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Chapter 1

Introduction

This course is about operations research. Operations research is concerned with all kinds
of problems related to decision making, for instance in the operation of companies, public
administration, or transportation networks. Particularly, operations research addresses
modeling issues, qualitative and quantitative analysis, and algorithmic solution of decision
making problems. The main fields of application are analysis and optimisation of networks
in companies, transportation, economy, and engineering. Common questions are how to
minimise operational costs or how to maximise profit subject to constraints on budget or
resources.

Naturally, operations research consists of very many different problem classes, mathemat-
ical theories and algorithms for solving such problems. In this lecture we can only discuss

a collection of problems from the vast area of operations research.

In particular, we will discuss
e linear optimisation problems (linear programming)
e integer linear programming

e network optimisation problems (shortest path problems, maximum flow problems,

network flow problems)
e dynamic optimisation problems (dynamic programming)

Beyond these problem classes there are many more fields that belong to operations re-
search, among them are nonlinear optimisation (nonlinear programming), combinatorial
optimisation, games, optimal control. All these topics involve optimisation. The knowl-
edge of an optimal solution with regard to some optimality measure may be used to
support the decision maker to find a good strategy for a given problem.

Optimisation plays a major role in many applications from economics, operations research,
industry, engineering sciences, and natural sciences. In the famous book of Nocedal and
Wright [NW99] we find the following statement:



People optimise: Airline companies schedule crews and aircraft to minimise cost. Investors
seek to create portfolios that avoid risks while achieving a high rate of return. Manufactur-
ers aim for maximising efficiency in the design and operation of their production processes.
Nature optimises: Physical systems tend to a state of minimum energy. The molecules in
an isolated chemical system react with each other until the total potential energy of their

electrons is minimised, Rays of light follow paths that minimise their travel time.

All of the problems discussed in this course eventually lead to an optimisation problem

and can be cast in the following very general form.

Definition 1.0.1 (General optimisation problem)
For a given function f:R"™ — R and a given set M C R" find & € M which minimises
f on M, that is & satisfies

f(@) < f(x) for every x € M.

We need some terminology that will be used throughout this course:
e f is called objective function.

M is called feasible set (or admissible set).

z is called minimiser (or minimum) of f on M.

Any x € M is called feasible or admissible.

The components xz;, © = 1,...,n, of the vector x are called optimisation variables.

For brevity we likewise call the vector & optimisation variable or simply variable.
Remarks:

e Without loss of generality, it suffices to consider minimisation problems. For, if the

task were to maximise f, an equivalent minimisation problem is given by minimising

—f.
e The function f often is associated with costs.

e The set M is often associated with resources, e.g. available budget, available mate-

rial in a production, etc.
Typical applications (there are many more!):

© 2009 by M. Gerdts



4 CHAPTER 1. INTRODUCTION

e nonlinear programming: portfolio optimisation, shape optimisation, parameter iden-

tification, topology optimisation, classification

e linear programming: allocation of resources, transportation problems, transship-

ment problems, maximum flows

e integer programming: assignment problems, travelling salesman problems, VLSI
design, matchings, scheduling, shortest paths, telecommunication networks, public
transportation networks

e games: economical behaviour, equilibrium problems, electricity markets

e optimal control: path planning for robots, cars, flight systems, crystal growth, flows,

cooling of steel, economical strategies, inventory problems
The following questions will be investigated throughout this course:

e How to model a given problem?

e Existence and uniqueness of optimal solutions?

How does an optimal solution depend on problem data?

Which algorithms can be used to compute an optimal solution?

Which properties do these algorithms possess (finiteness, complexity)?

1.1 Examples

Several typical examples from operations research are discussed. We start with a typucal

linear program.

Example 1.1.1 (Maximisation of Profit)
A farmer intends to plant 40 acres with sugar beets and wheat. He can use 2400 pounds
and 312 working days to achieve this. For each acre his cultivation costs amount to 40
pounds for sugar beets and to 120 pounds for wheat. For sugar beets he needs 6 working
days per acre and for wheat 12 working days per acre. The profit amounts to 100 pounds
per acre for sugar beets and to 250 pounds per acre for wheat. Of course, the farmer
wants to maximise his profit.
Mathematical formulation: Let x1 denote the acreage which is used for sugar beets and xy
those for wheat. Then, the profit amounts to

f(l’l,.l‘g) = 100%’1 + 2501’2

The following restrictions apply:

© 2009 by M. Gerdts



1.1. EXAMPLES )

MaATIMUM Size: 1+ 12 < 40
money: 40z + 120z, < 2400
working days: 6z, + 1229 < 312

no negative acreage: x1,Ts > 0
In matrixz notation we obtain

max c¢'z st Axr < b, x >0,

00 40 11
e= "), = b= 2400 |, A= 40 120
- 250

312 6 12

where

Example 1.1.2 (The Diet Problem by G.J.Stigler, 1940ies)
A human being needs vitamins S1, S2, and S3 for healthy living. Currently, only 4 medi-
cations A1,A2,A3,A4 contain these substances:

S1 82 83| cost

Al 30 10 50 | 1500
A2 5 0 3| 200
A3 20 10 50 | 1200
A4 10 20 30 | 900

need per day | 10 5 5.5

Task: Find combination of medications that satisfy the need at minimal cost!

Let z; denote the amount of medication A;, 1 = 1,2,3,4. The following linear program

solves the task:

Minimise 1500x1+200x9+120023+900x4

subject to 30x1+ Dxo+ 20xy+ 10z, > 10
1021+ 103+ 2024 > 5
50.%’1+ 3£CQ+ 50$3+ 301‘4 > 5.5
X1,T2,T3, T4 Z 0
In matriz notation, we obtain
min c¢'z st Ar>b, x>0,
where
1 1500
10 30 5 20 10
T 200
T = , c= ) = 5 , A=1 10 0 10 20
xs3 1200
5.5 50 3 50 30
T4 900

© 2009 by M. Gerdts



6 CHAPTER 1. INTRODUCTION

In the 1940ies nine people spent in total 120 days (!) for the numerical solution of a diet

problem with 9 inequalities and 77 variables.

Example 1.1.3 (Transportation problem)
A transport company has m stores and wants to deliver a product from these stores to n
consumers. The delivery of one item of the product from store i to consumer j costs c;;
pound. Store i has stored a; items of the product. Consumer j has a demand of b; items
of the product. Of course, the company wants to satisfy the demand of all consumers. On

the other hand, the company aims at minimising the delivery costs.

Delivery
ay
b1
(45} E
) 3
[ S
N QO
bn,
A,

Let x;; denote the amount of products which are delivered from store i to consumer j.
In order to find the optimal transport plan, the company has to solve the following linear

program:

m n
Minimise E E CijTij (minimise delivery costs)

i=1 j=1

inj < a, i=1,...,m, (can’t deliver more than it is there)

inj > b, j=1,...,n, (satisfy demand)

x; > 0, i=1,....m,j=1,...,n (can’t deliver negative amount)

Remark: In practical problems x;; is often restricted in addition by the constraint z;; €
No = {0,1,2,...}, i.e. z;; may only assume integer values. This restriction makes the
problem much more complicated and standard methods like the simplex method cannot be

applied anymore.

Example 1.1.4 (Network problem)
A company intends to transport as many goods as possible from city A to city D on the

© 2009 by M. Gerdts



1.1. EXAMPLES 7

road network below. The figure next to each edge in the network denotes the maximum

capacity of the edge.

5 7
/ 2\
A = C >@
O 3 Nt 6
How can we model this problem as a linear program?
LetV = {A, B,C, D} denote the nodes of the network (they correspond to cities). Let E =

{(A,B),(A,C),(B,C),(B,D),(C,D)} denote the edges of the network (they correspond

to roads connecting two cities).

For each edge (i,7) € E let x;; denote the actual amount of goods transported on edge

(¢,7) and u;; the mazimum capacity. The capacity constraints hold:
0 S (L’ij S uz’j V<Z,j) € E.

Moreover, it is reasonable to assume that no goods are lost or no goods are added in cities

B and C, i.e. the conservation equations ‘outflow - inflow = 0’ hold:

Tpp +Tpc —xap = 0,

Tecp —Tac — e = 0.

The task is to maximize the amount of goods leaving city A (note that this is the same
amount that enters city D):

TAp + Tac — Max.

All previous examples are special cases of so-called linear optimisation problems (linear
programs, LP), see Definition 2.0.14 below.
Many problems in operations research have a combinatorial character, which means that
the feasible set only allows for a finite number of choices, but the number of choices grows
very rapidly with increasing problem size. The main goal in this situation is to construct
efficient algorithms — if possible at all. However, it will turn out that for certain problems,
e.g. traveling salesman problems or knapsack problems, no efficient algorithm is known
as yet. Even worse, for these problems an efficient algorithm is unlikely to exist.
What is an efficient algorithm?

Example 1.1.5 (Polynomial and exponential complexity)

Suppose a computer with 10'° ops/sec (10 GHz) is given. A problem P (e.g. a linear

© 2009 by M. Gerdts



8 CHAPTER 1. INTRODUCTION

program) has to be solved on the computer. Let n denote the size of the problem (e.g. the
number of variables). Let five different algorithms be given, which require n, n*, n*, 2,
and n! operations (e.g. steps in the simplex method), respectively, to solve the problem P
of size n.

The following table provides an overview on the time which is needed to solve the problem.

ops \ sizen 20 60 e 100 1000
0.002 pus | 0.006 pus | --- | 0.01 pus | 0.1 ps
n? 0.04 pus | 0.36 pus | --- 1 pus 0.1 ms
n? 16 pus | 1.296 ms | --- | 10 ms 100 s
2" 0.1 ms 3 yrs <o | 10" yrs
n! 7.7 yrs

4

Clearly, only the algorithms with polynomial complexity n, n%, n* can be regarded as

efficient while those with exponential complexity 2" and n! are very inefficient.

We don’t want to define the complexity or effectiveness of an algorithm in a mathemati-

cally sound way. Instead we use the following informal but intuitive definition:
Definition 1.1.6 (Complexity (informal definition))

A method for solving a problem P has polynomial complexity if it requires at most a

polynomial (as a function of the size) number of operations for solving any instance of the

problem P. A method has exponential complexity, if it has not polynomial complezity.

To indicate the complexity of an algorithm we make use of the O-notation. Let f and g

be real-valued functions. We write

if there is a constant C such that
|f(n)| < Clg(n)| for every n.

In complexity theory the following problem classes play an important role. Again, we

don’t want to go into details and provide informal definitions only:

e The class P consists of all problems for which an algorithm with polynomial com-

plexity exists.

e The class NP (Non-deterministic Polynomial) consists of all problems for which
an algorithm with polynomial complexity exists that is able to certify a solution of
the problem. In other words: If a solution z of the problem P is given, then the
algorithm is able to certify in polynomial time that x is actually a solution of P.
On the other hand, if x is not a solution of P then the algorithm may not be able

to recognise this in polynomial time.

© 2009 by M. Gerdts



1.1. EXAMPLES 9

Clearly, P C NP, but it is an open question whether P = NP holds or not. If you are
the first to answer this question, then the Clay Institute (www.claymath.org) will pay
you one million dollars, see http://www.claymath.org/millennium/ for more details. It is
conjectured that P # N'P. Good luck!

Example 1.1.7 (Assignment Problem)

Given:
o n employees F, Es, ... E,
o n tasks 11,15, ..., T,
o cost c;; for the assignment of employee E; to task T}
Goal:
Find an assignment of employees to tasks at minimal cost!

Mathematical formulation: Let x;; € {0,1}, i,7 =1,...,n, be defined as follows:

0, if employee i is not assigned to task j,
! 1, of employee i is assigned to task j

The assignment problem reads as follows:

n
Minimise E CijTyj

1,j=1

n
subject to injzl, i=1,...,n,
j=1

il’ijzl, jzl,...,n,
=1

C(]Z‘jE{O,l}, i,jzl,...,n.

As x;; € {0,1}, the constraints

n
E iy = 1, 1=1,...,n,
Jj=1

guarantee that each employee v does exactly one task. Likewise, the constraints

ixij:L jzl,...,n,
i=1

guarantee that each task j is done by one employee.

© 2009 by M. Gerdts



10 CHAPTER 1. INTRODUCTION

From a theoretical point of view, this problem seems to be rather simple as only finitely
many possibilities for the choice of x;;, ©,5 = 1,...,n exist. Hence, in a naive approach
one could enumerate all feasible points and choose the best one. How many feasible points
are there? Let x;; € {0,1}, 4,5 = 1,...,n, be the entries of an n X n-matriz. The
constraints of the assignment problem require that each row and column of this matrix
has exactly one non-zero entry. Hence, there are n choices to place the 1 in the first
row, n — 1 choices to place the 1 in the second row and so on. Thus there are n! =
n(n—1)-(n—2)---2-1 feasible points. The naive enumeration algorithm needs to evaluate
the objective function for all feasible points. The following table shows how rapidly the
number of evaluations grows:

n| 10 20 30 50 70 90
eval | 3.629-10° 2.433-10'% 2.653-10° 3.041-10% 1.198-10'% 1.486- 10"

Example 1.1.8 (VLSI design, see Korte and Vygen [KV08])

A company has a machine which drills holes into printed circuit boards.

Since it produces many boards and as time is money, it wants the machine to complete
one board as fast as possible. The drilling time itself cannot be influenced, but the time
needed to move from one position to another can be minimised by finding an optimal
route. The drilling machine can move in horizontal and vertical direction simultaneously.
Hence, the time needed to move from a position p; = (x;,y;)" € R? to another position

pj = (a:j,yj)T € R? is proportional to the l.-distance
1pi = pjlloe = max{|z; — x5, |y — y;(}-
Given a set of points pi,...,p, € R%, the task is to find a permutation © : {1,...,n} —

© 2009 by M. Gerdts



1.1. EXAMPLES 11

{1,...,n} of the points such that the total distance

becomes minimal.
Again, the most naive approach to solve this problem would be to enumerate all n! per-
mutations of the set {1,...,n}, to compute the total distance for each permutation and

to choose that permutation with the smallest total distance.

Example 1.1.9 (Traveling salesman problem)

Let a number of cities V .= {1,...,n} and a number of directed connections between the
cities E C'V x V be given.

Let ¢;; denote the length (or time or costs) of the connection (i,75) € E. A tour is a closed
directed path which meets each city exactly once. The problem is to find a tour of minimal
length.

Sunderland

Let the variables

ri; € {0, 1}

be given with

1, if (i,7) is part of a tour,
Lij = )
! 0 otherwise

© 2009 by M. Gerdts



12 CHAPTER 1. INTRODUCTION

for every (i,7) € E.
These are finitely many vectors only, but usually very many!

The constraint that every city is met exactly once can be modeled as

Y owy =1, jev, (1.1)

{i:(i,5)€E}

Yoowy =1, i€V (1.2)

{5:(6.5)eE}

These constraints don’t exclude disconnected sub-tours (actually, these are the constraints
of the assignment problem).

Hence, for every disjoint partition of V' in non-empty sets

U c V
ve c VvV

we postulate: There exists a connection
(i,7) € Ewithie U, jeU*
and a connection
(k,0) e Ewithke U (€U .

The singletons don’t have to be considered according to (1.1) and (1.2), respectively. We

obtain the additional constraints

Z T > 1 (1.3)

{(i,j)€E:i€U,jeV\U}

for every U C V with 2 < |U| < |V| — 2.

The Traveling Salesman Problem reads as:

E Cijxij

(i,J)EE

Minimase

subject to
xij c {Oa 1}7 (Zaj) € Ea

and (1.1), (1.2), (1.3).

Example 1.1.10 (Knapsack Problems)

© 2009 by M. Gerdts



1.1. EXAMPLES 13

There is one knapsack and N items. Item j has weight a; and value c; for j =1,...,N.
The task is to create a knapsack with maximal value under the restriction that the mazximal

weight is less than or equal to A. This leads to the optimization problem

N N
Maximisez Ci%j subject to Zajxj <A z;€{0,1}, 5=1,...,N,

j=1 j=1

where

1, atem j is put into the knapsack,
0, item j is not put into the knapsack.

A naive approach is to investigate all 2 possible combinations.

Example 1.1.11 (Facility location problem)

Let a set I = {1,...,m} of clients and a set J ={1,...,n} of potential depots be given.

Opening a depot j € J causes fized maintainance costs c;.

Fach client i € I has a total demand b; and every depot j € J has a capacity u;. The

costs for the transport of one unit from depot j € J to customer i € I are denoted by h;;.

The facility location problem aims at minimising the total costs (maintainance and trans-

portation costs) and leads to a mized-integer linear program:
Minimaise

Z CiT; + Z hijyij

jcJ i€l
J JjEJ

© 2009 by M. Gerdts
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subject to the constraints

z; € {0,1},
yij > 0,

Z Yij = by,

jeJ

Z Yij < Tjuy,

el

JEJ,
icl, jel
iel,

je

Herein, the variable x; € {0,1} is used to decide whether depot j € J is opened (x; = 1)
or not (x; =0). The variable y;; denotes the demand of client i satisfied from depot j.

Examples 1.1.7, 1.1.9, and 1.1.10 are integer linear programs (ILP) while Example 1.1.11

is a mixed integer linear program (MILP).

© 2009 by M. Gerdts



Chapter 2

Linear Programming

The general optimisation problem 1.0.1 is much too general to solve it and one needs to
specify f and M. In this chapter we exclusively deal with linear optimisation problems.
Linear programming is an important field of optimisation. Many practical problems in
operations research can be expressed as linear programming problems. Moreover, a num-
ber of algorithms for other types of optimisation problems work with linear programming
problems as sub-problems. Historically, ideas from linear programming have inspired
many of the central concepts of optimisation theory, such as duality, decomposition, and
the importance of convexity and its generalisations. Likewise, linear programming is heav-
ily used in business management, either to maximize the income or to minimize the costs

of a production scheme.
What is a linear function?

Definition 2.0.12 (linear function)
A function f:R™ — R™ is called linear, if and only if

fle+y) = fl@)+ f(y),
flex) = cf(x)

hold for every xz,y € R"™ and every c € R.

Linear vs. nonlinear functions:
Example 2.0.13

The functions

filz) = =,

fo(x) = 3z — by, T = ( = ) ,
o)

fa(z) = c'a, x,c e R",

falx) = Ax, reR" AeR™"
are linear [exercise: prove it!].

15
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The functions

fs(z) = 1,

fo(x) = x+1, r € R,
fr(x)

fs(z) = a?,

fo(z) = sin(z),

fio(z)

are not linear [exercise: prove it!].

