)

Y

3.2 Polytopes and polyhedra
One can prove that any closed convex set is the intersection of a set of halfspaces:
Lemma 3.9. For any closed convex set C'C R" one has C = (\y.ccpy_ H<.

Here the intersection is over all closed halfspaces that contain C.

A\
H
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We leave the proof for the exercises. It is not hard to see that possibly an infinite
number of halfspaces are needed — see for example the Euclidean ball in dimension
at least 2. We give a name to those convex sets where finitely many halfspace suffice:

Definition 3.10. The intersection of a finite number of closed half-spaces is called
a polyhedron.

P

polyhedron P C R?

Note that every polyhedron is closed and convex. It will be useful to any polyhedron
P can be repesented in the form

A{J} < bl
ATy < b
P={zcR"|[Az<b}=JacR"| ’
ATz < by,

for a matrix A € R™*" and a vector b € R™ (here A; is the ith row of matrix A
interpreted as a column vector). We provide another definition:

Definition 3.11. P C R" is a polytope if P = conv{xy,...,x;} for a finite number
of points x1,...,x; € R™

X2 P = conv{xy,...,x4}
1

I3

T4
Assuming boundedness, both concepts are identical.

Theorem 3.12. Let P C R™. Then P is a polytope if and only if P is a bounded
polyhedron.

For the proof we refer to Section 2.2 in Schrijver [Sch17].

Definition 3.13. Let C C R" be a convex set. A point z € C is called vertex
(or extreme point) if there are no z,y € C and 0 < A < 1 with = # y so that
z=Xx+ (1 - Ny.

In other words, a point z € C is a vertex if it is not a non-trivial convex combi-
nation of points of C.
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o P P
vertices \

vertices of polyhedron P C R?

Characterization of vertices

We can characterize the vertices of a polyhedron using the constraint system:

Lemma 3.14. Suppose P = {x € R" | Az < b} be a polyhedron with A € R™*™
b€ R™ and let z € P. Let A, be the submatrix of A consisting of those rows i s.t.
ATz =b;. Then z is a vertex of P < rank(A,) = n.

i3
T
Py Ai}
z AZ = 14@2
19 AT
i3

Proof. We fix a point z € P and prove both directions separately.

Claim I. rank(A,) < n = z not a vertex

Proof of Claim I. Since rank(A,) < n, there is a vector y € ker(A,)\ {0} (meaning
that A,y = 0). For some small enough § > 0, we have A7 (2 + dy) < b; and
AT (z — §y) < b; for any non-tight constraint (i.e. any constraint with A7z < b;).

Then z + dy, 2z — dy € P and hence z is not a vertex O
z— 0y
z
z+ 0y
p Y

Claim II. z not a vertex = rank(A,) <n
Proof of Claim II. Suppose z is not a vertex. By definition and convexity there is
some y € R™\ {0} so that z4+y € P and z —y € P.

Y
z

+
N Y
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Consider an index 7 with AZTz = b;. Then
(A7 (z+y) <bi & Af(z—y)<b)=> Afy=0
Hence y € ker(A,) and so rank(A4,) < n. O

We can prove a useful variant of this lemma. For an index set I C [m], we denote
Ay as the submatrix of A containing all row vectors.

Lemma 3.15. Let P = {x € R" | Az < b} be a polyhedron with A € R™*™ and
b € R™. For each vertex z € P, there is a subset I C [m] with |I| = n so that
rank(A;) =n and z = A; by

Proof. By Lemma B.14] there is a set J C [m] so that rank(A;) = n and all in-
equalities in J are tight for z. Select any maximal subset I C .J so that {4, };cr are

linearly independent. Then |I| = n, Aj is non-singular and Ajz = by can be inverted
to z = Al_lbI. O

As there are only (') many choices to select I C [m] with |I| = n, we conclude
the following:

Corollary 3.16. A polyhedron P = {z € R" | Ax < b} with A € R™*" and b € R™
has at most (') vertices.

For n = 2, Cor gives an upper bound of O(m?) while it is not hard to see
that in reality the tight bound must be m. And in fact, one can prove a stronger
bound. The so-called Upper Bound Theorem by McMullen [McM70] shows that the
number of vertices is indeed at most O(m!™/2).

The following result is often quite useful:

Theorem 3.17 (Carathéodory’s Theorem). If X C R"™ and x € conv(X), then there
is a subset X' C X with |X'| <n+ 1 so that z € conv(X").

The proof is similar to the argument in Lemma B.14] and we defer it to the
exercises. For example the statement says that any point z in a 2-dimensional
polytope is contained in the convex hull of at most 3 of its vertices:

e X’

Convex cones

A special type of convex set is the following:
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Definition 3.18. A set C' C R™ is a convex cone if

M+puyeC Ve,yeC YA,u>0

C

Again it will be useful to consider the unique minimal cone containing a set X:

Definition 3.19. For X C R" we define

t
cone(X) := { E AT | x1,...,2¢ € X; )\1,...,)\1520}
i=1
——
conical combination
of 1,...,z¢
1 cone({x1,x2,z3})
0 °
Z2
3

We can also provide a variant of Carathéodory’s Theorem:

Theorem 3.20 (Carathéodory’s Theorem — Conic version). If X C R™ and x €
cone(X), then there is a subset X' C X with |X'| <n so that x € cone(X’).

3.3 Farkas Lemma

We come to a classical result in the theory of linear inequalities which says that
if a linear system is infeasibly, then there must be an obvious certificate for that
infeasibility. In the following we write V as the exclusive or. For example, if S and
T are statements, then SVT means that exactly one of the two statements is true.

Lemma 3.21 (Farkas’ Lemma 1902). For any A € R™*" and b € R one has
(Jz>0:A4z=b) V (EIy:yTAEOandyTb<O).

Proof. We prove both directions separately.
Claim 1. It is impossible that both systems have a solution.
Proof of Claim I. Suppose for sake of contradiction that there are solutions x,y
to both systems. Then
0<@rA) =z =97 (Az) =9Tb <0

—— ~——
>0 =20 =b
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which is a contradiction. O

Claim II. Assume there is no x > 0 with Ax = b. Then there is a yTA >0 and
T

y'b <.

Proof of Claim II. Let A',..., A" be the columns of A. Consider the cone C :=
cone({Al,...  A"}) = {Az | x € R%,} spanned by those columns. Then C' is convex

and Close. By assumption we know that b ¢ C. Then by Theorem [3.6] there is a
hyperplane y”'c = v separating C and b.

| C vl
43 7

Separation here means that
VeeC: yle>~y>yTb
As 0 € C, we must have v < 0. For any z; > 0 we have 2;A° € C and so z;-yT A* > ~.

Then indeed it must be that y” A* > 0 for each i € [n]. More compactly this means
yT A > 0 as claimed. O

There are many variants of Farkas’ Lemma. We mention a few here:

Proposition 3.22. Let A € R™*™ and b € R™. Then
() Jz:Az<b & Ay>0:y"A=0,y"b<0
(II) 3z >0: Az =b < ABy:y"A>0,y"b<0

x>0:Ax < & y>0:y >0, y°b<
II1) 3 A b A TA Th <0

!The latter fact actually requires some thought. Abbreviate cone(A) as the cone spanned by the
columns of A and let us assume that rank(A) = m otherwise the argument reduces to a subspace
containing all the columns of A. Let us write A’ as the submatrix with columns indexed by
J C [n]. Then by Carathéodory’s Theorem (Theorem B.20) one has C' = U, ;| ank(a7)=m cone(A”)
which is a finite union and so it suffices to prove that cone(B) is closed for some regular matrix
B € R™ ™. And indeed if 2 € cone(B) is a convergent sequence, then B™'z® > 0 and by
linearity the limit y := lim; . B~'2® exists and y > 0. Then ||[By— 2|2 = |By— BB~ 2|, <
| Blloplly — B~2® ]2 — 0 for t — oo.
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Proof. We know from Lemma 32T that (II) is true. We will now prove (I) and leave
(IIT) for the exercises. In fact, one has

dr: Az <b
dr,s>0: Ax+1Is=b

& ' >0,2">0,5>0: A’ — A" +1s=b
/ /

i3

x x
S Jl2" | >0:[4,-AI|2"]|=b
s s

& Ayy'[A-AT >0, y"b<0
& Py:ytA>0,y"(-4) >0 y"1>0, y"b<0
e Ay:yTA=0,y>0, y7b<0 O

3.4 Linear Programming
Now we come to the problem of optimizing linear functions over a polyhedron:

Definition 3.23. The optimization problem max{c’z | Az < b} is called linear
program where A € R™*™ h € R™, ¢ € R™

e

¥ = optimum

P={z €R"| Az < b}

First we prove a somewhat technical result that an LP is either unbounded or
an optimum is attained.

Lemma 3.24. Let P C R" be a polyhedron and ¢ € R". If sup{c’z |z € P} < o0
then max{c’z | z € P} is attained.

Before we come to the proof, we should note that the claim is trivial for poly-
topes as each polytope is compact and linear functions are continuous. But in the
unbounded case the claim crucially relies on the fact that LPs have finitely many
inequalities. In fact, the claim is false for arbitrary closed convex sets. See the figure
below for an example.
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z
o
c P c
Q={@y) lz>0y=—;
unbounded P, bounded LP max{c’z : z € Q} not attained

Proof. Set § :=sup{c’z | z € P} < co. Suppose for sake of contradiction that there
is no € P with ¢’z > 6. We can equivalently rewrite this as

e (8)=()
Y 50000 (_/ClT> =0, (yT,A)<_b5> <0
s Jy>0,A>0:yTA=X",yTb< Ad
where in (*) we have used Farkas variant I from Proposition 3.221 Then
M =X-sup{clz |z c P} =sup{y’ Az |z € P} <ylb< )\

which is a contradiction! O

Feasible inequalities

Next, we prove a very important property of polyhedra: an inequality is feasible for
the polyhedron if and only if it can be obtained by adding up non-negative multiples

of defining inequalities.
c
P

le<é

Lemma 3.25. Let A € R™*" b € R™, ¢ € R" and assume P := {x € R" | Az < b}
is non-empty. Then

(ch§5 VxeP)@(EIyEO:yTA:cTandyTbgé)

Proof. We prove both directions separately.
(<=). Suppose there is a y > 0 with y” A = ¢! and b < §. Fix any € P. Then

y>0,Ar<b
do=y"Az < y'b<s
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(=). Suppose that there is no y > 0 with y7 A = ¢, y"b < §. Then
Ay>0r>0:yTA=c", yTo+r=96

o BN zos6 N (o 1) =)

Farkas Z\ . A b 4 0 T z
w0 2(0) (6 1) G)z () s () <o
& Fzu:iAz+bu>0,u>0,c"z+0u<0

fio s
LEen Jz,u>0: Az < bu,c’z > du

Here we have used Farkas Lemma (Lemma BEJ)E We distinguish two cases:

e Case u = 0: Then Az < 0, ¢’z > 0. By assumption P # () and so we may
fix a point &g € P. Then for 7 large enough one has A(xg + 72) < b and
cI'(xg + 72) > 6 which is a contradiction!

e Case u > 0: After scaling (z,u) we may assume that v = 1. Then Az < b and
¢’z > ¢ which again is a contradiction!

O

The strong duality theorem

Given a matrix A € R™ " a right hand side b € R™ and an objective function
vector ¢ € R", we consider the following pair of LPs:

primal LP:  max{c’z | Az < b}
dual LP:  min{y’b|yTA=¢", y >0}

Any feasible solution y for the dual gives us a feasible ineqality for the primal of the
form ¢’z = (yTA)x < yTb. In other words, solutions to the dual prove an upper
bound on the objective function value of the primal. A fundamental result in the
theory of linear programming tells us that the best upper bound matches the value
of the primal:

Theorem 3.26 (Duality Theorem). Let A € R™*" b e R™, ¢ € R". Then
max{cl z | Az < b} = min{yTb | yTA=¢", y >0}

provided both LPs are feasible.

*Which states that (3z > 0: Az =b)V(Fy: yTA > 0 & yTb < 0)
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Proof. First we prove weak duality. Suppose x and y are feasible solutions to the
primal and dual, resp. Then indeed

y>0,Az<b
lr=ulAz=y"(Az) < yTb

Next, we prove strong duality, meaning that there are indeed solutions x,y with
yTb < cTw. We set § := sup{c’x | Az < b}. If § = oo, then by weak duality, the
dual is infeasible which contradicts the assumption. So suppose § < oo, i.e. the
primal LP is bounded. We abbreviate the feasible region of the primal by P := {z €
R™ | Az < b}. Then ¢’z < § is a feasible inequality for P. Then by Lemma [3.25]
we know that there is a y > 0 with y”A = ¢ and y”b < §. This is a solution for
dual with objective value at most 4! O

We also want to give a more geometric interpretation of the Duality Theorem.
Let 2* be the primal optimum solution to max{c’z | Az < b} (which exists by
Lemma B.24). Let I := {i € [m] | ATz* = b;} be the tight inequalities for z*.
Consider the cone C := {>;.; Aiy;i | yi > 0 Vi € I} spanned by the normal vectors
of the tight constraints.

If ¢ ¢ C then by Farkas Lemma, there must be a vector A € R™ with AT\ < 0 for
all i € I and ¢ XA > 0. Hence z* + e for some ¢ > 0 is a feasible solution with
cl'(x* 4+ e)) > cT'xz* which contradicts the optimality of #*. Hence indeed one must
have that ¢ € C. Phrased differently there is a vector y > 0 with y”A = ¢ and
y; = 0Vi ¢ I. Note that this vector y is a feasible solution for the dual LP. We claim
that indeed it is optimal. To see this, consider the duality gap which is

m
yIb—clar = yTo—yTAz* = Z yi (b — ATz*)y =0
y —
=cT =l _oifigr =0 ifiel

There are many possible primal-dual pairs of LPs. One state one popular variant
and leave the proof for the exercises:

Theorem 3.27 (Duality Theorem II). Let A € R™*"™ b € R™, ¢ € R". Then
max {c'z | Az <b, >0} =min {y’b |y’ 4> ",y > 0}

provided both LPs are feasible.
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3.4.1 Complementary slackness

While finding optimum solutions is non-trivial, verifying optimality is simple even
without explicitly computing the objective function values. Again we state two
popular variants:

Theorem 3.28 (Complementary Slackness I). Consider the systems
(PRIMAL) max {CT:E | Az < b} and (DUAL) min {yTb lyTA=c" y> 0}

and suppose (z*,y*) is a pair of feasible solutions for (PRIMAL) and (DUAL). Then
the following is equivalent:

(A) Both x* and y* are optimal.
(B) For all i € [m] one has: y} >0 = ATz* =b,.

Proof. We can write the difference between the objective functions as

by — cla* = (y) "o — (y*)" Az* = Z yr (b — Al'z") >0
=1 ) >0

Then this gap is actually equal to 0 if and only if for each 4 either y = 0 or
bi — Al'z* = 0. O

Note that it is possible that for an optimum pair (z*,y*) one has y; = 0 and
AZT:U* = b; for some indices. However, the strict complementary slackness theorem
says that there ezists an optimum pair (z*,y*) so that for each ¢ one has (yf =
0\'/A1Tx* = b;). For example the points z* and y* an be taken as any interior point
of the optimum face of the primal and dual, resp.

For the sake of completeness, we also list the complementary slackness condition
for the pair in Theorem

Theorem 3.29 (Complementary Slackness IT). Consider the systems
(PRIMAL) max {cTa: | Az <b, x>0} and (DUAL) min {yTb lyTA>cl y> 0}

and suppose (z*,y*) is a pair of feasible solutions for (PRIMAL) and (DUAL). Then
the following is equivalent:

(A) Both z* and y* are optimal.
(B) For all i € [m] one has yf > 0 = ATx* = b; and for all j € [n] one has
z;>0= (y")TA = ¢;.
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3.5 Exercises

Exercise 3.1.

Let C C R™. Prove that C' is a closed convex set if and only if there is a collection F of
closed affine halfspaces so that C'= (. H.

Source: This exercise is taken from Schrijver [Sch1T].

Exercise 3.2.
Goal of this exercise is to prove Carathéodory’s Theoremf.

(a) Consider P := {z € R" | Az = b,z > 0} for A € R™*" and b € R™. Fix a point
y € P that minimizes |supp(y)| where supp(y) := {j € {1,...,n} | y; # 0}. Prove
that |supp(y)| < m.

(b) Let X C R™. Prove that for any # € conv(X), there is a subset X’ C X with
|X'| <n+1sothat z € conv(X').

Exercise 3.3.

Let A € R™*™ and let b € R™ with m > n + 1. Suppose that Az < b has no solution z.
Prove that there are indices ig, ..., %, so that the system A;TZ:C < by, - .. ,A;f';x < b;,, has no
solution .

Source: This exercise is taken from Schrijver [Sch1T].

3In particular you are not allowed to use Carathéodory’s Theorem itself in the argument.
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Chapter 4

Matchings and Covers in Bipartite
Graphs

In this chapter, we will get more familiar with graph theory and popular graph
optimization questions. Again, we follow Chapter 3 in Schrijver [Sch17].

4.1 Matchings, stable sets and vertex cover
In the following, let G = (V, E) be an undirected graph.

Definition 4.1. U C V is a stable set / independent set if for all 4,7 € U one has

{i,j} ¢ E.

o—=eo

<X
——e

U C\.

stable set U

Definition 4.2. W C V is a vertex cover if eNW # () for all e € E.

.<o>_—<o %%

vertex cover W
One can make the observation that these notions are complementary:
Fact 4.3. U is stable set in G < V \ U is vertex cover.

Definition 4.4. M C FE is a matching in G if e N e’ = ) for any distinct edges
e,e € M. A matching is perfect if |M| = 1|V|.

37
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o—eo o——o
X <K
e oo |/
non-perfect matching perfect matching

We will be particularly interested in the “best” stable set, vertex cover and match-
ing in a given graph. For this sake, we define

a(G) = max{|C|: C stable set in G} = stability #
7(G) = min{|W|: W vertex cover} = vertex cover #
v(G) = max{|M|: M matching} = matching #

One can easily observe the following:
Fact 4.5. In any undirected graph G one has v(G) < 7(G).
One can also see that this inequality may be strict for some graphs:
A\
° °

graph with v(G) =1 <2 =7(G)

4.2 M-augmenting paths

The first step will be to characterize when a matching in a graph is maximal. For
this we need the following concept:

Definition 4.6. Let M be a matching in G = (V, E). A path P = (vg,...,v) in G
is M -augmenting if

(i) tis odd
(i) {v1,va}, {vs,vat, ..o {vt—2, 001} € M
(iil) vo,vs &€ V(M)

Vertices that are not covered by the matching M (that means vertices in V(M) \
M) are also called M -ezposed.
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M-augm. path P
M-exposed node

For sets A, B, let AAB := (A\ B) U (B \ A) be the symmetric difference. We can
now see the usefulness of an M-augmenting path: flipping all the edges along the
path will lead to a matching that has one edge more.

Fact 4.7. If P is an M-augmenting path in G, then M’ := M AE(P) is a matching

in G with |M'| = |M| + 1.
)
/ \,@_1 v
[ @ [ ]

PR
/

Vo @
matching M’ = MAFE(P)

We can prove the following:

Theorem 4.8. Let G = (V,E) be an undirected graph with matching M C E.
Either M is a matching of maximum cardinality, or there exists an M-augmenting
path.

Proof. From Fact 7] we know that if there is an M-augmenting path, then M
not optimal. It remains to prove the reverse direction: M not maximal = M-
augmenting path.

So, suppose there is a matching M’ C E with |[M'| > |M]|.

o—0 [ ] T *—0 *—0

[ J T [ J [ *—0 *—0

[ J ([ J [ J [ J o—0 *—0
matching M matching M’

Consider the graph G’ := (V, MAM') formed by taking the symmetric difference of
M and M’. Then the vertices in G’ must have degrees in {0, 1,2}. That means the
connected components of G’ are either paths (which allows singletons as these are
O-length paths) or circuits.
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o— 0 o— 0
difference MAM’

As |M'| > | M|, there is a component with more edges from M’ than from M. This
component has to be a path with endpoints in M’, meaning it is an M-augmenting

path. O

4.3 Konig’s Theorem

Next, we prove one of the most famous classical results in graph theory.
Theorem 4.9 (Ké&nig 1931). In any bipartite graph G, one has v(G) = 7(G).

Proof. We know from Fact that ¥(G) < 7(G) in any graph. Hence it suffices
to prove that v(G) > 7(G). The key argument is a structural insight on bipartite
graphs:

Claim I. Let G = (V, E) be bipartite with |[E| > 1. Then G has a vertex that is
covered by every mazximum matching.
Proof of Claim I. Suppose for the sake of contradiction that the claim is false. Fix
any edge e = {u,v} € E. Let M be a maximum matching with u ¢ V(M). As M is
maximal and {u,v} € E this means that v € V(M). Similarly there is a maximum

matching N with v ¢ V(N) and u € V(N).

Let P be the component of (V, MAN) containing u. Then one can see that P must
be a path of even length (in fact, degrees in P must be in {0,1,2} but P cannot be
a circuit since u is M-exposed and P cannot have odd length since then P would be
M-augmenting). We make a case distinction as to what the other endpoint of P is:

e Case: P contains v. Then P U {e} is an odd length cycle which contradicts
that the graph is bipartitie.

e Case: P does not contain v. Then P U {u,v} is N augmenting, which contra-
dicts the maximality of V.
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ue
el |
|
Ve

Either way we arrive at a contradiction. O
Now we can finish the main claim.

Claim II. Any bipartite graph G = (V, E) contains a vertez cover of size v(G).

Proof of Claim II. We prove the claim by induction over |V|. Let u be the vertex

from Claim I that contained in every maximum matching. Then G’ := G \ u has
v(G") = v(G) — 1. By induction, let U’ be vertex cover for G’ of size |U’| = v(G') =
v(G) — 1. Then U’ U {v} is vertex cover for G of size v(G). O

The concept of M-augmenting paths also provides a natural algorithm that it-
eratively finds M-augmenting paths until a maximum matching is reached. The al-
gorithm is simple in bipartite graphs and more involved (but still polynomial time)
in general graphs. For bipartite graphs, one can also find minimum vertex covers in
polynomial time while this is NP-hard problem in general graphs. We will not go
into details here but later discuss a more general concept in the chapter on flows.

4.4 The Matching Polytope of a Graph

In this section we want to motivate a connection between linear programming that
we investigate in the next chapter. Fix a graph G = (V, E). For a subset M C E,
we define the characteristic vector / incidence vector as xy € RF with

1 ifeeM
0 ife¢g M

we have

X{el,es} _

X{65766} —

OO O = O
_— -0 O O O
=
SO O O OO
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Definition 4.10. For an undirected graph G, the matching polytope is
Paatehing(G) := conv{x € RF | M C F is matching}

We note that Pratching(G) is an |E|-dimensional polytope whose vertices are
from {0, 1}¥*. We know from Theorem that Pratching(G) can be described with
finitely many inequalities. But it is less obvious what those constraints are. A
natural guess might be

Qmatching(G) = {xeRE‘ ZE:UEE':UG

Te

IV IA

1 VUGV}
0 Vee &

It is not hard to check that indeed

Pmatching(G) C Qmatching(G) and Pmatching(G) = COHV{Qmatching(G) N ZE}

On the other hand, for arbitrary graphs the inclusion might be strict.

1/2
Example 4.11. Let G be a triangle. Then x* := 1;2 lies in Qmatching(G) but
1/2
not in Pratching (G)-
®
1 /7 &/z
.W.

Note that in this case

0 1 0 0
Pratching (G) = conv of,(o],11],{o0
0 0 0 1

However, we will see that for all bipartite graphs, Qmatching(G) contains all re-
quired inequalities:

Theorem 4.12. If G is bipartite, then Ppatching(G) = Qmatching(G)-

To draw the connection back to optimization, assuming this result, the following
algorithm finds a matching M in a bipartite graph maximizing ) ., we where
w : E — R is some weight function:

(1) Find an optimum vertex solution x* for the LP

maX{Zwexe] Zwe§1Vv€V, xezOVeeE}

ecl e:vee

(2) Return {e € £ | z} =1}
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4.5 Exercises

Exercise 4.1.
Prove that in a matrix, the maximum number of non-zero entries with no two in the same
line (=row or column), is equal to the minimum number of lines that include all nonzero
entries.
Source: This exercise is taken from Schrijver [SchiT].

Example: Consider the following matrix

* 0 0

A= [x* x x

* 0 0
where * means any non-zero entry. Then the non-zero entries can be covered by two
lines (2nd row and first column) and this is optimal. Also we can select at most

2 non-zero entries that have all rows and columns distinct — for example the two
entries (1,1) and (2,2) on the diagonal.

Exercise 4.2.
Let A = (A1,...,A,) be a family of subsets of some finite set X. Prove that A has an SDR

if and only if
us

icl

> ||

for each subset I C {1,...,n}.

Remark: Recall that an SDR is an injective map 7 : [n] — X with n(i) € A; for all
t=1,...,n.

Source: This exercise is taken from Schrijver [SchiT].

Exercise 4.3.

A matrix is called doubly-stochastic if it is nonnegative and each row sum and each column
sum is equal to 1. A matrix is palled a permutation matrix if each entry is 0 or 1 and each
column and each row contains exactly one 1.

i) Show that for each doubly stochastic matrix A = (a;;); j=1,... n, there exists a permu-
tation 7 € S, so that a; ;) # 0 foralli =1,... n.

ii) Derive that each doubly stochastic matrix is a convex linear combination of permu-
tation matrices.

Hint: Set up a bipartite graph and prove the claim using Konig’s Theorem.
Source: This exercise is taken from Schrijver [Sch1T].
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Chapter 5

Integer Linear Programming and
Totally Unimodular Matrices

For this chapter we mostly follow Chapter 8 in Schrijver [SchiT].

5.1 Integer linear programming
Probably, the most versatile problem in combinatorial optimization is the following:
Definition 5.1. A problem of the form
max{cT:L" | Az < b;x € Z"}
is called an integer linear program.

In general, solving such a problem is NP-hard, hence our focus here will be on
substantial special cases that can be solved in polynomial time. First, we can make
the observation that one always has

max{clz | Az < b,z € Z"} < max{c’z | Az < b}

(if we think of an infeasible problem as having value —o0). Even in dimension 2 it
is easy to find examples where the inequality is strict:

1P opt. /c

~LP opt.

Definition 5.2. A polytope P is integer / integral, if all vertices are integer vectors.

45
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integral polytope
For example Ppatching (G) is integral by construction.

Definition 5.3. For a polyhedron P C R™ we define the integer hull as P! =
conv(P NZ").

We leave the proof of the following as an exercise:

Lemma 5.4. For a polytope P C R", the following is equivalent
(A) P integer
(B) Pl =P
(C) For all ¢ € R™ one has max{c’'z | z € P} = max{cl'z |z € PNZ"}.

Note that for the moment we have restricted the concept of integrality to bounded
polyhedra where definitions are simpler.

5.2 Totally unimodular matrices

Next, we approach the question when we can guarantee that a polytope P is integral.
The following definition is crucial:

Definition 5.5. A matrix A € R™*" is called totally unimodular (TU) if each square
submatrix of A has determinant in {—1,0,1}.

If a matrix A is TU, then in particular one must have A € {—1,0,1}™*™ (though
this is not sufficient). A simple example is that the identity matrix I, is totally
unimodular. We recall the following fact from linear algebra:

Lemma 5.6 (Cramer’s Rule). Let B € Z"*" be invertible. Then B~! = ﬁ(B)C
where C € Z™*".
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Theorem 5.7. If A € R"™*™ js TU and b € Z™, then every vertex of the polyhedron
P ={x € R"| Az < b} is integral.