= Ax+0b, reR", AeR™" beR™,

= apr" +ap 2" . far+ag, a; €R, (an,...,as,a0) #0

Fact:

Every linear function f : R® — R™ can be expressed in the form f(x) = Az with some

matrix A € R™*"®,

Notion:

Throughout this course we use the following notion:

€

. X2
z € R" is the column vector

Tn

e By 2" we mean the row vector (1, 7o, ...

with components z1,xs,..., 2, € R.

, ). This is called the transposed vector

of z.
aix a2 A1n
mxn . Q21 Q22 Q2n ) ) .
e Ac R is the matrix with entries a;;, 1 < i < m,
Am1  Am2 Amn
1<j<n.
a1; Q21 - Aml
. . Q12 Q22 - Am2
e By AT € R™™ we mean the transposed matrix of A, i.e.
Aip QA2n - Amp

This notion allows to characterise linear optimisation problems. A linear optimisation

problem is a general optimisation problem in which f is a linear function and the set M

is defined by the intersection of finitely many linear equality or inequality constraints. A

linear program in its most general form has the following structure:

© 2009 by M. Gerdts
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Definition 2.0.14 (Linear Program (LP))
Minimise

n
clx= cxry+ ... +cpx, = E G
i=1

subject to the constraints

IV IA

a1 T1 + ks + ...+ Qin Ty

In addition, some (or all) components x;, i € I, where I C {1,...,n} is an index set,

may be restricted by sign conditions according to

ZL‘Z{ }O, 1€ .

c=| : | eR", b= : ceR™ A= el e R™*"

IV IA

Herein, the quantities

Cn bm m1 = Qmnp

are given data.

Remark 2.0.15

o The relations ‘<’, >’ and ‘=" are applied component-wise to vectors, i.e. given
two vectors x = (xq,...,2,)" and y = (y1,...,yn) we have
< <
X Z Yy g T Z Yi, = 17 y TV

o Variables x;, i € I, are called free variables, as these variables may assume any real

value.

Example 2.0.16

The LP
Minimise  —bx1 + To + 2x3 + 224
s.t. To — 4xj < 5
2x1 + Ty — T3 — ry = -3
T + 3rxy — 4wy — zs = —1
1 <0 , 2920 x4 >0

© 2009 by M. Gerdts



18 CHAPTER 2. LINEAR PROGRAMMING

is a general LP with I = {1,2,4} and

X 5 01 —4 0
X
z=| 7|, c= b=| =3 |,A=21 -1 -1
ZT3 2
~1 13 -4 —1
Ty

The variable x5 is free.

2.1 Transformation to canonical and standard form

LP in its most general form is rather tedious for the construction of algorithms or the
derivation of theoretical properties. Therefore, it is desirable to restrict the discussion to
certain standard forms of LP into which any arbitrarily structured LP can be transformed.
In the sequel we will restrict the discussion to two types of LP: the canonical LP and the
standard LP.

We start with the canonical LP.

Definition 2.1.1 (Canonical Linear Program (LP())
Letc=(ci,...,c,)t €R", b= (by,...,b,)" € R™ and

aip G2 -+ Qin
A Q21 Q22 -+ Q2p c Rxn
Am1 Am2 - Omp
be given. The canonical linear program reads as follows: Find v = (xy,...,7,)" € R"

such that the objective function

g CiT;

i=1
becomes minimal subject to the constraints

n

Zaijxj < bi, 1= 1,...,m, (21)
j=1
z; > 0, j=1,...,n. (2.2)
In matriz notation:
Minimise ¢'x  subject to Az <b, x> 0. (2.3)

We need some notation.
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Definition 2.1.2 (objective function, feasible set, feasible points, optimality)

(i) The function f(x) = c'x is called objective function.
(i1) The set
Mo :={z eR"| Az <b, x > 0}
is called feasible (or admissible) set (of LPc).

(111) A vector x € Mc is called feasible (or admissible) (for LP¢).
(iv) & € Me is called optimal (for LP¢), if

c'i<c'z Vre Me.

We now discuss how an arbitrarily structured LP can be transformed into LPs. The

following cases may occur:

(i) Inequality constraints: The constraint

n

Z ai;xj > b

J=1

can be transformed into a constraint of type (2.1) by multiplication with —1:

n

Z(_aij)xj S —bz

j=1

(ii) Equality constraints: The constraint

n
E az’jxj = bz
j=1

can be written equivalently as

n
bi S Zai]ﬂfj S bl

j=1
Hence, instead of one equality constraint we obtain two inequality constraints. Using

(i) for the inequality on the left we finally obtain two inequality constraints of type
(2.1):

n
E ajry < by
Jj=1

n

Z(—aij)xj S —bz

=1
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(iii) Free variables: Any real number z; can be decomposed into z; = z} — x; with
nonnegative numbers xz* > 0 and z; > 0. Notice, that this decomposition is not
unique as for instance —6 = 0—6 = 1—7 = .. .. It will be unique if we postulate that
either z;7 or x; be zero. But this postulation is not a linear constraint anymore, so

we don’t postulate it.

In order to transform a given LP into canonical form, every occurrence of the free
variable x; in LP has to be replaced by x] —z; . The constraints z; > 0 and z; > 0
have to be added. Notice, that instead of one variable z; we now have two variables

zf and z; .
(iv) Maximisation problems: Maximising ¢’z is equivalent to minimising (—c) ' x.

Example 2.1.3

Consider the linear program of mazimising
—12%1 — 181}2 — T3

subject to the constraints

T > —1

- 3
Ty —2r3 < 0
T, — 229 < 0
To—21 < 0
T3 —2r9 < 0
T+ 2o + T3 1
To,x3 > 0.

This linear program is to be transformed into canonical form (2.3).
The wvariable x1 is a free variable. Therefore, according to (iii) we replace it by xy :=
xf —ay, o2y >0.

According to (ii) the equality constraint x1 + x5 + x3 = 1 is replaced by

oy —a] treta3 <1 and —xf + 2] —ry — 13 < 1.
—— —_——

=x =—x

According to (i) the inequality constraint x, = x{ — x] > —% is replaced by

—zr; = —z]{ + 27 < 3

Finally, we obtain a minimisation problem by multiplying the objective function with —1.
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Summarising, we obtain the following canonical linear program:

ay
o Ty
Minimise (1.2,-1.2,1.8,1)
T2
T3
~1 1 0 0 1/3
LA 0 o
1 -1 -2 0 Y 0 !
Ty Ty
s.t. —1 1 1 0 < 0 , >0
X2 X2
o 0 -2 1 0
T T
1 1 1 5 1 s
—1 1 -1 -1 -1

Theorem 2.1.4
Using the transformation techniques (i)-(iv), we can transform any LP into a canonical

linear program (2.3).

The canonical form is particularly useful for visualising the constraints and solving the
problem graphically. The feasible set My is an intersection of finitely many halfspaces
and can be visualised easily for n = 2 (and maybe n = 3). This will be done in the
next section. But for the construction of solution methods, in particular for the simplex

method, another notation is preferred: the standard linear program.

Definition 2.1.5 (Standard Linear Program (LPg))
Letc=(ci,...,c,)" €R", b= (by,...,b,)" € R™ and

aip Q2 - Qip
A Q21 G2z - Q2p c R™7"
m1 Am2 ~°°  Omp

be given. Let Rank(A) = m. The standard linear program reads as follows: Find x =
(11,...,2,)" € R™ such that the objective function

g G

i=1
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becomes minimal subject to the constraints

Zaijxj = bi, 1= 1,...,777,, (24)
j=1
r; > 0, ji=1,....n (2.5)
In matriz notation:
Minimise c¢'x  subject to Ax =b, x > 0. (2.6)

Remark 2.1.6

o The sole difference between LPq and LPg are the constraints (2.1) and (2.4), respec-
tively. Don’t be confused by the same notation. The quantities ¢, b and A are not

the same when comparing LPc and LPg.

o The rank assumption Rank(A) = m is useful because it avoids linearly dependent
constraints. Linearly dependent constraints always can be detected and eliminated

in a preprocessing procedure, for instance by using a QR decomposition of AT.

e LPg is only meaningful if m < n holds. Because in the case m = n and A nonsingu-
lar, the equality constraint yields v = A~'b. Hence, x is completely defined and no
degrees of freedom remain for optimising x. If m > n and Rank(A) = n the linear
equation Ax = b possesses at most one solution and again no degrees of freedom
remain left for optimisation. Without stating it explicitely, we will assume m < n

in the sequel whenever we discuss LPs.

As in Definition 2.1.2 we define the feasible set (of LPg) to be
Mg:={z eR"| Az =b, x > 0}
and call 2 € Mg optimal (for LPg) if
c'i<c'z Vre Ms.

The feasible set Mg is the intersection of the affine subspace {x € R" | Az = b} (i.e.
intersection of lines in 2D or planes in 3D or hyperplanes in nD) with the nonnegative
orthant {z € R" | x > 0}. The visualisation is more difficult as for the canonical linear
program and a graphical solution method is rather impossible (except for very simple

cases).
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Example 2.1.7

Consider the linear program

1
max —90x; — 150z s.t. 5351 4+ x9+1x3 =3, 1,29, 23 > 0.

The feasible set Mg = {(x1, 29, 23)" € R? | %xl + 29 + 23 = 3, 11,29, 23 > 0} is the blue

triangle below:

We can transform a canonical linear program into an equivalent standard linear program

and vice versa.

(i) Transformation of a canonical problem into a standard problem:

Let a canonical linear program (2.3) be given.

Define slack variables y = (y1,...,ym)" € R™ by

n

yi = b; — E T, 1=1,...,m,

J=1

resp.
y=0b— Ax.

It holds Az < b if and only if y > 0.

With & == | ) € R™™, ¢ = ( (c) ) € R™™, A= (A | I) € R we
y

obtain a standard linear program of type (2.6):
Minimise ¢'2 st. Az =b, &> 0. (2.7)
Notice, that Rank(A) = m holds automatically.
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(ii) Transformation of a standard problem into a canonical problem:
Let a standard linear program (2.6) be given. Rewrite the equality Az = b as two
inequalities Az < b and —Az < —b. With

. A A b
A= € Rmxn, b:= e R
—A —b

a canonical linear program of type (2.3) arises:

Minimise ¢'z st. Az <b, x>0, (2.8)

We obtain
Theorem 2.1.8

Canonical linear programs and standard linear programs are equivalent in the sense that
(i) x solves (2.3) if and only if & = (x,b — Az)" solves (2.7).

(11) = solves (2.6) if and only if x solves (2.8).

- exercise O

2.2 Graphical Solution of LP

We demonstrate the graphical solution of a canonical linear program in the 2-dimensional
space.
Example 2.2.1 (Example 1.1.1 revisited)
The farmer in Example 1.1.1 aims at solving the following canonical linear program:
Minimise
f(z1,29) = —100x1 — 250

subject to

IN

40
2400
312

T+ X2
403171 + ].201‘2
6561 + 12.132

IV IA A
o

L1, X2
Define the linear functions

Gi(x1,32) = X1+ X9,
g2(x1,29) = 40x; + 120,
g3(x1,29) = 6xq + 1229.
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Let us investigate the first constraint gi(x1,x2) = x1 + x2 < 40, cf Figure 2.1. The

equation gi(x1,T2) = 1 + 12 = 40 defines a straight line in R? — a so-called hyperplane
H = {(z1,22)" € R* | 71 + x5 = 40}.

The vector of coefficients ng, = (1,1)" is the normal vector on the hyperplane H and it
points in the direction of increasing values of the function ¢g,. I.e. moving a point on H
into the direction of ng, leads to a point (x1,x2)" with gi(x1,x2) > 40. Moving a point on
H into the opposite direction —ng, leads to a point (zy,z2)" with gi(x1,x2) < 40. Hence,

H separates R? into two halfspaces defined by

H™ = {(21,72)" € R? |z + x5 < 40},
HY = {(v1,72)" € R?* | 2y + x5 > 40}.

Obviously, points in H' are not feasible, while points in H~ are feasible w.r.t. to the

constraint x1 + xro < 40.

x_2

20—

10—

H- :{(Ztl,l‘g TG

Figure 2.1: Geometry of the constraint ¢;(z1,22) = 1 + z2 < 40: normal vector n, =
(1,1)7 (the length has been scaled), hyperplane H and halfspaces H* and H~. All points

in H~ are feasible w.r.t. to this constraint

The same discussion can be performed for the remaining constraints (don’t forget the
constraints x1 > 0 and x9 > 0!). The feasible set is the dark area in Figure 2.2 given by

the intersection of the respective halfspaces H™ of the constraints.
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Figure 2.2: Feasible set of the linear program: Intersection of halfspaces for the constraints

g1, 92, g3 and x; > 0 and x5 > 0 (the length of the normal vectors has been scaled).

We haven’t considered the objective function so far. The red line in the Figure 2.3 corre-
sponds to the line

f(iCl,.I'Q) = —100.1'1 — 2501’2 = —350(),

i.e. for all points on this line the objective function assumes the value —3500. Herein, the
value —3500 is just an arbitrary guess of the optimal value. The green line corresponds

to the line
f(.Z‘l,IQ) = —1OOLU1 - 2501’2 = —5500,

i.e. for all points on this line the objective function assumes the value —5500.
Obuviously, the function values of f increase in the direction of the normal vector ny(z1, x2) =
(=100, —250)", which is nothing else but the gradient of f. As we intend to minimise
f, we have to ‘move’ the ‘objective function line’ in the opposite direction —ny (direction
of descent!) as long as it does not completely leave the feasible set (the intersection of
this line and the feasible set has to be nonempty). The feasible points on this extremal
‘objective function line’ are then optimal. The green line is the optimal line as there would
be no feasible points on it if we moved it any further in the direction —ny.

According to the figure we graphically determine the optimal solution to be x; = 30,
xo = 10 with objective function f(x1,xe) = —5500. The solution is attained in a vertex
of the feasible set.

In this example, the feasible vertices are given by the points (0,0), (0,20), (30,10), and
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(40,0).

\ -
40
30—
~N
o
10—
] \ \ ] T~ \
10 20 50 60 70 x_1

. o T
ny = (=100, 250 £ =100z — 25025 = —3500

Figure 2.3: Solving the LP graphically: Move the objective function line in the opposite
direction of ny as long as the objective function line intersects with the feasible set (dark
area). The green line is optimal. The optimal solution is (z1,z2)" = (30,10)".
In general, each row
i1 T1 + Qoo + ...+ apry < by, ied{l,...,m},

of the constraint Ax < b of the canonical linear program defines a hyperplane

H={z e R" | anw + ajpxs + ... + ajnx, = b;},
with normal vector (a1, ...,a;)", a positive halfspace

HY ={z e R" | apnz1 + ainta + ... + ain®, > b;},
and a negative halfspace

H™ ={z e R" | ajpxy + ajpxs + ... + ajpry, < b}

Recall that the normal vector n is perpendicular to H and points into the positive halfspace
HT, cf. Figure 2.4.
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H={z|a"z=0b}

H=={z]a"z <b}

HT ={z|a"z > b}

Figure 2.4: Geometry of the inequality a'2 < b: Normal vector a, hyperplane H, and
halfspaces H' and H~.

The feasible set M of the canonical linear program is given by the intersection of the
respective negative halfspaces for the constraints Ax < b and = > 0. The intersection of
a finite number of halfspaces is called polyedric set or polyeder. A bounded polyeder is
called polytope. Figure 2.5 depicts the different constellations that may occur in linear

programming.
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—C

LA \—, '

Figure 2.5: Different geometries of the feasible set (grey), objective function line (red),

optimal solution (blue).

Summarising, the graphical solution of an LP works as follows:

(1) Sketch the feasible set.

(2) Make a guess w € R of the optimal objective function value or alternatively take an
arbitrary (feasible) point Z, introduce this point & into the objective function and

compute w = ¢'z. Plot the straight line given by ¢’z = w.

(3) Move the straight line in (2) in the direction —c as long as the intersection of the

line with the feasible set is non-empty.

(4) The most extreme line in (3) is optimal. All feasible points on this line are optimal.

Their values can be found in the picture.
Observations:

e The feasible set M¢ can be bounded (pictures on top) or unbounded (pictures at
bottom).

e If the feasible set is bounded, there always exists an optimal solution by the Theorem
of Weierstrass (M¢ is compact and the objective function is continuous and thus

assumes its minimum and maximum value on M¢).
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e The optimal solution can be unique (pictures on left) or non-unique (top-right pic-

ture).

e The bottom-left figure shows that an optimal solution may exist even if the feasible

set is unbounded.

e The bottom-right figure shows that the LP might not have an optimal solution.

The following observation is the main motivation for the simplex method. We will see

that this observation is always true!

Main observation:

If an optimal solution exists, there is always a ‘vertex’ of the feasible set among

the optimal solutions.

2.3 The Fundamental Theorem of Linear Programming

The main observation suggests that vertices play an outstanding role in linear program-
ming. While it is easy to identify vertices in a picture, it is more difficult to characterise
a vertex mathematically. We will define a vertex for convex sets.
We note

Theorem 2.3.1

The feasible set of a linear program is convez.

Herein, a set M € R"™ is called convex, if the entire line connecting two points in M

belongs to M, i.e.

r,yeM = X+ (1-NyeMforall 0 <)<,

convex and non-convex set

- Without loss of generality the discussion is restricted to the standard LP. Let
z,y € Mg, 0 <A <1,and z = Az + (1 — \)y. We have to show that z € Mg holds. Since
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A €[0,1] and z,y > 0 it holds z > 0. Moreover, it holds
Az =Mz + (1 —-NAy=Xb+ (1 —\)b=b.
Hence, z € Mg. O

Now we define a vertex of a convex set.

Definition 2.3.2 (Vertex)
Let M be a convex set. © € M is called vertex of M, if the representation x = \xy + (1 —
Nz with 0 < XA <1 and x1, x5 € M implies 1 = x9 = .

Remark 2.3.3
The set {\x1+ (1 —X)z2 | 0 < XA < 1} is the straight line interconnecting the points x; and
Ty (11 and x4 are not included). Hence, if x is a vertex it cannot be on this line unless

r =1 = Ts.

According to the following theorem it suffices to visit only the vertices of the feasible
set in order to find one (not every!) optimal solution. As any LP can be transformed
into standard form, it suffices to restrict the discussion to standard LP’s. Of course, the
following result holds for any LP.