Proof. Let z be a vertex of P. We have proven in Lemma that there is I C [m]
with |I| = n so that rank(A;) = n and z = A;'b;. Since A is TU we know that
det(As) € {—1,1}. Then A;' € Z™" by Cramers Rule and b; € Z by assumption.
Hence z = AI_IbI SV

O

Note that if in Theorem B we know that P is bounded, then in fact P itself
is integer by Lemma [5.4l But an unbounded polyhedron may not even have any
vertices and the statement of Theorem [5.7] might be vacuous. First we extend the
definition of being integer to unbounded polyhedra:

Definition 5.8. A polyhedron P is integer if for all ¢ € R" where max{c'z | = €
P} < 00, the maximum is attained by some integer vector.

Lemma 5.9. Let A € R™*"™ be TU and b € Z™. Then the polyhedron P = {x €
R™ | Az < b} is integral.

Proof. Fix a ¢ € R" so that max{c’z | € P} < oo and let z* be an optimum
solution (possibly fractional). Choose d',d” € Z™ so that d’ < z* < d”. Consider
the polytope

A b
Q::{a:eR"\Aa:Sb,dlngd”}:{a:E]R"] —L < | -d }
In d//

A
We can verify that if A is TU then also the stacked matrix (—LL) is TU. Moreover,

I
the right hand side vector definining @ is integral. Since ) is bounded, the must be
an optimum solution 7 for max{c’x | x € Q} that is a vertex.
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iz eRVid <z <d')

By Theorem [5.71 we have & € Z". As 2* € @, one has ¢’ % > Tz, O

This result will suffice for us to handle the case of unbounded polyedr. Com-
bining total unimodularity with strong duality we obtain the following:

Lemma 5.10. Let A € R™*"™ TU, b € Z™, ¢ € Z™. Both LPs
max{c' z | Az < b} = min{yTb|yTA=¢", y >0}
have integral optimum solutions (assuming the LPs are feasible).

Proof. By Lemma [£.9] the primal has an integral optimum solution. The dual can
be written in the form

AT CT
min {yTb | [ -AT |y < | =T }
—I, 0
AT
We note that also the stacked matrix < —AT ) is TU and the right hand side is integral
—Inm
by assumption. Then also the dual has an integral optimum solution. U

We can also prove that there is no property guaranteeing integrality that is more
general than total unimodularity without depending on the right hand side vector.

Theorem 5.11 (Hoffman-Kruskal Theorem). Let A € Z™*"™. Then A is TU < Vb €
Z", Py={x € R" | Az < b,z > 0} is integer.

The standard proof for the Hoffman-Kruskal Theorem takes a detour via the
concept of unimodularity. To avoid this, we follow the exposition in Korte and

Vygen [KV12].

The proper generalization for the case of arbitrary polyhedra is as follows. A polyhedron
P is called rational if it can be written as P = {& € R" | Az < b} so that A and b have
only rational entries. Then for a rational polyhedron P, the following conditions are equivalent
(and either can be used as definition for P being integer): (A) each minimal face of P contains
an integer point; (B) P’ = P; (C) For all ¢ € R™ with max{c’z | * € P} < oo, one has
max{c’z | z € P} = max{cTz | # € PNZ"}. For details we refer to Chapter 16 of Schrijver [Sch99).
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Proof. We already proved the direction (=) in Lemma hence it remains to show
(«). Let I C [m] be row indices and let J C [n] be column indices with k := |I| =
|J|. We write A; ; as the corresponding k x k submatrix of A and we need to prove
that det(Ary) € {—1,0,1}. We assume that det(Ay ;) # 0 since otherwise there is
nothing to show. Note that the contraint matrix of P, looks then as follows:

J J
' [
I A

—I,

Claim. For any v € ZF, A;},v e 7k,

Proof of Claim. Fix v € ZF. We will construct a right hand side vector b and a
point z so that z is a vertex of P, and Ay ;is part of the basis defining z. First, let
y € Z* be a vector so that zy := y + Al_’lJv > 0. We set z7 := 0. Set by := Arz =
Argzg = Argy + AI7JAI_71JU = Ar,jy +v. We pick by integral so that Ajz < by.
Then z is a vertex of P, and by assumption z is integral which implies that Al_’ljv is

integral. O

From the claim we know that A;ljei € ZFforalli=1,...,kand so AI_}, € Zk*k,
From det(ALJ),det(AEb) € ZF*F and det(Ag, ) - det(AZlJ) = 1 we then know that
det(ALJ) € {—1, 1}. |

5.3 TU matrices from bipartite graphs

We will now come to the first natural family of matrices that are totally unimodular.

Definition 5.12. The node-edge incidence matriz of graph G is the matrix A €
{0,1}V*F with
Av e =

)

1 o incident to e
0 otherwise

An example for a node edge incidence matrix can be found below:
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{a, v}

{a,u

edges

@ @ a (111000000
" b [0OOO0O1T 11000

@ © Sclooo000111
8 v (1 00 10O0T1TO0O0

@_@ v |01 0010010
w (001 001001

graph G node edge incidence matrix A

We can prove that incidence matrices of bipartite graphs are totally unimodular (and
again, these are the only undirected graphs with TU incidence matrices).

Theorem 5.13. Let G = (V, E) be a graph with incidence matrix Ag. Then G is
bipartite < Aq is TU.

Proof. We prove both directions separately.

Claim I. G bipartite = Aqg TU.

Proof of Claim I. Let B be a k x k submatrix of Ag. We prove by induction over
k that det(B) € {—1,0,1}. The case k = 1 is trivial, hence suppose k > 2. We make
a case distinction:

e Case: B has a column with only 0’s. Then det(B) = 0.
e Case: B has a column with eractly one 1. After permuting rows and columns,

1 %
2= (o )

with det(B’) € {—1,0,1} by induction. Then det(B) = 1-det(B’) € {—1,0,1}.
o (Clase: Fvery column of B has exactly 2 ones. Partition the row indices TUJ so
that each column has exactly one row in I and one row in J (uses bipartiteness!)

1
I
-
J
Then »,c; Bi — > ,c; Bj = 0. Hence det(B) = 0. 0

Claim II. G not bipartite = Ag not TU.

Proof of Claim II. Consider an odd cyle H in G and denote its vertices by v, ..., vg
and its edges eq,...,e,. Then Ap is a square submatrix of Ag. After permuting
rows and columns Ay is of the following form:
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U1

1
° Vi 11
Vk -

One may check that indeed |det(B)| = 2. O

Now, we can finally prove the claim that we made at the end of Chapter [41
Theorem 5.14. If G is bipartite, then Ppatching(G) = Qmatching(G)-
Proof. Recall that

. — E| YeveeTe < 1 YWEV
Qmatchlng(G) = {xGR ‘ z. > 0 \V/QGE}

= {ser?| <fi>x§<(1)>}

The matrix (fﬁ) is TU and hence every vertex of Qmatching(G) is integral. Then

Qmatching(G) = COHV{Qmatching N ZE} = Pmatching(G)- O

Recall that Kénig’s Theorem (Theorem [49]) can be seen as a type of duality
theorem. And indeed, one can also prove Koénig’s Theorem using LP duality:

Theorem (Kénig’s Theorem). Let G be a bipartite graph. Then v(G) = 7(G).

Proof. We write
v(G) = max{17z | Agz <1, > 0}
= min{y’1|yTAc>1,y¢c Zgo}
() min{Zyi |yTAg > 1, y € {0, 1}V} (xx) 7(G)
i€V
In (%) we use that by Lemma [5.10 and Theorem [5.I3] both LPs have optimum
solutions that are integral. In (xx) we use that optimum solution would have y; < 1.

Finally for (% %) we note that the problem of selecting minimum number of rows of
Ag to cover 1 € R¥ is exactly the minimum vertex cover problem. O

5.4 TU matrices from directed graphs

We call D = (V, A) a directed graph if V' is a finite set and A is a subset of ordered
pairs from V. We think of (u,v) € A as the arc / edge that goes from node u to
node v.
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| IS

Z

(u,v)

’
u e, (

Then the node-edge incidence matriz of D is the matrix Ap € {—1,0,1}V*4 with

(u, v)

|

+1 ifa= (v,%) .

(Ap)va =14 —1 if a= (x,v) +1 -

0 otherwise Ap =
—1 < U

Then we can prove an analogue of Theorem [5.13 for directed graphs (where a bit
surprisingly no condition on the graph is needed):

Theorem 5.15. For any directed graph D = (V, A), the node edge incidence matrix
Ap is totally unimodular.

The proof is very similar to the proof of Theorem [(.13] and we leave it as an
exercise.

5.5 The Theorem of Ghouila-Houri

For a matrix A € R™*" we define the discrepancy as

disc(A) = {milnl} Az || s -
rzei—1,1;»

The hereditary discrepancy is the maximum discrepancy for any submatrix, i.e.

herdisc(A) := gréz?x] disc(A7)

where A7 is the m x |J| submatrix of A indexed by J.

Theorem 5.16 (Ghouila-Houri 1962). Let A € Z™*". Then the following is equiv-
alent:

(A) A is totally unimodular.

(B) herdisc(A) < 1.
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Proof. (A) = (B). Since a submatrix of a TU matrix is also TU, it suffices to show
that for a TU matrix A one has disc(A) < 1. That means we need to show there is
a point y € {—1,1}" so that —1 < Ay < 1. This is equivalent to finding = € {0,1}"
so that —1 < A(2x — 1) < 1. For a reason that will become clear later we instead
ask for a z € {0,1}" so that —p < A(2x — 1) < p where p € {0,1}"™ (which clearly
is still sufficient). So consider the polytope

P = {zeR"| p<AQ2zx—-1)<p,0<zx<1}
—p+ Al Al
= {$€R”|7p+ b

<Ax< N ETESY

From the first representation we know that %1 € P and so P # ) (no matter how we
choose p). We know that A is TU, so the polytope will have only integral vertices
if the right hand side vector is integral. We choose p € {0,1}™ to have the same
parity as Al so that p+ A1 and —p + A1 are even integers. This settles the claim.

(B) = (A). Suppose A is a minimal matrix for which the claim is false, i.e.
A € ZF** is non-singular, herdisc(A) < 1 and for each proper submatrix B one has
det(B) € {—1,0,1}. Fix the unique vector y so that Ay = det(A)e;. By Cramer’s
rule, each entry y; equals the determinant of A with the ith column being replaced
by e;. That determinant is +det(B) for some (k — 1) x (k — 1) submatrix B of A.
Hence indeed y € {—1,0, 1}*.

Next, let z € {—1,0,1}* so that supp(x) = supp(y) and ||Az|« < 1. Then
r4+y € {-2,0,2}* and for i € {2,...,k} we have | (A;,z +y)| < 1 which using
parity in fact means that (A4;,z) = (4;,z +y) = 0. As A is non-singular this means
(A1,x) # 0 which only leaves (A;,z) € {—1,1}, i.e. Ax € {—e1,e1}. Then Ay €
{—det(A)Ax,det(A)Ax} and again by non-singularity y € {—det(A)z,det(A)z}.
Since x,y € {—1,0,1}" this only leaves | det(A)| = 1. O

The proof is (partly) taken from Korte and Vygen [KV12].

5.6 The Integer Decomposition Property

We make the following definition.

Definition 5.17. A polyhedron P C R"™ has the integer decomposition property if
for any k € Z>; and x € kP NZ" there are points x1,...,x, € PNZ" so that
r=x1+...+ .

The literature also uses the term normal polytope instead of integer decomposition
property. The condition implies that any rational vector £ € P (i.e. k € Z>; and
x € Z") must lie in the convex hull of k integer points in P. In particular that means
every polytope (or rational polyhedron) with integer decomposition polytope must
be integral. But the reverse is not necessarily true. We provide an example from
Francisco Santos:
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Example 5.18. Consider the points X := {0, e; +e3,e1 +e3,e2+e3} C R? and the
polytope P = conv(X) which by definition is integral. Then (1,1,1)” € 2P. Since
X C[0,1]3, it is not hard to see that in fact P NZ3 = X. Then one can verify that
no two points of X sum up to (1,1,1)7.

But in fact, there are large classes of polyhedra with the integer decomposition
property:

Proposition 5.19. For A € Z™*" totally unimodular and b € Z™, the polyhedron
P ={x € R"| Ax < b} has the integer decomposition property.

Proof. As suggested we prove this by induction over k. Nothing to show for k = 1,
so we assume k > 2. Fix y € kPN Z"™. In order to find the first vector x1 that we
can split off, we consider

Q = {zreR"|zePy—zxzec(k—1)P}
= {zeR"| Az < b, Ay —x) < (k—1)b}
= {xeR"|Azx <b,—Azx < —Ay+ (k—1)b}

_ {3: e R" | (_AA> T = (—Ay +IZk - 1)b> }
—

=:B =:f

Note that because A is TU, also the constraint matrix B of @ is TU. Moreover
because b, A, y, k are integer, also the right hand side vector f describing @ is integer.
Note that @ # @ because z := # is in @ (easy to see that ¥ € P and y — ¥ =
(k—1)% € (k—1)P). Hence the polyhedron @ contains an integer point that we
denote by 2! € PNZ" — recall that y — x' € (k — 1)P N Z". We apply induction
and write y — 2! = 22 4+ ... + z* with 22,...,2F € PN Z" and are done! O

5.7 Network matrices*

Finally we discuss an important class of TU matrices.

Definition 5.20. Let 7' = (V, F) be a directed tree and let D = (V,E) be a
directed graph on the same set of vertices. For e = (u,v) € E, let P, denote the
unique directed path from u to v using edges (or reverse edges) in 7.

VAT
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RFXE

Define a matrix A € with entries

+1 if f appears in forward direction in P,
Afe =4 —1 if f appears in backward direction in P, Vf € Fiec E
0 if f does not appear on P,

Then A is called a network matriz.

We observe that flipping the direction of an edge in F' corresponds to flipping
the signs in the row A;. This is an operation that does not change whether A is TU
and so if desired we may assume that all arcs in T are directed away from the root.

e = (u,v)
oy%o —1 1
VA AN A= L .

o o U U @ 41 f3

AN Lo

Here is a useful observation:

Lemma 5.21. Any submatrix of a network matrix A is again a network matrix.

Proof. Deleting a column corresponds to deleting one edge e € E which trivially
results again in a network matrix. On the other hand, delete a row belonging to
f = (u,v) corresponds to contracting the vertices u,v in the tree T and treating u
and v as the same node in D. O

Now we can prove:
Theorem 5.22. Every network matrix is TU.

Proof. Let G = (V,E) and T = (V, F'). By Lemma [5.2T]it suffices to show that each
square network matrix has determinant in {—1,0,1}. We prove this by induction
over the size of that square matrix where the 1 x 1 case is trivial. Fix a leaf u € V in
the tree and let f € F' be the incident edge. After swapping directions of edges in D
(which affects only the sign of the determinant) we may assume that all paths that
contain f, are containing f in forward direction. That means the row A contains
only entries from {0,1}. Now consider two edges e; = (vi,u),ea = (vo,u) € E
so that P, , P., both contain f. Replacing e; with €] := (v1,v2) corresponds to
replacing column A€ by A — A°2. This operation does not affect the determinant
and results in another network matrix where one path less contains the edge f. We
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repeat this until only one path contains f (if there was no such path to begin with
then det(A) = 0 anyway). After this, row Ay contains a single 1; we develop det(A)
using that row and apply induction.

A\ N VN
A0 ONTA N 7L N
NA AN TAA

Vertex u and edge f € F Paths P., and P62 Paths Pell and Pe2 0

5.8 Exercises

Exercise 5.1.

Give a min-max relation for the maximum weight of a stable set in a bipartite graph G =
(V, E) without isolated vertices.

Comment. What is meant is that you are given a bipartite graph G = (V, F) and a non-
negative integer weight function w : V' — Z>( and you are asked to find an expression of
the form min{...} that equals the maximum of ), ¢ w; over all stable sets S C V. Source:
This exercise is modified from Schrijver [Schi7].

Exercise 5.2.
Let D = (V,A) be a directed graph. Prove that the node-edge incidence matrix A €
{=1,0,1}V*4 of D is totally unimodular.

Exercise 5.3.

A set family F C 2% is called laminar if for all S,T € F one either has S C T or T C S or
SNT =0. Let A € {0,1}7*X be a matrix whose rows are the characteristic vectors of F.
Prove that A is totally unimodular.

Example. The following is one such a matrix:

b

Il
SO OO ==
SO OO ==
O OO = O ==
O = = OO O
SO OO O
OO OO
O = = OO O
_ O = OO o



Chapter 6

Flows and circulations

Most of the material from this chapter is adapted from Schrijver [Schi7].

6.1 Flows

In this section, we introduce one of the most natural and useful optimization prob-
lems. For a directed graph D = (V, A) and a subset S C V of vertices, we define

61 (9) == {(u,v) € A|u ¢ S,veS}

ot (S) :={(u,v) e Alue Sv¢s
(9) :=A{(u,v) € A| ¢ S} .

om (S) 5out (S)

Definition 6.1. Let D = (V, A) be a directed graph with s,t € V. A function

f:A—Risan s-t flow if

e f(a) >0 Vac A
L4 Zae&i“(v) f((l) = Zae(gout(v) f(a) YoeV \ {S,t}

The value of a flow is the net amount of flow leaving the source s:

value(f Z f Z fla

aeéout aeém

One can verify that the value of a flow is also equal to the net amount of flow entering
the sink .

s-t flow of value 7

o7
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Definition 6.2. Given a function v : A — R>p, a flow f is a flow under u if

f(a) <ufa)Va € A.

The main problem for us will be:

Max FLow PROBLEM
Input: D = (V,A), s,t €V and u: A — R>
Goal: Find an s-t flow f under u of maximum value

For S C V withs e S, t ¢ S, we call the edge set §°"*(S) an s-t cut. Given capacities
u: A — Rxp, we call u(5°"(S)) := > acsont(s) u(a) the capacity of a cut. It seems
that s-t cuts are a natural “dual” concept to flows. And in fact, any s-t cut gives a
simple upper bound on how large any s-t flow can be as any unit of flow needs to
use an edge of the s-t cut.

Lemma 6.3. Let f be an s-t flow under u and let §°"*(S) be an s-t cut. Then
value(f) < u(§°"(S)).

Proof. We have

value(f) = Z fla Z fla)

a€edout(s) aedin(s)
=2 ( X - X f@)
veES  a€fout(v) acdi(v)

= > = > fla) Su(5(S))

a€dout(s) Su(a') () acdn(S)
>0 ()

(%)
o

(k) 0

From the proof we obtain the important observation we have equality in Lemma [6.3]
iff both (x) and (xx) are equalities for all arcs!

Corollary 6.4. Let f be an s-t flow under u and let §°"*(S) be an s-t cut. Then

<Va]ue(f) = u(5°u'5(5))) = <f( () ):

ula

(a) Vae 5@(5))
0 Vaedn(s)
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6.2 Finding a maximum flow

Next, we will describe a method to compute a maximum s-t flow in a graph. For an
edge a = (v, w) we denote the inverse edge as a=! := (w,v).

Definition 6.5. Let D = (V, A) be a directed graph with capacities u : A — R>g
and let f : A — R be an s-t flow under w. The residual graph Dy = (V, Ay) with
residual capacities uy : Ay — R is defined by

fla) < u(a) = a € Ay and ug(a) = u(a) — f(a) (forward edge)
fla)>0 = a'eAfandus(a™?) = f(a) (backward edge)

Intuitively, the residual graph denotes how the flow f can be changed without
violating capacities or non-negativity.

IO TG N
N NN

capacities u flow f graph Dy with cap. uy

There is however an annoying technicality: a directed graph D might potentially
contain edges in both directions (v, w) and (w,v). Then the residual graph might
contain (v, w) both as forward edge and as backward edge. This is neither a math-
ematical nor an algorithmic issue, but notationally one would need to either allow
multi-edges or keep track which fraction of the residual capacities u¢(a) comes from
which of the two cases. In order to avoid this, whenever we discuss a residual graph
we will make the simplifying assumption that the graph D does not contain both
edges (v,w) and (w,v). If needed one could always introduce a dummy node z and
replace (w,v) by (w, z), (z,v).

Next, we discuss the usefulness of the residual graph. Fix a graph D = (V, A)
with s,t € V, capacities u : A = R> and an s-t flow f under w. Suppose there is an
s-t path P in Dy that consists of edges a1, ..., ax. Let o := min{us(a1),...,us(ag)}
be the minimal residual capacity on that path. Note that a > 0 by construction.
We define a function f’: A — R>( with

fla)+a if a = a; for some i
f'(a) =4 f(a) —a ifa=a;" for some i
f(a) otherwise

In other words, we increase the flow on all forward arcs in P by a and we decrease
the flow on backward arcs by a. By a simple case split we can see the following (we
leave the proof to the reader).
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Lemma 6.6. f’ is an s-t flow under u with value(f') = value(f) + «.

An important early result on flows is that the value of a maximum s-t flow equals
the value of a minimum s-¢ cut.

Theorem 6.7 (MaxFlow=MinCut; Ford Fulkerson [FE'56|). For any directed graph
D = (V,A) and u : A — R>¢, one has

max{value(f) | f is s-t flow under u} = min{u(§°"*(S)) | {s} €S CV \ {t}}

Proof. We fix an s-t flow f of maximum value (which has to exist by compactness).
Consider the residual graph Dy. If there is any s-t path P in Dy, then we can
augument f along P to some other flow f’ with value(f’) > value(f) which would
be a contradiction to optimality of f. Hence we may assume that there is no s-t
path in Dy.

Define S := {v € V | Jpath in Dy from s to v}. By construction s € S and
t ¢ S. Hence 6°"*(S) is an s-t cut. It remains to prove that this particular s-t cut S
satisfies the claim.
Claim. One has value(f) = u(§°(9)).
Proof of Claim. Due to the observation from Cor it suffices to verify that (x)
and (%) are tight:

e An outgoing edge a = (v,w) € 6°“(S) has f(a) = u(a). Otherwise f(a) <
u(a), a € Ay and w would be reachable via v.

—~—————— \ —~—————— \
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The MaxFlow=MinCut Theorem is a form of a duality theorem similar to Kénig’s
Theorem (Theorem [£.9) or Theorem .26l In fact, it can be proven alternatively using
LP duality. We only want to sketch the arguments here. Consider a directed graph
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D = (V,A) and let M € {—1,0,1}V*4 be the node edge incidence matrix. For a
subset U C V', we write My as the submatrix containing only the rows indexed by
U. Then one can indeed rewrite the max flow problem as a linear program and then
take the dual:

max{value(f) | f flow under u} (6.1)

= max{ Mgz | 0 <z < u, My\ (532 = 0,7 € R4} (6.2)

LP duality min{yTu | yl + ZTMV\{M} > Mg, yE€ ]Réo, z € RV\{S’t}} (6.3)
= ...(some work)... (6.4)

= min{u(@®(5)) [{s} S S SV \{t}} (6.5)

The constraint matrix of the LP in (6.2)) is indeed totally unimodular. Not very
surprisingly, this implies that if all capacities u(a) are integral, then there is always
an integral maximum s-t flow. But at this point it is more crucial that the constraint
matrix of the dual is also TU and hence the LP in (6.3]) will have an integral optimum
solution (y, 3 Then from that one can reason that the solution indeed corresponds
to an s-t cutfl.

The proof of the MaxFlow=MinCut theorem suggests a natural algorithm in
order to actually find a maximum s-t flow.

Ford and Fulkerson’s algorithm for Max Flows
Input: D= (V,A), s,t €V, u:A— Rxo.
Output: A maximum s-t-flow under u

(1) Set f(a) =0 for all a € A.

(2) REPEAT

(3) Find any s-t path P = (a1,...,ax) in Dy. If none exists then stop.

(4) Set o :=min{uy(a;) : ¢ =1,...,k} as the minimum residual capac-
ity on that path.

(5) Augment f along P by «.

We prove correctness of the algorithm.

Theorem 6.8. Let D = (V,A) and u : A — Q>¢. Then Ford Fulkerson finds a
maximum flow in finite time.

Proof. By assumption, there is some K € N so that K - u(a) € Z for all a € A.
Then in each iteration, value(f) increases by at least % Hence the algorithm will
terminate in finite time and from the proof of Theorem we know that f must
then be optimal. O

Note that one also needs to use that u(a) > 0 since otherwise the argument would apply for
the NP-hard Max Cut problem.
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Curiously, if the capacities u(a) € R>( are arbitrary real numbers, then the Ford-
Fulkerson algorithm might never terminate — in fact, it might not even converge to
an optimum solution.

Instead of discussing that instance, we show a simple example where progress in
each iteration might be very minuscule:

Example 6.9. Consider Ford-Fulkerson on this instance

@ (@) (@
XD
1 1|1
h@ A’ h@% ~1 M\@% ~1
D with cap. ¢ residual graph Dy residual graph Dy
after 1 iter. after iter. 2

Then if we alternatingly choose augmenting paths s - a —>b—tand s b — a —
t, then the flow value will only increase by 1 in each iteration and hence the Ford
Fulkerson algorithm takes 2M iterations to terminate.

Note that if we modify the Ford Fulkerson algorithm and always select the cur-
rently shortest s-t path in the residual graph (in terms of number of edges), then
|[V| - |A] iterations suffice. This is a result independently by Dinitz |[Din70] and
Edmonds and Karp [EK72].

6.3 Application: Elimination of sports teams

Maximum flows have a huge number of practical applications as many problems can
be formulated as a flow problem. Of course that implies that the problem can be
solved with any maximum flow algorithm. But additionally it means that stuctural
results carry over from flows to the specific problems. We want to demonstrate this
with a non-obvious application to the elimination of sports teams.

We consider a sport league where a team gets 1 point for a win, 0 points for loosing
(no ties). We are in the middle of the season and wonder whether our beloved team
can still become champion (which equals to having the maximum number of points
at the end of the season, possibly in a tie) or whether they are “mathematically
eliminated”.

Example 6.10 (Example 1). Suppose the current state of the league is as follows

Team ‘ Wins ‘ To play
A 33 8
B 28 4
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Can team B still become champion? The answer is clearly no! as A will always
dominate B.

Let us consider a more complex example.

Example 6.11. Suppose instead the current state of the league is:

Team‘wins‘Toplay‘A‘B‘C‘D

A 33 8 -11]6 |1
B 29 4 1{-1013
C 28 7 6 10]-11
D 27 5 113]1]-

Can team B still become champion? The answer is again no! First of all, B would
need to win all remaining games. Then A would have to loose all games. But then
C wins at least another 6 games, obtaining 34 > 33 points.

In the following, we will prove that in case our team B cannot become champion,
there is always a simple criterion that certifies it.

First, we can make the assumption that (as we are discussion the most optimistic
case), our team B wins all remaining games! We define

M := Fwins for B at end of season

assuming they win all remaining games

T := {teams other than B}

w; = #wins of team i currently VieT

rij = FFgames remaining between i and j Vi,j € T,i # j
P o= {i,j} ST |i#j,ri >0}

Then the goal is to find an outcome of the games so that all teams i € T get < M —w;
additional wins! We prove the following equivalence:

Theorem 6.12. The following is equivalent
(I) Team B cannot become champion.

(II) There is a subset T' C T with

Zwi—i- Z Tz'j>M"T/‘

T’ {i3ycT {i.jtepP

Before we prove this theorem, we want to demonstrate how it applies to the two
previously considered examples. In case of
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Team ‘ wins ‘ To play
A 33 8
B 28 4

the elimination criterion applies with 7”7 := {A}! In the second example of

Team‘wins‘Toplay‘A‘B‘C‘D

A 33 8 -1 1161
B 29 4 1{1-1013
C 28 7 6 10]-11
D 27 ) 1131/ -

the elimination criterion applies with 77 := {A, C'}! Now we come to the proof.
Proof of Theorem[6.12. (II) = (I). We can rearrange the criterion to

average #points 1

of teams in 7" EW(ZW—F Z rij> > M

at end of season iE€T" {i,j}CT" {i,j}eP
Hence, no matter the outcome, some team in 7" will get more than M points and
hence beat B.
(I) = (IT). We create a graph D = (V, A) with vertices V := T U P U {s,t}, edges
(s,{i,5}) for {i,5} € P with capacity 7;;; edges ({i,7},%) for all {i,j} € P with
capacity oo and edges (i,t) with capacity M — w; for all i € T..

s .M’.‘M >o i

It is not hard to see that

B can become champion < 3 integral flow of value > (ijyepTij
< Jflow of value } ;e prij
& every s-t cut S has value > Z{i,j}ePTij
using the MaxFlow=MinCut Theorem. As we are assuming that B cannot become

champion, we can fix an s-t cut S of value u(§°"(9)) < > (ijrep Tij- Weset T' :=
T NS as all the teams in that cut.
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S @

We prove the structural claim that the cut S contains exactly the pairs {i,j} € P
where 4,7 € T":
Claim. One has S = {s}U{{i,j} € P: |{i,j} NT'|=2}UT".
Proof of Claim. If {i,j} € S with |{i,7} NT’| < 2, then an edge with capacity co
is cut. On the other hand, if {i,j} ¢ S while |{7,7} NT’| = 2, then moving {i,j}
into S decreases the cut value by 7;; > 0. O
Now we can write the value of the cut as

w(8(S)) = 3 rg Y (M —w) < > 1y

{igreP:|{i3nT"|<1 e’ {ijtepP

which can be rearranged to

M‘|T’|<Zwi—|— Z Tij

IS {i,5}eP:|{i,7}NT"|=2

6.4 Circulations

We make the following definition:

Definition 6.13. Let D = (V, A) be a directed graph. A function? f:A—=Rspis

a circulation if
> fa= Y f@) wev
)

acdout (7.)) ae&in (U

Intuitively, a circulation is a flow without distinguished source and sink which
makes some arguments cleaner.

2Note that we do ask for non-negativity but one can find definitions for circulations elsewhere
in the literature that allow negative values f(a).
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graph D with circulation

Suppose we are given a graph D with lower bounds ¢(a) and upper bound u(a)
on each edge a € A and the question is whether there is a circulation f so that
l(a) < f(a) < u(a) for each edge a € A. One can prove that if there is no such
circulation, then there has to be a set U C V of vertices where the lower bound on
the incoming flow is higher than the upper bound on the outgoing flow.

Theorem 6.14 (Hoffman’s Circulation Theorem). Let D = (V, A) be a directed
graph and let £,u : A — R with 0 < l(a) < u(a) for all a € A. The following is
equivalent:

(A) There exists a circulation f : A — R with £(a) < f(a) < wu(a) for all a € A.
(B) One has ¢(6™(U)) < u(6°U8(U)) for every U C V.

}< U 50ut
> g 51n

Proof. (A) = (B). Let f be a circulation satisfying (A). Then for any set U C V
we have

One may visualize (

in in circulation ou ou
() < FEU)) TR FEOND)) < w(@ (D))
which shows (B).
(B) = (A). We may assume (B) is satisfied and we need to show that a

circulation f exists that satisfies (A). First, for any function f : A — R (not
necessarily a circulation) we define a vector lossy € RY with

lossf(v) := f(6°" (v)) — f(6" (v)).

We choose a function f: A — R with ¢ < f < u that minimizes |[lossf[|;. Such a
choice much exist by compactness. Intuitively, this means we pick a function that
is closest to being a circulation satisfying the lower and upper bounds. If lossy = 0,
then f is indeed a circulation and we are done. So suppose lossy # 0. Set

S:={veV|lossf(v) <0} and T :={veV |losss(v) >0}
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Slightly extending an earlier definition, we define the residual graph as the graph
Dy = (V,Ay) with edges

fla) < u(a) = a€c Ay

f(a) > £(a) = a~le Ay

We distinguish two cases:

e Case 1: There is a S-T path in Dy. Fix any S-T path P in D; We augment
the function f along P by some by € > 0. Then ||loss¢||; decreases and we
have a contradiction.

7/ N 7 N
/ \ / \
/ \ / \
I 4d gXEe e |
| o—>0 |
Si e T e 7
\\ b \\ h
\ / \ /
\ / \ /
N - N -

o Case 2: There is no S-T pathin Dy. Let U := {v € V' | v reachable from S in Dy}.
We verify that for each a € §°"*(U), one has f(a) = u(a). Moreover, for each
a € 6(U), one has f(a) = (a) (same argument as in the MaxFlow=MinCut

proof).
270N
VAR NI 77N
A LAWY / \
11 v\ ] \
11 (I 1 \
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AW \
N7 o’
\~//
Then

0 > loss;(S) =loss;(U) = F(0°(U)) — F(8™(U)) = u(3*(U)) — (5™ (1))

Rearranging gives u(5°U(U)) < £(6™(U)).

We make another definition:
Definition 6.15. We call a circulation f atomic if there is a single directed circuit

C C A so that
AN ifaeC
-]

0 otherwise
for some A\ > 0.
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It seems intuitive that any circulation is somehow build from atomic circulations. In
the literature this fact is usually called flow decomposition.

Lemma 6.16. Let f : A — R>q be a circulation in D = (V, A). Then there are
atomic circulations f1,..., fr: A— Rso with f = fi + ...+ fr and k < |A].

Proof. First, it is not hard to prove that for any non-zero circulation f, there is a
circuit C' C supp(f) (just do a walk following any arc a with f(a) > 0 until some
node is revisited; this closes a cycle; then decompose the cycle into circuits). We let
A1 :=min{f(a) : a € C}. Then f; := A\;1¢ is the first atomic circulation and we
iterate the argument with f — f1. Note that in each iteration the flow one at least
one arc becomes zero, hence this argument will terminate after at most |A| steps. O

There is also a polyhedral argument for Lemma [6.16l Fix a directed graph D
and consider the polyhedral convex cone

K:={zeR*| Apzr =0,z >0}
of all circulations in D. By a conic variant of Caratheodory’s Theorem (Theo-
rem 3.17)), for any f € K, we can write f = Zle fi where each f; € K is an extreme
ray of the cone K and k < |A|. In fact, the extreme rays of K are exactly the atomic
circulations.

6.5 Circulations of minimum cost

Next, we want to generalize the problem and include edge cost.

MIN CosT CIRCULATION PROBLEM

Input: D= (V,A), {,u: A—-Rspandc: A — R

Goal: Find a circulation f: A — R>¢ with ¢(a) < f(a) < u(a) for all a € A
that minimizes the cost c(f) := > .4 c(a) - f(a).

We want to make a few comments on this problem:

e Min Cost Circulation is indeed a generalization of the maximum s-t flow prob-
lem. To see this, take an instance D = (V, A), s,t € V, u : A — R>g. Add
an arc (t,s) with capacity oo and cost —1 and call the new graph D’. Then
a minimum cost circulation in D’ corresponds to a maximum s-t flow in the
original graph D.
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u(-) :=o00, ¢(-):=—1

Other problems that can be modelled as Min Cost Circulation are for example
shortest s-t path and minimum cost max s-t flow.

Even finding a feasible solution (rather than an optimum one) for a min cost
circulation instance (D, ¢, u,c) does not seem to be trivial. But consider the
auxiliary instance (D', ¢, 4, ) where we replace an arc a by two parallel arcs
with the following cost / lower bound / capacity:

cost: 0
cost: c¢(a) lower b.: 0
lower b.: 4(a) cap.: u(a) —¢(a)
cap.: u(a) T
U O——————>0 U u .‘\/Y. v
cost: —1
lower b.: 0
cap.: {(a)
instance D instance D’

Then the 0-flow is feasible for the auxiliary instance while a minimum cost
circulation in D’ corresponds to a feasible circulation in D. Hence, algorith-
mically it suffices to solve min cost circulation with the assumption to have a
feasible starting solution@.

If Ap is the node edge incidence matrix of the graph D, then the min cost
circulation corresponds to an optimum solution to the LP

min{c’ f | Apf =0,0< f <u}

The constraint matrix of this LP is totally unimodular by Theorem .15l In
particular, this implies that if ¢ and u are integer, then there is always an
integral optimum min cost circulation.

We extend the definition of residual graphs to include costs.

Definition 6.17. Let D = (V, A) be a graph with bounds ¢,u : A — R>q and cost
c:A—R. Let f: A— R be a circulation with £ < f < u. Then the residual graph

3This argument is similar to “phase 1” for the simplex algorithm.
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is the graph Dy = (V, Ay) with residual capacities uy : Ay — R5( and residual cost
¢y : Ay — R defined by

f(a) < u(a) = a€ Afur(a) :=ula) — f(a),ct(a) == c(a)
f(a) > ¢(a) = a'eAnupa) = fla) = la),cp(at) = —c(a)

Again we can augment along a cycle of the residual graph:

Fact 6.18. Let f be a circulation in D with ¢ < f < w and let C' C Ay be any
directed circuit in the residual graph Dy. For 0 < a < min{cs(a) : ¢ € C}, the
function f': A — R with

fla)+a ifaeC
fl(a) =1 f(a) —a ifa"teC

f(a) otherwise

is again a circulation in D with £ < f' <w and ¢(f') = ¢(f) + a - ¢(C).

This fact implies that if there is a negative cost cycle in the residual graph,
we can augment along the cycle and decrease the cost. This suggests a rather
natural algorithm that iteratively finds negative cost cycles in the residual graph
and aguments along them. In order to prove correctness, we make the following
useful observation:

Fact 6.19. Let f and f* be two circulations in D with { < f < wu and { < f* < u.
Then the “difference circulation” g : Ay — R with

fla) < f*(a) = gla):= f*(a) - f(a)
fla)> f*(a) = gla™) = fla) — f*(a)
(and 0 elsewhere) is a circulation in Dy with 0 < g(a) < uys(a) for all a € Ay and

cost ey (g) = e(f*) — e(f).

Proposition 6.20. Let D = (V, A) be a directed graph and let {,u,c : A - R. A
circulation f with ¢ < f < w is optimal < there is no negative cost cycle in Dy.

Proof. The direction (=) follows from Fact [6.I8 For (<), let f be an arbitrary
circulation in D and assume that Dy does not contain negative cost cycles. Let f*
be a minimum cost circulation. Let g : Ay — R>q be the difference between f* and

fiie cp(g) = c(f*) — c(f) (see Fact 619). Then by Lemma we can write

g= Zle g; where g1, ..., gy are atomic circulations in the residual graph Dy. Then
k
co(f*) —c(f) =crlg) =D crlgi) >0

Then ¢(f) < ¢(f*) and hence f is optimal. O
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Min cost circulation algorithm

Input: D= (V,A), {,u: A—Rsp,c: A= R
Output: A min cost circulation f with £ < f < u

(1) Find a feasible circulation fo with ¢(a) < fo(a) < u(a) for all a € A
using remark on page

(2) FOR t =0 TO oo DO

We can conclude the following:

Corollary 6.21. The sequence of circulations satisfies ¢(fo) < ¢(f1) < .... More-
over, if the algorithm terminates, the penultimate circulation is optimal.

Proof. Follows from Prop O

It is indeed possible to select a cycle in (4) so that the algorithm runs in poly-
nomial time. This is the goal of the next section.

6.6 The minimum mean cycle canceling algorithm*

In this section, we discuss a result due to Tardos [Tar85] where in the exposition we
will follow Chapter 12 in Schrijver [Sch03]. In our min cost circulation algorithm, we
want to make a more careful choice of which cycle in Dy to use for augmentation.
It will turn out that the right cycle is the one that minimizes the average cost. Let
us define

ct(C)

u(f) :=Ccyg£?wf{ C] }

as the cost of the minimum mean cycle. Note that we allow the empty cycle so that
always u(f) <O0.

Lemma 6.22. Given a directed graph D = (V, A) with edge cost ¢ : A — R. Then
a minimum mean length cycle can be found in time O(|V|? - | A]).

Proof. Consider the following slight variation of the Bellman-Ford algorithm: set

o
do(u,v) := 0 l “=v and di(u,v) ;= min {dg_1(u,w) + c(w,v)}
oo ifu#wv (w,w)eA
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for k=1,...,|V] and u,v € V. Then di(u,v) = ¢(P) where P is the u-v walk with
exactly k arcs that minimizes c¢(P). Computing all entries takes time O(|V|? - |A]).
Then the cost of the minimum mean cycle is

min {Lk(u’ u)} (%)

k=0,...,|V]; ueV k

(counting the entries for k = 0 as having value 0) and also the cycle itself can be
recovered from the entries. The crucial argument why (x) is attained by a cycle
and not (only) by a walk is the following: suppose that C'is a closed walk attaining

(). Then that walk can be decomposed into cycles Cy,...,Cy and in particular
c(C) = Zle ¢(Cy). Then one can verify that C‘(CCR < min;—; g C‘(ch), hence one of
the cycles C; was at least as good as C. U

Note that the minimum mean cost cycle can be found with a more sophisticated
argument in time O(|V] - |A]), see for example Chapter 7.3 in the textbook of Korte
and Vygen [KV12].

We restate the algorithm that we will analyze for convinience:

Minimum mean cycle canceling algorithm

Input: D= (V,A), {,u: A—Rsp,c: A—R.
Output: A min cost circulation f with £ < f <

(1) Compute any feasible circulation f with ¢(a) < f(a) < u(a) for all a € A.
(2) WHILE 3 cycle in Dy with negative cost DO

(3) Compute minimum mean cycle C C Ay w.r.t. cost cs
(4) Augment f along C by min{u¢(a) :a € C}

6.6.1 Node potentials

For a moment we will discuss general directed graphs and cost functions, not in the
context of circulations. For a directed graph D = (V, A) with edge cost ¢: A — R,
a function 7 : V' — R are called node potentials. These induce reduced costs cI . :=

]
Cij + Mg — 5.

Lemma 6.23. Let D = (V, A) be a directed graph with cost ¢ : A — R and node
potentials w. Then any cycle C C A has ¢™(C) = ¢(C).
Proof. Clear as the node potentials cancel out. O

Lemma 6.24. Let D = (V, A) be a directed graph with arc cost ¢ : A — R. Then
D has no negative cost cycle < there are node potentials with Crji=Cij+m—mj 2>

0 VY(i,j) € A
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Proof. “<”. Any cycle C has ¢(C) = ¢"(C) > 0 by Lemma
“=” We add an artificial node s and arcs (s,v) with ¢(s,v) := 0 for all v € V.

D

S @

Let d(u,v) be the length of the shortest path u-v in the resulting graph. Note that
d(u,v) maybe negative, but since there are no negative cost cycle, d is well defined.
Define 7(i) := d(s, i) as the node potentials. Then ] ; = ¢;; +d(s,i) —d(s,j) > 0 &
d(s,j) < d(s,i) + ¢;; which is the triangle inequality. O

Now, let us go back to the case that we have a directed graph D = (V, A) with
bounds ¢ < w and a circulation f : A — R>g. For a node potential m : V" — R
we consider the reduced costs ¢ (i, j) := ¢f(4, j) + m — m;. However the considered
circulations will keep changing which changes the arcs Ay in the residual graph, but
it will not change the cost cf(i,7). Hence in order to keep the notation clean, we
will drop the index f in the cost and only use ¢™ (i, j) — but we will always consider
the reduced costs with respect to the residual graph!

A circulation f : A — Ry is e-optimal for ¢ > 0 if there are node potentials

7V — R so that ¢f; > —¢ for all (4,5) € Ay. Let

e(f) :==min{e > 0: f is e-optimal}

The interpretation of this quantity is that e(f) is the smallest amount that has to
be added to the cost of the arcs in the residual graph to eliminate all negative cost
cycles. In some sense (f) gives a measure of distance to optimality.

Lemma 6.25. For any circulation f, u(f) = —e(f).

Proof. “>” Let m be the node potentials valid for e(f). The minimum mean cycle C
in Dy has [C] - u(f) = e(C) = ¢"(C) > —=(f) - C].

“<”. Let use define a cost function é(u,v) := ¢(u,v)—u(f). Now there is no negative
cost cycle w.r.t. ¢ and there are node potentials 7 with ¢(¢, j) + m; — 7; > 0, which
is the same as c(i,7) + m — 75 > pu(f). O

6.6.2 The weakly polynomial bound

The analysis of the cycle cancelling method will consist of showing that the value of
e(f) is decreasing in the course of the algorithm.

Lemma 6.26. Update f to f' by augmenting along a minimum mean cost cycle.
Then (f") < e(f).
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Proof. Abbreviate € := e(f). Let 7 : V' — R be the node potentials with ¢"(a) > —¢
for every arc a € Ay. We will show that the same node potentials are still feasible
for the updated graph Dy

Let C C Ay be the minimum cost mean cycle. Note that its cost are ¢™(C) =
—|C| - € by Lemma That means that every arc a € C' must have ¢"(a) = —e¢.
The only new arcs (i,5) € Ap \ Ay have (j,i) € C. Hence the reduced cost are
C = —Citm—m=—cj=¢2>0. O

We should remark that the claim of Lemma is false if an arbitrary cycle is
chosen for updates. To understand the final part of the analysis better, fix a current
circulation f with € := —u(f) and let 7 be the corresponding potential. Suppose
for the sake of argument that the next two mean cycles are C7 and Cy contains the
reverse of the arc that was the bottleneck for C. Then the picture for the reduced
cost in the residual graph will be as follows:

—€ O _—& = —C,0. > —¢
./ \.,/’7 TSa
N |
_ — € > —c

gI ;- v

x\ ///
el et

cycle C cycle Cy

But then the mean cost of Cy has to be higher as it contains an arc with reduced
cost +e. This idea can be generalized as follows:

Lemma 6.27. Consider a sequence { f;}i>o of circulations where f;1 emerges from
fi by augmenting along the minimum mean cycle in Dy,. Then e(fjaj41) < (1— ﬁ) .

e(fo)-

Proof. Let ¢ := €(fy) and fix the potentials 7 : V' — R with ¢"(a) > —¢ for all
a€ A fo-

Claim I. There is a k € {0,...,|A| + 1} so that the minimum mean cost cycle
C C Dy, 1in that iteration contains an arc a € C with ¢™(a) > 0.

Proof of Claim I. As long as the current iteration £ uses a minimum mean cost
cycle C C Dy, with ¢"(a) < 0 for all @ € C, every arc that appears new in the
residual graph will have non-negative reduced cost. Moreover, in every iteration at
least one arc is bottleneck arc and will not appear in the residual graph of the next
iteration. This can only go on for at most |A| iterations.

Claim II. Consider the minimal such k from Claim I. Then u(fi) > —(1 — %) -E.
Proof of Claim II. Let ' C Ay, be the minimum mean cycle. We know that
c™(a) > —e Ya € Ay,. Then ¢(C) = ¢™(C) > (|C] — 1) - (—¢) and hence pu(fy) =

C‘(gf > (1- ‘—é') - (—¢). The claim follows from |C| < |V|. O
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Theorem 6.28. Suppose the cost function isc : A — {—cmax, - - -, +Cmax }- Then the
minimum mean cycle cancelling algorithm terminates after |V|-(JA|+1)-In(2|V|-cmax)
iterations.

Proof. Let f be the flow before the 1st iteration and f’ is the circulation after
V|- (Al + 1) - In(2|V| - cmax) iterations. Then f is cpax-optimal. Moreover,

1 \IVI1n(2[V]-cmax) 1
/<max' 11— = < Cmax —In(2|Vcmax)) = z775-
(') < max (1= 17) < o+ XP(= {2V ) = 5717
Since the cost are integral, that implies that actually e(f’) = 0. O

6.6.3 The strongly polynomial bound

Surprisingly one can prove that the number of iterations is bounded by a polynomial
only in |V] and |A|, independent from cost and capacity values.

Theorem 6.29 (Tardos [Tar85]). The minimum mean cost cycle algorithm termi-
nates after O(|A|*|V|In(|V|)) iterations.

Proof. We set n:= |V| and m := |A|. Let fo, f1,... be the circulations appearing in
the minimum mean cycle algorithm and let C} be the minimum mean cycle in Dy,
used to augment f; to fiy1. We abbreviate 7 := 2nm/[In(n)|. The crucial claim is
the following:

Claim 1. For each tg, there exists at least one arc a € Cy, so that fi, (ao) = fi,(ao)
forallto > t1 :=tg+ 7.

Intuitively, the claim says that every 7 iterations, the flow on some arc will be
fixed and never change again. If we manage to prove Claim I, then indeed the
algorithm will terminate after at most 2m7 = O(m?nIn(n)) iterations.

Proof of Claim I. We set ¢ := £(¢t1). Let m be potential for iteration t1, i.e.
c™(a) := c(a) + m(u) — 7(v) and ¢"(a) > —¢ for every a = (u,v) € As,. Then using
Lemma we obtain

e <elte)- (1- 1) < clto) exp(~2m(n)) <

£(to)
2n

Fix any arc ag € Cy, with ¢™(ag) < —e(fi,) < —2ne. It may be helpful to consider
the time axis:

™ (ag) < —2ne c™(a) > —eVa € Ay,
choice 7, ¢ )
. : time
I I I -
to 141 t2

= .|
Ly |

> 2mnIn(n) iterations
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Assume by symmetry that ag € A (=forward arc) and assume for sake of contradition
that fi,(ao) # fi,(ap). We will analyze what happens to this particular edge.
Subclaim I.A. One has ag ¢ Ay,

Proof of Subclaim I.A. If ag € A, then ¢™(ap) > —e while at the same time

c™(ag) < —2ne. That is a contradiction! O
ap ¢ At1
™ (ap) < —2ne ™ (a) > —eVa € Ay
I I | time
I T T >
to tq to

I~ |

> 2mnln(n) iterations

Subclaim I.B. There ezists a directed circuit C' so that (i) C C Ay,, (ii) C~1 C
Ay, (iii) ag € C.
Proof of Subclaim I.B. By the previous claim we have u(ag) = ft, (ag) > ft,(ap).
Then the difference h := f;, — f;, (see Fact[6.19) is a circulation in Dy, with h(ag) > 0.

Choose a circuit C C {a | h(a) > 0} containing ag. Then C C A;, and C~1 C
Atl' O
aq gé At1
™ (ap) < —2ne ™ (a) > —eVa € Ay,
l | | time
I I I -
to tq to

«<

> 2mnln(n) iterations
Now we continue the proof of Claim I. We have
(C'CA,andc™(a)>—e) = ("(a)<eVaeC
Then

c(C) =c"(C) =c"(ag)+ " (C\{ap}) < —ne < —|C| - &(t2)

<—2ne <(|C|-1)-€

So there is a circuit C' in Dy, with mean cost < —¢e(t2). That is a contradiction.

™ (ap) < —2ne ™ (a) > —eVa € Ay,

1 1 ,  time
1 1 1 >
to tq to

= .|

> 2mnln(n) iterations
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6.7 Exercises

Exercise 6.1.

Let D = (V, A) be a directed graph and let s,¢ € V. Let f: A — Rx>g be an s-t flow of
value 5. Show that there exists an s-t flow f' : A — Z>¢ of value [5] so that |f(a)] <
f'(a) < [f(a)] for every a € A.

Source: This exercise is taken from Schrijver [SchiT].

Exercise 6.2.

In the following graph D = (V, A) (edges labelled with capacities u(a)), compute a maximum
s-t flow under u and a minimum s-t cut §°%*(U). What are their values? It suffices to state
the final outcomes.

EX ) [ 3

Source: This exercise is taken from Schrijver [Sch1T].

Exercise 6.3.

Let D = (V, A) be a directed graph with two distinguished nodes s,t € V. A set U is called
an s-t vertex cut if U C V' \ {s,t} and every s-t path intersects U. A collection of s-t paths
Py, ..., Py is called internally vertex disjoint if they have no nodes in common other than
s and t. Prove the following using the MaxFlow=MinCut Theorem: Let D = (V, A) be a
directed graph with s,t € V so that (s,t) ¢ A. Then the mazimum number of internally
vertex-disjoint s-t paths equals the minimum |U| where U is an s-t vertex cut.

Hint: Create an auxiliary graph and apply the MaxFlow=MinCut Theorem there!

Exercise 6.4.
First answer the following:

(i) Let D" = (V, A’) be a directed graph with capacities v’ and s,t € V. We call an s-t
flow g : A = R elementary if there is a single s-t path P in D’ so that

value(g) ifa€ P
g(a) = .
0 ifag¢ P
Now let f* be a maximum s-t flow in D’ under u/. Prove that there is an elementary

s-t flow g under v’ with value(g) > ﬁvalue(f*).
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Now let D = (V, A) be a directed graph with integral capacities u : A — Z>¢, distinguished
vertices s,t € V and for the sake of simplicity suppose that for each arc a € A one has
a~l¢ A
(ii) Let f be any flow under u and let f* be a maximum value s-t flow. Prove that the
residual graph Dy contains an s-¢t path P where us(a) > ﬁ(v&lue(f*) — value(f))
for all a € P.

(iii) Consider the modification of the Ford-Fulkerson algorithm where in each iteration we
pick an s-¢t path P that maximizes min{us(a) : @ € P} where f is the current flow.
Prove that this algorithm takes at most O(|A|In(2value(f*))) many iterations.

Exercise 6.5.

Let D = (V, A) be a directed graph with capacities u(a) := 1 for all a € A. Let s,t €
V and assume that 6°%*(¢t) = (. Let 6"(t) = {ai,...,an} be the arcs incoming to
t. Define M = (X,7Z) with X := {a1,...,am} and T = {{a; € X : f(a;) = 1} |
f is an s-t flow under u in D}. Prove that M is a matroid!



Chapter 7

Non-bipartite matching

In Chapter [l we discussed the matching problem in bipartite graphs. As it turns out
matchings still have a nice structural properties in general graphs, but the extensions
of theorems from bipartite graphs can be highly non-trivial. We follow Chapter 5 in
[Sch17].

7.1 The Tutte-Berge Formula

We want to begin with an extension of Konig’s Theorem (Theorem [A.9). Suppose
we have an arbitrary undirected graph G = (V, E'). How could we certify that there
is no perfect matching? A trivial reason would be if |[V| is odd. Surprisingly this
idea can be extended nicely.

Recall that v(G) denotes the maximum cardinality of a matching in G. Let us
define

ex(G) := min{# M-exposed nodes | M matching in G} = |V| — 2v(G)

as the minimum number of exposed vertices. Let us call a connected component in
a graph odd if it has an odd number of vertices. We define odd(G) as the number
of odd components in graph G.

Consider a matching M in a graph G and fix some subset A C V. Suppose that
Cy,...,Cf with k := odd(G \ A) are the odd components in G \ A. Then for each
i =1,...,k, the matching M either leaves a node in C; exposed, or it contains an
edge between a node in C; and A.

79
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odd components

r B
Cy C,

even components

Either way, M must have at least £k — |A| many exposed nodes, that means
ool
ex(G) > 0dd(G\A)— 4] & v(G) < min {5(\1/; + 4] —odd(G\A)) |AC v}

Quite surprisingly it turns out that there is always a set A that provides a tight
bound.