Theorem 2.3.4 (Fundamental Theorem of Linear Programming)
Let a standard LP 2.1.5 be given with Mg # (). Then:

(a) Either the objective function is unbounded from below on Mg or Problem 2.1.5 has

an optimal solution and at least one vertex of Mg is among the optimal solutions.
(b) If Mg is bounded, then an optimal solution exists and x € Mg is optimal, if and
only if x is a convex combination of optimal vertices.
R Thc proof exploits the following facts about polyeders, which we don’t proof
here:
(i) If Mg # 0, then at least one vertex exists.
(ii) The number of vertices of Mg is finite.

(iii) Let x',..., 2" with N € N denote the vertices of Mg. For every x € Mg there

exists a vector d € R™ and scalars \;, © = 1,..., N, such that

N
T = Z)\ixi +d
i=1
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(iv)

and

If Mg is bounded, then every x € Mg can be expressed as

N
r=>Y XNa',  A>0, i=1...,N > A\=1
=1

With these facts the assertions can be proven as follows.

(a)

Case 1: If in (iii) there exists a d € R™ with d > 0, Ad = 0, and ¢'d < 0, then the
objective function is unbounded from below as for an x € Mg the points x + td with
t > 0 are feasible as well because A(x+td) = Ar+tAd = Ax = band x+td > = > 0.
But ¢'(x +td) = c'z +tc"d — —oo for t — oo and thus the objective function is

unbounded from below on Msg.

Case 2: Let ¢'d > 0 hold for every d € R" with d > 0 and Ad = 0. According to

(i), (ii), and (iii) every point x € Mg can be expressed as

N
T = Z)\ia:i +d
=1

with suitable

0

Let 2° be an optimal point. Then, 2° can be expressed as

N
=) Na'+d, N=0, Y AN=1, Ad=0, d>0.
=1

Let 27, j € {1,..., N}, denote the vertex with the minimal objective function value,
i.e. it holds ¢'a/ <c'a'foralli=1,...,N. Then

N N N
el = E Ne'lzh+e'd > E Nl > el E N =c' .
i=1

i=1 =1

As 2° was supposed to be optimal, we found that z7 is optimal as well which shows

the assertion.

Let Mg be bounded. Then the objective function is bounded from below on Mg

according to the famous Theorem of Weierstrass. Hence, the LP has at least one
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solution according to (a). Let 2° be an arbitrary optimal point. According to (iv)

2 can be expressed as a convex combination of the vertices 2/, i = 1,..., N, i.e.

N
i=1

Let 27, j € {1,..., N}, be an optimal vertex (which exists according to (a)), i.e.

'’ =c¢"27 = min ¢
i=1,...N

Tﬂi'i.

Then, using the expression for 2 it follows

N
T.O0_ Toi_ Toi_ o T
cxr = Aicxt=c 2/ = min ¢ 2"
Z ! i=1,...N
i=1
Now let 2%, k € {1,..., N}, be a non-optimal vertex with ¢'z* = c"2% + ¢, ¢ > 0.
Then,
N N N
c¢'al = Z Nzt = Z Nl i e b > eTaf Z N+ e 204 e = e 2V \e.
i=1 i=1,ik i=1,ik

As € > 0 this implies Ay = 0 which shows the first part of the assertion.

If 2° is a convex combination of optimal vertices, i.e.

N
x0:Z)\ixi, )\120, Z)\l: 1,
i=1

then due to the linearity of the objective function and the convexity of the feasible

set it is easy to show that 2 is optimal. This completes the proof.
Remark 2.3.5 (Software)

e Matlab (www.mathworks.com) provides the command linprog for the solution of

linear programs.

o Scilab (www.scilab.org) is a powerful platform for scientific computing. It provides

the command linpro for the solution of linear programs.

e There are many commercial and non-commercial implementations of algorithms for

linear programmaing on the web. For instance, the company Lindo Systems Inc.
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develops software for the solution of linear, integer, nonlinear and quadratic pro-

grams. On their webpage
http://www. lindo. com
it is possible to download a free trial version of the software LINDO.

e The program GeoGebra (www.geogebra.org) is a nice geometry program that can be

used to visualise feasible sets.

2.4 The Simplex Method

A real breakthrough in linear programming was the invention of the simplex method by
G. B. Dantzig in 1947.

GEORGE BERNARD DANTZIG
Born: 8.11.1914 in Portland (Oregon)

Died: 13.5.2005 in Palo Alto (California)

The simplex method is one of the most important and popular algorithms for solving
linear programs on a computer. The very basic idea of the simplex method is to move
from a feasible vertex to a neighbouring feasible vertex and repeat this procedure until
an optimal vertex is reached. According to Theorem 2.3.4 it is sufficient to consider only
the vertices of the feasible set.

In order to construct the simplex algorithm, we need to answer the following questions:
e How can (feasible) vertices be computed?
e Given a feasible vertex, how can we compute a neighbouring feasible vertex?
e How to check for optimality?
In this chapter we will restrict the discussion to LP’s in standard form 2.1.5, i.e.
T

min c¢cx st. Ar=0b x>0.
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Throughout the rest of the chapter we assume rank(A) = m. This assumption excludes

linearly dependent constraints from the problem formulation.

Notation:

e The columns of A are denoted by

@ = (ayj, ..., am) €R™, j=1,...,n,
i.e.
a1 | @12 | -0 | Qip
Ao a?1 a?Q a?n :<a1 2 a”).
Am1 | Gm2 | *°° | Omn

2.4.1 Vertices and Basic Solutions

The geometric definition of a vertex in Definition 2.3.2 is not useful if a vertex has to
be computed explicitely within an algorithm. Hence, we are looking for an alternative
characterisation of a vertex which allows us to actually compute a vertex. For this purpose
the standard LP is particularly well suited.

Consider the feasible set of the standard LP 2.1.5:

Mg ={zeR"| Az =b, x > 0}.
Let # = (z1,...,7,)" be an arbitrary point in Mg. Let
B:={ie{l,...,n}|z; >0}
be the index set of positive components of x, and
N:={l,....n}\B={ie{l,...,n} |z, =0}

the index set of vanishing components of z. Because x € Mg it holds

b= Ax = Zajxj = Zajxj.
j=1 jeB
This is a linear equation for the components z;, j € B. This linear equation has a unique
solution, if the column vectors a’, j € B, are linearly independent. In this case, we call
a feasible basic solution.
Definition 2.4.1 (feasible basic solution)
Let A€ R™" b e R™, and Mg ={x € R" | Az =b, x > 0}.
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x € Mg is called feasible basic solution (for the standard LP), if the column vectors
{a’ | j € B} with B={ie€{l,...,n}|z; >0} are linearly independent.

The following theorem states that a feasible basic solution is a vertex of the feasible set

and vice versa.
Theorem 2.4.2

x € Mg is a vertex of Mg if and only if x is a feasible basic solution.

- Recall that the feasible set Mg is convex, see Theorem 2.3.1.

(:>7

Let 2 be a vertex. Without loss of generality let x = (21,...,2,,0,...,0)" € R"
with z; >0 fore=1,... 7.

We assume that @/, j = 1,...,r, are linearly dependent. Then there exist «;,

j=1,...,7, not all of them are zero with

T

qd —
E aja’ = 0.
j=1

Define
yr = (v +eon,..., 2z, +ea,,0,...,0)"
y- = (v —eo,...,z, —ea,,0,...,0)"
with
O<5<min{% aj%(),lgjgr}.
Q;

According to this choice of € it follows y,,y_ > 0. Moreover, y, and y_ are feasible

because
T

Ay, = Z(x] +eaj)a’ = ijaj +e Zajaj =b.
j=1 j=1 j=1
A/—/
=0, lin. dep.
Hence, yy,y- € Mg, but (y. +y-_)/2 = x. This contradicts the assumption that x

1s a vertex.

Without loss of generality let © = (z1,...,%,,0,...,0)" € Mg with z; > 0 and
a’ linearly independent for j = 1,...,7. Let y,2 € Mg and z = Ay + (1 — \)z,
0 < X< 1. Then,
(i)
;>0 (1<j<r) = wy;>0o0rz >0foralll <j<r.
(i)

;=0 (j=r+1,...,n) = y=z=0forr+1<j<n.
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b= Ay = Azimplies 0 = A(y—=2) = > "_,(y;—2;)a’. Due to the linear independence
of @’ it follows y; —z; =0for j=1,...,7. Sincey; = z; =0for j=r+1,...,n, it

holds y = 2. Hence, x is a vertex.

2.4.2 The (primal) Simplex Method

Theorem 2.4.2 states that a vertex can be characterised by linearly independent columns
of A. According to Theorem 2.3.4 it is sufficient to compute only the vertices (feasible
basic solutions) of the feasible set in order to obtain at least one optimal solution — pro-

vided such a solution exists at all. This is the basic idea of the simplex method.

Notation:
Let B C {1,...,n} be an index set.

o Let + = (x1,...,2,)" be a vector. Then, zp is defined to be the vector with

components z;, 1 € B.

e Let A be a m x n-matrix with columns @/, j = 1,...,n. Then, Ag is defined to be

the matrix with columns o/, j € B.

Example:

1

10 1 2 3 4 10 9 4
_ A= B={2.4 = _ CAp = .
v 3 <5678> (2.4} B (—4) B (68)

4

The equivalence theorem 2.4.2 is of fundamental importance for the simplex method,
because we can try to find vertices by solving linear equations as follows:

Algorithm 2.4.3 (Computation of a vertex)

(1) Choose m linearly independent columns a’, j € B, B C {1,...,n}, of A and set
N=A{1,...,n}\ B.

(2) Set xn =0 and solve the linear equation

ABJ?B =b.

(3) If xg > 0, x is a feasible basic solution and thus a vertex. STOP. If there exists an
index i € B with x; < 0, then x is infeasible. Go to (1) and repeat the procedure

with a different choice of linearly independent columns.
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Recall rank(A) = m, which guarantees the existence of m linearly independent columns
of A in step (1) of the algorithm.

A naive approach to solve a linear program would be to compute all vertices of the
feasible set by the above algorithm. As there are at most (:1) ways to choose m linearly

independent columns from a total of n columns there exist at most

( n ) B n!
m/  ml(n—m)
vertices (resp. feasible basic solutions). Unfortunately, this is a potentially large number,

especially if m and n are large (1 million, say). Hence, it is not efficient to compute every

vertex.

Caution: Computing all vertices and choosing that one with the smallest objective func-

tion value may not be sufficient to solve the problem, because it may happen that the

feasible set and the objective function is unbounded! In this case, no solution exists.
Example 2.4.4

Consider the constraints Ax = b, x > 0, with

A:<2 31 0>’ b:<6>'
1001 2

There are at most (g‘) = 6 possible combinations of two columns of A:
. 2 . 2 i
31:{1,2} = ABb: 9 , I = 2,5,0,0 ,
3
-1 2 2 T
B, ={1,3} = Azb= 5 | x*=(2,0,2,0) ,
-1 3 3 T
33:{1,4} = AB b= 1 , X :(37070a_1) )

By ={2,3} = Ag is singular,

2
>, 2° =(0,2,0,2)",

Bs ={2,4} = Ap'b= ( )

6
Bs = {3,4} = A§1b=(2>, 2% =1(0,0,6,2)" .

22 is not feasible. Hence, the vertices are given by x', z?, x°, 25.

Remark 2.4.5
It is possible to define basic solutions which are not feasible. Let B C {1,...,n} be an
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index set with |B| = m, N = {1,...,n} \ B, and let the columns a', i € B, be linearly

independent. Then, x is called a basic solution if
ABiL‘B = b, IN — 0.

Notice that such a g = A,;lb does not necessarily satisfy the sign condition xg > 0, i.e.
the above x may be infeasible. Those infeasible basic solutions are not of interest for the

linear program.

We need some more definitions.
Definition 2.4.6

e (Basis)
Let rank(A) = m and let x be a feasible basic solution of the standard LP. Every
system {a’ | j € B} of m linearly independent columns of A, which includes those

columns o with x; > 0, is called basis of x.

e ((Non-)basis index set, (non-)basis matriz, (non-)basic variable)
Let {a’ | j € B} be a basis of x. The index set B is called basis index set, the
index set N :={1,...,n}\ B is called non-basis index set, the matriz Ap := (a?)ep
is called basis matriz, the matric Ay := (a)jen is called non-basis matriz, the
vector xp = (x;)jep is called basic variable and the vector xn := (x;)en is called

non-basic variable.

Let’s consider an example.
Example 2.4.7

Consider the inequality constraints

1 +4zy < 24,
3ZE1 + X9 S 21,
T+ <9, 2120, 13 > 0.

Introduction of slack variables x3 > 0, x4 > 0, x5 > 0 leads to standard constraints
Ax =0b, x > 0, with

xy

14100 24 Ta

A= 31 01 0 |, b=1| 21 |, T = | x3
110 0 1 9 Ty

s
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The projection of the feasible set Mg = {x € R5 | Ax = b, x > 0} into the (xy,x5)-plane
looks as follows:
T2 A

_ 3$1+I2:21

(i) Consider x = (6,3,6,0,0)" € Mg. The first three components are positive and

1 4 1
the corresponding columns of A, i.e. 31, 1 and | 0 |, are linearly
1 1 0

independent. x is actually a feasible basic solution and according to Theorem 2.4.2

a vertex. We obtain the basis

1 4 1
31,1 11,10
1 1 0

with basis index set B = {1,2,3}, non-basis index set N = {4,5}, basic variable
rp = (6,3,6)", non-basic variable xy = (0,0)" and basis matriz resp. non-basis

matriz

AB = AN =

_ W
— =
o O =
S = O
_ o O

(i1) Ezercise: Consider as in (i) the remaining vertices which are given by (xy,xs) =

(0,0), (x1,22) = (0,6), (x1,22) = (7,0), and (x1,z5) = (4,5).

With these definition, we are ready to formulate a draft version of the simplex method :
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(0) Phase 0:

Transform the linear program into standard form 2.1.5, if necessary at all.

(1) Phase 1:
Determine a feasible basic solution (feasible vertex) = with basis index set B, non-

basis index set NV, basic variable xp > 0 and non-basic variable xzy = 0.

(2) Phase 2:
Compute a neighbouring feasible basic solution z* with basis index set B* and
non-basis index set N until either an optimum is computed or it can be decided

that no such solution exists.

2.4.3 Computing a neighbouring feasible basic solution

In this section we will discuss how a neighbouring feasible basic solution % can be com-
puted in phase two of the simplex algorithm.

In the sequel, we assume that a feasible basic solution x with basis index set B and non-
basis index set N is given. We will construct a new feasible basic solution 1 with index

sets

BT = (B\{p})U{dg},
N* = (N\{q¢})u{p}

by interchanging suitably chosen indices p € B and ¢ € N. This procedure is called basis
change.
The indices p and ¢ are not chosen arbitrarily but in such a way that the following

requirements are satisfied:

(i) Feasibility:

2t has to remain feasible, i.e.

Az =b, >0 = Azt =b, 2T > 0.

(ii) Descent property:

The objective function value decreases monotonically, i.e.

clat <c'a.

Let a basis with basis index set B be given and let x be a feasible basic solution. Then,
o Ap = (a'),cp is non-singular.
o TN — 0.
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Hence, the constraint Ax = b can be solved w.r.t. the basic variable xg according to

A$:ABI’B+ANZL‘N:b = $B:A§1b—AélANZL‘N ::ﬁ—FxN. (29)

Introducing this expression into the objective function yields the expression
c'x=chrp+cyrn = cpf — (el —cy) oy = d — (T ay. (2.10)
~ ——
=d :CT

A feasible basic solution x satisfies xy = 0 in (2.9) and (2.10) and thus,
tp=0£>0 zy=0, cz=d. (2.11)

Herein, we used the notation: 8 = (5;)icn, ¢ = (()jen, I' = (Vij)icn,jen-
Now we intend to change the basis in order to get to a neighbouring basis. Therefore, we

consider the ray
21 (t) €1 S1
Zn(t) Tn Sn

emanating from the current basic solution x in direction s with step length ¢t > 0, cf.

Figure 2.6.

Figure 2.6: Idea of the basis change in the simplex method. Find a search direction s

such that the objective function decreases monotonically along this direction.

We choose the search direction s in such a way that only the non-basic variable x, with
suitable index ¢ € N will be changed while the remaining components z; = 0, j € N,

j # q, remain unchanged. For a suitable index ¢ € N we define
Sq =1, sj=0for j e N, j+#gq, (2.13)
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and thus,

z,(t) =t >0, zj(t)=0for j € N, j #q. (2.14)
Of course, the point z(t) ought to be feasible, i.e. as in (2.9) the following condition has
to hold:

b= Az(t) = Az +tAs = 0= As= Apsp+ Ansn.
—b

Solving this equation leads to
SB — —ABIANSN == —FSN. (215)

Thus, the search direction s is completely defined by (2.13) and (2.15). Along the ray

z(t) the objective function value computes to

c"z(t) G Tt tcTs
G0 g +tepsp +tensy
G gt (el = ) sw
= d—t("sy
LY g, (2.16)

This representation immediately reveals that the objective function value decreases along
s for t > 0, if (; > 0 holds.

If, on the other hand, ¢; < 0 holds for all j € N, then a descent along s in the objective
function is impossible. It remains to be investigated whether there are other points, which
are not on the ray, but possibly lead to a smaller objective function value. This is not the
case as for an arbitrary z € Mg it holds £ > 0 and AgpZp+AnZny =bresp. g = [F—TTy.
With ¢; <0 and 2y > 0 it follows

i =cpip+cyin=cpB— (gl —cy)in=d—("ay >d=c'u.

Hence, if ¢; < 0 holds for all 7 € N, then the current basic solution z is optimal! We

summarise:

Choice of the pivot column ¢:
In order to fulfil the descent property in (ii), the index ¢ € N has to be chosen such that
Gp>0. If ¢; <0 for all j € N, then the current basic solution x is optimal.

Now we aim at satisfying the feasibility constraint in (i). The following has to hold:

2p(t) = ap + tsp 2B — tDsy > 0,
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respectively

zi(t) = @‘—tZ%‘ij

jEN
= Bi—tyig S¢ U Z Yij Sj
-1 JEN,j#q =0

L9 Bi — Yigt >0, i € B.

The conditions 3; — it > 0, @ € B, restrict the step size ¢ > 0. Two cases may occur:

(a) Case 1: It holds 7;, < 0 for all i € B.
Due to f5; > 0 it holds z;(t) = 3; — viet > 0 for every ¢t > 0 and every i € B. Hence,
z(t) is feasible for every t > 0.

If in addition ¢, > 0 holds, then the objective function is not bounded from below

for t — oo according to (2.16). Thus, the linear program does not have a solution!

Unsolvability of LP
If for some ¢ € N it holds (; > 0 and ~;, < 0 for every ¢ € B, then the LP does

not have a solution. The objective function is unbounded from below.

(b) Case 2: It holds 7;, > 0 for at least one i € B.
Bi — Yigt = 0 implies t < f—m This postulation restricts the step length ¢.

Choice of pivot row p:
The feasibility in (i) will be satisfied by choosing an index p € B with

toin 1= & = min{& Vig >0, 1 € B} )
Ypq iq
It holds
_ _ B _
Zp(tmin) = Bp — Ypgtmin = Bp — Ypg— =0,
Vpq
Zi(tmin) = Bi — %Yig tmin, = 0, for i with ;4 <0,
(tmin) Bi — Yig Yig
20 <o =20
2i(tmin) = Bi — Yig tmin, > Bi — ’Yiq& =0 for ¢ with 7,4 > 0.
\g_/ /yz'q
<l

Hence, the point 2 := z(t,.:,) is feasible and satisfies x, = 0. Hence, x, leaves the

basic variables and enters the non-basic variables.
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The following theorem states that x* is actually a feasible basic solution.

Theorem 2.4.8
Let x be a feasible basic solution with basis index set B. Let a pivot column q € N with
¢ > 0 and a pivot row p € B with ~y,, > 0 exist. Then, 7 = z(tymy) is a feasible basic
solution and c¢'x™ < c"z. In particular, {a’ | j € BT} with BT = (B\ {p}) U {q} is a

basis and Apg+ is non-singular.

BBEBE By construction z* is feasible. It remains to show that {a? | j € Bt} with
BT = (B\ {p}) U{q} is a basis. We note that z; =0 for all j ¢ B™.
The definition of I' = A" Ay implies Ay = A" The column ¢ of this matrix equation

reads as

al = Z ai%‘q = aPypg + Z ai%qa (2.17)

icB i€B,i#p
where v;, are the components of column ¢ of I' and ~,, # 0 according to the assumption
of this theorem.
We will now show that the vectors a, i € B, i # p, and a? are linearly independent.

Therefore, we consider the equation

aal + Z aa =0 (2.18)

1€Bi#£p

with coefficients a € R and o; € R, i € B, i # p. We introduce a? from (2.17) into (2.18)

and obtain

aypga® + Z (o + aig)a’ = 0.
i€B,ip

As {a' | i € B} is a basis, we immediately obtain that all coefficients vanish, i.e.

Ypg = 0, @ + avig =0, i€ B,i#p.

Since v,, # 0 it follows o = 0 and this in turn implies o; = 0 for all 7 € B, i # p. Hence,

all coefficients vanish. This shows the linear independence of the set {a’ |i € BT}. O

2.4.4 The Algorithm
We summarise our findings in an algorithm:
Algorithm 2.4.9 ((Primal) Simplex Method)

(0) Phase 0:

Transform the linear program into standard form 2.1.5, if necessary at all.

(1) Phase 1:
Determine a feasible basic solution (feasible vertex) x for the standard LP 2.1.5 with
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basis index set B, non-basis index set N, basis matriz Ag, non-basis matriz Ay,

basic variable xg > 0 and non-basic variable x = 0.

If no feasible solution exists, STOP. The problem is infeasible.

(2) Phase 2:
(i) Compute I' = (vij)ienjen, B = (Bi)ien, and ¢ = ((j)jen according to
= Az Ay, B = Ag'b, (" =cpl — ey

(i1) Check for optimality:
If §; < 0 for every j € N, then STOP. The current feasible basic solution
rp =3, xxy = 0 is optimal. The objective function value is d = cj3.

(i1i) Check for unboundedness:
If there exists an index q with (; > 0 and v, < 0 for every ¢ € B, then the
linear program does not have a solution and the objective function is unbounded
from below. STOP.

(iv) Determine pivot element:
Choose an index q with (; > 0. ¢ defines the pivot column. Choose an index p

with
& = min { &
'7pq %‘q

%q>0,i€B}.

p defines the pivot row.

(v) Perform basis change:
Set B := (B\{p}) U{q} and N := (N \ {q}) U{p}.
(vi) Go to (i).

Remark 2.4.10
It is very important to recognise, that the indexing of the elements of the matrix I and
the vectors 3 and ¢ in (i) depends on the current entries and the orders in the index sets
B and N. Notice that B and N are altered in each step (v) of the algorithm. So, T', 3,
and ¢ are altered as well in each iteration. For instance, if B = {2,4,5} and N = {1, 3},

the entries of the matrix I' and the vectors 3 and  are indexed as follows:

Y21 Y23 B2 ¢
1
I'= Y41 V43 ) ﬁ = ﬂ4 ) = ( > .
Y51 V53 Bs
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More generally, if B = {i1,...,im}, ix € {1,...,n}, and N = {j1,.. ., jn-m}, Jr €
{1,...,n}\ B, then

Yivjr VYige 7 Yitdnem Bil Cj1
Yiegi  Vizge " Yigjn— ﬂiz Cj2
I'= . R A p= . ; (= .

The simplex method often is given in a more compact notation — the simplex table. The

relations

rp = B—FLUN,

c'e = d—("zy,

compare (2.9) and (2.10), are combined in the following table:

TN

rB I'= (")/l]) = AglAN ﬁ = Aélb

(T i=chAZ Ay — e | d:=cLAG

As the non-basic variable is zero, the current value of the variable x can be immediately

obtained from the table: zp = (3, xxy = 0. The corresponding objective function is

clr=d.

Example 2.4.11 (compare Example 2.4.7)
Consider the standard LP

Minimise ¢'x  subject to Ax =b, x>0

with the data (r3,x4,x5 are slack variables):

—2 T
-5 1 4100 24 To
c= 0 , A= 31010 [, b=1 21 |, r=| z3
0 1 1001 9 T4
0 Ts

Phase 1:
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A feasible basic solution is given by the basis index set B = {3,4,5}. Then, N ={1,2},

1 00 1 4 0 5
AB— 01 0 ,AN— 3 1 , CB = 0 7CN:< 5)
0 01 11 0
and
Y31 Y32 1 4 03 24
G 2
Y va2 | =\ 3 1 |, G, | =1 21 |, ¢ = -]
2
V51 V52 11 Os 9
Obuviously, columns 3,4,5 of A are linearly independent and
I3 24
-1 ) 0
rp=| x4y =] 21 | =b=Azb>0 and :z;N:< >:<O)
x
I 9 2

is feasible, i.e. x >0 and Ax = b.

The initial feasible basic solution is represented by the following initial table:

Tr1 To
x| 1 24
zy |3 1|21
zs| 1 1|9

2 510

We now enter Phase 2:
The checks for optimality and unboundedness fail. Hence, we choose the index g =2 € N
with ¢; =5 > 0 as the pivot column (we could choose ¢ =1 € N as well) and compute

24 21
ﬁ:—:(ﬁ) &:—:21’ &:

9
)
V32 4 Va2 1 Y52 1

The first fraction achieves the minimal value and thus defines the pivot row to be p = 3 €

B.

Table 1:

&
w

AT

T2

15

Ty

Ts

—30

= &
SN NN [ ST
PN NS
w
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The checks for optimality and unboundedness fail again. Pivot row and column: p = 5,

q =1, pivot element: v,, = 3.

1
Table 2:
Ts T3
T —% % >
Ty —13—1 % 4
1 % —% 4
-1 —-1]-33

Table 2 is optimal. The optimal solution is xo =5, x4y =4, v1 =4, x5 =0, and x3 = 0.

The optimal objective function value is —33.

The simplex method requires to solve many linear equations in order to compute I' and
0 after each basis change. This effort can be reduced by so-called update formulae for I,
B, ¢, and d. It can be shown that the updated simplex table after a basis change is given
by the following table, where ~;;, (;, 3; denote the entries of the current table:

zj,7 € N\{q¢}
; iqVpj i g
zi,t € B\N{p} | vy — % —j/—p‘; Bi — —WW‘LQP
x /] L By
q Yrq VTpq VTpq
_ Sadps _Sa _ SaPp
C] Tra Trq d Tpq

Remark 2.4.12
The vector ¢ in an optimal table indicates whether the solution is unique. If ¢ < 0 holds
in an optimal simplex table, then the solution of the LP is unique. If there exists a
component ¢; = 0, 7 € N, in an optimal simplex table, then the optimal solution may
not be unique. Further optimal solutions can be computed by performing additional basis
changes by choosing those pivot columns with (; = 0, j € N. By investigation of all
possible basis changes it is possible to compute all optimal vertices. According to part
(b) of the Fundamental Theorem of Linear Programming every optimal solution can be

expressed as a conver combination of these optimal vertices.

2.5 Phase 1 of the Simplex Method

A feasible basic solution is required to start the simplex method. In many cases such a

solution can be obtained as follows.
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Theorem 2.5.1 (Canonical Problems)

Consider an LP in canonical form 2.1.1
Minimise ¢z subject to Az < b, x > 0.
If b > 0 holds, then a feasible basic solution is given by
y=b>0, x=0,

where y denotes the vector of slack variables. An initial simplex table is given by

T
Y A b
—c 0

- Introducing slack variables leads to a problem in standard form
Ar+Iy=0b, x>0, y>0.
As the unity matrix [ is non-singular, a feasible basic solution is given by
y=0>0, x=0.
O

Caution: If there exists a component b; < 0, then it is much more complicated to find a
feasible basic solution. The same holds true if the problem is not given in canonical form.

In all these cases, the following method has to be applied.

Counsider an LP in standard form 2.1.5

Minimise ¢'z subject to Az =b, z > 0.

Without loss of generality we may assume b > 0. This is not a restriction as this property
can always be achieved by multiplying by —1 those equations with b; < 0.
Define
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Auxiliary LP:

Minimise e'y = Zyi subject to Ax+1Iy=0b, x >0, y >0, (2.19)

i=1

where e = (1,...,1)T € R™.

Theorem 2.5.2 (Feasible solution for auxiliary LP)
Consider the auxiliary LP 2.19 with b > 0. Then, a feasible basic solution is given by

y=0>0, x=0.
An initial simplex table for the auziliary LP is given by

X

Yy A b

el A e'b

BB 1he auxiliary LP is a standard LP for z = (x,y)". Obviously, it holds ¢ =
(0,e")T and y = b — Az and thus I' = A and 8 = b. Moreover, cg = e and cy = 0.
Hence, (" =cjl' —ch =e'Aand d =c}8 =e'b. O

Theorem 2.5.3

(1) If the auziliary LP has the optimal solution y = 0, then the corresponding x obtained
in the simplex method is a feasible basic solution for the standard LP 2.1.5.

(ii) If the auziliary LP has the optimal solution y # 0 and thus e'y > 0, then the
standard LP 2.1.5 is infeasible.

(i) If y = 0 is a solution, the corresponding z in the final simplex tableau satisfies
Ax = b, x > 0, and thus is a feasible basic solution for the standard LP.

(ii) The objective function of the auxiliary LP is bounded from below by 0 because of
y > 0 implies e'y > 0. Assume that the standard LP has a feasible point 2. Then,
y = 0 is feasible for the auxiliary LP because Ax +y = b, v > 0 and y = 0. Hence,

y = 0 solves the auxiliary problem which contradicts the assumption in (ii).
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Example 2.5.4 (Finding a feasible basic solution)
Consider the feasible set Ax = b, x > 0 with the data

X1
1 1 2 1

A = s = s xr = i)
-1 1 0 1

xs3

Notice that it is difficult to find a feasible basic solution at a first glance. Hence, we solve

the following auxiliary problem by the simplex method.
Minimise vy, +yo subject to Ax+Iy=0b, x>0, y=(y,y2) >0.

We obtain the following solution (notice that x4 =y and x5 := yo in the computation):
Initial table:

Ty T2 T3
xg| 11 2|1
x5 | —1 0

0 2 212

Pivot row and column: p =5, ¢ = 2, pwot element: vy, = 1.

Table 1:
T Iy X3

zy[[2] -1 20
1

) -1 1 0

2 =2 210
Pivot row and column: p =4, ¢ =1, pwot element: ~y,, = 2.
Table 2:
‘ Ty Ty T3 ‘
T % —% 110
To % % 1)1
-1 -1 00

This table is optimal with objective function value 0 and y; = yo = 0(= x4 = x5). Hence,
x = (11, 20,73)" = (0,1,0)" satisfies the constraints Ax = b and x > 0. x is a feasible
basic solution with basis index set B = {1,2} and non-basis index set N = {3}.

Suppose now that we want to minimise the function
$1+2$2+x3 (ze C:(1,2,1)T)

on the feasible set above. The initial simplex table is given by table 2 if the columns

corresponding to the auziliary variables y; and ys (resp. x4 and xs5) are deleted. As the
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objective function has changed, we have to recompute the bottom row of the table, that is

imiis = 1) s

(" = cgr—c]@:(1,2)(1>—(1):2.

Initial table:

Pwot row and column: p =1, ¢ = 3, pwot element: vy, = 1.

Table 1:
€
zz3| 1 |0
To | —1
—212

This table is optimal.

Remark 2.5.5
In might happen that some components of y are among the basic variables in the final
simplex table. In this case the columns corresponding to the components x;, i € B, do not
define a full basis matriz (always m linearly independent columns are necessary). Hence,
additional linearly independent columns a’ of A with 7 € N have to be determined in
order to obtain a complete basis matrixz. This can be done by inspection or by performing
additional simplex steps with the aim to move the auxiliary variable y into the non-basis.

This can be achieved by performing steps of the so-called dual simplex method.

Remark 2.5.6 (Finite Termination)
The simplex method does not specify which pivot column and pivot row has to be chosen
if p and q are not uniquely determined. Dantzig suggested to choose the pivot column

according to the formula

G =max{¢; | (; >0, j € N}, (2.20)

Marshall and Suurballe [MS69] however showed that this choice may lead to cycles in the
simplex method which will not terminate in this case. This may happen, if a so-called
degenerated basic solution occurs. A feasible basic solution is called degenerated, if there

1s an index i € B with x; = 0.
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Fortunately, cycles can be avoided if the following rule for the choice of the pivot element
15 obeyed.

Bland’s rule [Bla77]

Among all possible choices for the pivot element, always choose the pivot column q € N
and the pivot column p € B in step (4) of Algorithm 2.4.9 with the smallest indices q
and p.

Remark 2.5.7 (Complexity)

Klee and Minty [KM72] showed with an example (Klee and Minty cube) in 1972 that
the simplex method in its worst case has exponential complexity! Hence, the simplex
method does not belong to the class of algorithms with polynomial complexity. This was
a very disappointing result from a theoretical viewpoint. Nevertheless, there is also a
practical point of view and the simplex method is still one of the most frequently used
algorithms in linear programming, even for large-scale problems. Further investigations
by Borgwardt [Bor87] show: If the input data A, b and ¢ is reasonably distributed, then
the expected effort of the simplex method is polynomial.
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Chapter 3

Duality and Sensitivity

This chapter provides an introduction to duality theory for linear programs and points

out the connection between dual programs and sensitivity analysis for linear programs.

Sensitivity analysis addresses the question of how optimal solutions depend on perturba-

tions in the problem data (A, b, and ¢). Finally, the results from sensitivity analysis will

be used to derive so-called shadow prices which play an important role in economy.

Dual linear programs are important because:

e Dual problems allow to determine lower bounds for the optimal objective function

value of a primal minimisation problem

e Dual problems allow to compute sensitivities of linear programs.

e Occasionally, the dual problem is easier to solve than the primal problem.

3.1 The Dual Linear Program

Before we state the dual problem of a standard LP in a formal way, we consider two

motivations for the so-called dual problem.

Example 3.1.1

A company produces three products Py, Py, and P3. The profit of the products per unit

amounts to 10, 5, and 5.5 pounds, respectively. The production requires four raw materials
B, By, B3, and B,. There are 1500, 200, 1200, and 900 units of these raw materials in

stock. The amount of raw materials needed for the production of one unit of the product

15 given by the following table.

P P P
B; |30 10 50
Byl 5 0 3
Bs |20 10 50
By 10 20 30

Let x;, i = 1,2,3, denote the amount of product P;, © = 1,2,3, to be produced. The

company aims at maximising the profit and hence solves the following so-called primal

problem:
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Maximise
]_01’1 —+ 5.172 + 55[L’3
subject to
3021 + 10zy + 50x3 < 1500,
5ZE1 + 3.7)3 S 200,
20z + 1029 + 5023 < 1200,
101‘1 + 201‘2 + 30I3 S 900,
Ty, %2, 23 = 0.

Assume now, that a second company offers to buy all raw materials from the first company.
The second company offers a price of \; > 0 pounds for one unit of the raw material B;,

1=1,...,4. Of course, the second company intends to minimise its total costs
15001 4+ 2002 + 12003 + 900\4.

Moreover, the first company will only accept the offer of the second company if the resulting
price for one unit of the product P; is greater than or equal to the (not realised) profit c;,
j=1,2,3, i.e. if

30A; + 5Xg + 20M3 + 10N, > 10,
10A; + 10A; 4+ 20\, > 5,

50A; + 3X2 +50A3 + 30Ny > 5.5,

hold. Summarising, the second company has to solve the following linear program:

Minimise
15001 + 2002 + 12003 + 900\4.
subject to
301 4+ 5o + 203 + 10N, > 10,
101 + 10A3 + 20N, > 5,
501 4+ 3Ay + 50A3 + 30N, > 5.5,
>\17>\27>\37>\4 Z 0

This problem is called the dual problem of the primal problem.

More generally, we may associate to the primal problem
Mazimise ¢z subject to Az < b, x>0
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the dual problem
Minimise b\ subject to AT\ > c, A>0.

A second motivation is based on the investigation of perturbed linear programs. We will

use this approach to derive the dual problem for the standard problem, which is considered

to be the primal problem.

Definition 3:1:2| (Primal problem (P))

The standard LP
(P) Minimise c'z  subject to Az =b, x>0

with A € R™™ ¢ e R", b € R™ is called primal problem.

In practical applications, the vector b often is used to model capacities (budget, resources,
size, etc.) while the objective function often denotes the costs. An important economical
question is the following: How does a variation in b (i.e. a variation in budget, resources,
size) influence the optimal objective function value (i.e. the costs)?

To answer this question, the primal problem (P) is embedded into a family of perturbed

linear programs:

'Definition 3.1.3 (Perturbed problem (P))

For an arbitrary 6 € R™ the LP
(Ps) Minimise c¢'x  subject to Arx=b+6, x>0
with A € R™*", ¢ € R", b € R™ is called perturbed primal problem. The set
Ms ={xeR"| Az =b+6, x >0}
15 the feasible set of the perturbed primal problem.