Theorem 7.1 (Tutte-Berge Formula). For every graph G = (V, E) one has
v(G) = min {l(yw + 14| = 0dd(G\ 4)) |
Acv L2

Before we can prove the Tutte-Berge formula, we need a crucial structural lemma.
Let us call a node v critical if it is covered by every maximum matching. In the
proof of Theorem we have shown that every non-empty bipartite graph contains
a critical node. This is not true for non-bipartite graphs, but instead we can prove
the following for graphs without critical nodes:

Lemma 7.2. Let G = (V, E) be a connected graph with E # () and no critical node.
Then ex(G) = 1.

Proof. If ex(G) = 0, then every node is critical. Hence suppose for the sake of
contradiction that ex(G) > 2, which means that every maximal matching M leaves at
least two nodes exposed. For two nodes u,v € V, let d(u,v) be the distance in G (in
terms of the number of edges; note that here we use connectedness). Fix a maximal
matching that minimizes d(u,v) for a pair of M-exposed nodes. If d(u,v) = 1, then
M U {u,v} is a bigger matching and we have a contradiction. Hence suppose that
d(u,v) > 2. Select any node t € V with d(u,t),d(v,t) < d(u,v) (for example by
taking a node ¢ on the shortest path between u and v).

U t v
° ° ° ° ° °
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Consider a maximal matching N that leaves t exposed. If there are several, choose
the matching that maximizes the number |M N N| of joint edges.

Next, consider the symmetric difference MAN. FEach of the nodes w,v,t is
exposed in either M or N, so they are all endpoints of some paths in MAN. Since
M and N are maximal and we maximized |M N N|, we know that M AN consists
only of even length paths. Consider the even length path P containing w as an
endpoint. If the other endpoint is ¢, then M AP has the exposed nodes v and t
which contradicts the choice of M. That means P has u as one endpoint and the
other one is neither v nor ¢. In fact, the situation looks like this:

P: ue ° ‘GN‘EM.
Ve ° ° ° °
° ° ° ° o

Then the matching NAP still has ¢t exposed but has more edges in common with
M, which is a contradiction. O

Proof of the Tutte-Berge Formula. We prove the equivalent statement:
ex(G) = max{odd(G\ A) — |A| | ACV}
We already argued the direction “>”. We prove “<” by induction.

e Case G is disconnected: Let G1,...,Gy are the connected components of
G (doesn’t matter whether these are even or odd) with & > 2. We apply
induction to each of the connected components to find A; C V(G;) with
ex(Gi) = odd(G; \ A;) — |A;|. Then A :=J%_ | A; gives

k k k
ex(G) =) ex(Gy) =Y _odd(G;\ Ai) — Y |4
=1 =1 =1
=o0dd(G\A) =|A]

o Case: G connected and there is no critical node. Using the last Lemma we
know that G is odd and ex(G) = 1. Hence for A := () we have ex(G) =1 =
odd(G \ A) — |A].

e (Case: G connected and there is a critical node u € V. We apply induction to
G\ {u} and obtain a set A C V' \ {u} with
ex(G) (G {u}) — 1
induction
£ 0dd((G\ {u}) \ 4) — |4] -1
= odd(G\ (AU{u})) — [AU{u}|
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Here we use that deleting a critical node increases the minimum number of
exposed nodes by 1. That means A U {u} satisfies the claim.

A consequence is the following:

Corollary 7.3 (Tutte’s 1-factor theorem [Tutb0]). A graph G = (V, E) has a perfect
matching if and only if odd(G \ A) < |A| for all AC V.

7.2 Cardinality matching algorithm

In this section, we want to design a polynomial time algorithm for the cardinality
matching problem: given a graph G = (V, E), find a matching M C F maximiz-
ing |M|. We know from Theorem (.8 that it suffices to find augmenting paths
for any matching M. In the special case of bipartite graphs, this is reasonably
straightforward. Unfortunately, M-augmenting paths are harder to find in general
graphs. Recall that a walk in a graph G = (V, E) is a sequence vg, vy, ..., 0 SO

that {v;,v;41} € E for alli = 0,...,t — 1. In particular in a walk one is allowed
to revisit nodes and edges (which is in contrast to a path). We say that a walk
(vo,v1,...,v) is M-alternating if for each node v; with i € {1,...,t—1} exactly one

of the edges {v;_1,v;}, {vi, viy1} lies in M and the other one does not. As the name
suggests, edges on the walk are alternatingly in M and not in M. In particular an
M-augmenting path is also an M-alternating walk. For a subset W C V', we call a
walk a W-W walk if start and endpoint are in W.

Lemma 7.4. Let G = (V, E) be a graph and M C E be a matching leaving W C V
exposed. Then a shortest M-alternating W-W walk P between two exposed vertices
can be found in time O(|V| + |E|).

Proof. We define a directed graph D = (V UV’ A) that has nodes v and v’ for every
original node in G. We insert an edge (u,v’) € A if {u,v} € E\ M. We insert
(u',v) € A if {u,v} € M. For every node u € W, we can find the shortest path to
some node in W’ in polynomial time using breadth first search.

- 1 h

/2N LW

| 1 !
\ Lo A\ M\ Rt

N/ N s/

\ o~ AN

<7 <~/ O
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Note that every M-alternating W-W walk will have odd length. Unfortunately,
an M-alternating path between M-exposed nodes is not necessarily an M-augmenting
path:

U3 Uy
o0

V), V1/0 Vo /U
y v
~_ €M
® [ ]

V6 U5

0 Vg

While such a walk does not yield an M-augmenting path, it does provide us with a

different useful structure: An M -blossom is an M-alternating walk P = (v, v1, ..., v;)
where vg = v is M-exposed and vy, ...,v_1 are distinct.
vy
/o °
Vo = Ut O\ ‘
° °
Ut—1

If the algorithm behind Lemma [4] does not provide us with a path, then we can
extract a blossom as follows: flip the edges on the walk until the first revisited node
to get another matching M’; the first closed cycle will then be an M’-blossom.

Lemma 7.5. Let G = (V,E) and let M be a matching leaving W C V ex-
posed. Suppose P = (vg,...,v) is a shortest M-alternating W-W walk and P
is not a path. Pick j minimal with v; = v; for some 0 < i < j < t. Let
M := MA{{vg,v1},...,{vi—1,vi}}, C = (vi,...,vj). Then |M'| = |M] is a match-
ing and C' is an M'-blossom.

Proof. If j — 1 was even, we could shorten P. So j — 4 is odd. As v; is the first
revisited node, all edges {vg,v1},...,{vj—1,v;} are distinct. As j —i is odd, either
both or none of {v;,vi41},{vj—1,v;} are in M. Then the latter has to be the case.
Hence {v;—1,v;} € M has to be the matching edge incident to v; = v;. Then i is
even and the claim follows.

Vi+1
° °
v ... .Vic1 Ui :%/
o ° °
° °
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Let G = (V,E) and C C V. Then G/C := (V/C,E/C) is the graph that is

obtained by shrinking the nodes in C' into one supernode:

V/C = V\CU{C}
E/C = {e€E|lenC=0}U{{u,C} |{u,v} € E with [{u,v} NC| =1}

.\C,Ic: /ﬁ‘l—o _ o\ g /
" \. | ./ T~

contraction of an M-blossom C

We have already seen how to identify an M-blossom. Now we can show why an
M-blossom is anyhow useful:

Lemma 7.6. Let C be an M-blossom in G. Then M has maximum size in G iff
M /C has maximum size in G/C.

Proof. Let C = (vg,...,v) be the M-flower. Note that vy is M-exposed in G and
C is M /C-exposed in G/C. We prove the equivalent statement

JM-augmenting path in G < 3IM/C-augmenting path in G/C

“=" Let P be an M-augmenting path. We may assume that P does not start at vg
(otherwise reverse it) and does touch C' (otherwise P is itself M /C-augmenting). Let
P’ be the beginning of P ending with the first node in C. The edge of P’ entering
C is not in M (by def. of M-blossom). Then P’ is M /C-augmenting.

e S~

eM 7 \

o ° ° ’\o- - C Oo,'
\ V) ,
‘ﬁl \\_—_’/

“<” Let P be an M/C-augmenting path in G/C. If node C is not contained in P,
then P is M-augmenting. Otherwise, C' will be one of the endpoints of P. In G, P
is a path ending in some node v;, i € {0,...,t}. We can extend P by going either
clockwise or counterclockwise through the blossom and ending in vg. This gives an
M-augmenting path ending in vy. U

Now we have all the pieces together for an algorithm:
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Edmonds’ algorithm
Input: G = (V, E), matching M C E.
Output: A matching N with |N| = |M|+1 or conclusion that M is maximal.

(1) Set W := M-exposed vertices.
(2) Compute shortest W-W M-alternating walk P = (vp, ..., v;)
(3) Case 1. There is no such walk
(4) Return “M is maximal”
(5) Case 2. There is such a walk

(6) Case 2a. P is a path
(7) Then P is an M-augmenting path.
(8) Return N := MAE(P)

(9) Case 2b. P is not a path

(10) Let v; be first revisited node with v; = v; for i < j, @ even, j

odd
(11) Set M’ := MA{{vg,v1},...,{vi—1,v;}} which is a matching
with |M'| = |M]|

(12) Set C := {v;,vi11,...,v;} which is an M’-blossom
(13) Call algorithm recursively for G/C and M'/C
(14) IF M’/C is maximal, then

(15) M’ is maximal in G — return M is maximal
(16) IF 3M’/C-augmenting path P, then

(17) obtain M’-augmenting path P’

(18) return M'AE(P’)

Correctness follows from the preceeding lemmas. We analyze the running time:

Theorem 7.7. A maximum cardinality matching in G = (V, E) can be found in
time O(|V | E|).

Proof. Assume |E| > |V|/2, otherwise delete vertices without edges. We compute
a maximum matching starting with M := (), augmenting it always by 1 using the
above algorithm. A shortest M-alternating W-W walk in (2) can be found in time
O(|E]). The recursion has depth at most |V, hence augmenting M by 1 using the
algorithm above takes time at most O(|V| - |E]). At most |V|/2 augmentations are
needed, hence the total time to compute a maximum matching is O(|V|? - |E|). O

With (a lot!) more work one can get the running time down to O(\/|V| - |E]),
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see the work of Micali and Vazirani.

7.3 The Perfect Matching Polytope*

Similar to Sec £4] for an undirected graph G, the perfect matching polytope is
Pperfectmatching (G) = COIIV{XM e RP | M C E is perfect matching}

We have learned that for a bipartite graph, Pyerfectmatching (G) is equal to the vectors
x € RF satisfying
z(0(v)=1YeV; z,>0VecFE (7.1)

We also know that in general graphs the inequalities in (1)) do not suffice to describe
Pyerfectmatching (G). For example, suppose G is a complete graph on an even number
of vertices and we define a vector z* € R” with z} = % for all edges on two disjoint
odd cycles.

D=

o\

Then z* satisfies (1) but 2* ¢ Pperfectmatching (G). One way to certify this is to let
U be the vertices of one of the odd cycles. Then |U| is odd and any perfect matching
M must have [6(U) N M| > 1. In other words, z(6(U)) > 1 is a feasible linear
inequality for Pperfectmatching(G) that is violated by z*. It is a seminal result due
to Edmonds, that these additional inequalities suffice to define the perfect matching
polytope of any graph. So, we abbreviate

z(0(v)) = 1 YweV
Qperfectmatching(G) =L T E RE ‘ T > 0 Veec E
z(0(U)) > 1 YU CV with |U| odd

Theorem 7.8 (Edmonds [Edm65]). For any graph G one has Pperfectmatching(G) =
Qperfectmatching(G) :

We follow the short proof from [Sch03].

PTOOf- We already argued that Pperfectmatching(G) g Qperfectmatching(G)' Suppose
the reverse direction Qperfectmatching(G) € Pperfectmatching (G) is false and consider
the counterexample G = (V, E) that minimizes |V| + |E|. Let 2* be a vertex of
Qperfectmatching (G) With @* ¢ Poerfectmatching (G). If ) = 0 then we can delete the
edge e, and if 2} = 1 then we can delete the edge plus the two endpoints of e in
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order to obtain a smaller counter example. So we may assume that 0 < x} < 1 for
all e € E. In particular dg(v) > 2 for each vertex v € V and |E| > |V|. We know
that |V is even since otherwise the odd set constraint for U := V was violated. If
|E| = |V, then all vertices have degree exactly 2 and G consists of a collection of
circuits that must all be even as overwise z(§(U)) > 1 would again be violated where
U are the vertices of one of the odd circuits. Then we are in the bipartite case and
indeed z* € Pperfectmatching (G). S0, suppose that |E| > |V| instead. Since z* is a
vertex of Qperfectmatching (G)) we know that there is some odd set U with 3 < |U| < |V/|
and z*(6(U)) = 1.

Consider the contracted graphs G’ := G/U and G” := G/U where U = V \ U.
Let ' be the weight function z in G’ after contraction and let 7 be the weight
function x in G” after contraction. Note that 2’ € Qperfectmatching(G’) and z” €
Qperfectmatching (G”).  For this we use in particular that |U|, |U] and a singleton
vertex are all odd sets.

U 0 0 U
—

graph G graph G’ graph G”

As G is assumed to be a minimal counterexample, we know that 2’ € Pperfectmatching (G”)
and 2" € Pperfectmatching(G” ). Since each extreme point must be rational, there must
be a k € N so that 2/ and 2" are unweighted averages of k perfect matchings in G’
and G’ ie. 2/ = %Zle YMi and 2/ = %Ele XM{’_. Each of the matchings M/
and M/ has exactly one edge going between U and U and moreover, each edge e
that runs between U and U is in exactly kz? many of the matchings Mj, ... M,
and also in the same number of matchings M7, ..., M;’. Hence we can change the
indices so that for each i, M/ N M/ contains exactly one edge and that edge is in
d(U). That means M; := M/ U M/ is a perfect matching in G and one can verify

that o* = %Zle M. O

7.4 Vizing’s Theorem*

For an undirected graph G = (V, E), we write dg(v) as the degree of a node v
and A(G) := maxyey dg(v) is the mazimum degree. A k-edge coloring is a map
c: E — {1,...,k} so that for any pair e, f € E of incident edges (i.e. |eNn f| =1)
one has c(e) # ¢(f). In other words, it is a coloring of the edges of the graph with
k colors so that incident edges receive different colors. We denote the edge coloring
number x'(G) as the minimum number of colors needed to color the edges in G. It is
useful to note that given an edge coloring ¢, each color class ¢~'(i) forms a matching
in G and so X'(G) equals the minimum number of matchings needed to cover E.
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It is not hard to see that x'(G) > A(G). Also, a greedy coloring strategy can
easily give the bound of x'(G) < 2A(G) — 1. Surprisingly, the edge coloring number
is always almost exactly the degree. The original result is due to Vizing; here we
give the proof from [Sch03].

Theorem 7.9 (Vizing). In any undirected graph G = (V,E) one has A(G) <
X'(G) < A(G) + 1.

Before we come to the main proof, we show an auxiliary result that will allow us
to extend valid colorings.

Proposition 7.10. Let G = (V, E) be a graph and let v € V and k € N so that:
(i) G — v is k-edge colorable
(ii) v and all neighbors of v have degree at most k

(iii) at most one neighbor of v has degree exactly k.

Then G is k-edge colorable.

Proof. We prove the statement by induction on k. If & = 1, then either dg(v) = 0
and there is nothing to show, or there is a single edge {v,u*} in which case we are
done as well.

Now assume k£ > 1. We may insert dummy edges and vertices so that v and
exactly one neighbor u* have degree k and all oth&g neighbors have degree k — 1.

By assumption there is a k-coloring ¢ : E'\ §(v) — {1,...,k} for the graph G — v.
For color i € {1,...,k}, let X; := {u € N(v) | u misses color i in c¢}. There maybe
more than one possible coloring and so we select one that minimizes the quantity

k
>o1xl
=1

Intuitively, this means we want a coloring that distributes colors evenly among the
neighbors of v. This has the following consequence:

Claim I. There is an indez i € [k] with | X;| = 1.

Proof of Claim I. Suppose for the sake of contradiction that |X;| # 1 for all
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i=1,...,k. Note that in G — v, all nodes in N(v) have degree one less than in G.
That means u* misses one color in ¢ and all the nodes in N(v) \ {u*} are missing
exactly two colors. In particular, summing over all missing colors gives

i dc(v)<k
Y IXil=1+2-(do(v) —1) =2dg(v) ~1 < 2k (x)
i=1

Hence there is an index ¢ with |X;| < 2 which by assumption means that |X;| = 0.
Also the left hand side of (x) is odd, hence there has to be an index j where
|X;| is odd. Since |X;| # 1, this means |X;| > 3. Consider the subgraph H :=
(V,e71({i,5})) formed by the edges of color i and j. Each color class ¢~ '(i) and
¢~ 1(j) is a matching and their union is a graph where components are paths (in-
cluding singletons) or circuits. There has to be one path P with more vertices in X
than in X;, meaning that one endpoint is in X; and the other one is not in X;. Then
exchanging colors i and j on this path gives another k-coloring where |X;|? + | X;|?
is reduced. This is a contradiction. O

After changing indices, using Claim II, we may assume that |Xj| = 1, say Xj =
{w}. In other words, w is the only node in N(v) missing color k. Let G' :=
(V,E\ ({v,w} Uc1(k))) be the graph obtained by deleting {v,w} and the edges
colored with k from G. Then G’ — v is (k — 1)-edge colorable (simply use ¢ without
color k) and dgr(u) = dg(u) — 1 for all u € N(v) U {v}. By induction there exists a
(k—1)-edge coloring ¢ for G’. We restore the edges with color &k and set ¢(v, w) := k.
This gives a valid k-edge coloring for G. O

Now we can finish Vizing’s Theorem:

Proof[7.9. We prove Vizing’s theorem by induction over |V| where the claim is true
for |V| = 1. Let G be any graph and fix any vertex v € V. By induction, x'(G—v) <
A(G—v)+1 < A(G)+1=: k. Then v and all its neighbors have degree strictly
less than k, hence Prop [L.I0] applies and also x'(G) < k. O

Note that the claim of Prop [[.10lis stronger than we needed in the application.

7.5 Exercises

Exercise 7.1.

Let G = (V,E) be a 3-regular graph without any bridge. Show that G has a perfect
matching. (A bridge is an edge e not contained in any circuit; equivalently, deleting e
increases the number of components; equivalently {e} is a cut. A graph G is k-regular if all
vertices have degree k.)

Source: This exercise is taken from Schrijver [Sch1T].

Exercise 7.2.
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Let G = (V, E) be a graph and let T'C V. Prove that G has a matching covering T if and
only if the number of odd components of G \ W contained in T is at most |W/|, for each
W CV.

Source: This exercise is taken from Schrijver [SchiT].

Exercise 7.3.
Recall that for a graph G = (V, E) we have defined Punatching(G) = conv{xyM e RF | M C
E is a matching}. Prove that for any k € N,

Piatehing(G) N {z € RF | 172 = k} = conv{x | M C E is a matching with |M| = k}

Hint: Let F := {M C E | M is a matching}. For the non-trivial direction, take a vector
T* € Pratening(G)N{z € R¥ | 172 = k} and consider the vector A € R;O that minimizes the

function G(A) := 3 ;e 7 Ans - || M| — k| subject to Y- ;e Anr =1 and 2* =310 7 Anx™
Source: This exercise is taken from Schrijver [Sch1T].

Exercise 7.4.
Proof that in any bipartite graph G = (V| E) one has x'(G) = A(G).



Chapter 8

Interior Point Methods*

We extensively covered the theory of linear programming in Chapter ] and its ap-
plications to discrete optimization in Chapter However, we did not show how
to actually solve LPs efficiently. That is the goal of this chapter. There are three
classes of algorithms for solving linear programs:

o The Simpler method. The first known method to solve LPs, developed by
Dantzig. Geometrically speaking, one optimizes a linear function z — ¢’ x over
a polyhedron by moving from an extreme point to a neighboring extreme point
while improving the objective. While efficient in practice, there is no proof
known that any variant of the simplex method would require only polynomially
many iterations.

e The Ellipsoid method. The first method that was proven to take (weakly)
polynomial time to solve LPs. The method constructs a sequence of shrinking
ellipsoids & D &1 D ... that all contain a target convex set K. While useful
in theory, in practice this method is not competitive with the others.

e Interior Point Methods. A class of algorithms that is based on continuous
optimization techniques. Currently giving the fastest theoretical running times
to solve LPs while also being competetive in practical applications.

In this chapter, we describe one particular algorithm that is a path-following interior
point method. Our presentation is loosely based on Chapter 5.3 in the monograph
by Bubeck [Bubl5| but we keep our exposition less abstract and include essentially
all proofs.

8.1 Preliminaries

We will describe a polynomial time algorithm that solves the optimization problem
min{c’'z | * € P} where P = {x € R" | Az < b} is a polytope with a matrix

91
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AeR™™ and b € R™ and ¢ € R™ are vectors. The main result in a simplified form
is as follows:

Theorem 8.1. For A € R™*™ and b € R™ and ¢ € R" with m < O(n) one can solve
the LP min{c'x | Az < b} in time O(n3>°L), where L is the number of bits needed
to represent A, b, c.

We assume that P is a full-dimensional polytope and hence the interior int(P) :=
{z € R" | Az < b} is non-empty. We also assume that we know at least one point
in int(P). Let s;(z) := b; — ATz be the slack that z has with respect to the ith
constraint. It is not further important, but if one likes, one can normalize the rows
so that ||A;||]2 = 1 for ¢ = 1,...,m and then s;(z) gives the geometric distance of
x to the i¢th hyperplane. For some parameter ¢ > 0 consider the convex log-barrier
function

- 1
Fi(z) =t clz+ 111( )
2w
Later we will occasionally use Fy(z) which is only the log-barrier term. We define
x*(t) := argmin{ F}(z) | € R"}

as the unique minimizer, where we interpret Fi(x) = oo if ¢ int(P). It is not
hard to imagine that if ¢ — oo, more weight is put on the linear term and x*(t) will
converge to the optimum solution of min{c’z | z € P}.

level curves for F; for t =0 level curves for F; for ¢t > 0

The points {z*(t)}+>¢ define a curve inside P that is called the central path.
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P argmin{c’y | y € P}

In fact, the interior point method will approximately follow the central path to
converge to the optimum. A simple calculation yields the gradient of the barrier

function as
VFE(z)=t-c— ) ——
250
Moreover, the Hessian of the barrier function as

A AT
V2 _E 144
File) = si(z)?

i=1

Observe that the Hessian is an n x n symmetric, positive definite matrix; in our

case it is independent of ¢t and ¢. We define the Dikin ellipsoid of radius R around
T as

n o~ (5i(y) — si(x))? 2
= <
&(z,R) {yeR |; e _R}
= {yeR"|(y— o) [V’F(2)(y —2) < R*}.
As we can see, the Hessian of F; is also the matrix that defines the ellipsoid.
Lemma 8.2. For any x € int(P) one has E(z,1) C P.

Proof. Let y € £(x,1). Then in particular (s;(y) — s;(2))? < s;(2)? which implies
si(y) > 0 for all 7. O

This means that starting at a point z, it is safe to move to another point z’ €
E(x,1) without the danger of leaving P.
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Geometrically one can see that if x is very close to the ith boundary constraint, then
the ellipsoid £(z, 1) is getting very thin in direction A;.

8.2 The algorithm

Suppose we have a starting point zy € int(P) and some fixed ¢ and we try to move
closer to the current optimum z* := 2*(¢). Consider the quadratic approzimation

G(x) = Fy(zo) + (VFy(20))" (z — z0) + %(w — 0) [V Fy ()] (x — o)

at this point. Of course, we can obtain an explicit optimum solution for any quadratic
function. The first order optimality condition tells us that the minimizer x; of G
satisfies

!
VG(JZl) = Vﬂ(zo)+[V2Ft(xo)](x1—xo) =0 = x1= JZQ—[V2F1§((£0)]_1(VE(JZQ))
A 1-dimensional visualization would like like this:

quadratic approx. G

Replacing g by the point z; that minimizes the quadratic approximation is also
called a Newton step. It turns out that the distance to the optimum point z* de-
creases quadratically if the starting point xg is close enough to z*. Back to our
interior point method, this means that applying a Newton iteration to a point
x € E(z*(t), R) moves it closer to x*(¢) in terms of the Dikin radius, assuming
that R was small enough. Once the current point is close enough to z*(t) we can
then increase the value of ¢ by a factor 1 + @(\/—lm) The full algorithm is as follows:

Path Following Interior Point Method
e Input: LP min{c’z | z € P} and zy € E(z*(to), 55) for some ¢y > 0.
e Output: Sequence {7 }x>o converging to y* = argmin{c’y | y € P}
(1) FOR k =0 TO 0o DO
(2) Perform Newton Step xxi1 := x) — [V2Fy, (25)] N (VF, (1))

(3) Update tjy1:=tg - (1+ m)
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The analysis breaks down in the following main steps:

(1) First we will analyze the Newton step and prove that xp € E(a*(t), R) =
Trt1 € E(x*(tr), 9R?). Setting R = 5; means that w41 € E(a*(tg), g7). We
could in fact iterate the Newton step to get arbitrarily close to x*(tx) — but
that would not give an asymptotic advantage.

(2) For step (3), we need to show that the point on the central curve does not
move too quickly when increasing the parameter ¢. In fact we show that
z*(t- (1 +¢)) € E(x*(t),ey/m). Setting € := m is enough to guarantee
that 2*(tj41) € E(x*(t), 185). As the ellipsoids change only slowly, one has
(zrr1 € E@*(t), 57) & 2 (ter1) € E@*(th), 165)) = Tr1 € E(@* (try1), 57)-

(3) Finally we can bound the distance from any intermediate point to the optimum
y* := argmin{c’y | y € P} by proving that x € £(z*(t),1) = 'z < Ty* +
O(%)-

(4) We did not describe yet how to obtain a starting point xg that is close enough
to x*(to) for some top > 0. It turns out that one can run a “reverse path
following algorithm” to move from any point x € int(P) to a point close to the
analytic center.

8.3 Analysis of a Newton Step
For a symmetric matrix H € R"™*" with Eigen decomposition H = Y ", /\iuiu?,
let |H| := > ", |\i|luiul be the matrix where the absolute value function has been
applied to all Eigenvalues. In particular |H| = 0. For a H € R™ "™ that is not
necessarily symmetric, let || H||op be the largest singular value. In particular we will
use that [[Hz|l2 < ||H||op - ||z]]2 for any vector z. We will now show that a Newton
step shrinks the distance from the optimum (if the distance is measured in the norm
induced by the Hessian).
//’ \\
Newton step \

7/ = /

m‘x I
. 1 /

7 /

T
2

£ R\ .
Lemma 8.3. Fix a value of t > 0 and let x* := x*(t). For z € £(x*, R) with R < %’
set

o=z — [V2F(2)] Y (VF(z))
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Then x' € E(z*,9R?).

Proof. We begin with proving two useful claims. First we show that the Hessian of
F; only changes slowly:

Claim I. For any vector y be on the line segment between = and x* one has (1 —
3R)-V2F,(z) X V2F(y) 2 (1+3R) - V?Fy(x).

Proof of claim. We have

[5i(y) — si(@)] _ |si(@®) — si@)] _ |si2”) = sil2)| - si@™) 9,
-8

si(z) B si(z) B si(x*) si(z)
—_——— ——
<k <1+R<g

Inverting and squaring the inequality (1 — 3R)s;(z) < s;(y) < (1 + 2R)si(z) gives
theclaimsince@21—3Rand@§l+3RforR§%. |
Claim II. One can write VFy(z) = ([V2Fy(2)]+E)(z—2*) where |E| < 3R-V2Fy(x).
Proof of claim. We apply the fundamental theorem of calculus to obtain

1
VE(z) = VF(z) — VE(z*) = [/0 V2F,(\x + (1 — A)az*)]d/\] (z — ¥

=0
= V2F(2)+E
with |E| < 3R - V2F;(z) as we can derive from Claim I. O
Now we can write
«  Def. o/ * _
o'~z U= (2 -a") - [VPR ()] T (VE(2)) (%)

I ) — VPR ()] (VPE@)] + E)(« — 2%)
= —[V2Ft(3:)]_1E(3: — ")

Claim III. One has x' € E(z*,9R?).