Obviously, (P5) with § = 0 is identical with the primal problem (P) which is referred to

as the unperturbed problem.
We may assign to each § € R™ the optimal objective function value of (Pj), provided that

(Ps) has an optimal solution.

Definition 3.1.4 (Optimal value function)

The optimal value function is defined as

(6) = inf{c"z | Az =b+0, x >0}, if M5 # 0,
v o o0, Zf M5 = (Z)

The optimal value function has the following properties:
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e The optimal value function is convex.

e The optimal value function is piecewise linear.

5
w(d)
primal and dual solution
X [(6,2) R™| = ATo 4+ 2 =)
0 R™

Figure 3.1: Graphical interpretation of the dual problem: Approximation of the optimal

value function from below by a hyperplane with normal vector (—\,1)" resp. (A, —1)".

The dual problem is informally defined by the following task: Approximate the optimal
value function at § = 0 (unperturbed problem=primal problem) from below as good as

possible by a hyperplane

H={(52) e R™ | —\"6+2z=n1}.

-
Herein, the normal vector < ] ) € R™ and ~ are not fixed but can be chosen

appropriately.

We are particularly interested in the quality of the approximation at the point 6 = 0
respectively (0,7)" € H because the hyperplane can be viewed as a ‘linearisation’ of
the optimal value function at 6 = 0. Hence, the slope of this ‘linearisation’ provides
information on how the optimal value function behaves locally around 6 = 0, i.e. the
slope essentially indicates how sensitive the problem is with respect to perturbations ¢ in
b. We will come back to this issue later.

We have to specify what ‘as good as possible’ in the informal definition means. This is

done in the following formal definition of the dual problem:
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Dual problem (D):
Find A € R™ such that v becomes maximal subject to the constraint

z<w(d) V§eR™,

where z = v+ \T6.

Transformations:
(D) & max 7y subject to vy + A6 < w(d) Vo e R™
E m
© max v subject to v < ¢’z — AT (Az — b) Yz >0
E m
& max v subject to v < (¢" = ATA)z +ATb Vx>0
e m
It holds
AT, ifel —ATA>0
inf (¢ —ATA)z+ATh = R A A=
x>0 —00, otherwise.

Hence, the dual problem is equivalent to the following linear program:
Definition 3.1.5 (Dual problem (D))

The linear program
(D) Mazimise b' A subject to ATA<c
is called the dual problem of (P).
Summarising: The primal problem
(P) Minimise ¢’z subject to Az =b, x>0
is associated the dual problem
(D) Maximise b'A subject to A'A<ec.

Example 3.1.6
Let the primal LP be given by the following linear program:

Minimise —3x1 — 4xo subject to

2.I1+I2+I3 = 8,
4$1+$2+$4 = 10,

X1,T2,T3,T4 Z 0.
The dual problem reads as:
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Mazximise 8\1 + 10Xy subject to

20 +4X < =3,
AL+ < 4,
A <0,
Ay <0

By application of the well-known transformation techniques, which allow to transform a
general LP into a standard LP, and writing down the dual problem of the resulting stan-
dard problem, it is possible to formulate the dual problem of a general LP. We demonstrate
this procedure for the following problem (compare Example 3.1.1). Please note the nice
symmetry of the primal and dual problem!

Theorem 3.1.7
The dual problem of the LP

Mazimise c'z subject to Az <b, x>0

s given by
Minimise b'\ subject to AN > c, N> 0.

- Transformation into standard form yields:

Minimise (—cT 0)(;) subject to <A I><§>:b,<§>20.

The dual problem of this standard problem reads as

. AT\ -
Maximise b'A subject to ( I ))\

IA
7N
=4
S~

Defining )\ := —\ yields the problem
Maximise —b'\ subject to — AN < —c, —A <0,

which proves the assertion. O
In a similar way, the following scheme applies. Notice in the scheme below, that the
primal problem is supposed to be a minimisation problem. As we know already, this can
always be achieved by multiplying the objective function of a maximisation problem by
—1.
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primal constraints | dual constraints
(minimise ¢'z) | (maximise b"\)
z >0 AT <c¢
z <0 ATA> ¢
x free ATh=c
Ax =b A free
Az <b A<0
Ax > b A>0
The same scheme applies component-wise if primal constraints of the different types
>0 n =
ris <0 p,i=1,...,n, Zaijxj < pby,i=1,...,m,
free J=1 >

occur simultaneously in a general LP. More precisely, the dual variable \; is associated

with the i-th primal constraint according to the scheme

. = free
Z aigri ¢ < b — Aiy <0
i=1 > >0

Moreover, the i-th primal variable z; is associated with the i-th component of the dual

constraint according to the scheme
>0
;< <0 — (ATN);

free

(AVARVAN

In the latter, (ATA); denotes the i-th component of the vector AT, where A = (a;;)
denotes the matrix of coefficients of the primal constraints (excluding sign conditions of
course). Again, the above relations assume that the primal problem is a minimisation
problem.

Remark 3.1.8

Dualisation of the dual problem yields the primal problem again.

3.2 Weak and Strong Duality

We summarise important relations between the primal problem and its dual problem.
Theorem 3.2.1 (Weak Duality Theorem)

Let x be feasible for the primal problem (P) (i.e. Ax =b, x > 0) and let X be feasible for

the dual problem (D) (i.e. AT\ <c). Then it holds

b <c'z.
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BB Ovwing to b = Az and z > 0 it holds
b'A=(Ax) " A=z"ATA<z"c=c"u.

O
The weak duality theorem provides a motivation for the dual problem: dual feasible points
provide lower bounds for the optimal objective function value of the primal problem. Vice
versa, primal feasible points provide upper bounds for the optimal objective function value
of the dual problem. This property is very important in the context of Branch & Bound
methods for integer programs.
Moreover, it holds

Theorem 3.2.2 (Sufficient Optimality Criterion)

Let x be feasible for the primal problem (P) and let X be feasible for the dual problem (D).

(i) If b" X = c"x, then x is optimal for the primal problem (P) and X is optimal for the
dual problem (D).

(ii) b'\ = c'x holds if and only if the complementarity slackness condition holds:

T (Zaij)\i—q):(), j:1,,n
i=1

Remark 3.2.3

The complementary slackness condition is equivalent with the following: For j =1,...,n
it holds .

.Z'j>0 = Zaij)\i—cj:()

i=1

and .

Zaij)\i—cj<0 = i['j:O.

i=1
This means: Either the primal constraint x; > 0 is active (i.e. x; = 0) or the dual

constraint Z:il a;jNi < ¢ is active (i.e. Z:L a;;Ni = ¢;). It cannot happen that both

constraints are inactive at the same time (i.e. x; >0 and > ;" a;jjAi < ¢;).

- The assertion in (i) is an immediate consequence of the weak duality theorem.

The assertion in (ii) follows from

cle—b"A=cz=ANb=clo—\TAz = (c — AT)\)T T = Z (Cj — aij)\i) ;.
=1

j=1
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If c"z =b"\, then owing to x > 0 and ¢ — AT)X > 0 every term in the sum has to vanish.
If, on the other hand, the complementarity conditions hold, then every term of the sum
vanishes and thus ¢z = b" . O

The sufficient optimality condition rises the question, whether ¢z = b\ actually can
be obtained. We will answer this question by exploitation of the simplex method. We
have seen before that the simplex method with Bland’s rule (and assuming rank(A) = m)
always terminates, either with an optimal feasible basic solution or with the message that
the problem does not have a solution. Let us investigate the first case. Let x be an
optimal feasible basic solution of the primal problem (P) with basis index set B, which
has been computed by the simplex method using Bland’s rule. Hence, it holds zg > 0

and xy = 0. Moreover, the optimality criterion
(" =cpAZ Ay — ey <0

holds. Let A be defined by
A= CBA L

We will show that this A solves the dual problem! Firstly, it holds
c'v=cprp=cpAz'b=A"b=">b"\
Secondly, A is feasible for the dual problem (D) because
AR\ = cp,
A})\ —cy = A; (A;)_ch —cy=(¢<0.

The latter is just the primal optimality criterion. Combining both relations yields AT\ <

c. Hence, we have shown:

If the primal problem (P) has an optimal solution, then the dual problem (D) has an

optimal solution, too, and an optimal dual solution is given by AT = CBA (there may

be other solutions).

The converse can be shown as well, if we exploit the fact that the dual of the dual problem
is equivalent to the primal problem.
The following theorem is the main result of this section.

Theorem 3.2.4 (Strong Duality Theorem)
The primal problem (P) has an optimal solution x if and only if the dual problem (D) has
an optimal solution . Moreover, the primal and dual objective function values coincide

if an optimal solution exists, i.e. ¢'x =b' \.
Remark 3.2.5
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The primal simplex method, compare Algorithm 2.4.9, computes vertices x, which are
primally feasible, and dual variables \, which satisfy ¢'x = b'" X in each step. The primal
simplex method stops as soon as \ becomes feasible for the dual problem, i.e. dual feasibility

15 the optimality criterion for the primal simplex method.

3.3 Sensitivities and Shadow Prices

The solutions of the dual problem possess an important interpretation for economical
applications. Under suitable assumptions they provide the sensitivity of the primal ob-

Ta with respect to perturbations in the vector b. In economy, the

jective function value ¢
dual solutions are known as shadow prices. It was mentioned before, that the vector b
often refers to capacities (budget, resources, size, etc.) while the objective function often
denotes the costs. Thus, a manager is particularly interested in the question of how a

variation of the capacity (e.g. a reduction of budget, resources, size) influences the costs.
Let us approach the problem graphically first.

Example 3.3.1 (compare Examples 1.1.1, 2.2.1)
A farmer intends to plant 40 acres with sugar beets and wheat. He can use up to 312
working days to achieve this. For each acre his cultivation costs amount to 40 pounds
for sugar beets and to 120 pounds for wheat. For sugar beets he needs 6 working days
per acre and for wheat 12 working days per acre. The profit amounts to 100 pounds
per acre for sugar beets and to 250 pounds per acre for wheat. As the farmer wants
to consider unforeseen expenses in his calculation, he assumes that he has a mazimal
budget of 2400 + & pounds, where § € R is a perturbation potentially caused by unforeseen

expenses. Of course, the farmer wants to mazimise his profit (resp. minimise the negative

profit).
The resulting canonical linear program reads as follows (compare Example 2.2.1):

Minimise f(xy,x9) = —100xy — 25025 subject to the constraints

1+ To S 40, 401’1 + 120ZE2 S 2400 + 5, 6?[71 + ].21'2 S 3]_2, T1,T9 Z 0.

In Example 2.2.1 we solved the unperturbed problem for 6 = 0 graphically:
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\ -
40

30—

6x1 + 1229 = 312

2o~

10

40x1 + 12029 = 2400

T+ To = 40
Figure 3.2: Solution of the unperturbed problem for 6 = 0. The optimal solution is
(w1,22)" = (30,10)" with objective function value —5500.

The optimal solution is obtained at the point where the first and second constraint intersect
(this corresponds to x1,xs being basic variables in the simplex method). What happens
if perturbations & # 0 are considered? Well, § influences only the second constraint.
Moreover, the slope of this constraint is not affected by changing 6. Hence, changing ¢
results in lines which are in parallel to the red line in Figure 3.2. Figure 3.3 depicts the
situation for § = —600.

\ x_2
40

30

6x1 + 1229 = 312

20—

—~

10—

0 1‘0 2‘0 3‘,0 40 ‘ éo 7‘0 x 1
N 402, 4 12025 = 2400 — 600
T+ Lo = 40

Figure 3.3: Solution of the problem for 6 = —600. The optimal solution is (v, z5)" =
(37.5,2.5)T with objective function value —4375.

Clearly, the feasible set and the optimal solution have changed. But still, the optimal
solution is obtained at the point where the first and second constraint intersect (again,

x1, %o are among the basic variables in the simplex method).
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What happens if we further reduce 9, say 6 = —12007 Figure 3.4 depicts the situation for

6 = —1200. %2
N
T1+ To = 40
30—
6x; + 1229 = 312
20
T
0 1‘0 2‘0 310\ 40 5‘0 6‘0 7‘0 x 1

40z + 120z5 = 2400 — 1200

Figure 3.4: Solution of the problem for 6 = —1200. The optimal solution is (11, z5)" =
(30,0)T with objective function value —3000.

Clearly, the feasible set and the optimal solution have changed again. But now, the optimal
solution is obtained at the point where the second constraint intersects with the constraint
xo = 0. So, the structure of the solution has changed (now, x4 became a non-basic variable
and thus a switch of the basis index set occurred).

Finally, we could ask ourselves, how the optimal objective function value depends on 67

A graphical investigation of the problem for all values of 6 yields the optimal solutions

([ 0
> , if 720 < 6,
26
1
— =0
0720 ) 160 < 6 < 720,
8+ 150
i [ T
xo(0) 80 , if —800 < 6§ < 160,
10 + %(5
1
=0
604540 L if — 2400 < § < —800,
no solution, if 0 < —2400,

\

and the optimal value function, cf. Definition 3.1.4,

[ —6500, if 720 < 6,
—5600 — 1.256, if 160 < § < 720,
w(d) = c¢'x(6) =< —5500 — 1.8758, if — 800 < & < 160,
—6000 — 2.5,  if — 2400 <& < —800,
00, if 0 < —2400,
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which is piecewise linear and convex:

optimal value function
1000 T T T T T T T

0

-1000

-2000

-3000

w(delta)

-4000

-5000

-6000

_7000 1 1 1 1 1 1 1
-2500 -2000 -1500 -1000  -500 0 500 1000 1500

delta

In the sequel we restrict the discussion to perturbations of the vector b only. Perturbations
in A and ¢ can be investigated as well, but the situation is more complicated. We consider

the perturbed primal problem in Definition 3.1.3, i.e.
Minimise 'z subject to Ar=b+9, v > 0.

Obviously, for § = 0 the primal problem (cf. Definition 3.1.2) arises. This problem is
referred to as the unperturbed problem or nominal problem. Each perturbation § may be

assigned the corresponding optimal solution (if it exists), i.e.
0 — x(6).

Introducing this function z(§) into the objective function ¢’z leads to the optimal value
function as defined in Definition 3.1.4.

We now intend to investigate the optimal solution z(d) of the perturbed problem 3.1.3 in a
small neighbourhood of the unperturbed solution at § = 0, i.e. we consider perturbations
0 € R™ sufficiently close to zero.

Moreover, we will assume the following:

e the unperturbed problem with 6 = 0 possesses the feasible basic solution zg(0) =

AZ'b, x5 (0) = 0 with basis index set B and non-basis index set .

e the solution is not degenerate, i.e. 5(0) > 0.
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An extension to degenerate solutions is possible, but more involved.

Now we introduce perturbations d # 0 sufficiently close to zero and define
zp(0) == A (b +6), zn(0) :=0. (3.1)
The point given by xp(d) and zx () is feasible as long as
zp(0) = Az (b+8) = 2p(0) + A5'6 >0

holds. As x is supposed to be non-degenerate, i.e. xp(0) = A;lb > 0, feasibility can
be guaranteed for perturbations ¢ sufficiently close to zero owing to the continuity of the
function § — x5(0) + AZ'0.

What about the optimality criterion for z5(0) and x5 ()7 Interestingly, perturbations d
in b do not influence the optimality criterion of the simplex method at all because the

vector ( does not depend on b:
(" =cpAG An — ¢y

As z(0) was supposed to be optimal it holds ¢ < 0. This optimality condition is still
satisfied for x5(d) and zx(0) in (3.1) and hence, (3.1) is optimal for the perturbed problem!

The corresponding optimal objective function value computes to
w(8) = cprp(d) = cprp(0) + cpAZS = w(0) + A6,

where A\ = (A5')Tcp is a solution of the dual problem. Hence:

Theorem 3.3.2 (Sensitivity Theorem)
Let rank(A) = m and let the unperturbed problem possess an optimal feasible basic solution
with basis index set B and non-basis index set N which is not degenerate. Then, for all

perturbations § = (81,...,0,)" sufficiently close to zero,
xB(é):Aél(b—Fé), SL’N((S) :0,

is an optimal feasible basic solution for the perturbed problem and it holds

Aw = w(8) —w(0) = \"6 = 2’”: Aid;.

=1

The dual solution \T = cLAG" indicates the sensitivity of the optimal objective function

value w.r.t. perturbations in b.

The sensitivity theorem shows:
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e If |)\;| is large, then perturbations §; with |0;] small have a comparatively large
influence on the optimal objective function value. The problem is sensitive w.r.t. to

perturbations.

e If |)\;| is small, then perturbations d; with |§;| small have a comparatively small
influence on the optimal objective function value. The problem is not sensitive
w.r.t. to perturbations.

e If \;, = 0, then perturbations ¢§; close to zero have no influence on the optimal
objective function value.

The sensitivity theorem states in particular, that under the assumptions of the theorem,
zp(d) and w(d) are continuously differentiable at 6 = 0. Differentiation of the optimal
value function w.r.t. § yields

Shadow price formula:
w'(0) = A

Example 3.3.3 (compare Example 3.3.1)
We consider again Example 3.5.1:

Minimise f(x1,x9) = —100x1 — 25025 subject to the constraints
r1+ a9 <40, 40x1 + 12029 < 2400 + 0, 621 + 1229 < 312, x1,29 > 0.

The simplex method for the unperturbed problem with 6 = 0 yields:
Initial table:

T X2

T3 1 | 40
24| 40 120 | 2400
5| 6 12 | 312

100 250 | O

Table 1:
€3 X2

o] 1 1| 40

Ty | —40 800

r5 | —6 6 72
—100 150 | —4000
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Table 2:
T3 T4

1| 1.5 —=0.0125| 30
r9 | —0.5 0.0125 10
x5 | —3  —0.075 12
—25 —1.875 | —5500

Table 2 is optimal. The optimal solution x = (30,10,0,0,12)" is not degenerate. The
corresponding dual solution is

A = cp ARt = (—25,-1.875,0),

where B ={1,2,5} and

—100 1 1 0 : 50
cg=| —250 |, A= 40 120 0 |, Az'=| -1 L 0
0 6 12 1 -3 -3 1

The sensitivity theorem states:

(1)
x1(9) 71(0) 0 30 -5
22(8) | = 2200) [ +A5' | 0 | =] 10 | +6| &
z5(0) z5(0) 0 12 -3
=25(0) o

is optimal for & sufficiently close to zero. How large may the perturbation 6 be?
Well, xp(0) has to be feasible, i.e.

1 1 3
——5>0, 10+—6>0, 12— —=5>0.
30— 25820, 10+ 5020, G020

These three inequalities are satisfied if 6 € [—800,160]. Hence, for all § € [—800, 160],

the above xg(0) is optimal.