Proof of claim. Instead of a careful (and annoying) calculation with matrices that
have different Eigenvectors, we can use another trick. We apply a linear transforma-
tion to P so that V2F,(z*) = I,. Then x € £(2*, R) & ||z — 2*||2 < R. Moreover,
(1 -3R)I, < V?Fy(x) < (1 +3R)I,, and —6R -1, < E <6R - I,. Then

o/ — &2 = | V2F(2) " Bl — 2% 2 < 92 F@)]  lop - | Ellap - Jlo — 2* 13 < 9R?
——

1 3 < <R
ST 3RS <6R -

and hence 2’ € &(z*,9R?). O

8.4 Bounding the movement of x*(t)

Jm

One of the main arguments is that the parameter ¢ can be increased by a (1+0(—=))-
factor while the new optimum x*(¢') still lies in the Dikin ellipsoid around z*(t).
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First, we observe that around an optimum point z*(¢) the function F; is well
approximated by the square of the Dikin radius. We can give a general approximation
result (here the term +R? means that the equation holds up to an error that lies in
[~ R?, R%]):

Lemma 8.4. Let z € int(P) and x + h on the boundary of £(z, R) for 0 < R < 1.

Then
2

Fi(x 4+ h) = Fy(z) + (VE(z),h) + R? + R?

Proof. We write

Fi(x+h)—Fi(z) = t-c"h-— zm:ln (M)

si(z

_ t-cTh—gln(H(fi’xh)

(A, 1 «— A h) P
- -3 Y R

i=1 =1 =1
=(VF(z),h) =hTV2Fy(x)h=R2
R (A h) [\ = (Ai h)?
= (VEi(2),h) + o =+ i:%{?‘.?fm{ O b ; e
<R —
using that In(1 + z) = z — 32% £ |2]3 for |2| < 3. n

For an arbitrary point z € int(P), the function ¢- ¢’ might vary arbitrarily over
the Dikin ellipsoid £(z, R). Interestingly the function can only vary by Ry/m if x is
an optimum point to Fj.

Lemma 8.5. One has max{t - ¢! (z — 2*(t)) | z € E(z*(t), R)} < Ry/m.

Proof. Consider the ratios r; := W By first order optimality

VF(z* Z "

i=1
Multiplying this vector equation with x — x*(¢) reveals that

m

Tle — o
t-cl (x —2* Z Znﬁ”ﬂh < Vvm - HT”2<R vm
R

=1

/\

O
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Finally we can prove an important fact:

Lemma 8.6. Fix values of t,t' > 0 so that 2*(t') lies on the boundary of €(z*(t), R)
1 ! R

forOﬁRgz. Then%Zl—l—m.

Proof. As x*(t') lies on the boundary of £(x*(t), R) we can apply Lemma B4 to get

Fy(z*(t)) = Fy(a*(¢)) + RTQ + R3 as VFy(z*(t)) = 0. Abbreviate t' =t-(1+¢). Then

optimality N oy
0 < Fyat(t) - Fula*(t)
2
= et (@) - () + (F(a*(t) — Fy(a*(t')) < eRvm — RI
<Rym <- B4R
Rearranging gives ¢ > U

/m"

8.5 Distance from the optimum
Finally we prove an upper bound on the optimality gap as t grows:

Lemma 8.7. For any t > 0 and z € £(z*(t),1) one has ¢!z — min{c’y | y € P} <
3m
T.

Proof. Let y* be the point minimizing ¢’y over P. The function value ¢’z differs

only by an additive @ < It term over points in £(x*(t),1) as we have seen in
Lemma Hence it suffices to show that ¢Tz*(t) < cTy* + 22,
Consider the midpoint 2’ := 2y* + Zz*(t). We know that s;(2) > $s;(z*(t)) for

each ¢ € [m]. Hence

optimality m

0 < Et(iﬂ/) —Ft(ﬂj*(t)) :t-( ng/—CT:E*(t))‘FZ <ln< ‘1 ) —In <32(%

—
—L(cTy*—cTax(t)

<1
t
< LTy e em
Rearranging gives the claim. O

8.6 Finding the analytical center

In the Interior Point Method that we stated above, we do assume that we know the
analytical center x*(0) (or at least a very close point). We want to quickly argue how
that center can be found — assuming that we know an arbitrary point y € int(P).
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First, we define an auxiliary function

) =1 VARG 3o (L)
i=1 !

that differs from F} only in the linear part. Let *(t) := argmin{ F}(z) | z € R"} be
the central path with respect to Fi. In particular we have defined the linear part in
Fy(x) so that VFi(y) = 0, which implies that *(1) = y. The 2nd trick is that the
analysis (in particular Lemma [B.0]) also applies if we decrease t by a factor 1 — m

and the interior point will stay close the the central path of F;. Then for t — 0 we
obtain a sequence of points that converge to the analytical center £*(0) which is also
x*(0). We can summarize the algorithm as follows:

Interior Point Method for finding Analytical Center
e Input: Polytope P = {x € R" | Az < b} and point y € int(P)
e Output: Sequence {zj};>0 converging towards analytical center

(1)

(2) Set Fy(z) :=t-(~VF(@)) x4+ F(z).

(3) Set zp:=yand ty:=1

(4) FOR k=0 TO oo DO
(5) Perform Newton Step x4 := 25, — [V2E, (2)] Y (VFy, (1))
(6) Update tgiq :=tx - (1 —

o7
100y/m

Obviously this raises the question how to find a feasible point in P after all. But
one can simply solve min{\ | Az < b+ A1} which has a strictly feasible solution of
(x,A) = (0,]|b]loc + 1) and an optimum solution is contained in int(P), given that

int(P) # 0.

8.7 Running time

Finally we want to discuss the running time of the method in terms of number of
arithmetic operations. Let L be the number of bits needed to encode the linear
program. Suppose that A € Z™*"™ b € Z™ and ¢ € Z", then a safe definition is
L= 37 (L4 log(JAi| + 1)) + 3275, (1 + log(bi| + 1)) + 327 (1 + log(Je;| + 1))
To keep the calculations simple, we assume that m = ©(n) and we will express the
running time in terms of n and L.

A somewhat technical calculation shows that it suffices to find a point x € int(P)
that is within a 2~®(%) term of the optimum y*. Then one can select indices I := {i €
[m] | si(z) < 279} and the projection of 2 onto the subspace {y € R | ATy =
b; Vi € I} will recover an optimum solution to min{c’y | y € P}. Similarly, the
starting value of ¢ can be of the form ¢ty > 2=9(). Hence, the number iterations of
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the interior point method can be bounded by O(y/n-L). Each iteration is dominated
by the time that it takes to solve the linear system [V2Fy (xx)]y = VE, (zy) for y.
Using Gaussian elimination, solving a linear system takes time O(n?3) which results
in a total running time of O(n35L) for solving a linear program.

On the other hand, matrices can be multiplied/inverted in time O(n*) where
the best known value for the exponent is currently w < 2.3729. That means using
fast matriz multiplication, linear programs can be solved in a total running time of
O(nw+1/2L) < O(n2'8729L).

However, it seems that fast matrix multiplication is not used in practice, so we
want to describe a different speed-up that is based on low rank updates. The idea
uses the basic fact that for a symmetric matrix S € R"*™ a vector v € R" and a
scalar A € R one has the Sherman-Morrison formula

_ _ A
(S + AU'UT) 1 = S m (S U)(S ’U)
(A ——
T rank-1 matrix

(assuming that both S and S + Avv? are invertible). In particular if S~1 is known,
then (S + Avv?)~! can be computed in time O(n?).

Now suppose that instead of performing a Newton step 41 = x—[V2F(2)] "N (VEF(21))
with the exact inverse of the Hessian, we maintain the inverse S ! for a matrix
Sk € R™*™ satisfying 1+RS’9 < V2F(z}) = (1 + R)Sk. Then one can still prove the
implication

xp € E(x*(t),R) = xpy1 € E(x¥(t),O(R?))

by slightly modifying the calculations in Lemma B3l Then again, choosing R >
0 as a small enough constant suffices for our purpose. Recall that V2Ft( ) =

Do (x) s A;AT. The natural idea is to choose S, = Y1, o () > A; AT but only

update dg1(7) := si(zg+1) when the distances have changed by more than a 1 4 £
factor from the last update If S is known and only ¢ distances have been updated
then computing Sk takes tlme O(qn?).

Now take consecutive points x;1+1 € £(zk, R) and consider the ratio r; = W

Then the amortized number of rank-1 updates caused by this Newton step are
O(Jlr|lh) < O(v/n-|Ir|l2) < O(y/n). That means the amortized time per iteration is
O(n??) and hence solving the linear program takes time O(n3L) even without fast
matrix multiplication.

A further improvement can be made by combining low rank updates and fast
matrix multiplication. In fact, Lee and Sidford show that the amortized running
time per iteration can be brought down to O(n?) (where the O-notation hides some
lower order terms), which results in a total running time of O(n?5L) to solve linear
programs min{c’z | Az < b} where A € ZOM*",
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8.8 Exercises

Exercise 8.1.

Consider the cube P := [0,1]" = {z e R" | 0 < z; < 1fori = 1,...,n}. Consider a
sequence of points {zj x>0 with zo = (3,...,4) and with the only restriction that xx41 €
E(zy, 3). Prove that it takes at least Q(y/n - log(})) iterations until 4 can be within a
| - [|co-distance of ¢ from the vertex O.

Exercise 8.2.

Recall that the presented interior point method takes O(L\/m) iterations to get within
an additive 2~F distance to the optimum for a polytope P = {x € R" | Az < b} with
A € R™*™ There is indeed a way of bringing the number of iterations down to O(L/n).
A deep result of Nesterov and Nemirovsky says that there is a convex function ¢ : R — R
that is self-concordant which means it satisfies the following properties for some universal
constant C' > 0:

(A) For any 0 < R < % and = € £(2*, R) one has (1 — 2R)V?¢(z) < VZ¢(z*) < (1+
2R)V2¢(x) where we redefine the ellipsoid £ (z*, R) := {z € R" | (z—2*)T [V2¢(2*)](x—
z*) < R?}

(B) One has Vé(z)Ve(x)T < Cn - V2¢(z) for all z € int(P).
(C) If z — OP, then ¢(x) — oco.

For t > 0 we modify the barrier function to Fy(z) := t - ¢z + ¢(z). Prove the following
(where the O-notation is allowed to hide dependence on C'):
(1) Show that for z € £(x*, R) with 2* := z*(t) and 2’ := x — [V2F,(x)] !V Fi(z) one
has 2’ € £(z*,O(R?)) assuming R is small enough.
(2) One has max{t 'z —a*(t) | x € E(x*(t),R)} < O(Ry/n) for all t >0 and R > 0
small enough.
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Chapter 9

Matroids — Advanced topics™

This chapter is a continuation of Chapter Bl Recall that a matroid is a pair
M = (X,T) satistying the following:

(i) Non-emptyness: ) € T
(ii) Monotonicity: f Y € Z and Z C Y, then Z € T

(iii) Exchange property: 1f Y, Z € T with |Y| < |Z|, then there is an x € Z/Y so
that YU{z} €T

Here, X is called the groundset and elements of Z are called independent sets. Despite
the simple axioms, matroids have enough structure to fill whole textbooks. In this
chapter we will present just a few of those results.

9.1 Matroid Intersection
We already learned that one can use the greedy algorithm to find a maximum weight

independent set. In this chapter, we will see that a way more complex problem also
can be solved in polynomial time:

MATROID INTERSECTION
Input: Matroid M; = (X,Z;), My = (X,Z5) on the same groundset
Goal: Find max{ |I|: I € Z; N Iy}

Our exposition here follows Chapter 10.4 and 10.5 in Schrijver [Sch17].

!July 15, 2023: Did one more iteration. ALL DONE.

103



104 CHAPTER 9. MATROIDS — ADVANCED TOPICS*

9.1.1 Preliminaries

We want to begin by giving one more example of a simple class of matroids. A
partition matroid with ground set X can be obtained as follows: take any partition
X = B1jU...UB,y, and select numbers d; € {0,...,|B;|}. Then one can verify that
M= (X,Z) with Z :={I C X : |[INB;| <d;forali=1,...,m} is indeed a
matroid.

To understand why matroid intersection is a non-trivial problem, we want to
argue that it contains mazimum bipartite matching as a special case. To see this, take
any bipartite graph G' = (V, E). Suppose that V = U UW with U = {uy,...,uy}
and W = {wy, ..., wpy|} are both sides. Then we can define two matroids that both
have the edge set F as ground set as follows: take My = (E,Z;) as the partition
matroid with partitions d(u1),...,d(ujy)), all with parameter d; := 1. Similarly,
we introduce My = (E,Z3) as partition matroid with partitions 6(w1), ..., d(wy)).
Now the matroid intersection problem asks to select as many edges as possible, where
in each neighborhood é(u;) and §(w;) we select at most one edge. This is exactly
maximum bipartite matching. See the figure below for an example:
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bipartite graph G = (V, E) M,y M,

9.1.2 The exchange lemma

For example if we have two spanning trees 717,75 in a graph, then the exchange
property implies that for any e € 717, there exists some edge f(e) € T so that
(Th \ {e}) U f(e) is again a spanning tree. Now we will see that a stronger property
is true: the map f : 77 — 15 can be chosen to be bijective.

Lemma 9.1. Let M = (X,Z) be a matroid and let Y, Z € T be disjoint independent
sets of the same size. Define a bipartite exchange graph H = (Y U Z, E) with
E={(y,z) : (Y \y)Uz€Z}. Then H contains a perfect matching.

Proof. Suppose for the sake of contradiction that H has no perfect matching. From
Hall’s condition we know that there must be subsets S C Y and S’ C Z so that all
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edges incident to S’ must have their partner in S and |S| < |S’].

Since |S| < |S'| and S, S” are both independent sets, there is an element z € S’ so
that SU{z} € Z. We can keep adding elements from Y to S U {z} until we get a
set U CY U{z} with |U| = |Y].

There is exactly one element in Y\ U; we call it . Then (Y/z) U{z} =U € Z and
(z,z) € E would be an edge — a contradiction. O

We will use that exchange graph more intensively later. Formally, for a matroid
M = (X,Z) and an independent set Y € Z, we can define H(M,Y") as the bipartite
graph with partitions Y and X \ Y where we have an edge between y € Y and
reX\Yif
(Y\y)Ufs}eT.

9.1.3 The rank function

Again, let M = (X,Z) be a matroid. Recall that an inclusionwise maximal indepen-
dent set is called a basis. Moreover, all bases have the same size which is also called
the rank of a matroid. One can generalize this to the rank function ry; : 2% — Z>g
which is defined by

ry(S) :=max{|Y]:Y CSand Y € T}

which for a subset S C X of the groundset, tells how many independent elements
one can select from S.

Now suppose we have two matroids M; = (X,Z;) and My = (X,Z3) over the
same groundset. The rank function will be useful to decide at some point that we
have found the largest joint independent set. Let us make the following observation:
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Lemma 9.2. Let My = (X,7;), My = (X,Z,) with rank functions r and ry. Then
for any independent set Y € Iy N7y and any set U C X one has

Y| <m(U) +r2(X/U).
Proof. We have
Y|=|UNnY|+|(X/U)NY| <r((U) + ro(X/U).
—_— Y—
<ri(U) <r2(X/U)
using that Y is an independent set in both matroid. O

Later in the algorithm, we will see that this inequality is tight for some Y and U.
As a side remark, for partition matroids in bipartite graphs, the lemma coincides with
the fact that a vertex cover is always an upper bound to the size of any matching.

9.1.4 An reverse exchange lemma

We just saw that the exchange graph has a perfect matching between independent
sets of the same size. We now show the converse, namely that a unique perfect
matching between an independent set Y and any set Z implies that Z is also inde-
pendent. In the following, we will consider perfect matchings in the graph H(M,Y)
between YAZ. What we mean is a perfect matching N, matching nodes in Y \ Z
to nodes in Z \ 'Y and each edge (y,z) € N satisfies (Y \ y) U{z} € T.

Lemma 9.3. Let M = (X,Z) be a matroid and let Y € Z be an independent set
and let Z C X be any set with |Z| = |Y'|. Suppose that there exists a unique perfect
matching N in H(M,Y') between YAZ. Then Z € T.

Proof. Let E ={(y,z) € (Y \Z)x (Z\Y)| (Y/y)U{z} € I} be all the exchange
edges between Y\ Z and Z \ Y.
Claim. F has a leaﬂ yeY/Z.
Proof of claim. By assumption there is a perfect matching N C F. Start at any
node w € YAZ. If you are on the “right side” Z \ Y, then move along a matching

2Recall that a leaf is a degree-1 node.
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edge in N; if we are on the left hand side Y \ Z, take a non-matching edge. If we
ever revisit a node, then we have found an even length path C' C E that alternates
between matching edges and non-matching edges. Hence NAC is again a perfect
matching, which contradicts the uniqueness. That implies that our path will not
revisit a node, but that it will get stuck at some point. It cannot get stuck at a
node in Z/Y because there is always a matching edge incident. Hence it can only
get stuck at a node y € Y/Z that is only incident to one edge (y, z) and that edge

must be in V. O
Y/Z zZlY
Yo Y
° °
° °
° °
ek

Fix the element y € Y \ Z that is a leaf w.r.t. E and let z denote the element with
(y,z) € N. Note that Z’ := (Z \ z) U{y} satisfies |YAZ'| = [YAZ|— 2 and there is
still exactly one perfect matching between YAZ" (which is N \ {(y, 2)}). Hence we
can apply induction and assume that Z’ € Z.

Z/

We know that »((Y U Z) \ y) > r((Y \ y) U{z}) = |Y]|. By the matroid exchange
property, there is some element z € (Y U Z)/y so that S := (Z'/y) U {z} is an
independent set of size |Y|. If x = z then Z = S € T and we are done. Otherwise,
xeY/Z.

As |S| > |Y \ y|, there must be an exchange edge between y and a node in S/Y.
That contradicts the choice of y. O
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9.1.5 The algorithm

Now, suppose that we have two matroids M; = (X,Z;) and My = (X,Zs) over
the same ground set. Our algorithm starts with the independent set ¥ := ) and
then augments it iteratively. Suppose we already have some joint independent set
Y € Z; N Zo. We will show how to either find another set Y’ € Z; N Zy with
|Y'| = |Y] + 1 or decide that Y is already optimal. Let us define sets

X1 :{yGX\Y|YU{y}€Il} and Xg::{yGX\Y|YU{y}€Ig}

In other words, X; denotes the elements that could be added to the independent set
Y so that we would still have an independent set in M. We define a directed graph
H = (X,FE) as follows: forally € Y and z € X/Y

y,2)e B & (Y/y)u{ztel
(z,y) e B & (Y/y)U{r} el

Let us check what this graph does for bipartite graphs (and Mj, Ms are the
partition matroids modelling both sides). In this case Y corresponds to a matching,
X are edges whose left-side node is unmatched by Y and X5 are edges whose right-
side node is unmatched. We also observe that a Y-augmenting path corresponds to
a directed path in H.

)
e e,

Il T
/ - !
/
Y a— Xo (, =7
~=

original graph exchange graph H

Y

—_—-

With a bit care, we can use the concept of augmenting paths also for general matroid.

Lemma 9.4. Suppose there exists a directed path zg,y1,21,-.-,Ym, 2m Starting at
a vertex zg € X1 and ending at a node z,, € Xo. If that is a shortest path, then

Y =Y \{y1, s ym}) U{z0,...,2m} €1 NIy

Proof. We will show that Y’ € Zj, the other inclusion follows by symmetry. On
the figure below, on the left hand side, we consider the directed path and on the
right hand side, we consider only edges E of the exchange graph H(M;,Y") that run
between Y\ Z and Z\Y for Z := (Y \ {y1,-- -, ym}) U{z1,.. ., 2m} =Y\ vo.
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Note that the edges {(z;,y;) : ¢ = 1,...,m} from the directed path form a perfect
matching on YAZ. While E may contain more edges than that, it does not contain a
coord, which is an edge (y;, zj) with j > 4. The reason is that in this case our X;-X»
path would not have been the shortest possible, as we could have used the coord as
shortcut. Now, consider the “complete” cordless graph E* := {(y;,2;) : @ > j}. Then
this graph does have only one perfect matching. In particular, (y1,21) has to be in
a matching — then apply induction.

As the matching on YAZ is unique, by Lemma we have Z =Y’ /zg € I;. We
know that rp, (Y UY') > rap (Y U {20}) > Y] + 1 since zp € X is one of the
“Mj-augmenting” elements. One the other hand 7y, (Y UY'/{z}) < |Y| as none of
the other elements of Y’ is in X7 (here we use again that we have a shortest path).
Hence, the only element that could possibly augment Y'/zy to an independent set
of size |Y| + 1 is zp itself. O

Lemma 9.5. Suppose there is no path from a node in X1 to a node in Xo. ThenY is
optimal. In particular we can find a subset U C X so that |Y| = ry, (U)+ran (X\U).

Proof. Let U :={i € X : X1 —i path in H} (or maybe more intuitively, X \ U are
the nodes that are reachable from Xj).
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First, we claim that ry;, (U) = [Y NU|. One direction is easy: ras, (U) > rar, (UN
Y) = |[UNY]|. For the other direction, suppose for the sake of contradiction that
ran, (U) > |Y NU| and hence there is some z € U so that (Y NU) U {z} is an
independent set of size |Y NU| + 1. There are two cases, depending on whether or
not x also increases the rank of Y itself:

o Casery, (Y U{z}) =|Y|+ 1. Then x € X; NU, which is a contradiction to
the choice of U.

o Case: ry, (Y U{x}) = |Y|. Take a maximal independent set Z with (Y N
U)U{z} € Z C Y U{x}. Then there is exactly one element y € Y/U, so
that Z = (Y/y) U {z}. This implies that we have would contain a directed
edge (y,z). Then the node x € U is reachable from a element y ¢ U, which
contradicts the definition of U.

From the contradiction we obtain that indeed rys, (U) = |Y N U|. Similarly one can
show that raz, (X/U) = |Y N(X/U)| (which we skip for symmetry reasons). Overall,
we have found a set U so that |Y| = [YNU|+|YN(X\U)| = rar, (U)+ran,(X\U). O

It follows that:
Theorem 9.6. Matroid intersection can be solved in polynomial time.

Proof. Start from Y := () and iteratively construct the directed exchange graph;
compute shortest X1-Xs paths and augment Y as long as possible. O

The matroids that we have seen so far, all had some explicit representation.
Note that the matroid intersection algorithm would work also in the black box model,
where the only information that we have about the matroids is given by a so-called
independence oracle. This is a procedure that receives a set ¥ C X and simply
answers whether or not this is an independent set.

Our algorithm provides a nice min-max formula for the size of joint independent
sets:

Theorem 9.7 (Edmond’s matroid intersection theorem). For any matroids M; =
(X,Z;y) and My = (X,Z5) one has

max{|S|: S e NI} = (Erlcigl({er(U) + 7, (X \U)}

Proof. We saw the inequality “<” already in Lemma When the matroid inter-
section algorithm terminates, then it has found a set U providing equality. O
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9.2 Matroid partitioning

For the matroid partitioning problem, we are given matroids My, ..., M} over the
same groundset X and the goal is to cover as many elements as possible by selecting
one independent set from each of the matroids. More formally:

MATROID PARTITIONING PROBLEM
Input: Matroids M; = (X,Z4),..., My = (X, Zx) over ground set X.

Goal: Solve max{]UleSi\ : S, €I Vi€ [k]}

Although the problem depends on k& matroids, it can be modelled by intersecting
two matroids. Then we can derive a polynomial time algorithm by Theorem and
a min-max formula by Theorem

9.2.1 Disjoint union

Consider matroids M; = (X;,Z;) for i = 1,...,k where we assume that the ground
sets Xi,..., X} are disjoint. Consider M = (X,Z) with X := Ule X; and Z =
{SCX |SNX;, €Z; Vi =1,...,k}. Then M is called the disjoint union of
My, ..., M. It is easy to verify that M is again a matroid; it is common to write
M =M ®...&® M to denote the disjoint union. We summarize:

Theorem 9.8 (Disjoint union). For any matroids M, ..., My with M; = (X;,Z;),
the disjoint union M = My &®...® My, is again a matroid. Moreover its rank function
isTpy(Y) = Zle ra, (Y NX;) forY C X,

The proof is very straightforward and we skip it here.

9.2.2 The reduction

Now we come to the main claim.

Theorem 9.9. For any matroids My, ..., My with M; = (X,Z;), the Matroid Par-
titioning problem can be solved in polynomial time. Moreover the problem satisfies
the min-max formula

max {‘UleS,-

Proof. Let X := {e1,...,e,}. We clone the elements k times and let X; := {e!,... €%}
denote the ith copy. Instead of using M; we consider the identical matroid M] =
(X;,Zj) on the ith copy of elements, that means {e;}jes € ;i < {ej}jes € I}
Consider the matroid My = (X', Zy) :== M| & ... ® M, which is the disjoint union
of those k matroids. Then the matroid partitioning problem corresponds to se-
lecting an independent set Y € Zy of maximum cardinality so that Y contains at

LS, €T Vi€ [k]} :min{yX\Ty +Zk:rMi(T) | TgX}
i=1
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most one copy of each original element. To model this as matroid intersection, let

Mp = (X', Zp) be the partitioning matroid with partitions P; := {e}, . ,e;? (and

parameter b; 1= 1).

_YnXxj __

X! , o o lel
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Then the optimum value of the matroid partitioning instance can be written as

Thm|

max{|Y|:Y € ZyNZp} min {7y, (X' \T") 4+ rag, (T') | TV € X'}

= min{|X\T|—|—§k:7‘Mi(T)|T§X}
1=1

where we use the min-max formula from the Matroid Intersection Theorem (The-
orem [0.7). Moreover, we have used that rps,(7”) counts every partition P; that
is intersected by T and hence a minimizer 7" can can always be chosen so that
|T' N P;| € {0,|P;|}. This gives the identity T = {e; : P; € T"}. Note that the
underlying matroid intersection instance can be solved in polynomial time, see The-
orem [9.6] O

9.3 The Independent Set Polytope of a Matroid

For this first section, we mostly follow the exposition in the very readable book of
Cook, Cunningham, Pulleyblank and Schrijver [CCPS98|. Let M = (X,Z) be a

matroid and consider the polytope
P(Z) :=conv{lg: S €T}

which is the convex hull of the characteristic vectors of independent sets. This is
also called the matroid independence polytope of M. By definition, this is a polytope
whose vertices are in {0,1}X. In fact, we have defined P(Z) in terms of its vertices.
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Now we are wondering how one could characterize P(Z) with linear inequalities? We
know that for each independent set Y € Z and each S C X one has [Y'NS| < rp(5).
So it is reasonable to consider the candidate polytope

QM) = {:c eRS Yz <ru(S) VS C X}
€S

From our reasoning we clearly know that by convexity P(Z) C Q(M). But is it true
that P(Z) = Q(M) or did we miss some relevant inequalities in the description of
Q(M)? Tt is not hard to argue that P(Z) N {0,1}* = Q(M) N {0,1}*. To see this,
take a vector x € Q(M) N {0,1}* and set Y := {i € X | 2; = 1}. Then this point
satisfies |[Y N S| < rp(S) for all S C Y and hence Y € Z. Yet, these properties
are still not enough to conclude that P(Z) and Q(M) are equal. This will require
additional arguments:

Theorem 9.10. For any matroid M = (X,Z) one has P(Z) = Q(M).