(ii)
0
Aw =w(d) —w(0)=A"| § | =—-1.8756.
0

The change of the negative profit w.r.t. & amounts to —1.8756.

Compare this with our graphical investigation in Example 3.3.1!

Remark 3.3.4 (Caution!)

The assumption that the unperturbed solution is not degenerate is essential and cannot be
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dropped! The above analysis only works, if the index sets B and N don’t change! This can
only be guaranteed for perturbations 0 sufficiently close to zero. For large perturbations or
in the degenerate case, the index sets B and N wusually do change and the optimal value
function is not differentiable at those points, where the index sets change. Example 3.3.1

clearly shows, that this does happen.

3.4 A Primal-Dual Algorithm

This section discusses an algorithm which aims to satisfy the complementary slackness
conditions. This algorithm will be particularly useful for shortest path problems later on.
We consider the primal linear program

(P) Minimise c'w subject to Az =b, x>0
and the corresponding dual problem
(D) Maximise b'A subject to ATx<e

with A € R™" b e R™ ¢ € R" z € R", and A € R™. Without loss of generality we
assume b > 0. Moreover, let o/, j = 1,...,n, denote the columns of A.
Our aim is to construct an algorithm that computes a feasible x for (P) and a feasible A

for (D) such that the complementary slackness conditions
X ((AT)\)]'—C]'):O, jzl,...,n,
hold, where (AT)); = (a/)TA denotes the j-th component of the vector ATA. Theo-
rem 3.2.2 guarantees then the optimality of x and A.
Construction of the algorithm:

e Let a feasible A € R™ for (D) be given (if ¢ > 0, we can choose A = 0; otherwise we

have to solve an auxiliary problem first).

Define the index set
B:i={je{l,....n} | (ATN); = ¢}
of active dual constraints.

e The complementary slackness conditions will be satisfied if we can find a feasible x
for (P) with
X ((ATA)] - Cj) = O, \V/] Q lg7
[ S—

<o for j¢B
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which is the case if and only if z; = 0 holds for all j ¢ B. Summarising, we have to
find x € R™ with

Zaja:j =Apxp = b,
jeB
T VJ S B,

Y,
o

This can be achieved by solving an auxiliary linear program which was already
useful to find an initial feasible basic solution for the simplex method (Phase 1).
This problem is obtained by introducing an artificial slack variable y € R™ with
non-negative components y; > 0, ¢ = 1,...,m, and is referred to as Restricted
Primal: -
Minimise Zyi

i=1
subject to Apxp+y =0,

x; >0, j € B,

rj =0, J & B,

y; > 0, i=1,...,m.

(RP)

This linear program can be solved by, e.g., the simplex method. Notice that (RP)
always has an optimal solution as the objective function is bounded below by 0 on
the feasible set and x = 0 and y = b > 0 is feasible.

Let f,,: denote the optimal objective function value of (RP) and let (zopt, Yopt) be
an optimal solution of (RP).

e Two cases may occur:

(i) If fopr = 0, then the corresponding solution z,, is feasible for (P) and satisfies
the complementary slackness conditions. Thus, z,, is optimal for (P) and X is
optimal for (D).

(ii) If fopr > 0, then the corresponding solution z,, is not feasible for (P) as it only
satisfies Axqp + Yopr = b with a non-zero vector y,,;. How can we proceed?
To answer this question, we will exploit the dual problem of (RP) which is
given by

Maximise b"\
(DRP) subject to  Aj\ <0,
A <1, j=1,...,m.

Let A denote an optimal solution of this problem. Owing to the strong duality

theorem we have b' X = fopt > 0.
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We intend to improve the dual objective function by computing a better dual

vector

A=A+t

for some t € R. The dual objective function value then computes to

BN =b"A+tb'\
0
>

and it will increase for ¢ > 0.
Moreover, we want to maintain dual feasibility of \*, i.e.
(AT)\*)]‘ = (AT)\)j —f-t(AT;\)] S Cj, VJ = 1, <o, N

——
<c¢;j

As A satisfies ALX < 0 resp. (a/)"A = (ATN); < 0 for j € B, the above

inequality is satisfied for every ¢t > 0 for j € B.

It remains to check dual feasibility for j ¢ B. Two cases:

(iia) If (ATXA); <0 for all j ¢ B, then dual feasibility is maintained for every
t > 0. For t — oo the dual objective function is unbounded because
b"A\* — oo for t — oo. Hence, in this case the dual objective function
is unbounded above and the dual does not have a solution. According to
the strong duality theorem the primal problem does not have a solution as

well.
(iib) If (ATX); > 0 for some j ¢ B, then dual feasibility is maintained for

(AT, _
tmaz = min{% j & B, (AT)\)j > 0}.

Hence, \* = A + t,q2 is feasible for (D) and improves the dual objective

function value.

These considerations lead to the following algorithm.
Algorithm 3.4.1 (Primal-Dual Algorithm)

(0) Let X\ be feasible for (D).
(1) Set B={j€{l,...,n} | (ATN); = ¢}

(2) Solve (RP) (for the time being by the simplex method). Let f,,; denote the optimal
objective function value and let X be an optimal solution of (DRP).

(3) If fopr = 0, then STOP: optimal solution found; x is optimal for (P) and X is optimal
for (D).
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(4) If fopr >0 and (ATX); <0 for every j & B, then STOP: (D) is unbounded and (P)

is infeasible.

(5) Compute
¢ — (AT,

tmaz = min{ AT, j ¢ B, (ATE\)j > O}

set X := A+t A, and go to (1).

Example 3.4.2
Consider the standard LP

(P) Minimise — c'x subject to  Ax =0b, v >0,
with
—2
-3
. . 8 A= 1210 ‘
0 9 2101
0

The dual is given by

(D) Mazimise bTA subject to AT\ <e¢,
i.e. by
Maximise 8 + 9Aq
subject to A +2 s < —2,
2+ M < =3,
A< 0,
A < 0.

Iteration 1:
A = (=1,-1)7 is feasible for (D) because AT\ = (=3,-3,—1,—1)" < ¢ and only the

second constraint is active, i.e. B = {2}. The restricted primal reads as follows:

Minimise — y1 + yo
subject to 2xo + Y1 8,
Ta+ys = 9, T2,Y1,Y2 = 0.

This LP has the solution xo = 4,y1 = 0,y = 5 and f,,r = 5> 0. A solution of the dual
of the restricted primal is X = (—1/2,1)T. We find ATA = (3/2,0,—1/2,1)T and thus the
unboundedness criterion is not satisfied. We proceed with computing

2-(9) 9= (-1}
32 1

t ' 2
maz = Min =
3
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and update X = X\ + tiae) = (—4/3,-1/3)7.
Iteration 2:
AT\ = (=2,-3,-4/3,—-1/3)" and thus B = {1,2}. The restricted primal is

Minimaise Y1+ Yo
subject to 1 +2x9+1y; = 8,
2v0 +ro+y2 = 9, T1, T2, Y1, Y2 > 0.

This LP has the solution 1 = 10/3,22 = 7/3,y1 = y2 = 0 and fox = 0. Hence,
x = (10/3,7/3,0,0)" is optimal for (P) and A = (—4/3,—1/3)T is optimal for (D).
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Chapter 4

Integer Linear Programming

In this chapter we consider integer programs of the following type.
Definition 4.0.1 (Integer linear program (ILP))
Letc=(ci,...,c,)" €R", b= (by,...,b,)" €R™, and

aip Q2 - Qip
A Q21 Q22 -+ Q2pn c RIxn
Am1 Am2 - Omp
be given. The integer linear program reads as follows: Find x = (x1,...,x,)" such that

the objective function

CTl': E C;T;
i=1

becomes minimal subject to the constraints

n
E Qi T5 = bi, izl,...,m,
J=1

Lj

Vi
\_O
.
I
\‘H
E

I]’ € Z, jzl,,n
In matrixz notation:

Minimise c'x subject to Ax=0b, x>0, x¢€Z" (4.1)

Remark 4.0.2
In the case x; € {0,1}, i =1,...,n, the problem is called a binary optimisation problem.
A more general class is given by so-called mized-integer optimisation problems. Herein,
some of the variables may assume real values while the others may assume integer values
only. We don’t want to discuss mixed-integer optimisation problems here although most of

the following ideas for integer linear programs can be extended to mized-integer problems
as well.

We have seen already some integer linear programs in the introduction, for instance the

76



7

assignment problem 1.1.7 and the knapsack problem 1.1.10 are integer linear programs (ac-
tually they are binary optimisation problems). Also the traveling salesman problem 1.1.9
is a integer linear program and a binary optimisation problem, respectively. The facility
location problem 1.1.11 is an example for a mixed-integer optimisation problem.

Very frequently, we will make use of the following integer linear program relaxation, which

is obtained by omitting the integer constraints z; € Z, j = 1,...,n.

Definition 4.0.3 (Integer linear program relaxation (ILP relaxation))

The linear program
Minimise c¢'z subject to Arxr=0b, x>0

is called integer linear program relazation (ILP relazation).

In general, a relaxation of a given optimisation problem is obtained by omitting or simpli-
fying constraints such that the feasible set of the relaxed problem becomes larger than the
feasible set of the original problem but otherwise contains all feasible points of the original
problem. In the ILP relaxation we omitted integer constraints admitting feasible points
with real valued components. Nevertheless, all integer feasible points are still feasible for
the ILP relaxation. Usually the relaxation of a problem is easier to solve than the original
problem. For instance, the ILP relaxation is a standard linear program and can be solved
by the simplex method while the ILP itself is hard to solve.
The ILP relaxation has an important property:

Theorem 4.0.4 (Lower Bound Property)
Let & be an optimal solution of the integer linear program and let "¢ be an optimal
solution of the ILP relaxation. Then

- The feasible set of the ILP relaxation contains the feasible set of ILP. As the
feasible set of the ILP relaxation is larger than that of ILP, the optimal objective function
value of the ILP relaxation has to be less than or equal to the optimal objective function
of ILP. O

How can ILP be solved?

A very naive (and false) approach would be to solve the ILP relaxation and round the
obtained solution "¢ componentwise to the next feasible integer solution. The following

example shows that this rounding procedure fails in general.
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Example 4.0.5 (compare problem sheet 1, question 2)
Consider the ILP:

Minimise —2x1 — 3xo subject to

IN

xr1 + 21'2 8,

200+ 219 <9, x1,29 >0, 1,29 € Z.

The feasible set of ILP is given by the black points. The optimal ILP solution is given
by the red point & = (2,3)T with objective function value —13. The blue point "¢ =
(10/3,7/3)" with objective function value —13% is the solution of the ILP relazation,
whose feasible set is the shaded area. Rounding the point "¢ to the next feasible integer
solution yields the point x = (3,2)" with objective function value —12. This point is not

optimal for ILP.
A

AN
4
3
2
1

Y

<
—2x1 — 319 = —13

4.1 Gomory’s Cutting Plane Algorithm

The cutting plane method of Gomory is based on the construction of ‘cuts’, which are
additional linear constraints that ‘cut-off’ parts of the ILP relaxation until eventually an

integer solution for ILP is being found. The algorithm works as follows:

Algorithm 4.1.1 (Cutting plane algorithm of Gomory)

(0 Let (R) denote the ILP relazation 4.0.1.

olve (e.g. using stmplex) the problem and let x enote the optimal solution.
1) Sol ' mpl h bl R dlet 27 d h mal soluti
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If 27 is integer, then 2" is also optimal for ILP. STOP: optimal solution found!
If problem (R) does not have a solution, then ILP has no solution as well. STOP:
no solution exists!

(2) Construct an additional linear constraint (a ‘cut’) with the following properties:

(i) 27 does not satisfy this additional constraint, that is, 2" is being cut-off by
the constraint.

(i1) Every feasible point of ILP satisfies the additional constraint.

(3) Add the constraint constructed in (2) to the problem (R) and go to (1).

Of course, it has to be specified how the additional linear constraint in step (2) of the

algorithm has to be constructed.

Construction of the cut in step (2):

Problem (R) in step (1) of the algorithm can be solved by the simplex method. If an

optimal solution exists then the simplex method terminates in a feasible basic solution
i,rel _ A_lb o A_lA ~rel __ . FArel
B — 4B p Aniy =0 TN

with basis index set B and non-basis index set N. If 27! is integer, then 275 = 3, #7¢ = 0

is optimal for ILP and the algorithm terminates.

If 2% = 3 € Z™, then we have to construct a linear constraint which cuts-off 2" but
does not cut-off feasible points from ILP. We need the following ingredients:

e Let i € B be an arbitrary index with g; € Z.

e Let |a]| denote the largest integer which is less than or equal to a. Then |a] < a
holds.

e Let x be an arbitrary feasible point of ILP.

Using the same basis index set B which defines the feasible basic solution 2", we can

T =i — Z%jxja

jEN

express x by

where 3;, © € B, are the components of § = Aglb and v;;, ¢ € B, j € N, are the
components of I' = A,}lA ~. Then:

Bi = x; + Z%’jxj- (4.2)

JEN
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Since x; > 0 and |7, | < 7;; we find

B> i+ il (4.3)

JEN

Since the components z;, i € B, and z;, j € N, of = are integer (recall that z is a feasible
point of ILP), we obtain
x; + ZL’%]JCL’J €.

jEN

Hence, the feasible point x of ILP satisfies even the stronger inequality (compared to

(4.3))
1Bi] > x; + ZL%’;’J%- (4.4)

JEN

Owing to (4.2) and (4.4) the feasible point x of ILP satisfies the inequality

18] = Bi > Z(L%JJ — Yij)Tj- (4.5)

JEN

However, the current non-integer basic solution 7% = 3 does not satisfy this inequal-
ity because §; € Z and |5;] — 3; < 0 and fcgel = 0, j € N. Hence, the additional

constraint (4.5) cuts-off the point 27 as desired.

Summarising, we can specify step (2) in Algorithm 4.1.1:

Step (2): Construction of a cut

Let 27! = 3, #7¢" = 0 denote the optimal solution of problem (R) with basis index set
B and non-basis index set N. Choose an index ¢ € B with §; ¢ Z. Add the constraint

T+ Y (L) =)z = 18 - B

JEN

v

0

xn+1

where x,; is a slack variable for (4.5).

Example 4.1.2 (compare Example 4.0.5)

Consider the following integer linear program (rs, x4 are slack variables):

Minimise —2x1 — 3x9 subject to

T1+ 2w 4235 = 8§,
200 +x94+ 24 = 9, x; >0, LL’Z'GZ,Z':L2,3,4.

© 2009 by M. Gerdts



4.1. GOMORY’S CUTTING PLANE ALGORITHM 81

The solution of the ILP relaxation using the simplex method yields the following feasible

basic solution with basis index set B = {1,2}:

1 2 8 10 _1 2
Ap = , b= , Ay = ,T=A AN = 3 30,
’ <21> <9> ' (01> o ( §—%>
iTEl — 3 ~rel arel) T
( Aj‘el = B=A5'b= ?% ’ ($3 L l) = (0,0)".
Ty 3
The component 27 = % is not an integer, so we may use the index 1 € B = {1,2} for

constructing the cut. The inequality (4.5) with By = 10/3, v14 = 2/3, 713 = —1/3 reads

as.
1_L10J 10> L 1J+1 n {QJ 2 2 2
3 L3) 37 3/ T3) T Al3) T3) T T3 g™

Hence, the cut is given by the inequality

1 S 2 2
—— > — =15 — —I4.
3= 3% 3™
We now intend to visualise the line
2 2 1
R—— —_— — = —_—— 4.6
3BT 3T Ty (4.6)

which defines the cut in the (x1,x2)-plane. We exploit the original constraints of ILP in

order to obtain
r3 = 8—x1— 2T,
T4 = 9—211 — x9.
Introducing these relations into (4.6) yields the line
221 + 229 = 11.

This additional constraint (blue) actually cuts-off 27 :
A

Y

1 2 3 4 2x1+2x2'\:11
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In the next iteration of the cutting plane algorithm we have to solve the following extended

linear program:

Minimise —2x1 — 3xo subject to

1+ 229+ 23 = 8§,
21’14’[)32"‘(134 = 97
2 2 1 .

3 3 3’

The solution of this LP using the simplex method yields the following feasible basic solution
with basis index set B = {1,2,4}:

12 0 8 10 -1 1
Ap = [ 21 1 |,0=| 9. Av=| oo ]|, 0= 1 1],
2 1 2 3
00 —3 —3 —3 1 1 =3
e 3 .
' | = f=Apb= (@5, 257) = (0,0)".

The component 4 = % is not an integer, so we may use the index 2 € B = {1,2,4} for
constructing a further cut. The inequality (4.5) with By = 5/2, ya5 = —1/2, 723 = 1 reads

as

Hence, the cut is given by the inequality

1 S 1
—= > ——Is.
2= 27°
Again we intend to visualise the line —1/2 = —1/2x5 in the (1, x5)-plane. Exploiting the
original constraints yields
T1+ X9 = 5.

This additional constraint (red) cuts-off the current point £ (blue point):
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T+ 219 =8

Y

[ [ [
1 2 3 4 N 2x1+2x2'\:11

In the next iteration of the cutting plane algorithm we have to solve the following extended
linear program:
Minimise —2x1 — 3xo subject to

x1+2$2+x3 = 8,

21’1+$2+ZL‘4 = 9,

2 2 1
—§$3 — 5114 + 5 = —g,
1 1 .
s s =~ w20,i=1...,6

It turns out that this problem has the following solution, which is feasible for ILP and thus
optimal:

i =(2,3,0,2,1,0)" (B ={1,2,4,5}).

Remark 4.1.3

e A disadvantage of Gomory’s cutting plane method is the monotonically increasing
dimension of the problem (R) in step (1) of the algorithm since in each iteration an

additional constraint is being added.

o An efficient implementation of the method is based on the dual simpler method,

which allows to re-use the optimal simplex tables constructed in step (1).

e Under some conditions, the finiteness of the cutting plane algorithm can be shown,
see Gerdts and Lempio [GL06, Sec. 8.2, Th. 8.2.10].
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4.2 Branch&Bound

The Branch&Bound method is an enumeration algorithm which aims at breaking down
a given difficult problem into possibly many problems that are easier to solve.
We explain the working principle of Branch&Bound for the knapsack problem with N = 3

items, compare Example 1.1.10.

There is one knapsack and 3 items. The items have the values 3,5,2 and the weights
30,50,20. The task is to create a knapsack with maximal value under the restriction
that the weight is less than or equal to A = 70. This leads to the following optimisation
problem.

Maximise 3x1 + 5xy + 223 subject to the constraints
30x1 + 50x9 + 2023 < 70, x; € {0,1}, i =1,2,3.

Let
S = {(x1, 29, 23)" | 3021 + 50z + 2023 < 70, x; € {0,1}, i =1,2,3}

denote the feasible set. We know that the optimal value for z; is either 0 or 1. Hence,
we can split the knapsack problem into two smaller problems by fixing x; to 0 or 1,

respectively. Hence we can partition the feasible set S as

S:S(]USl, 50051:(2),

Sy = {(z1,29,23)" | 30z, + 50xy + 2025 < 70, 2, =0, z; € {0,1}, i = 2,3}
Sl = {(le'l,l'g,ng)T ‘ 3021 + 50z + 20.1'3 < 70, €Ty = 1, x; € {O, 1}, 1= 2,3}

For each of the subsets Sy and S; we can do the same with the component x,:
So = Soo U So1 and S1 = S1oU S,
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where Syo N Sp; = 0 and Sjp NS1; = 0 and

Soo = {(ml,xg,xg) | 30z + 5029 4+ 2023 < 70, 21 = x5 = 0, x3 € {0,1}}
Sop = {(x1,29,23)" | 3021 + 5029 + 2025 < 70, 1 =0, 29 = 1, x5 € {0,1}}
Sio = {(x1,29,23)" | 30m; + 5029 + 2023 < 70, 1 =1, 29 = 0, x5 € {0,1}}
S = {(x1,29,23)" | 3021 + 5029 + 2025 < 70, 2y =29 =1, 25 € {0,1}}.

Finally, we can repeat the procedure for the component x3. This leads to the following

tree structure:

(o)

& &

Essentially we constructed a partition of the feasible set S according to
S = So00 U Soo1 U So10 U Sor1 U S100 U S101 U S110 U S111-
Now, we can associate with each node the following optimisation problem:
max 3z, + Sxy + 273 subject to (21,29, 23)" € S, (4.7)

where * € {0,1,00,01, 10, 11,000, 001,010,011, 100, 101,110, 111}. Notice that the feasi-
ble set S, gets smaller as we descent in the tree and at the same time the corresponding
optimal objective function values are non-decreasing.

Eventually, the optimisation problems corresponding to the nodes in the bottom row are
very easy to solve, because for each of these ‘leaf nodes’ all components of the vector
(21,9, 23)" are fixed. Hence, either the corresponding feasible set is empty or contains
exactly one element. For instance Sjg; = {(1,0,1)"} with objective function value 5,
while S11; = 0. By investigating all eight leafs of the tree we can easily find the optimal
solution of the problem (find it!).

Unfortunately, the tree becomes extremely large for large values of N and this complete
enumeration strategy (branching) will be computationally intractable. At this point, the
bounding procedure comes into play. This bounding procedure aims at pruning those

subtrees which don’t contain a solution of the problem. What cases might occur in which
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it makes no sense to expand a subtree any further?

Case 1: Pruning by infeasibility

Consider the node S;; in the above knapsack problem. It holds S;; = @ because z; =
x9 = 1 and 30 4+ 50 = 80 £ 70. Hence, it is unnecessary to investigate the descendants
S110 and S711 because these are infeasible as well. Hence, the whole subtree below the

infeasible node S7; can be pruned.

Case 2: Pruning by optimality
If an optimisation problem associated with a node can be solved exactly, then the subtree

emanating from this node needs not to be investigated and can be pruned.

Case 3: Pruning by bound

Consider the following subtree of the knapsack tree.

x2=0 x2=1

S

For the node Sy it is easy to see that the optimal objective function value is between 0
(if z3 = 0) and 2 (if 23 = 1). Likewise, the optimal objective function value of the node
So1 is between 5 (if 23 = 0) and 7 (if z3 = 1). As we aim at maximising the objective
function, it is clear that the optimum of the problem S is not going to be in the subtree
emanating from Spg because the bounds for the node Sy; guarantee a higher objective

function value. Hence it is not necessary to expand node Sy, any further.

The above pruning strategies help to reduce the number of nodes in the tree considerably.
It remains to answer the question of how to find lower and upper bounds on the optimal

objective function value at each node of the tree. The following approaches are useful:

e Any feasible point provides a lower bound on the optimal objective function in a

maximisation problem.

e The ILP relaxation provides an upper bound on the optimal objective function in
a maximisation problem. The ILP relaxation of the knapsack problem is given by
the following LP:

Maximise 3x7 + bxy + 223 subject to the constraints
30$1+50$2+201’3 S?O, OS.%’@S 1, 221,2,3
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It is straight forward to define an S, relaxation for each node S,. Each of these

relaxed problems can be solved by the simplex method.

e The dual of the ILP relaxation provides an upper bound on the optimal objective

function value in a maximisation problem (weak duality!).
Summarising, a general Branch&Bound method has the following components:

e branching rule: rules for generating new nodes in the tree (how should the feasible

set be partitioned?)

e bounding rule: procedure for finding upper and lower bounds of the optimal objec-

tive function value (relaxation, duality)

e traversing rule: defines the order in which the tree is traversed (e.g. depth-first
search)

e fathoming rules: defines when a node does not need to be explored any further

Example 4.2.1 (Knapsack Branch&Bound)
In the following example we apply the Branché Bound method again to the knapsack prob-
lem:

Mazimise 3x1 + bxy + 2x3 subject to the constraints
30x; + 50xs + 20x3 < 70, x; € {0,1}, i =1,2,3.

For each node an upper bound is computed by solving the ILP relaxation. Lower bounds

are provided by feasible points. Branching is done on the component x° with smallest

index i for which xt ¢ {0,1}. Herein, 2 denotes the optimal solution of the ILP

relaxation.

relaxed solution:
x1=2/3,x2=1,x3=0
upper bound =7
lower bound =0

relaxed solution:
x1=1,x2=0.8,x3=0
upper bound =7
lower bound = 3

relaxed solution:
x1=0,x2=1,x3=1
upper bound =7
lower bound =7
feasible solution!

In the above picture the nodes were generated in the following order: S, Si, So. As the Sy
relazation produces a feasible solution with objective function value 7, it is not necessary
to explore the subtree of Sy, because the value of Sy is bounded between 3 and 7, so the

subtree does not contain a solution which is better than that of Sy.
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4.2.1 Branch&Bound for ILP
We briefly discuss how Branch&Bound can be used to solve an integer linear program,
see Definition 4.0.1.

Branching for ILP:
Consider a node of the Branch&Bound tree (for instance the root ILP). Let

Minimise ¢’z subject to Az =b, x>0, z € Z".

be the corresponding integer linear program. Let 27 be the solution of the ILP relaxation
Minimise ¢'z subject to Az =b, z > 0.

If 7 is feasible for the original ILP then no further branching is necessary for the current

node. If 2™ & Z™ then branching consists of two steps:
(i) Choose and index k with 27 & Z. .

(ii) Create two successor nodes Sy, (left successor) and Sy (right successor) according

to
(Sp) : Minimise ¢'z st. Az =b, 2 >0, x € Z", 2, < |z} ].
and
(Sr) : Minimise ¢’z st. Av=b, 2 >0, 2 € Z", 2}, > |2}%] + 1.
Min c¢'z
st. Arxr=0b x>0
xezZ”
< |23 o > |23 + 1
Min ¢’z Min ¢’z
st. Az=0b >0 st. Ar=0b,2>0
x €2, xp < |27 €2 x> |2t + 1

A recursive application of the branching rule starting with ILP creates a tree structure.
Every edge corresponds to an additional linear constraint. Notice that the union of the

feasible sets of (S1) and (Sg) is again the feasible set of the predecessor node.
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Bounding for ILP

Consider a node and the corresponding ILP

Minimise ¢’z subject to Az =b, >0, z € Z".

Let Z denote the optimal solution with objective function value f = ¢'Z. Of course, f is

not known. A lower bound and an upper bound of f can be found as follows:

e Upper bound:
For every x with Az =0, x > 0, x € Z" it holds

~

f= i <clz
Hence, every feasible point z provides an upper bound U = ¢'x of f .

e Lower bound:

Let "¢ denote the solution of the ILP relaxation

Minimise ¢'z subject to Az =b, > 0.

Then

~

frel — CTxrel S CTHAZ’ — f

and £ is a lower bound for f )

Fathoming rules for ILP

A node is called explored and no further branching is necessary for the node if one of the

following holds:
e The ILP relaxation is infeasible.
e The ILP relaxation has an integer solution. This solution is feasible for the original
ILP and the corresponding objective function value is an upper bound of the optimal

objective function value.

e The lower bound of the node is larger than or equal to the current upper bound U.
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Summarising we obtain the following algorithm.
Algorithm 4.2.2 (Branch&Bound algorithm)

Init:

— Let U be an upper bound of the optimal objective function value (if none is known,
take U = 00).

— Let ILP be active.

while (there are active nodes) do

Choose an active node v according to a traversing rule.

Compute (if possible) an optimal solution & of the v relaxation

and set f =c'z.

if (v infeasible) then label node v as explored. endif

if (z € Z™) then
if (f < U) then Save & as the current best solution and set U = f. endif
Label node v as explored.

endif

if (f > U) then Label node v as explored. endif

if (f < U) then
Apply branching rule, label all successors active and label
current node v inactive.

endif

end

The size of the tree constructed by the algorithm depends on the data of the problem and
can be very large. Often the algorithm has to be terminated without finding an optimal
solution. However, an advantage of the method is it provides bounds of the optimal value
even if it is terminated. The upper bound is given by U. A lower bound L is given by
the minimum of all lower bounds of active nodes. U and L can be also used to define a
stopping criterion, that is the algorithm stops if U — L < tol holds for a given tolerance
tol > 0.

The Branch&Bound method can be also used to solve traveling salesman problems, as-

signment problems, global optimisation problems, .... It’s a very flexible algorithm and
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extremely important for practical applications in economy and industry. There exist many

variations of the main algorithm, for instance:
e Lower bounds can be obtained by solving dual problems instead of ILP relaxations.

e Lower bounds obtained by ILP relaxations can be improved by performing a few
cuts of the cutting plane method. For the performance of the Branch & Bound
method it is important to compute good bounds which often lead to smaller search

trees.

If the feasible set of ILP is unbounded, then the Branch & Bound method may not

terminate as it can be observed for the following example
max x+y+z subjectto 20+2y <1, 2=0, x,y € Z.

Obviously, the example has infinitely many solutions satisfying x; + x5 = 0.

4.3 Totally Unimodular Matrices

Let us consider again the Integer Linear Program 4.0.1, i.e.
Minimise ¢'z subject to Az =b, x>0, ze€Z",

and its relaxation

Minimise c¢'z subject to Az =0b, x> 0.
In general, the optimal solution of the ILP relaxation will not be feasible for ILP. However,
there is a large class of problems for which it turns out that optimal basic solutions of
the ILP relaxation are automatically feasible for ILP and hence solve ILP. Thus, for this
problem class it is sufficient to solve just the ILP relaxation using the simplex method.
Definition 4.3.1 (totally unimodular matrix)

An integer matriz A € Z*" is called totally unimodular, if every square submatriz A of

A satisfies det(A) € {0,1,—1}.

Note, that a totally unimodular matrix can only have entries 0,1, —1 as every element of
A can be viewed as a square submatrix of dimension one.
Total unimodularity has an important connection to linear programming and especially
to the feasible set of a linear program as the following theorem shows.

Theorem 4.3.2
Let A € Z™*™ be totally unimodular and let b € Z™ be integral. Then all (feasible) basic
solutions of the set

Mg:={z eR"| Az =0, x > 0}
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are in Z" (i.e. integral).

IBRBE L.t = be a basic solution of Mg with Agzg = b, 2y = 0 for a basis index set B
and a non-basis index set N. As Ap is a square submatrix of A, it is totally unimodular.
We show that all entries of X := Agl are integer. X satisfies ApX = I that is Aga’ = ¢/,

j=1,...,m, where 27 denotes the j-th column of X and ¢’ the j-th unit vector. According
to Cramer’s rule it holds _
v, detly)
det(AB)

where A% denotes the matrix Ap with the i-th column replaces by e/. Now we can express

the determinant of A% by developing it with respect to the i-th column:
det(A) = (=1 det(43),

where Agj denotes the submatrix of Ag with the i-th column and the j-th row deleted. As
A has only integer entries, det(Agj) isin Z. As Ap is totally unimodular and non-singular,
it holds det(Ag) = £1 and thus, X;; € Z for all 4, j. Hence, Az' = X € Z™™ and thus

xp = Az'b € Z™ as b was assumed to be in Z™. O

This theorem has a very important consequence. Recall that the simplex method always
terminates in an optimal vertex of the feasible set (assuming that an optimal solution
exists). Hence, the simplex method, when applied to the ILP relaxation automatically
terminates in an integer solution with x € Z" and consequently, this x is optimal for ILP
as well.
Remark 4.3.3

Caution: The above does not imply that every optimal solution is integral! It just states
that optimal vertexr solutions are integral, but there may be non-vertexr solutions as well

which are not integral.

There are many network optimisation problems like transportation problems, shortest
path problems or maximum flow problems that can be formulated with totally unimodular
matrices. We investigate transportation problems, see Example 1.1.3, in more detail.
For the transportation problem in Example 1.1.3 we assume that the supply a; > 0,

i=1,...,m, and demand b; > 0, j = 1,...,n, are balanced, that is

m n
E a; = E bj.
=1 j=1

This is not a restriction as we could introduce an artificial consumer b, ,; whenever the
total supply exceeds the total demand. On the other hand, if the total demand exceeded
the total supply, then the problem would be infeasible.
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Under this assumption, the transportation problem reads as follows and it can be shown

that it always possesses a solution:

m n
Minimise E E CijTij (minimise delivery costs)
i=1 j=1

n
E Ty = a; 1=1,...,m,
=1

m
E Ty = bj, ]:1,...,77,,
i=1

ng Z O, 'i:l,...,m,j::l’...,n.

s.t.

In matrix notation we obtain:

min ¢z st Ar=d, x>0,

where
r = (xllw"737177,71;217"'7x2n7~"7xm17”'7xmn>—r7
= (Clla-"7cln70217"'>C2n7-"7cm17-"7cmn)T7
d = (ar,...,a4mb1,...,by)",
11 --- 110 0 --- 0l---10 0 --- 0
oo --- 011 -+ 1]---100 --- 0
1 o0 --- 0l00 -« O0]---1]11 -1 ———
1 1 a1
1 1 1
1 11.-- 1

In practical problems z;; is often restricted in addition by the constraint z;; € Ny =
{0,1,2,...}, i.e. z;; may only assume integer values. However, it turns out, that the
transport matrix A is totally unimodular.

Corollary 4.3.4

The transport matriz A is totally unimodular.

- Proof by induction on the size ¢ of the ¢ x ¢ sub-matrices.

t =1: Let B a1 x 1 sub-matrix of A. As A has only entries 0 and 1, the determinant of
each 1 x 1 submatrix has value 0 or 1.

Induction step: Let the assumption hold for ¢t — 1 and let B be a t X t sub-matrix of A.

Three cases may occur:
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1. There is a zero column in B. Then det(B) = 0.

2. Every column of B has exactly two entries 1. One entry refers to the first block row
in A and one to the second. Summing up the rows corresponding to the first block
row yields a vector of all ones. Summing up the rows corresponding to the second
block row yields a vector of all ones again. Hence, the rows of the matrix B are
linearly independent and thus det(B) = 0.

3. B has a column with exactly one entry 1. Then, det(B) = £1 - det(B), where B is
the (t—1) x (t — 1) sub-matrix of B that is obtained by deleting in B the respective

column and the row with the 1 entry. According to the induction assumption,

det(B) € {0,1,—1}. Hence, det(B) € {0,1,—1}.

O

The total unimodularity of A and Theorem 4.3.2 guarantee that the simplex method,
when applied to a transportation problem with d € Z™*" always computes a solution
x e zmm.
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Chapter 5

Minimum Spanning Trees

Many combinatorial optimisation problems like routing problems, network flow problems,
traveling salesman problems, and transportation problems use graphs and networks. For
instance, a roadmap is a graph which defines connections between cities.

This chapter will be used to

e introduce basic notations and terminologies from graph theory
e discuss minimum spanning tree problems

e introduce a greedy strategy for minimum spanning tree problems

As a motivation for this chapter, consider the following practically relevant problem.
A telephone company wants to rent a subset of an existing telephone network. The subset
of the network should be large enough to connect all cities, but at the same time renting

it should be as cheap as possible. Figure 5.1 illustrates the situation with 6 cities.

How to model this problem? The telephone network is naturally modeled by a graph or,
more precisely, by a network. Intuitively, we think of a graph as a set of nodes and edges,
which describe connections between nodes in terms of undirected lines or directed lines

(arrows), compare Figure 5.1.

1

5

4
10 (4) 3
2 6
5)
g (6)

Figure 5.1: Spanning tree in a (undirected) graph.
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In our example the nodes of the graph correspond to the cities and the edges correspond
to the telephone connections between cities. The weight of each edge corresponds to the
cost of renting the connection. We are looking for a so-called spanning tree of minimum
weight which will be defined below.

Finding a spanning tree of minimum weight in a network belongs to the oldest problems

in combinatorial optimisation and a first algorithm was given by Boruvka in 1926.

5.1 Elements from Graph Theory

Many combinatorial optimisation problems like the spanning tree problem, routing prob-
lems, network flow problems, traveling salesman problems, and transportation problems
use graphs and networks. For instance, a roadmap or an electricity network is a graph
which defines connections between cities.

Sometimes, the edges of a graph are just used to indicate that some kind of relation be-
tween two nodes exists while the orientation of the edge is not important. But often, the
edges of a graph describe flow directions or one-way street connections. In this case, the
orientation of an edge is actually important as it is only possible to reach some node from
another node following the connecting edge in the right direction. Hence, it is useful and

necessary to distinguish directed and undirected graphs.

Definition 5.1.1 (graph, directed graph, undirected graph, underlying undi-
rected graph)

o A graph G is a tupel G = (V, E), where V # () is a finite set of nodes (or vertices)
and E CV x V are the edges of G.

o A graph (V, E) is called undirected, if all edges e € E are undirected, i.e. all tupels
(v,w) € E are not ordered.

o A graph (V,E) is called digraph, if all edges e € E are directed, i.e. all tupels

(v,w) € E are ordered.

e The underlying undirected graph of a digraph (V, E) is the undirected graph (V, E)
with (v,w) € E < (v,w) € E, i.e. the underlying undirected graph has the same

nodes and edges as the directed graph but the orientation of the edges are omitted.