Proof. To show the remaining inclusion P(Z) D Q(M) it suffices to prove that for
every vector ¢ € RX one has

max {c'z |z € P(Z)} > max{c'z |2 € Q(M)} (%)

Since P(I) and Q(M) are both monotone and contained in R, it suffices to consider
c € RE,. We know that the left hand side of (*) is also attained by the Matroid
Greedy algorithm. The right hand side of (%) is the value of a linear program that we
denote by (PRIMAL(M,c)). So it suffices to prove that the solution of the Matroid
Greedy algorithm is an optimum solution for the LP (PRIMAL(M, ¢)). Mechanically
we can develop the dual of the LP as follows, see Theorem

max{Zcexe | sz <rpm(S) VSCX; z;>0 Vie X} (PRIMAL(M, ¢))
iceX i€s

min{ Z v (S)ys | Z ys > ¢ Vie X; ys >0 VS C X} (DuaL(M,¢))
SCX SCX:ies
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Then it remains to show:

Claim. For any matroid M = (X,Z) and ¢ € R, if Y* € T is the solution
found by the Matroid Greedy algorithm, then z* := 1lyx is an optimum solution to
(PRIMAL(M, ¢)).

Proof of Claim. We will construct a vector y* that is feasible for (DUAL(M,c))
and so that the pair (z*,y*) satisfies the complementary slackness conditions. Let
us write X = {1,...,n} and sort the elements in the same order ¢; > co > ... > ¢,
that the Matroid Greedy algorithm uses. Then set

. Je—cqpr ifS={1,... i} withie {1,...,n—1}
Ys = Cn ifS={1,....n}

In fact, the support of y* can be visualized as follows:
CEESEPLY
Interestingly, the solution y* itself does not dependent on the matroid M. However,

the objective function of (DUAL(M,c)) depends on the matroid. First, we can see
that y* > 0 and for each j € {1,...,n} one has

n n—1
D YE= D Ve = 26— cr) =05 (¥)
SCX:jeSs i=j i=j

Hence y* is feasible for (DUAL(M,¢)). It remains to verify that the complementary
slackness conditions from Theorem are satisfied. Recall that the conditions are:

e (CS1)z;>0= ngx;zes Ys = ¢
o (CS2) yg>0= > icqwi =rm(S5)

(CS1) is clearly satisfied due to (). Now consider a set S with y§ > 0. By construc-
tion this means that S = {1,...,7}. Recall that the matroid greedy algorithm always

maintains a basis of the considered elements, i.e. |Y*N{1,...,i}| =rp({1,...,i})
for all i = 1,...,n. That means also (CS2) is satisfied. Then the pair (z*,y*) are
optimal primal and dual solutions and the claim follows. O

9.4 Submodularity and matroids

The following concept is extremely useful in optimization:
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Definition 9.11. Let X be a finite set. A function f : 2% — R is called submodular
if
fLAU{j}) = f(A) = f(BU{j}) - f(B) VACBCX VjeX\B

Intuitively, a submodular function satisfies a diminishing returns property. Often
one may find the definition of submodular functions with a different, equivalent
condition:

Lemma 9.12. A function f : 2% — R is submodular if and only if
F(4)+ f(B)= f(ANB) + f(AUB) VA,BCX
Submodular functions naturally appear in the context of matroids:

Lemma 9.13. Let M = (X,Z) be a matroid. Then the rank function rys is sub-
modular.

Proof. It suffices to prove the following:

Claim. For AC BC X and j € X \ B one has (riy(BU{j}) —ru(B) =1) =
(rm(AU{j}) —ru(A) =1).

Proof of Claim. Construct an independent set S as follows: Take a basis of A,
extend it to a basis of B, then extend it to a basis of BU {j}. Then S € Z with
ISNA|=ry(A), |SNB|=ry(B)and [SN(BU{j})| =rm(B)+1. Hence j €5
and SN (AU{j}) € Z. That means rp(AU{j}) > [SN(AU{j})| =rm(A)+1. O

Definition 9.14. Given a finite set X, a set family F C 2% is called laminar if for
all S,T € F one has either SCTorT C Sor SNT = 0.

==

Definition 9.15. Given a finite set X, a set family F C 2% is called a chain if one
can write F = {S1,...,S,} sothat S; C Sy C ... C S,,.

laminar family

A chain is a special type of laminar family.

chain

We will illustrate a technique called uncrossing which can often be found in
proofs dealing with submodular functions.
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Lemma 9.16. Let f : 2X¥ — R be a submodular function and let Q C RX be a
polyhedron. Then the linear program

min{ Z zsf(S) | ZzslgeQ, zgzOSgX} (LP)

SCX SCX

has an optimum solution z* so that the support F := {S C X | z§ > 0} is a chain.
In fact, any optimum solution minimizing ) ¢-x zs - |S| - |X \ S| will have that
property.

Proof. Let K C RX be the set of optimum solutions to (LP). Choose a vector z* € K
that minimizes the quantity > ¢y 25 - |S|-|X \ S|. Note that this itself is a linear
program as K is a polyhedron and hence that minimum is attained. Suppose for the
sake of contradiction that the support F := {S C X | 2§ > 0} is not a chain. Choose
two sets S, T € F with S\ T # () and T\ S # () and set € := min{z§, 25} > 0. We
can modify z* by increasing the value of 25, and 2§ - by € and decreasing it on zg
and 2} by €. Let us call the modified solution z**. Note that 1gnr+1s5ur = 15+ 17
and so z** is still feasible for (LP). The change in the objective function is

e (f(SNT)+ f(SUT) = f(S) = f(T) <0 (xx)

by submodularity, so z** € K is also an optimum solution for (LP). This is not yet
a contradiction as the inequality in (xx) might not have been strict. But SCx 25
IS X\S| > > gcx 25-1S]-| X\ S| as one can verify. This is then a contradiction. [

Note that we have reproven the insight from Theorem @.I0[that (DUAL(M, ¢)) al-
ways has solution whose support is a chain — just that the statement in Lemma [9.16]
is much more general.

9.5 The Matroid Intersection Polytope

For this section, we follow the exposition in Schrijver [Sch03], Chapter 41. In general,
if we have two polytopes P; and P, with vertices in {0,1}", then it is not true that
the vertices of P N P, are in {0, 1}" as well, see an easy example in n = 2 below:

° P e
Py

PiNP
[ ) [ ]

But as we have seen in Section [@.1] the intersection of matroids is well behaved com-
binatorially, so there is some hope that the intersection of two matroid independence
polytopes is well behaved too. And in fact, we will see the result of Edmonds that
indeed P(Z1NZy) = P(Z1) N P(Zy). In particular this implies that one can solve the
weighted matroid intersection problem in polynomial time.
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Again, it is immediate that P(Z; NZy) C P(Z1) N P(Z2) and it remains to prove
the reverse inclusion of P(Z1)NP(Zy) C P(Z1NZIs). As P(Z;) = Q(M;y) and P(Zy) =
Q(M3) we know that it suffices to prove that max{c’z | x € Q(M;) N Q(M2)} has
an integral optimum solution = € {0,1}* for every objective function ¢ € RX. Let
us write out that linear program and develop its dual:

(PRIMAL(M7, M2, c)) :

Zzes z; < r(S) ¥SCX
ieX Z; 2 0 Vie X

(DUAL(M7, M3, ¢)) :

1 5 > Whtyd) = o VieX
min Z (ra, (S)ys + 1 (S)ys) | scxues
=X yhy? > 0 ¥SCX

Note that the constraints of (DUAL(Mj, Ma,c)) can also be written in the more
compact vector notation ZSCX(yS +y2)ls > c.
We will an auxiliary result that we state in more generality than requu"edﬁ

Lemma 9.17. Let C C 2% be the union of two laminar families of subsets of X and
let A € {0,1}°*X be the incidence matrix of C. Then A is totally unimodular.

Proof. Any submatrix of A is again the incidence matrix of the union of two laminar
families, so it suffices to consider the case that A is a square matrix and prove
that det(4) € {—1,0,1}. Let C = F; U F3 be the partition into the two laminar
families Fi, Fo C 2%. Each of the families F, with k& € {1, 2} induces a rooted forest
structure (that means it is a collection of trees that have a distinguished root) where
S being a child of T implies that S C T. Now, we define a new matrix A’ € {0,1}¢*X
that emerges from A as follows: For each T € F, while the matrix A contains the
row 17; the matrix A’ will contain the row 1p — "¢ Fy is child of 7 15+ In particular
the rows of the leafs will simply be copied over.

11111 0] 000110
Fi 111000 011000
100 0 00 1 00 00O
111111 j 000100
Fo 001011 001011
110000 1100 0 0]
matrix A matrix A’

3In our application C will simply be the union of two chains.
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Subtracting rows from other rows does not change the determinant of a matrix, hence
det(A’) = det(A). Then in each column, the matrix A" at most one +1 entry for
the first family and at most one +1 entry for the 2nd family. Hence A’ is the node-
edge incidence matrix of a bipartite undirected graph possibly plus some columns
containing at most one +1 entry. Such a matrix is TU by Theorem (.13l O

Now we can prove the crucial structural result that we need:

Theorem 9.18. Let M; = (X,Z;) and My = (X,Z;) be matroids. For any c € 7%,
there is an optimum solution (y',4?) to (DUAL(M;, Ma, c)) that is integral. Moreover
that solution can be chosen so that supp(y') and supp(y?) are both chains.

Proof. Among all the optimum solutions to (DUAL(M;, Ma,c)), let (',%?) be one
minimizing the quantity

D (s +yd) IS 1X\ S| ()

SCX

Then let F; := {S C X | gL > 0} and Fy := {S C X | y% > 0} be the support. We
want to use Lemma [9.16] to argue that both /7 and F, must be chains. To see this,
imagine to fix g% and reoptimize over the y' variables, i.e. solve

1
> ubls

min§ Y () ys | Scx
SCX yL > 0 VSCX

b

v

where b:=c—) ¢cx gj?qls gives the part of the objective function that needs to be
covered by y. Then 7! is still an optimum solution minimizing S scx ys S IX\ S|
Crucially, the rank function )y, is submodular by Lemma [@.I3 hence Lemma
applies and F7 is a chain. Analogously we can obtain that J5 is a chain.

Now consider the LP that we obtain by deleting all variables not in F; or Fo
from (DUAL(My, My, c)):

dlsyb+ > 1y > ¢
min rrr () 4+ o (S | SER SeF2
Sg;l i, (S)ys S;Z 25 (S)y5 | yh > 0 VSeF
y?q > 0 VSeF

Then this LP is of the form min{r”y | Ay > ¢,y > 0} where A € {0,1}X*(/1U72)
is the transpose of the incidence matrix of the union of two laminar families and
that matrix A is TU by Lemma Then by Theorem [5.7] there is an integral
optimum solution (j',7?). The objective function value of (§',7?) has to be at
least as good as the one of (7!, %?) and hence (7', 7?) is also optimal for the full LP
(DUAL(My, M, c)). O
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Now the main result of this section easily follows:

Theorem 9.19 (Matroid Intersection Polytope Theorem (Edmonds)). Let M; =
(X,Z1) and My = (X,Zy) be matroids. Then all vertices of P(Z;) N P(Zy) are in
{0, 1}X and P(Il ﬂIg) = P(Il) N P(Ig)

Proof. To show that all vertices in P(Z1) N P(Zy) = Q(M1) N Q(Ms) are integral, it
suffices to show that for all ¢ € ZX, (PRIMAL(Mj, Ma,c)) has an integral optimum
value. This is the same as showing that (DUAL(Mj, M, ¢)) has an integral optimum
value for all ¢ € ZX. And that is implied by Theorem O

WEIGHTED MATROID INTERSECTION

Input: Two matroid M; = (X,Z;), My = (X,Z2) on the same groundset and
c € RX.

Goal: Find max{)_

Theorem 9.20. The Weighted Matroid Intersection problem can be solved in strongly
polynomial time assuming the oracles for My and M, admit algorithms with running
time polynomial in | X]|.

The argument uses two ingredients that we only cover in later chapters. However,
we give the proof for the sake of completeness.

Proof. By the Theorem of Frank and Tardos [FT87| (Theorem [[2.1]), we can replace
the original objective function ¢ with an approximation ¢ that has the same set of
optimum solutions while the encoding length of ¢ is polynomial in | X]|.

Using the Matroid Greedy algorithm we can optimize over P(M;) and P(M>)
in polynomial time in |X|. Hence by the equivalence of separation and optimization
(Theorem [IT1.9]) we can also separate in polynomial time in |X| over P(M;) and
P(Ms). Using the equivalence of separation and optimization a 2nd time, we can
also optimize any linear function over P(M7)N P(Ms) in time polynomial in | X| and
the encoding length of the objective function ¢ which is also bounded by a polynomial

in | X]. O

As a sanity check, let us conside the consequence of Theorem [3. 18] for the objective
function ¢ := 1. Then (DUAL(Mj, M3, 1)) has an optimum integral solution (y!,%?)
so that the support of 3! and the support of 32 are both chains. Recall that the only
constraint is Y gcy Lsys + Y gcx 1sy% > 1. Then in every chain one only needs
to select the unique maximal set to an extend of 1. With that observation we can
write the matroid intersection problem as

Thm

max {|Y]:Y € Z; NI} (PRIMAL(Mj7, Ms, 1))

Ml (DyaL(My, Ma, 1))

= min {ras, (S) + 7 (T) | SUT = X }
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Finally by monotonicity of the rank function the sets S and T an be chosen to be
disjoint. Hence we recover an alternative proof of the Matroid Intersection Theorem
(Theorem [0.7]).

Finally, note that given 3 matroids M; = (X,Z;), i = 1,2,3, it is NP-hard to
determine max{|S| : S € Zy N Zy N Z3}. In particular, P(Zy N Zy NZ3) # P(Z;) N
P(Zy) N P(Z3) in general.

9.6 Exercises

Exercise 9.1.
Derive Konig'’s theoreml from Edmonds’ matroid intersection theorem.
Source: This exercise is taken from Schrijver [Sch1T].

Exercise 9.2.
Prove the following Theorem of Rado from 1942: Let M = (X,Z) be a matroid and let
X1,..., X € X. Then there exists a transversal S € Z for Xy, ..., X,,, if and only if for
any J C [m] one has ras((U;c; Xi) > [J].

Hint: Recall that a transversal for sets X1,..., X;, € X is a set S C X such that there
is an bijective map f : S — [m] with z € Xy, for x € S. For any sets Xi,...,X,, C X,
the pair M’ = (X,Z’) with Z’ := {S C X | S is contained in a transversal of X1,..., X,,}
is a matroid, called the transversal matroid. Moreover the rank function of that matroid is

+m—|J|}

M (T) = JIIglbIrlL] {‘T N Zy] X;

You may use these properties without proof.
Source: This exercise is taken from Schrijver [Sch1T].

“In any bipartite graph G = (V, E) one has v(G) = 7(G).



Chapter 10

Semidefinite programming*

In this chapter we will introduce semidefinite programming which is a generalization
of linear programming. We will focus on two striking applications in the area of
approximation algorithms. Here, an approzimation algorithm is an algorithm that
finds a solution that is provably close an optimum one in term of objective function
value. Typically one employs approximation algorithms for NP-hard problems where
exact efficient algorithms do not exist, assuming that NP # P.

10.1 Positive semi-definite matrices

We begin by reviewing some linear algebra facts. A matrix X € R™*" is symmetric
if X5 = Xj; for all 4,5 € [n]. We know the following:

Fact 10.1. For a symmetric matrix X € R™*"  all Figenvalues are real.

That means the following definition makes sense:

Definition 10.2. A symmetric matrix X € R™*" is positive semidefinite if all its
Eigenvalues are non-negative. In that case we write X = 0.

For matrices A, B € R™*" we write

n n

(A,B):=> "> Ay Bj
i=1 j=1
as the Frobenius inner product.
Lemma 10.3. For a symmetric matrix X € R"*"  the following is equivalent
a) aXa > 0Va e R".

b) X is positive semidefinite.

121
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c¢) There exists a matrix U so that X = UUT.
d) There are uq,...,u, € R" with X;; = (u;,u;) fori,j € [n].

Proof. Any symmetric real matrix is diagonalizable, that means X = WDWT =
2?21 )\,-viviT for a diagonal matrix D and a orthogonal matrix W where vy,...,v, €
R™ are the orthonormal Eigenvectors and Aq,..., A, € R are the Eigenvalues. Then
we can verify the equivalences:

a) = b). For each i one has 0 < v Xv; = \i||vi]|3 = \i.

b) = ¢). Setting U := W+/D gives X = WDWT =UUT.

¢) < d). Choose u; as ith row of U.

¢) = a). For any a € R", one has a” Xa = ||Ua||3 > 0. O

Definition 10.4. The cone of PSD matrices is

Yo = {X e R""| X symmetric, X = 0}
= {X e R™"| X symmetric, (X, aaT> > 0Va e R"}

From the 2nd description we can immediately derive:
Fact 10.5. SY is convex.

Note that S% is not a polyhedron.

4/\y
3 T K
K= {( y)(i, ;”)to} 2
.l
X

10.2 Semidefinite programs

A semidefinite program is of the form:

max (C, X)
(A, X) < b Vk=1,...,m
X symmetric
X = 0

where C, Aq,..., A, € R™™, In fact, the set of solutions to an SDP is convex by
Fact [10.5l In contrast to LPs, SDPs are less well behaved:
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e [ssue I1: There is a dual to any SDP, but strong duality can fail.

e [ssue 2: It is possible that all solutions of an SDP are irrational even if the
input C, Ag, b is integer.

e [ssue 3: It it possible that exact solutions to an SDP have exponential encoding
length even if the input C, Ay, by is integer.

However, one can in fact solve SDPs up to small inaccuraries which typically is
enough for applications (in particular in the design of approximation algorithms).
For the sake of completeness we state this but ignore any such inaccuracies later on.

Theorem 10.6. Given rational input Aq,...,An,b1,...,b,,C, R and € > 0, sup-
pose

SDP = max{(C, X) | (A, X) < by Vk; Xsymmetric; X = 0}

is feasible and all feasible points are contained in B(0, R). Then one can find an X*
with
(A, X*) < by +¢e Vk, X* symmetricc X* =0

such that (C, X*) > SDP — . The running time is polynomial in the input length,
log(R) and log(1/e) (in the Turing machine model).

Recall that Y > 0 is equivalent to Y;; = (v;,v;) for some vectors v;. Making
that substitution in an SDP results in an equivalent program that is called wvector
program.

SDP: Vector program:
maxz CijYij maxZCij (v, vj)
.J i,j
DALY, < by Yk ST AE (uv) < b Yk
.J ij
Y sym. v;i € R Vi
Y = 0

Curiously, the right hand side vector program is not convex, but rather is equivalent
to a convex program (the SDP) and hence can be solved in polynomial time. Also
note that one cannot choose the dimension r of the vectors. In fact, solving a vector
program subject to the rank restriction r = 1 is again NP-hard.

10.3 MaxCut

In this chapter, we discuss one of the most prominent problems in optimization and
theoretical computer science, which is the MaxCut problem and the algorithm of
Goemans and Williamson [GW95].
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MaxCut
Input: An undirected graph G = (V, E) and weights w : E — R>¢
Goal: Find the cut § C V that maximizes the weight w(d(S)) of the cut

edges.

- -

7
/

e 1S

N
\
L ]
\ /
~ < -~
[ ]

N
()

It is NP-hard to find a solution that cuts even 94% of what the optimum cuts [Has97].
This is might be surprising as the minimum cut problem is solvable in polynomial
time. In terms of obvious approximation algorithms note that a simple greedy algo-
rithm can already find a solution that cuts at least |E|/2 edges in the unit weight
setting or %w(E) in the setting with non-negative weights.

We consider the following semidefinite program with equivalent vector program:

SDP: Vector program:
1 1
max 5 Z wi; - (1 — Xij) max 3 Z wij -+ (1 — (ui, u5))
{ijleE {i,j}€E
Xy =1 YieV u; € R"
X c RTLXTL

We verify that these programs indeed provide a relaxation.
Lemma 10.7. If S* C V is optimum solution for MaxCut, then SDP > w(d(S*)).

Proof. We choose vectors in dimension 7 := 1 and define u; € R! by

1 itieS*
U; ‘=
-1 ifieV\S*

O

Example 10.8. Consider the graph G which is a cycle on 5 nodes and unit weights
w(e) = 1. The optimum MaxCut is 4. On the other hand, choosing u; € R? with

u; = (cos(‘l%), sin(%)) we get a vector program solution of value 5'%(1—008(%71')) ~
4.522.
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2 0
3./ \ Uz

/0 1 0 > Uy

[ )
U

4 \. 5

5 u3

graph G SDP solution:

We need an algorithm that can transform a MaxCut SDP solution into an actual
cut §(S) while being close in terms of the objective function value. The algorithm is
quite simple: randomly partition R" into two halfspaces; then let S be the vertices
whose vectors u; lie in one of those halfspaces.

Hyperplane Rounding algorithm
Input: Graph G = (V, E) and edge weights w : E — R>q
Output: Set SCV

(1) Solve the MaxCut SDP

(2) Sample a random standard Gaussian a € R”

(3) Define S :={i eV | (a,u;) > 0}

Note that the algorithm that we will analyze is randomized and we will prove that
the expected value of the produced cut is good.

72
N

Lemma 10.9. For {i,j} € E one has Pr[{i, j} € 6(5)] = Larccos({u;, u;)).

Proof. First note that the angle between vectors is exactly 6 := arccos((u;, u;)) (as
(ui,uj) = cos(f)). Next, note that considering only the edge {i,j} the random
experiment is equivalent to drawing a random unit vector a in the 2—dimensiona

space U := span{u;,u;}. Then we can verify that indeed Pr[u;, u; separated] = %.

I'The case that u; = +u; is obvious.
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Theorem 10.10. One has E[w(5(S))] > 0.878 - SDP.

Proof. Fix anedge e = {i,j} € E and abbreviate t := (u;, u;). Then the contribution
of that edge to the SDP objective function is wj; - %(1 —t). On the over hand, the
expected contribution of e to the cut value is w;; - Pr[{4, j} € 6(S)] = w;; - Larccos(?).
We can numerically verify that the ratio is indeed

Larccos(t)
$(1-1)

>0.878 Vte[-1,1]

-1.0 -08 -06 -04 -02 0 02 04 06 08 1.0

The claim then follows by linearity of expectation. O

10.4 Grothendieck’s Inequality

In this section, we discuss the integrality gap of a certain quadratic program. For a
matrix A € R™*" define

INT(A) = maX{ZZA,-jxiyj |z e {-1,1}"",y € {—1, 1}"}

i=1 j=1

SDP(A) = max{ > 3" Aij (us,vy) | lluill2 = llosll = 1}

i=1 j=1

Note that SDP(A) is indeed a vector program that can be solved in polynomial
time. We will show the following result:
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RmXTL

Theorem 10.11 (Grothendieck’s Inequality). For any matrix A € one has

INT(A) < SDP(A) <Cq-INT(A)
where Cq < 1.783.

Note that the lower bound is clear. Grothendieck |[Gro53| was the first to prove
that there is such a universal constant Cg and later Krivine [Kri79] provided the
bound if Cg < 1.783. Here we will reproduce Krivine’s argument, following in part
the exposition of Vershynin [VerI§|.

Given a solution to the SDP in form of some vectors u;,v; € R", our goal will

be to produce integers z;,y; € {—1,1}. We want to follow the recipe that worked so
smoothly in case of MaxCut. For z € R we define

] 1 ifz>0
sign(z) = {—1 if 2 <0
Then we consider the following random experiment:
(1) Given vectors u;,v; € R".
(2) Sample a Gaussian g in R” and set

r; :=sign((ui,g)) and y; :=sign((vj, g))
o

(51 —|—1
>
us g
U2
—1 s

\
If we again want to compare the entry—wisé contributions, then we need to analyze
how E[A;jz;y;] relates to A;j (ui,vj). That argument is very similar to the case of
maxcut.

Lemma 10.12. Let u,v € R" with ||u||2 = |jv|]]2 = 1. Then
: . 2 .
£ [sign((g,u)) - sign((g,v))] = —arcsin((u,v))

g Gaussian

Proof. Let 6 € [0,7) be the angle between u and v, i.e. cos(f) = (u,v). Then
E  [sign({g,u)) - sign({g,v))]

g Gaussian

1 — Pr{u, v separated]

20
- 1-=
™

= 1- %arccos((u,w) = %arcsin((u,w)

Here we use that arccos(t) = § — arcsin(t). O
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To visualize the proof, note that the vectors u, v will be separated if the projection
of g into span({u,v}) falls into one of the two red-shaded angles of value 6 each.

We can visualize the resulting curve:

/
1+ i

-
// -~
e ==
e = 2
- =t
s T
= t
Z
1 1 .
I I el
z
—1 s 1
e
P //
’// //
- e
-
-
e
//
- -1 4

For example, for t > 0, one has %t < %arcsin(t) < t. In fact, one can see that
e For A;; >0 and (u;,u;) > 0 one has E[A;;z;y;] > 2 - Ajj (ui, v;)
e For A;; <0 and (u;,u;) > 0 one has E[A;;z;y;] > Aij (ui,v))

One might be tempted to claim that a straightforward hyperplane rounding argument
shows that INT(A) > 2SDP(A). But that is not true! Suppose we have only two
non-zero entries, one with value A;; = % and inner product (uj,v;) = ¢ and the
other one with Ags = —1 and (ug,v2) = 1. Then the SDP objective is 0. On the
other hand, the expected value of a hyperplane solution is —1 + é . %arcsin(a—:) ~
-1+ % ~ —0.36. The issue here is the non-linearity of ¢ — %arcsin(t)! The fix will
be to force the rounding to give a linear bound.

10.4.1 Tensors

We introduce some more linear algebra.

Definition 10.13. A kth order tensor A € R™**" ig a k-dimensional array of
numbers; we write A = (Ah,...,ik)ile[m],...,ike[nk}'

For example a vector a € R™ is a 1st order tensor and a matrix A € R™*"2 ig a
2nd order tensor.
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Definition 10.14. For two tensors A, B € R™**" we define an inner product
<A7B> = Z Ai1,~~~,ik 'Bil,m,ik
115000k
Again, for vectors this corresponds to the standard inner product.
Definition 10.15. For vector u € R™ and k € N, define the tensor product
k.

UR ... U = u® = (uil L. uik)he[n],...,ike[n}

The following is a useful fact:
Fact 10.16. For vectors u,v € R™ one has (u®* v®%) = (u, v)*.

Definition 10.17. We call a function f : R — R (real) analytic if it can be written
as a convergent power series f(z) = > 2, apz® for all z € R.

Given a fixed r € N, we can define a Hilbert space / infinite-dimensional vector
space of the form

H={(U° U, U?U3,..) | U" is a k-tensor of size *}

using the natural inner product.
Now we can “bend” any vectors to give any analytic function that we like:

Lemma 10.18. Let f(z) = >.7° ,axx" and fix a dimension r € N. Then there is a
Hilbert space H and maps F,G : R" — H so that
(P(),G(0)) = F((u,0) Vu,ve R

Moreover the length of the mapped vectors satisfies

oo

IE@)lI3 = 1G)lI3 = lax] - [[ull3"

k=0
Proof. We use the maps

Fu) == (V]a| - u®)ezs,,  Glu) = (sign(a) - v/]a| - u® ez,
Then for vectors u,v € R" one has

(P, G) = Y sign() - (Viarl)? - (u™*, o)

k>0

= Zak (u, ) = f((u,0)).

k>0
We can verify that the lengths of the transformed vectors are
k k
IF@)5 = 1G5 =Y (V]ar)? - |13 = > lax| - [Jull3
k>0 k>0

as claimed. O
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10.4.2 Proof of Grothendieck’s Inequality

Now we apply Lemma [I0.I8] to linearize the function appearing in the hyperplane
rounding. More concretely, we will find maps F,G : R™ — H so that

%arcsin((F(u), G(v))) =B+ (u,v)

for some constant 8 > 0.
Lemma 10.19. Let r € N. Then there are maps F,G : R" — H so that
(F(u), G)) = sin (8 (u,v) )

where 8 = 21In(1 + v/2) ~ 3. Moreover |[F(u)|3 = |G(uw)||3 = 1 for all u € R
with ||lul|? = 1.

Proof. First, recall that

: (1" o L s, 15
sin(z) = =z 4+ =
| | |
£ 2k +1)] 317 Tl
1
sinh(z) = !
|
= (2k + 1)!

We apply Lemma [[0.I8] to the analytic function f(z) = sin(85x) where we decide
B € R later. Then for |Ju|s = 1, we can see that the length of the transformed vector

i 2 .
‘ = sinh (ﬁg) fi=arcsinh(1) 1

7T>2k+1

| D
unw%—;y@;;m-@g

Rearranging we see that

g (1) = in(1 4 V) = o

O

Now we can complete the proof of Grothendieck’s Inequality using Krivine’s
rounding argument.

Theorem [I011. Consider a matrix A € R™*™ and let u;,v; € R" be vectors with
l|luill2 = 1 = ||vj]|2 attaining SDP(A). Construct the maps F,G : R" — H from
Lemma I0.T9] Sample a Gaussian g in and set

i = sign({g, F'(ui))) Vi€ [m] and y;:=sign({g,G(v}))) Vi € [n]

2In order to avoid the discussion of what a Gaussian in an infinite dimension space should be,
note that only the subspace U := span({F(u;) : i =1,...,m}U{G(v;) : j =1,...,n}) of H with
dimension dim(U) < m + n is relevant which is isomorphic to R™*". So indeed it suffices to draw
a Gaussian from that subspace U.
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Then 5
Bliy;] " Zaresin(F (), G(v1)) = B {ui, )

By linearity of expectation we obtain

E [Z ZAijSEiyj] =B ) Aij (i, v5) = \5/ -SDP(A)
i=1 j=1 i=1 j=1 ~

~
=~

1
1.78

w
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Chapter 11

Equivalence of Optimization and
Separation™

In this chapter, we will discuss the topic of linear optimization over polyhedra from a
more abstract point of view. Similar to the interior point method, the running times
will depend on the size of the numbers describing the LP. For an integer z € Z we
define (z) := 1+ [logy(|z| + 1)] as the encoding length. Then for a rational number
a € Q with a = % with p € Z and ¢ € N coprime we set (a) = (p) + (¢). Similarly,
for a vector ¢ € Q" and a matrix A € Q"*" we denote (c¢) and (A) as the sum of
the encoding length of all entries. Note that (¢) > n and (A) > nm.

11.1 The Ellipsoid Method

The Ellipsoid method was developed by Shor, Yudin and Nemirovski in the 1970s
for nonlinear optimization; later it was applied by Khachyian [Kha79] for solving
LP’s in polynomial time. It was actually the first method proven to be able to solve
LPs in polynomial time. While not being used in practice, the ellipsoid method has
an important function in the theory of linear programs that we elaborate here. In
this section, we follow the exposition of Korte and Vygen [KVI12]. We will point out
some of the numerical issues without going into the (usually tedious) details. We
refer to [KV12] for more background.

There are several equivalent ways to define an ellipsoid. We choose the following;:

Definition 11.1. Let B € R™*" be a matrix with B > 0 and let ¢ € R*®. Then
EB,c):={zeR"|(z—¢)'B z—c) <1}
is called an ellipsoid.

We write B(c,r) := E(I,,c) as the Fuclidean ball of radius r and center c¢. Con-
sider the Eigen decomposition of B in the form B = """ | /\Zulu;f where A1, ..., A\, >

133
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0 are the Eigenvalues and uq,...,u, are the orthonormal Eigenvectors. Then the
ellipsoid can be alternatively written as

E(B,c) = {a;E]R"]Z 1}

In particular c is the center of the ellipsoid and w; is the ith axis that has a length

of V.

From this representation we can see that E(B, ¢) is the image of the linear map B 1/2
shifted by ¢, i.e. E(B,c) = {B"?y+c¢ |y € B(0,1)}. We can also see that the
volume of this ellipsoid is

Vol,,(E(B, c¢) L
e TV = den(5%) = /aer()
Vol,,(B(0,1)) Pl

The idea behind the ellipsoid method is quite simple: say we have a target
polytope P C R™ and we know that it is contained in some large ellipsoid Ey =
E(Ap,cp). Then we check whether ¢y € P — if yes, we are done. Otherwise, by
taking an inequality a”a < b of P that is violated by ¢y we learn that P is contained
in a half-ellipsoid By N H with H := {z € R" | a’x < a’cp}. Then we can explicitly
compute an ellipsoid Fq that contains Fg N H but has a smaller volumne that Ej.
Then we iterate.
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Ellipsoid method
Input: A € Q™" b € Q™ and R > 0 so that P := {z € R" | Az < b} is
contained in B(0, R).
Output: Point z € P.
(1) Set By := R%I,, co := 0 so that Ey := E(Byg,cy) = B(0, R).
(2) FOR k=0 TO o0

(3) If ¢4, € P THEN return ¢
(4) Select an inequality afa: < B from system Ax < b with azck > B

(5) Set
1
dk = 7Bkak
,/a;kaak
and update

1 n? 2 T
Ckt1 1= Ck — n——Hdk’ Bk+1 = m (Bk — n+ 1dkdk)

and Egy1 = E(Bgi1, Cky1)-

We note that the new ellipsoid Ejy; is obtained by moving the center of Ej into
direction —ay, squeezing Ej in direction a; and slightly expanding it in directions
orthogonal to ag.

.-a£x<bk

T T
ap T < aj cg

Bkt
a;{x < agck
We will prove correctness of the ellipsoid method in form of the following theorem:

Theorem 11.2. Suppose P = {z € R" | Az < b} is contained in B(0,R) and P
contains some ball of radius v > 0. Then the ellipsoid method finds a point in P in
at most O(n?log }—f) many iterations.

It suffices to prove the following two properties:

(i) For all k> 0 one has Eyx1 2 ExN{z € R" | alz < al¢}

(ii) For all k£ > 0 one has %}?@S) < exp(—ﬁ).
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By (i) we have P C Ej for all k. Moreover, as P contains a radius r-ball, we know
that in each iteration k we have

r"Vol,, (B(0,1))

A
SN

IN
@
4

ol

)-VdME@

Il
e
"

ol

)JWVMMB@J»

Rearranging gives
R
kgn-@n+2ﬂn(—)
r
which establishes the upper bound on the number of iterations in Theorem [I1.2]

It remains to prove (i) and (ii). We fix some iteration k. Note that applying
an affine linear transformation does not change the properties (i) and (ii). If we
transform the space so that Ey = B(0,1) (i.e. By = I, and ¢ = 0) and |jagll2 =1
then the update formula simplifies to

1 n?
Ck+1 = —n T 1CLk and Bk+1 = m([n - n—aka£>

This means that in direction a; we shrink the axis length to g%(l — ni_‘_l) =

1 % + O(#) while in directions orthogonal to aj we expand the axis length to

n2
n2—1

the ellipsoid are chosen so that FEjyi is precisely the ellipsoid satisfying (i) that
minimizes the volume. That ellipsoid is also called the Lowner-John ellipsoid with
respect to the convex body ExN{z € R" | al'z < al'c;}. However, in order to have a
cleaner proof we will instead analyze a different ellipsoid that is slightly larger along
the ay direction so that proving (i) is easier. Without loss of generality we may also
assume that ap = —eq, hence it suffices to proof the following standalone lemma:

=1+ # + O(%) Note that one can prove that the update formula for

Lemma 11.3. For n > 2, define B € R"*"

n? n? 1

n 2
B = di « ), ,”w———) d c:i=
) e ) M T e

n—1 entries

Then Ey := B(0,1) and Ey := E(B,c) satisty

(i) One has Ey 2 EyN{x € R" | 1 > 0}

(ii)) One has Vol (B1) exp(—

1
Vol (Eo) 2n+2)'
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Ey

Proof. First note that the ellipsoid E is of the form

E = {zeR"|(z—)"B Yz —c) <1}
n+1\2 1 V2 n?P—-1¢& ,
{xGR |< n >($1 n—|—1) T ;wl_l}

To show (i), we prove that for x € R™ with ||z||2 < 1 and z; > 0 one has = € Ej.
And indeed

n+1\2 I \2 n?2—-1g
( n ><$1_n+1> + n?2 ;xl

~——
<1-2?
< ((n—|—1>2 n2—1>2 5 1 (n—|—1>2 +((n—|—1>2 1 +nz—l)
- n n2 )T I\, i n (n+1)2 n?
2n + 2
= — 1<1
n2 (:L'l 3:1)_‘_

using that 0 < zy < 1. To verify claim (ii) we estimate that
1, (E <
Vol (E1) = det(B) = [[ VB
i=1

Vol,,(Ep) =
e R s N
1 1 —1 !
exp<—n—+1> ‘exp<m'n7> :eXp(_m>

Here we use that B is diagonal and the fact that 1 +y < e¥ for all y € R. O

IN
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11.1.1 Technical issues

If our goal is to solve any LP
max{c’ z | Az < b} (11.1)

in time polynomial in the encoding length (A), (b) and (c) using the ellipsoid method,
then there are several technical issues to be resolved. In the following let P := {x €
R™ | Az < b}.

e Reduction from optimization to feasibility. There are two popular reductions.

(1) We can apply binary search to find the maximal value of 5 € R so that
Pn{r € R"|cl'z > B} is feasible.

(2) We can combine the primal and the dual to the system
de=0bly, Acx<b, ATy=c, y>0 (11.2)

Then any feasible solution to (IT.2]) must be an optimum solution to the
original LP in (ITTJ).

e Boundedness. The ellipsoid method is only defined for bounded polyhedra P.
But one can choose a large enough value M := 2P ({A4).(0) g5 that P # 0 <
PN [—M,M]™ £ (.

e [Full-dimensionality. It may be that the polytope P is not full dimensional, and
so there is no positive radius ball contained in P in which case the ellipsoid
method might never terminate. Again, there are two strategies to solve this
issue:

(1) For e > 0, let P. :== {z € R" | Az < b+ ¢1}. One can pick a value
e = 27P(ALE) 5o that P # () & P. # (). In particular, for such a
choice of € one can prove that a basis is feasible for P if and only if it is
feasible for P..

(2) There is a threshold § := 2P (A1) 5o that if Vol,(E;) < d, then one
can infer a hyperplane H that must contain all rational vectors in Ej, that
have encoding length at most poly({A), (b)). In particular, P C H. Then
one can recurse. We cover this non-trivial argument later in Chapter 12

e Rationality. The update formula
1 1

for the center contains a square root and in particular it is not true that the
numbers at every step of the ellipsoid method are rationals with polynomially
bounded encoding length. But one can choose the updated ellipsoid slightly
larger and then truncate all numbers after poly((A), (b)) many bits.
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We will not elaborate on these details and again refer to the book of Korte and
Vygen [KVI12]. We summarize the exact statement that can be derived from the
ellipsoid method (or from the interior point method for that matter):

Theorem 11.4. Let A € Q™*", b€ Q™, c € Q. Then the LP max{c'z | Az < b}
can be solved in time polynomial in (A), (b) and (c) (or one can decide that the LP
is infeasible or unbounded).

11.1.2 The ellipsoid method with a separation oracle

Consider again a polytope P = {x € R" | Az < b} with A € Q™™ and b €
Q™ with B(c*,r) € P C B(0,R) for some unknown point ¢* € R® and r < R.
In Theorem we have seen that the ellipsoid method takes O(n?log %) many
iterations to find a feasible point. That means the number of iterations does not
depend on the number m of inequalities. Instead of maintaining an explicit list of
all m inequalities in the system Az < b, it would suffice if in every iteration, the
algorithm could determine one inequality violated by the current center ci. This is
called the separation problem for P.

SEPARATION PROBLEM FOR POLYHEDRON P C R"
Input: Point y € Q"
Goal: Find a a € Q" with a”y > a’x Vx € P or assert y € P.

Then running the ellipsoid method with a separation oracle and solving again all the
technical issues that we mentioned earlier gives the following:

Theorem 11.5. Let P = {z € R" | Az < b} be a polyhedron with A € Q™*",b €
Q™, and let ¢ € Q™ be an objective function and let ¢ > max;—1__m{(A;)+(b;) }+(c).
Suppose one can solve the following problem in time poly(p):

SEPARATION PROBLEM. Given y € Q" with encoding length poly(y)
as input. Decide, whether y € P. If not find an a € Q" with a’y >
a’zVa € P.

Then there is an algorithm that on input of (¢, ) yields in time poly(y) either
e z* € Q" attaining max{c'x | x € P} (z* will be a vertex if P has vertices)

e P empty
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e Vectors z,y € Q" with x + \y € PVYA >0 and Ty > 1.

Note that the algorithm would need to know ¢ in order to construct the ini-
tial ellipsoid Ey containing P and in order to decide when to recurse on a lower
dimensional subspace.

11.2 Optimization vs. separation

T2 over a polyhedron

As we have just seen, we can optimize a linear function ¢
P as long as we can solve the separation problem for P. In this section, we will
prove that if we can optimize over P, then we can also solve the separation problem
for P. In other words, optimization and separation is equivalent from the point of
view of polynomial time algorithms. To some extend we will follow the very readable
exposition of Cook, Cunningham, Pulleyblank and Schrijver [CCPS98] and add some
details from [KV12].

We want to make this equivalence formal which requires some care. For the sake
of simplicity, we restrict our attention to the (more interesting) bounded case. We
will also talk about class of polytopes rather than a single polytope. We have set of
objects T and with every object ¢ € T we associate a rational polytope P, C R"™.
For example each object ¢ € T might be a (weighted) graph or a matrix or a flow
network etc. For each such object we write (t) as the encoding length. We need a
technical condition that is usually trivial to verify.

Definition 11.6. A class of polyhedra P = {P, : t € T} with P, = {& € R™ |
AWz < b1} is called proper if (A) each P, is bounded and A® and b(*) are rational;
(B) there is a polynomial time algorithm that takes the object ¢t € T as input and
provides the dimension n; € N and a number s; € N with s; > <A§t)> + <bf> for all
constraints 1.

Then we want an algorithm that can optimize any linear function over a polyhe-
dron from that class P:

OPTIMIZATION PROBLEM FOR CLASS P ={P,:t € T}.

Input: t € 7 and c € Q™

Goal: Find a point z* € P; attaining max{c’z | z € P,;} or decide that P, is
empty.

We can also formalize what it means to find a violated inequality for the class:

SEPARATION PROBLEM FOR CLASS P ={P,:t€ T}.

Input: t € 7 and z € Q™

Goal: Either decide correctly that z € P, or provide a vector a € Q™ with
a’z < alz for all z € P,.
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Before we come to the main theorem, we need to introduce a new concept. Note
that a convez body is a set K C R”™ that is convex, compact (i.e. closed and bounded)
and fulldimensional.

Definition 11.7. For a convex body K C R", the polar is defined as
Ke={yeR"|ylz<1Vze K}
Intuitively, the polar is obtained by turning feasible points into valid inequalities

and vice versa. We write int(K) := {z € R" | 3¢ > 0: B(x,¢) C K} as the interior
of K. One can show the following properties:

Proposition 11.8. Let P C R" be a polytope with 0 € int(P). Then:
(A) P° is a polytope with 0 € int(P)
(B) (P°)* =P
(C) a is a vertex of P < a”x <1 is a facet-defining inequality for P°.

Note that similar statements can be shown for general convex bodies.

|
A~
s N |

/ N |
SEERN
7 P N

v e,z <1

Theorem 11.9 (Equivalence of Optimization and Separation — Grotschel, Lovasz,
Schrijver |[GLS88|). Let P = {P; : t € T} be a proper class of polyhedra. Then
the optimization problem for P is solvable in polynomial time if and only if the
separation problem for P is solvable in polynomial time.

Proof. To keep the argument simple, we assume that the polyhedra P; are full di-
mensional with 0 € P, and the inequalities are normalized so that P, = {x € R™ |
a’r < 1Va € A;}. We show both directions separately.

(I) Separation = Optimization. This is exactly the task done by the ellipsoid
method as stated in Theorem
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(IT) Optimization = Separation. Suppose we are given a point z € Q™ for which
have to find a violated constraint, that means a vector a € A; with a’z > 1
(if there is any). Consider the polar of P; which is

Pp={yeR":y'z <1 Vze PR}

Observe that for the separation problem for PP one is given a y* and has to
determine whether there is an z € P, with 7y* > 1. But that is exactly the
optimization problem for P; for which we have a polynomial time algorithm
by assumption. Then by (I), we can solve the optimization problem for Py in
polynomial time using the ellipsoid method. By Proposition [[T.8(B) we know
that (P?)° = P,. Applying (I) with reversed roles, the optimization oracle for
P¢? implies we can solve the separation problem for (P;)° = P,. That concludes
the claim.

optimization separation
over P, for Py

\]

ellipsoid method

\]

separation optimization
for P; over Py

A

Overview over the
optimization =- separation direction

11.3 Clarkson’s algorithm for linear programming

R™X™ and

Consider a linear program of the form max{c’z | Az < b} with A €
b € R™. In this section we are particularly interested in the case that m is very large
compared to n. We will discuss the remarkable argument by Clarkson [Cla95] which
rather surprisingly shows that one can solve any LP by solving O(nlog(m)) many
LPs that contain a subset of only O(n?) many constraints each. In the exposition
we follow the lecture notes by Eisenbrand.

It will be convinient to change the notation. Instead of relying on matrix notation
Ax < b, we denote the set of constraints by H. For concreteness, one may imagine
that the elements of H are then of the form (A;,b;) € H. We will make a few
assumptions on the LP that are all without loss of generality. We assume that

the LP is bounded and all solutions are contained in a bounded region describe by

!See https://www.epfl.ch/labs/disopt/wp-content/uploads/2018/09/1ec3. pdf.


https://www.epfl.ch/labs/disopt/wp-content/uploads/2018/09/lec3.pdf
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constraint F (for example F could be the constraints x; < M and z; > —M for
a large enough M). We will also assume that max{c’z | = satisfies 7 U R} has a
unique optimum for all subsets R C H of constraints.

11.3.1 The Sampling Lemma

For R C H, let
LP(R) := argmax{c’ z | = satisfies F UR}

be the (unique) optimum LP solution respecting the constraints in R as well as the
bounding constraints /. One might be tempted to believe that for a small subset
R C H of constraints, the solution LP(R) has little to do with the actual solution
LP(H) — after all using fewer constraints will in general provide a solution that has
a strictly better objective function value but is not feasible for H.

Surprisingly one can prove that on average, LP(R) violates only few constraints in
H. This will be the core argument making the algorithm work. In the following
we write R ~ (7:) if we draw r many constraints uniformly at random (without
repetition) from .

Lemma 11.10 (Sampling Lemma). Let m := |H| and 1 < r < m. Draw R ~ (7:)
and let V :={h € H | h is violated by LP(R)}. Then E[|V|] < J55.

Proof. We note that for R ~ (Z:l) and h ~ H \ R independently, the tuple (R, h)

has the same distribution as (R’ \ A/, ') where we sample R’ ~ (T?_{l) and b ~ R’
With this observation we claim that

E[V]] = m- (71;’1}2)[11 is violated by LP(R)]
= m E Pr [h' is violated by LP(R’\ h')]] < mn
R 1) LR . =
<7 by Claim I

It remains to argue the following:

Claim 1. For any subset R' C H one has Prpr:[h violated by LP(R'\ )] < R
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Proof of Claim I. By assumption, the LP is bounded and there is a unique optimum
solution z* := LP(R’) (before removing constraint 4’). From Chapter we know
that 2* is determined by a basis B C F U R’ of |B| = n many constraints which in
particular satisfies LP(B) = LP(R’).

eB eR'\B

> LP(BY= LP(R')

If b’ ¢ B, then the LP optimum does not change if we delete h’. Hence

h/E%/[h' violates LP(R'\ h')] < hllz,%l[h/ € B] < Wl

as claimed. O

11.3.2 The algorithm

Now we turn the insight from the Sampling Lemma into an algorithm. We use the
multiplicative weight update method. We start by giving each constraint h € H a
weight of wy, := 1. Then we run the Sampling Lemma and double the weight of
those constraints that have been violated, hence making it more likely that those
constraints appear in the sample R in future iterations. Then we run the Sampling
Lemma again and so on and so forth. Eventually we will draw a sample R so that

LP(R) = LP(H) which means that LP(R) is an optimum feasible solution.

Clarkson’s algorithm

Input: Constraints H and objective function c.
Output: Optimum LP solution and constraints R C H with |R| < r and
LP(R) = LP(H).

(1) Set wp, :=1forall h e H

(2) FORt=1TO T := ©(nln(m)) DO

(3) Sample r many contraints R from H, treating H as a multiset
containing wy, copies of constraint h.

(4) Let V:={h € H : LP(R) violates h}
(5) If V = () then return LP(R) else for each h € V, update wy, := 2wy,
(6) RETURN “fail”

Theorem 11.11. Choosing T := ©(nIn(m)) and r := ©(n?), Clarkson’s algorithm

succeeds with probability at least 1 — 5.

2m
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Proof. For the sake of analysis we modify the algorithm and instead of terminating
in (5), we will always let it run for exactly T iterations even if we already found a

solution. Let wg) be the weight of constraint h at the beginning of iteration ¢ and

let WO .= > ohen wgt) be the total weight. Similarly let R® and V) denote the
corresponding constraints in iteration ¢. By the Sampling Lemma (Lemma [IT.10]),
the expected weight of the violated constraints in iteration ¢ is E[Y_;cy w}(f)] <
H_Ll -W®_ Hence the total updated weight is

Mwﬁﬂ”§<1+Til)¢V®

Hence the algorithm terminates with an expected weight of
T 14+x<e” T
W (T+D) <;( 2) OIS (” ).
E[ 1< (1+ . < exp(——)-m

=m

By Markov’s inequality we know that W+ < 2m?2. exp(g) with probability at
least 1 — ﬁ We claim that if this event happens, then the algorithm will have
been successful. For the sake of contradiction suppose that we had V® # () in each
iteration t. Let B C H be a basis characterizing LP(H), i.e. |B| =n and LP(B) =
LP(H). Every intermediate solution LP(R®) has a strictly better objective than
LP(H) and so each such solution must violate at least one constraint in 5. By
averaging, there must be some constraint » € B in the basis that has been violated at
least % times during the course of the algorithm. Then the weight of that constraint

alone at the end provides
oT/n < wﬁlT—H) <W (T+1) < 2m?. exp <£) < 2m?. 2%
r

choosing 7 := 4n? and using e < 22. Then taking log,’s on both sides gives

T T
— < o+ logy(2m?)

which can be rearranged to T' < O(nlog(m)). O

We would like to point out that Clarkson’s algorithm uses very few properties of
LPs. It can be made to work for many other problems where the optimum solution
is always determined by a smaller set of constraints. One example where this applies
is integer linear programming max{c’x | Ax < b,z € Z"} where one can always find
a subsystem of 2" many constraints that have the same optimum solution as the
whole system.
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Chapter 12

The Frank-Tardos Algorithm™

There are two popular computational models:

e The Turing machine model where the alphabet has constant size and one op-
eration manipulates one symbol on a tape.

e The Random access machine (RAM) where one memory slot can store any
integer or rational number and we can add / multiply / divide in one operation.

If the input consists of vector a € Q", then the input length in the Turing machine
model is the encoding length (a) and in the RAM model it is the number of objects
n. We say that an algorithm that takes a € Q" as input has strongly polynomial
time if its running time is poly({a)) if counted in the Turing machine model and
poly(n) if counted in the RAM model. Here we use the same notation (a) that we
introduced in Chapter {1l For example, the algorithm by Tardos for minimum cost
circulation (see Section [6.6]) is strongly polynomial while the interior point method
(Section B)) is only weakly polynomial, i.e. to solve an LP max{c’x | Az < b} it
takes poly((A), (b), (c)) iterations in both the Turing machine model and the RAM
model. In this chapter, we want to provide a useful tool for turning some weakly
polynomial time algorithms into strongly polynomial ones. During this chapter we
will say that on input of a € Q", an algorithm runs in at most poly(n) many RAM
operations where we implicitly mean that also the intermediate numbers have an
encoding length of at most poly(<a>.
For z € R we set

1 ifz>0
sign(z) ;=<0 ifz=0
-1 ifz2<0

The central result of this chapter will be:

!This technicality is needed. For example it is possible to solve the NP-hard Knapsack problem
in poly(n) many RAM operations if arbitrary intermediate numbers are allowed.

147
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Theorem 12.1 (Frank, Tardos [F'T87]). Given a vector w € Q" and N € N, one
can compute a vector W € Z" with ||i]|s < 20 ) NO®) 5o that

sign(w’ z) = sign(w’z) Yz e {-N,...,N}"
The number of RAM operations is bounded by a polynomial in n and log(N).

Intuitively this means that if we have any optimization problem where the solu-
tions are contained in {—N, ..., N}", then we can replace a linear objective function
z — wlz by another one x — @'z so that the set of optimum solutions does
not change. Then the encoding length of the objective vector as been reduced to

(w) < poly(n,log(N)).

° ° ° B
w
0
° ) w
X
° ° °

12.1 Simultaneuous Diophantine Approximation

The most important ingredient for our algorithm is a consequence of the celebrated
LLL-algorithm by Lenstra, Lenstra and Lovéasz [LLL82| to efficiently find a simul-
tanuous diophantine approrimation to a rational vector. First, recall Minkowski’s
Theorem which is usually stated as the fact that any symmetric convex body K C R"™
with Vol (K) > 2™ must have K N (Z™ \ {0}) # (. It will be convinient for us to
restate a lattice variant:

Theorem 12.2 (Lattice variant of Minkowski’s First Theorem). Let B € R™"*™ be
a full rank matrix. Then there exists an x € Z"™ \ {0} so that | Bx|s < |det(B)[*/™.

Minkowski’s result is based on the pigeonhole principle and does not provide an
algorithm for finding the vector x. However, the lattice basis reduction algorithm
by Lenstra, Lenstra and Lovasz (also called the LLL-algorithm) can be used to find
a 2"-approximation to the shortest vector in a lattice. In our case this gives the
following:

Theorem 12.3 (LLL algorithm [LLL82]). Let B € Q"*" be a full rank matrix. Then
in time poly({(B)) one can find an x € Z™\ {0} so that || Bz||s < 2"~!-|det(B)|"/".

Now to our application to find good rational approximations:
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Theorem 12.4. Given o € [—1,1]" and N € N, there is an algorithm to find integers
Ply---Pn,q € Z so that g € {1,... ,22"2]\7"} so that

1
lgoy; — pi] < N Vi € [n]

The number of RAM operations is bounded by a polynomial in n and log(N).

Note that the condition means that the numbers «; are approximated by a ratio-

Pi

nal number ? with common denominator up to an error of qLN. This is a lot better

than just picking any ¢ and rounding each «; to the nearest multiple of %.

Proof of Theorem [12.7]. For some parameter () > 0 that we determine later, consider
the (n+ 1) x (n+ 1) matrix

1 0 0 —Qq
01 0 —as
B=|: : oo

00 ... 1 —a,

00 ... 0 Zar
We note that det(B) = QTl+f and hence by Minkowski’s Theorem (Theorem [12.2))
there is a nonzero integer vector x = (p1,...,Pn,q) With ||Bz|e < % However,
instead we use the constructive version from Theorem 123 and compute an x =
(P1y- -y Py q) With || Bz|leo < % in polynomial time. By symmetry we may assume

that ¢ > 0. Writing out the properties we see that

2n
Setting @ := 2" N then gives the claim (also note that ¢ = 0 is impossible). However
there is one small technicality: the way we stated the argument, the running time
would depend on (a). But we can first truncate «a;’s after poly(n,log(N)) bites
before applying the LLL algorithm and absorb the made error into the slack that we
have. O

12.2 Warmup

To warm up, we want to prove the following:

Lemma 12.5. Let w € Q™ and N € N. Then there is an algorithm to find w € Z"
with ||i]lso < 23" N™ in poly(n,log(N)) many RAM operations so that

Vo e {-N,...,N}": sign(w’z) 420 = (sign(w’z)= sign(w’z))
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Proof. We may scale w so that ||w|. = 1. Applying Theorem I2Z4] with w and
parameter N’ := 2nN, we can obtain a ¢ € N with ¢ < 22"2(2nN)" < 237 N™ and
W € Z" so that |qw; —w;| < ﬁ foralli=1,...,n. Fixanz € {—N,..., N}" with
sign(zDT:E) # (0. For symmetry reasons suppose @'z > 1. Then

DO =

n
|(qw — 1Z))T:E| < Z lqw; — Wi - ||7]|0e <
i=1 v N

IA

1
< 2nN

> 1, ie. sign(w’z) = sign(d” z). O

D=

and so quTx > wlx —

Note that if @"2z = 0, then we cannot say anything about the sign of w”z. On
the other hand, there must be some coordinate where ||w||oc = 1 is attained — say
|wi| = 1. Then |qw; — W] < ﬁ < 1. Hence qw; — w; = 0. So one could iterate
and approximate w — ¥ which is a lot shorter than the original vector w and also

has support at most n — 1.

12.3 The main proof
Now, we want to extend Lemma [I2.5] to an iterative argument.

Lemma 12.6. Let w € Q™ and N € N. There is an algorithm that in time
poly(n,log(N)) computes vectors vi,...,vr € Z"™ and coefficients Ay,... A\ > 0
with k < n so that

(i) w =3, A
(i) |Jvillso < 227° N™ for all i > 1.
(i) 3 < NTo for all i > 2.

(iv) flwlloo = A1l
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Proof. The claim is invariant under scaling w, hence we may assume that ||w||e = 1.
We apply Theorem [2.4]to w and parameter N and obtain a vector vy € Z™ and ¢; €

{1,...,22"" N"} so that [Jgrw—1v1]ee < +. Note that in particular [|v; [|oo < 92n% N
We set A\ := % = q%' Similar as before, |[supp(w — Ajv1)| = [supp(qrw — v1)| <
n — 1. Also note that |lwlj = [|Zlc = [|Mv1]loc which gives (iv). We apply

induction (over the support of the vector) to the remainder w — A\jv; and obtain
Vo, ...,V € Z™ and Ao, ..., A\p > 0 so that

k
@) w—dvr = v (i) il < 22N Vi>2
=2

A 1
(i)

< Vi > v Y o = |IA oo
o S Mol i>3 () fw— v [A2v2]|

We note that (i) can be rearranged to w = Zle Aiv; which gives (7). Combining
(#¢") and the choice of vy gives (ii). Finally to complete (ii7), we note that

A2 (i”/)&_)‘lzi 1 1

q1
= — q1|lw — A\jv1 < —
)\1 H’Ug”oo L,ig N”UQHOO

<1/N

Now we can finish the proof of the main result.

Theorem [I21. We are given a vector w € Q"™ and a parameter N € N. Apply
Lemma with vector w and parameter N’ := 4nN. Let vy,...,v; € Z" and
AlL,..., Ak > 0 be the obtained vectors and coefficients with ||v;]|se < 227 (N')" <
230" N We set M = 4 - 247" N1 and set

k
W = Z Mk_l’l)i
i=1

Note that @ € Z" and |[dloe < 3% MF~||v;]|0e < 2MF227° (N") < 20(n?) NO(?)
as claimed. Next fix an 2 € {~N, ..., N}"; our goal is to prove that sign(w’z) =
sign(w’x). First consider the case that vix = ... = v,{m = 0. Then w'z =
S vz =0 and @z = 328 MF s = 0 and hence sign(w”z) = sign(w” z)
is satisfied. It remains to analyze the case where v! x # 0 for at least one index. In
that case, the least such index will determine the sign.

Claim 1. Suppose there is an index j € {1,...,k} with v{:p =...= v;fr_lx =0 and
vaa: #0. Then sign(w’z) = sign(vax).

Proof of Claim I. Assume w.l.o.g. that v;*-r:p > 1. Then

-1 k
1
wle > PRI EDY U]T:E —n Z AillVilloo  [[Zlloe = Aj==(Aj+ ...+ Ag) >0 O
= =~ N i1 —_—— —— e =
- = >1 B <Ai—1/(4nN) <N <2);

<.
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Now back to the main statement. Suppose that vfa: =...= va_lm = 0 and
U;f;p > 1. Then
k
ole = ZMk_iv?x
i=1
k
> MFolz— Y M ons Joilleo - 2lle
<~ .5 —— ——
M| i=7+1 §23"3N" <N
k
> MEi_ 9in? prnt1 < Z Mk—i)
i=j+1
<oMk—(+1)

> Mk—] —9. 24n2Nn+1Mk—(j+l) >0

as M = 4-2%° N1 Hence sign(w?z) = sign(U]Ta;) = sign(w’z) using Claim 1. [

12.4 Applications

Finally, we discuss a few applications. First, we can turn any binary weakly polyno-
mial optimization problem into a strongly polynomial one.

Theorem 12.7. Let F C {0,1}". If there is a weakly polynomial time algorithm
for max{c’x | x € F}, then there is also a strongly polynomial time algorithm for
the same problem.

Proof. We use Theorem [I2.1] to replace the vector ¢ € Q™ in poly(n) arithmetic
operations by a vector & € Z" with ||&|s < 20"") so that sign(cZx) = sign(é”z) for
all x € {—1,0,1}". Then every solution x € F that is optimal for ¢ is also optimal
for ¢. Hence we can run the weakly polynomial time algorithm on objective function
¢ with takes time poly(n) since (¢) < poly(n). O

Theorem 12.8. Given A € Q™*" b€ Q™ and ¢ € Q™. Then one can solve the LP
max{cl'z | Az < b} in poly({A), (b)) many RAM operations.

Proof. For the sake of simplicity assume the LP is feasible and bounded. Let
P ={x € R" | Az < b}. There is some M > 0 with |M|. < poly((A), (b))
so that @ := P N [—M,M]" contains an optimum solution. Next, one can choose
N < poly((A4), (b)) so that all extreme points of N - @ are integral. Then apply
Theorem [I2.1] with vector ¢ and parameter M N and obtain an approximation é.
Then solve the LP max{¢’z |z € N - Q}. O

We can extend this to the LP feasibility problem and drop the dependence on

(b):
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Theorem 12.9. Let A € Q"*™ and b € Q™ and set P := {x € R" | Ax < b}. Then
one can compute a point z* € P in RAM-time poly({A)) or decide that P = ().

Proof. First we show that we can test whether P # () in time polynomial in (A).
And in fact, by the Farkas Lemma (Prop B.221(I)) we have

P+ <<= min{dTy|ATy=0,y>0}=0

and the right hand side can be evaluated in time poly((A)) using Theorem 128
Now assume P # (). In order to actually find a feasible point, we define

P(I,J):={zeR"|Az <band Az =b;Vicl, z;=0VjcJ}

for index sets I C [m] and J C [n]. Then using the above test repeatedly on
P(1,J) we can compute an inclusion-wise maximum pair (I*, J*) so that P(I*, J*) #
(). Then there will be a unique solution z to system of linear equations A;x =
b Vi € I*, x; = 0Vj € J* and that solution can be computed using Gaussian
elimination. O

It is indeed possible to solve any LP max{c’z | Az < b} in time poly((A)), that
means without any dependence on b and c¢. This was proven by Tardos [Tar86]. On
the other hand, whether any LP can be solved in strongly polynomial time is still a
major open problem.
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Chapter 13

Submodular functions*

Numerous optimization problems from machine learning over approximation algo-
rithms to combinatorial optimization share a diminishing returns property. Instead
of problem-specific approaches one can capture many such problems with the frame-
work of submodular functions. We already mentioned submodular functions briefly
in Chapter [@ however this chapter is written so that it can be read independently
of Chapter

13.1 Introduction

The key definition is as follows:

Definition 13.1. Let X be a finite set. A function f : 2% — R is called submodular
if
fLAU{s}) = f(A) = f(BU{j}) - f(B) VACBCX VjeX\B

In other words: a set function is submodular if adding a new element j to a
smaller set A causes greater (or equal) increase than adding it to a larger set B.
Before we discuss concrete examples, we want to elaborate that there are several
equivalent definitions:

Lemma 13.2 (Equivalent Characterizations Submodularity). Let f : 2¥ — R.
Then the following is equivalent

(1) One has f(AU{j}) — f(4) > F(BULjY) — f(B) VACBCX VjeX\B
(II) One has f(A)+ f(B) > f(AnB)+ f(AUB) VA BCX

Additional desirable properties or subclasses of submodular functions are:

e Non-negativity, i.e. f(S)>0VS C X
e Monotonicity, i.e. f(A) < f(B)VACBCX
o Symmetry, i.e. f(S)= f([n]\S)VSCX

155
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We want to give a few examples of submodular functions.

e Coverage functions. Let Sy,...,S, C U be a set family over a ground set U.
Then the number of covered elements given by f(I) := [|J;c; Si is a monotone
submodular function.

e Cut functions in graphs. Let G = (V, E) be an undirected graph with edge
weights w : £ — R>g. Then the function f(S) := w(0(5)) = X_¢; j1ep:qi,53ns)=1 Wi )
giving the value of the cut S is a symmetric submodular function (though it is
not monotone!). Similar for directed graphs D = (V, A), the value w(67(S5))
of a directed cut is submodular (though neither symmetric nor monotone).

e Matroid rank functions. As we already showed in Section 0.4l for any ma-
troid M = (X,Z), the rank function 7y : 2% — Zs is monotone submodular.

e Log determinant function. Let A € R™*"™ be symmetric and positive defi-
nite matrix. For S C [n] we denote Ag g as the |S| x |S| principal submatrix
with rows and columns from S. Then using Ky Fan’s inequality one can show
that the function f(S) := In(det|g(As,s)) is submodular.

The two main results that we want to prove in the remainder of this chapter are:

(i) For the problem of maximizing a monotone submodular function subject to
a cardinality constraint one can find a (1 — %)-approximate solution using a
simple greedy algorithm,

(ii) One can minimize any submodular function in polynomial time.

For both algorithms it suffices to have oracle access to the function f, that means
the algorithms only need to be able to evaluate the function value f(.S) for any given
set S. Note that the standard algorithm to find a minimum cut in a graph is not
quite trivial. One consequence of (ii) is that one find a minimum cut in a graph in
polynomial time without knowing the graph, as long as we can determine the values
of the cuts.

13.2 Maximizing a monotone submodular functions with
a cardinality constraint

In this section, we study the following problem

MONOTONE SUBMODULAR FUNCTION MAXIMIZATION
Input: A non-negative monotone submodular function f : X — R>¢ and a

parameter k € N.
Goal: Solve max{f(S): S C X and |S| < k}.




13.2. MAXIMIZING A MONOTONE SUBMODULAR FUNCTIONS WITH A CARDINALITY CONSTR

Without the cardinality constraint |S| < k, the optimum would simply be attained by
S = X. Note that this problem already captures the maximum set coverage problem
max{|U,c; Sil : |I| < k} which is known to be NP-hard to approximate within a
factor of 1— % —e¢ for any € > 0. On the positive side, we will see that a simple greedy
algorithm can already achieve this constant. We denote f(A | B) := f(AUB)— f(A)
as the marginal increase when adding A to B. In particular for single elements i € X

we will write f(i | A) = f(AU{i}) — f(A).

The Submodular Greedy Algorithm
Input: A monotone submodular function f: 2% — R and k € Z>g

Output: A set (1 — 1)-approximation to max{f(S) | |S| = k}.
(1) Set So = @
(2) FOR i =1 TO k DO

(3) Let x; € X \ S;—1 be the element maximizing f(x; | Si—1)
(4) Set S; = S;_1 U {l‘l}

(5) Return Si

The analysis is due to Nemhauser while in the exposition we follow the survey
of Buchbinder and Feldman|BF18]. A useful inequality is the following:

Lemma 13.3. Let f : 2X — R be a submodular function. Then for any A,B C X
one has Y,ep £(i | A) > f(B | A).

Proof. W.lo.g. suppose B ={1,...,k}. Then

k f submod. k
FBIA) =Y filAU{l,....i—1})" < D filA).
=1

i=1

Now we can analyze the algorithm:

Theorem 13.4 (Nemhauser, Wolsey, Fisher [NWET8|). The greedy algorithm gives
a(l— %)—approximation for maximizing a non-negative monotone submodular func-
tion subject to a cardinality constraint.

Proof. Let S* := argmax{f(S) | S C X, |S| = k} be the optimum solution. We will
prove that f(Sg) > (1 — 1)f(S*) where Sy is the last iterate in the algorithm. Let

e
i €{1,...,k}. The crucial argument is that the marginal increase f(z; | S;—1) is at
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least as large as if we were adding an average element from S*. More precisely,

f(Si) = f(Si—1) = f@i] i)
> xEES* [f(z | Siz1)]
e L st U s - f(sio)
f mogotone %(f(S*) _ f(Sz—l))

In other words, in every iteration we close at least a %-fraetion of the remaining gap
to the optimum value. This can be rearranged to

£(8%) ~ 78 < (1= 7) - (F(5%) ~ F(Si1).

Iterating this inequality k times gives

1\k 1
FS) = £S5 < (1=3) -(F(59) = f(S0)) < =+ £(57)
—_————— >0
<1/e
which means that f(Sg) > (1 — 1) f(S*) as claimed. O

We would also like to note that the greedy algorithm makes at most nk queries
to the function f.

13.3 Polymatroids

In order to design a polynomial time algorithm to minimize any submodular function
we need to take a detour and discuss a polyhedral generalization of matroids first.
Our exposition will follow Chapter 44 of Schrijver [Sch03]. For a vector 2 € R¥ and
S C X we use as before the notation z(S5) := >, ¢ ;.

Definition 13.5. For a submodular function f : 2X — R we define the polymatroid
associated with f as

Pp={zeRS | z(S) < f(S)VS C X}
The extended polymatroid is

EP; = {x e RY | 2(S) < f(S) VS C X}
The base polytope of f is

By :=EP;n{z eR" | z(X) = f(X)}
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Here is an example in dimension X = {1,2}:

1+ 22 < f({1,2})

Z2 x2

o

n < f({1))

For example, for a matroid M = (X,Z), the matroid independence polytope P(Z)
(see Sec [@0.3)) is identical to the polymatroid P,,, associated with the rank function
of the matroid. Moreover we have conv{lg : S C X is basis of M} = B,,,.

In order to obtain some more intuition about the geometry of polymatroids, we
will show that the inequalities inducing a face of the polyhedron EP; come from
sets S that are closed under union and intersection:

Lemma 13.6. Let x € EPy where f : 2X 5 R is submodular. Then the family of
sets F :={S C X | z(S) = f(S)} is closed under taking unions and intersections.

Proof. We fix x € EP; and consider the function g(S) := f(S5) — > ,cg®i. This
is again a submodular function and ¢(S) gives the slack that the point z has with
respect to the inequality induced by S. Then g(S) > 0 for all S C X and g(S) =0
for all S € F. Now consider A, B € F. Then

subm. A,BEF
0<g(AUB)+g(ANB) < g(A)+g(B) "=" 0
>0 >0 = =

Hence all inequalities have to be equalities and so AUB,ANB € F. O

As a side remark, the proof also shows the following:

Corollary 13.7. Let f : 2X — R be a submodular function and let F be the family
of minimizers of f. Then F is closed under taking unions and intersections.

Note that the same claim is in general false for the set of maximizers.
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13.4 The Polymatroid Greedy algorithm

Next, we want to find a polynomial time algorithm to optimize a non-negative ob-
jective function ¢ € R§0 over the extended polymatroid EP;. In order to develop
some intuition, let us first revisit the matroid greedy algorithm from Chapter
Clearly, that algorithm uses the notion of independent sets which does not exist for
polymatroids, so we first develop a different view on the matroid greedy algorithm.

13.4.1 Another look at the Matroid Greedy algorithm

Consider a matroid M = ([n],Z) and a objective function vector ¢ € R" with the
indices sorted so that ¢; > ¢3 > ... > ¢,. Recall that the matroid greedy algorithm
goes through the elements 1,...,n in this order and picks elements if the current
set remains independent. In each iteration ¢ the greedy algorithm maintains a basis
of {1,...,i} and so we know that if rp/({1,...,7}) = rar({1,...,4 —1}) + 1, then
we select the ith element into the independent set and otherwise — that means if
rar({1,...,i}) =rm({1,...,i—1}) — then we would not pick the ith element. Then
the matroid greedy algorithm could be equivalently described as follows:

Matroid Greedy algorithm
Input: Matroid M = ([n],Z) and ¢ € R™.
Output: z* = argmax{c’z | z € P(T)}
(1) Set z*:=0
(2) Sort indices so that ¢; > co > ... > ¢, >0
(3) FOR i =1 TO n DO

(4) Set z; :=rp({1,...,4}) —rp({1,...,i —1})
(5) Return z*

From our previous analysis it then follows that the computed vector x* is the char-
acteristic vector of an optimum independent set and hence also optimum solution to
max{c’z | 2 € P(Z)}. The above algorithm does not rely on the notion of indepen-
dent sets but just on the rank function. Moreover — at least syntactically — the
algorithm appears to make sense also without the special properties of the rank func-
tion such as integrality, monotonicity and the fact that ry,(SU{i})—ra(S) € {0,1}.

13.4.2 The Greedy algorithm for extended polymatroids

Now we want to extend these ideas for a more general problem:

EXTENDED POLYMATROID OPTIMIZATION
Input: A submodular function f : 2" — R and an objective ¢ € R™.
Goal: Solve max{c’z | z € EP;}.
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For an algorithm that solves the extended polymatroid optimization problem, we
can make 3 simplifying assumptions:

o Assumption I. One has f : 2"} — R>p. Reason is that if f is not non-negative,
then EP; = () and the problem is infeasible.

o Assumption II. One has f(0)) = 0. Note that if f is non-negative and f(0) >
0, then one can set f()) := 0 without changing EP; and while keeping f
submodular.

o Assumption III. One has c € RZ,. Easy to see that if ¢ is not non-negative,
then the problem is unbounded.

Then inspired by the matroid greedy algorithm, we suggest the following generaliza-
tion

Greedy algorithm for Extended Polymatroids
Input: Submodular function f : 2" — R with f(f) = 0 and ¢ € RZ,,.
Output: 2* = argmax{cz |z € EP;}

(1) Set z*:=0

(2) Sort indices so that ¢; > co > ... > ¢, >0

(3) FOR i = 1 TO n DO

(4) Set ot == f({1,...,i}) — f({1,...,i—1}).

Note that we do not make the assumption that f is monotone, so if one thinks of the
computed point z* as a sequence of iterates, then it is not true that all the iterates
are in EP;. This is different from the matroid greedy algorithm where we always
maintain an independent set:

EPf €

On the other hand, if f is monotone, then clearly «* > 0 and automatically
¥ e P f C EP f-
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x2 /
Py v

L1

Visualization of polymatroid greedy
algorithm if f is monotone

13.4.3 Correctness of the Polymatroid Greedy Algorithm

It remains to prove that the Polymatroid Greedy Algorithm indeed computes an
optimum solution. First we verify that the computed solution is feasible.

Lemma 13.8. The point x* computed in the Polymatroid Greedy Algorithm is in
EP;.

Proof. Assume again that ¢; > ... > ¢, > 0. Let us denote P, := {x € R" | 2(S5) <
f(S)VS C{1,...,i}}. Then by induction over ¢ we can prove that z* € P;. The
base case is true as * € R” = Py. Now suppose z* € P;_; and for S C {1,...,:}
with 7 € S we want to prove that also 2*(S) < f(5). And indeed,

e (8) = 2 (S\{i}) +;
induction

< fS\{i}) +ai

choiC:e xy f(S\{Z})+f( [Z] )—f([l_ 1])
——— ~~
snli—i) SUli—1]

T )

O

It remains to prove optimality of the Polymatroid Greedy Algorithm which will
be do using LP duality. One can easily verify that the following is a pair of primal
and dual LPs, see Theorem [3.20]

(PRIMAL(f, ¢)) (DUAL(f,¢))
max i ¢ min ng[n} f(S)ys
Dies i < f(S) VS Cn] > _scim¥sls =c¢ VS C[n]
ys >0 VS Cn]

Note that (PRIMAL(f,c)) is precisely the polymatroid optimization problem. In
order to show that the polymatroid greedy algorithm finds an optimum solution to
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(PRIMAL( f, ¢)) we will provide a solution to (DUAL(f, ¢)) that has the same objective
function value.

For a vector ¢; > ... > ¢,, the greedy algorithm constructs a solution =* where
the constraints =*([z ]) < f([i]) seem to be the only relevant constraints — then it is
natural to suspect that there is an optimum dual solution that puts positive weight
only on the dual variables that correspond to those constraints.

Lemma 13.9. Let f : 2"l — R be submodular with f()) = 0 and let ¢ € RY,
with ¢; > ... > ¢,. Then the following pair (z*,y*) are optimum solutions to
(PRIMAL(f, ¢)) and (DUAL(f,c)):

" . . . YUy = G — Cita,
w = () = f([i —1]) Vi€ n] g !
Yn) = ©Ono
yg := 0 otherwise

Proof. We have already proven that z* € EP; meaning that z* is feasible for
(PRIMAL(f,¢)). Next, clearly y* > 0 and moreover ZSg[n] ytls = >0, y[;.]lm =
S (e — civ1)ei + enen = c. Hence y* is feasible for (DUAL(f, ¢)). Then it remains
to verify that the objective function values coincide. And indeed

n

ot = 3 () - £ - 1) Zf e = i) + f([h)en = 3 £(S)

i=1 SC[n]
O

Overall, this implies that the greedy algorithm finds an optimum solution. We
summarize:

Theorem 13.10 (Edmonds [Edm70]). Let ¢ € R™ and let f : 2" — R be submod-
ular. Then one can find an optimum for max{c’z | z € EP;} in polynomial time.
The only access to f are O(n) many value oracle calls.

13.4.4 Consequences

We want to briefly discuss a few immediate consequences of the polymatroid greedy
algorithm. First, it seems a bit odd that the greedy algorithm optimizes over the
unbounded object EP; instead of over Py. But we can obtain the following:

Theorem 13.11. Let f : 2X¥ — R be submodular and let ¢ € RX. Then one can
solve the problem max{c'z | z € Py} in polynomial time. The only access to f is
through a polynomial number of oracle calls.

Proof. By Theorem [I3.10] and the equivalence of optimization and separation from
Theorem [IT.9] we can solve the separation problem for E Py in polynomial time. Since
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P =EPrN R)>(0 we can also separate in polynomial time over P;. Again using the
equivalence of optimization and separation we can then optimize any linear function
over Py in polynomial time. O

We can also draw some consequences if the submodular function is integral:

Lemma 13.12. Let f : 2% — Z be submodular. Then EPy is an integral polyhe-
dron.

Proof. Suppose again that X = {1,...,n}. It suffices to show that for any objective
function ¢ € R™ the LP max{c'z : x € EPy} is either unbounded or has an integral
optimum solution. Assume ¢ € R since otherwise the LP is unbounded. Then the
polymatroid greedy algorithm computes an optimum solution z* whose coordinates
are of the form x} = f({r(1),...,7(4)}) — f({m(1),...,7(i—1)}) € Z where 7 is the
permutation with ¢y > ... > ¢rn) = 0. O

13.5 Polynomial time minimization of submodular func-
tions

Next, we want to show how one can use the polymatroid greedy algorithm to min-
imize an arbitrary submodular function f. Note that it is far from obvious how
that would work as function f merely appears as right hand sides of the extended
polymatroid EPs.

SUBMODULAR FUNCTION MINIMIZATION
Input: A submodular function f : 2% — R.
Goal: Solve min{f(S)| S C X}.

First, we translate f so tha] f(®) = 0. Note that then, the submodular function
minimization problem is only non-trivial if f(S*) < 0 for the optimum set S* C
[n]. The key ingredient is the definition of an auxiliary submodular function with
interesting properties:

Lemma 13.13. Let f : 2¥ — R be a submodular function with f((}) = 0. Define the
function fuin : 25 — R by fumn(S) = mingcs f(A). Then (I) fmin is submodular
and (II) EPy,, = EP;N }R)S(O.

Proof. We leave it to the reader to verify (I). Next, we prove both inclusions of
(II). Each x € EPy, satisfies z; < frmin({7}) < f(0) = 0 for each i € X and so
S R)g(o- Also Y ico i < fmin(S) < f(S) and so x € EPy. On the other hand,

'Formally we could minimize the function f: 2" — R with f/(S) := f(S) — f(#) which again
is submodular and satisfies f’(0) = 0.
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suppose x € EPyN R)g(o- We claim that for S C X one also has (S) < fuin(S). Let
A* := argmin{f(A) | A C S} be the set attaining that minimum. Then

<

z(5) 2(A) < f(AT) = fmin(S)

and hence z € EPy,_, . O

At first it doesn’t seem that the function fu;, is helpful — even evaluating
fmin(X) is as hard as minimizing f in the first place. Still we can use it to prove the
following:

Lemma 13.14. Let f : 2X — R be submodular with f(()) = 0. Then

max{Z:Ei |z € EPfﬂR)S(O} =min {f(S) | S C X}
1€X
Proof. Let us revisit the characterization of the optimum primal and dual LP solution
from Lemma [I3.9for the objective function ¢ := 1 and the submodular function fiin:

max{ Y w; | @€ BPp,, }=min{ 3" fun(Shys | Y usls =1VS C X, y € L}

ieX SCX SCX

Then we know that the right hand side is attained by a vector y* with y% = 1 and
yt =0for all ) C S C X. With this insight we see that

maX{sz‘er‘PfﬂR%{O} = max{zxi’xEEmein}

= fun(X)=min{f(5)|SC X}

as claimed. O

f0)=0

f{1}) =a<0
f({2}) =0>0

a< f{1,2}) <a+d

It then follows:
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Theorem 13.15 (JGLS8S]). Let f : 2X — R be a submodular function. Then one
can find an optimum S* to min{f(S) | S C X'} in polynomial time.

Proof. We can shift the function so that f()) = 0. By Theorem [I3.11] we can solve
the separation problem for EP; in polynomial time. Then trivially we can also
separate over EP; NRZ, in polynomial time. Then using the ellipsoid method /
the equivalence of optimization and separation from Theorem can also optimize
any linear function over EP; N RZ in polynomial time. Then by Lemma [13.14] we
can determine the value of min{f(S) | S € X} in polynomial time. Then using
a standard argument we can determine one element in the optimum set after the

other. O
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