In the sequel we always assume that the number of nodes in a graph is finite. Moreover,
we exclude parallel edges, i.e. edges having the same endpoints (undirected graphs) or
the same tail and head (directed graphs), respectively. Finally, we exclude sweeps, i.e.
edges of type (i,7) with i € V.
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Usually, nodes are visualised by circles. Edges in an undirected graph are visualised by
lines connecting two nodes. Edges in a digraph are visualised by arrows and indicate, e.g.,
flow directions or one-way street connections.

Example 5.1.2
Undirected graph G = (V,E) with nodes V. = {R,1,2,3,4,S} and edges
E={(R,1),(R,2),(1,2),(1,3),(1,4),(2,3),(3,5), (4,9)}:

R O—~ S
Directed graph G = (V,E) with nodes V. = {R,1,2,3,4,S} and edges
E={(R,1),(R,2),(2,1),(1,4),(2,3),(3,1),(3,95),(4,5)}:

Y

»

N
-4

Caution: Let 7 and j be nodes and let e = (4,7) be an edge. In an undirected graph the
edges (i, j) and (j,1) are considered to be the same. Whereas in a digraph the ordering of
the nodes i and j in the edge (1, 7) is highly relevant, i.e. (i,7) and (j,7) denote different
edges and only one of which may be present in the directed graph.

Often it is important to find a way through a given graph starting at some node and
ending at another node.

Definition 5.1.3 (Walks and Paths)
Let G = (V, E) be a graph.

e Fach sequence

W =wy,e1,v9, €, ..., 0k, €k, Vi1, k>0, (5.1)
of nodes vi,...,v41 € V and edges ey, ... ex € E with e; = (v;,v41) for i =
1,...,k is called edge progression (in G ) with initial node vy and final node vi. .
We use the shorthand notation W = [vy,va, . .., Ug, Vg y1]-
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An edge progression (5.1) is called walk (in G), ife; # e; for1 <i < j <k. A walk

is closed if vi = V1.

A walk (5.1) is called vy — v —path (in G), if v; #vj for 1 <i<j<k+1.

A circuit is a closed walk (5.1) with v; # v; for 1 <i < j <k.

A node w is said to be reachable from a node v, if a v — w—path exists.

Example 5.1.4

-2

® @

Edge progression W=R,(R,1),1,(1,2),2,(2,3),3,(3,1),1,(1,2),2,(2,3),3,(3,5),S
not awalk as the edges (1,2) and (2,3) are visited twice!

® @ @ S

Walk W=R,(R,1),1,(1,2),2,(2,3),3,(3,1),1,(1,4),4,(4,S),S
not a path as vertex 1 isvisited twice!
Thewalk contains a circuit: 1,(1,2),2,(2,3),3,(3,1),1

-2

Path W=R,(R,1),1,(1,2),2,(2,3),3,(3,S5),S
Sisreachable from every other vertex,
vertices R,1,2,3 are not reachable from vertex 4

© 2009 by M. Gerdts



5.2. MINIMUM SPANNING TREE PROBLEM 99

Often, we are interested in connected graphs.
Definition 5.1.5 (connected graphs)
An undirected graph G is called connected, if there is a v — w—path for every v,w € V.

A digraph G is called connected, if its underlying undirected graph is connected.

Often, edges in graphs are weighted, for instance moving along an edge causes costs or an
edge corresponds to the length of a street or an edge has a certain capacity.

Definition 5.1.6, (Weighted Graph, Network)
A weighted graph or network N is a tripel N = (V, E,c), where (V,E) is a graph and
c: E — R is a weight function with e = (i,7) € E — c(e) = ¢;j. The network is called
directed (undirected), if the underlying graph (V, E) is directed (undirected).

Example 5.1.7
Network N = (V,E,c) with nodes V = {R,1,2,3,4,S}, edges
E = {(R,1),(R,2),(2,1),(1,4),(2,3),(3,1),(3,9), (4,5)}, and mapping ¢ : E — R
with ¢(R,1) = cp = 2, ¢(R,2) = ¢cra = 6, ¢(2,1) = o1 = 1, ¢(1,4) = ¢y = T,
c(2,3) =co3=3,¢(3,1) =c31=3,¢(3,9) =35 =2, c(4,5) =cus = T.

5.2 Minimum Spanning Tree Problem

Before we formulate the problem in a formal way we need to clarify what a tree and a
spanning tree are.

Definition 5.2.1 (Tree, spanning tree)

o G' = (V' E") is a subgraph of the graph G = (V,E), if V! CV and E' C E. A
subgraph G' = (V' E') of G is called spanning, if V! =V.

e An undirected graph which is connected and does not have a circuit (as a subgraph)

1s called a tree.

o A spanning tree of an undirected graph is a spanning subgraph which is a tree.
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Example 5.2.2

A tree and a spanning tree (red) in a graph:

Theorem 5.2.3

Let G be an undirected graph with n nodes. Then the following statements are equivalent:
(a) G is a tree.
(b) G hasn — 1 edges and no circuits.
(¢) G has n —1 edges and is connected.
(d) G is a mazximal circuit-free graph, i.e. any additional edge creates a circuit.

(e) For any two distinct nodes v,w there exists a unique v — w—path.

With these definitions we can state the

Minimum Spanning Tree Problem:
Let an undirected graph G = (V| E) with nodes V' = {vy,...,v,} and edges F =
{e1,...,em}, and a weight function ¢ : E — R be given. The task is either to find a
spanning tree T' = (V, £') in G with £ C E such that ) __p c(e) becomes minimal or
to decide that G is not connected.

Note that a graph has at least one spanning tree, if and only if it is connected.

5.3 Kruskal’s Algorithm: A Greedy Algorithm

How can we solve the problem? We know already that the result will be a spanning tree

(provided such a tree exists) and thus by definition the nodes of the spanning tree are the
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nodes of GG. So, all we have to do is to find the subset of edges E' C E which defines the

spanning tree and minimises the costs

Z c(e).

ecE’

How can the set of edges E’ be constructed? A straightforward idea is to construct E’ step

by step by adding successively edges from F to E’. Let’s do this in a greedy fashion: as

a spanning tree with minimum weight is sought, in each step we prefer edges (v;,v;) € E

with small costs c(v;,v;) = ¢;;. Of course, we have to check whether adding an edge

creates a circuit. This outline of an algorithm is essentially Kruskal’s Algorithm.
Algorithm 5.3.1 (Kruskal’s Algorithm)

(0) Let an undirected Graph G = (V, E) with V = {vy,...,v,} and |E| = m and a
weight function ¢ : E — R be given.

(1) Sort the edges in E such that c(e1) < c(ex) < ... < c(en), where e¢; € E, i =

1,...,m, denote the edges after sorting.
(2) Set E' =0 and T = (V, E').

(3) For i =1 to m do
If (V, E'U{e;}) contains no circuit then set E' := E'U{e;} and T := (V, E').

Example 5.3.2

Consider the following example:

Graph G=(V,E) with V={1,2,3,4,5,6} and
E={(1,2),(14).(2,3),(34).(3,6).(4.5).(4,6).(5,6)} -

@\/@
e

Sorting the edges in step (1) leads to the ordering

7

€1 = (2, 3),62 = (47 5),63 = (3,6), €4 = (3,4),65 = (4, 6),66 = (1, 2), €r = (5,6),68 = (1,4)
Kruskal’s algorithm produces the following subgraphs:
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@\@ Add edge e; = (2, 3) with weight c(ey) = 1.
o @
© ©
@\@ Add edge es = (4,5) with weight c¢(es) = 2.
) /@
- ©
_ @\@ Add edge e3 = (3,6) with weight c(e3) = 3.

®
@\

®
@/

i=45

Add edge ey = (3,4) with weight c(ey) =
4. Adding edge es = (4,6) with weight
cles) = 5 would lead to a cycle, so es is

not added.

f

@\@
AN
@/

i=6,7,8

Add edge eg = (1,2) with weight c(eg) =
7. Adding edges e; = (5,6) with weight
clez) = 8 and es = (1,4) with weight

c(es) = 10 would lead to cycles, so e and

@\® j
AN
@/

es are not added.

Kruskal’s algorithm is a so-called greedy algorithm. Greedy algorithms exist for many

other applications. All greedy algorithms have in common that they use locally optimal
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decisions in each step of the algorithm in order to construct a hopefully globally optimal
solution. With other words: Greedy algorithms choose the best possible current decision
in each step of an algorithm. In Kruskal’s algorithm in each step the edge with the
smallest cost was used. In general, it is not true that this strategy leads to an optimal
solution. But for the minimum spanning tree problem it turns out to work successfully.
The correctness of Kruskal’s algorithm is based on the following result.
Corollary 5.3.3

Let G = (V,E) be an undirected graph with set of nodes V- = {1,...,n} and set of
edges E. Let ¢ : E — R, (i,j) € E — c(i,j) = ¢y, be a weight function. Let
(Vi, Ev), (Va, Es), ..., (Vi, Ex) be sub-trees in G with pairwise disjoint node sets V;, j =
1,...,k, and with V = U§=1 V;. Moreover, let (r,s) € E be an edge with

crs =min{c; |ie Vi, 7 & Wi}

Then, among all spanning trees in G which contain all edges in Ule E; there exists a

minimum spanning tree which contains the edge (r,s).

- Assume the contrary: Every minimum spanning tree 7" in G which contains all
edges in (¥, E; does not contain the edge (r,s) € E.

Let T = (V, E’) be such a minimum spanning tree. Without loss of generality we may
assume that r € V; and s € V5. T' is connected because it is a tree. Moreover, as the V}’s
are pairwise disjoint, there exists an edge (u,v) € E' with u € V; and v € V5. According
to the definition of ¢, it holds ¢,s < ¢,. Now, if we replace in the tree T' the edge (u,v)
by (r,s) we get again a tree whose sum of weights is less than or equal to that of T'. If
Crs < Cyp then the sum of weights of the new tree is less than that of T" which contradicts
the minimality of the spanning tree T'. Hence, ¢,s = ¢,, and the new tree contains (r, s)
and is minimal as well which contradicts the assumption. O

Theorem 5.3.4
Kruskal’s algorithm constructs a spanning tree with minimal costs for the graph G, pro-

vided G has a spanning tree.

IR Lt G be connected, which implies that m = |E| > [V]| =1 =n — 1. We need
to show that T is a tree. By construction, 7" = (V, E’) is spanning and it contains no
circuits. We will show that T is connected. Suppose, T is not connected. Then T can
be decomposed into disconnected subtrees T; = (Vi, E;), ¢ = 1,...,k, k > 2, of T with
E'=Uio, 1 E;, V = Ui, Vi and |E'| = Zle |E;i| = Zle(ﬂ/ﬂ —1)=n—-k<n-2
Let e € E'\ E' denote the edge with minimal cost ¢(e) among all edges not in E’. Adding
e to B’ will not create a circuit. Hence, e would have been added by the algorithm, which

contradicts the assumption.
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It remains to show that 7' is a minimum spanning tree. In each iteration ¢ of Kruskal’s
algorithm, T can be decomposed into disconnected subtrees T} = (V/, EY), j =1,... k;.
According to Corollary 5.3.3 each of these graphs can be extended to a minimum spanning
tree (not necessarily the same as the one that is constructed by the algorithm). Eventually,
the algorithm will create the spanning tree T" and application of Corollary 5.3.3 (with a

trivial extension of zero edges) proves the assertion. O

The complexity of Kruskal’s algorithm depends on the complexity of the sorting algo-

rithm used in step (1) and the complexity of the circuit checking algorithm in step (3) of

Kruskal’s algorithm.

A well-known sorting algorithm is the Merge-Sort algorithm. It divides the list ay, as, .. ., a,
of n real numbers to be sorted into two sublists of approximately the same size. These

sublists are sorted recursively by the same algorithm. Finally, the sorted sublists are

merged together. This strategy is known as a divide-and-conquer strategy.

The MERGE-SORT algorithm below computes a permutation 7 : {1,...,n} — {1,...,n}

such that

Ar(1) < Qr2) < -0 < lg(n)-

It can be shown that the Merge-Sort algorithm needs O(nlogn) operations, compare
Korte and Vygen [KV08], Theorem 1.5, page 10.
Algorithm 5.3.5 (MERGE-SORT)

(0) Let a list ay,...,a, of real numbers be given.
(1) If n =1 then set m(1) =1 and STOP.
(2) Setm = |%]. Let p= MERGE-SORT(a1, ..., Gp) and 0 = MERGE-SORT (Gm41, - - - , Gn).

(3) Set k=1 and ¢ = 1.

While £ <m and ¢ <n —m do
If a,) < @mio(e) then
set m(k+¢—1)=p(k) and k =k + 1.
else
setm(k+0—1)=m+o(l) and { =0+ 1.
endif
end do
While £ <m do
set m(k+0—1)=p(k) and k =k + 1.
end do
While / < n—m do
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setm(k+0—1)=m+o(l) and { =0+ 1.
end do

Detecting a cycle in a graph can be done by the following labeling algorithm. Herein,
every node initially gets assigned the label ‘not explored’. Using a recursive depth first
search, those nodes which are adjacent to the current node and are labeled ‘not explored’,
are labeled ‘active’. This is done until no adjacent node exists anymore or in the function
CIrRCDETECTREC a node labeled ‘active’ is adjacent to the current ‘active’ node. In the
latter case a circuit has been detected. The second argument u in CIRCDETECTREC
denotes the predecessor of v w.r.t. the calling sequence of CIRCDETECTREC.
Algorithm 5.3.6 (CircDetect)

(0) Let a graph G = (V, E) with n nodes be given.
(1) Label every node v € V' to be ‘not explored’.

(2) For each v € V do
If v is ‘not explored’ then
If CIRCDETECTREC (v,v)=false then STOP: Graph contains cycle.
end do

Function: result=CIRCDETECTREC (v,u):
(0) Label node v as ‘active’.

(1) For each w € V adjacent to v and w # u do
If w is ‘active’ then
result=false
return
else if w is ‘not explored’ then
If CIRCDETECTREC (w,v)=false then
result=false
return
end if
end if
end do

Label node v to be ‘explored’, set result=true, and return.

The complexity of the CIRCDETECT algorithm for a graph with n nodes and m edges is
O(n +m). As every graph (V, E' U{e;}) in step (3) of Kruskal’s algorithms has at most
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n edges (finally it will be a spanning tree which has n — 1 edges), the complexity of the
circuit detection algorithm is given by O(n). Step (3) is executed m times and together
with the complexity O(mlogm) of the MERGE-SORT algorithm we obtain

Corollary 5.3.7 (Complexity of Kruskal’s algorithm)
Kruskal’s algorithm can be implemented in O(mlog(m) + mn) operations and Kruskal’s
algorithm has polynomial complexity. The minimum spanning tree problem belongs to the

class P of polynomially time solvable problems.

Remark 5.3.8
There are even more efficient implementations of Kruskal’s algorithm which use better
data structures and need O(mlogn) operations only. Details can be found in Korte and
Vygen [KV08], page 130, and in Papadimitriou and Steiglitz [PS98], section 12.2, page
274.

5.4 Prim’s Algorithm: Another Greedy Algorithm

Kruskal’s algorithm added successively edges to a graph with node set V. Prim’s algorithm
starts with a single node and constructs successively edges and adjacent nodes. This leads
to a growing tree. Again, the greedy idea is employed as the edge with smallest cost is

chosen in each step.

Algorithm 5.4.1 (Prim’s Algorithm)

(0) Let an undirected Graph G = (V, E) with V- = {vy,...,v,} and E = {e1,...,en}

and a weight function ¢ : E — R be given.

(1) Choose v € V. Set V' :={v}, E':==0, and T := (V', E').

(2) While V' #V do
Choose an edge e = (v, w) withv € V' and w € V\V' of minimum weight c(e).
Set V' :=V'U{w}, E' := E'"U{e}, and T := (V' E').
end do

Example 5.4.2

Consider the following example:
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Graph G=(VE) with V={1,2,3,4,5,6} and
E={(1,2),(1,4),(2,3),(34).(3.6),(4,5),(4,6).(5.6)} .

T

@/@/\@ / /\

The correctness of the algorithm is established in

Theorem 5.4.3
Prim’s algorithm constructs a spanning tree with minimal costs for the graph G, pro-

vided G has a spanning tree. Prim’s algorithm can be implemented in O(n?) operations
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(polynomial complezity).

- Can be shown in a similar way as the result for Kruskal’s algorithm. a
Remark 5.4.4

There are even more efficient implementations of Prim’s algorithm which use better data

structures (Fibonacci heap) and need O(m-+mnlogn) operations only. Details can be found
in Korte and Vygen [KV08], pages 131-133.
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Chapter 6

Shortest Path Problems

Many combinatorial optimisation problems can be formulated as linear optimisation prob-

lems on graphs or networks. Among them are
e transportation problems
e maximum flow problems
e assignment problems
e shortest path problems

In this chapter we will discuss shortest path problems and the algorithms of Dijkstra and
Floyd-Warshall. We will see that these algorithms have polynomial complexity.

Typical applications for shortest path problems arise for instance in satellite navigation
systems for cars and routing tasks in computer networks.

Let a directed network N = (V| E, ¢) with set of nodes V ={Q = 1,2,...,n = S} and
set of edges E, |E| = m, be given with:

e Let @ be a source (i.e. @ has no predecessor and no edge enters ) and let S be a

sink (i.e. S has no successor and no edge leaves 5).
o Let ¢c: £ — R with (i,j) € E— c(i,7) = ¢;; denote the length of the edge (1, 7).
e NN is connected.

The task is to find a shortest path from @ to S that is a path of minimal length. Herein,
the length of a path P = [vy, ..., vk, Ug41] in the network N withv; € V,i=1,... k+1,
is defined by

Shortest path problem:
Find a shortest () — S—path in the network N or decide that S is not reachable from Q).
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6.1 Linear Programming Formulation

The shortest path problem can be written as a linear program. The idea is to transport
one unit from @ to S through the network. You may think of a car that is driving on the
road network. The task is then to find a shortest () — S—path for this car.

Let’s formalise this idea and let z : E — R, (4, j) € E — (4, j) = x;;, denote the amount
which moves along the edge (i, j). Of course we want x;; to be either one or zero indicating
whether an edge (7,7) is used or not. But for the moment let’s neglect this additional
restriction. We will see later that our linear program will always have a zero-one solution.

We supply one unit at () and demand one unit at S. Moreover, nothing shall be lost at

intermediate nodes 1 = 2,3,...,n — 1, i.e. the so-called conservation equations
Z Zjk — Z Tij =0, jeV\{Q, S}
k:(j,k)€E i:(i,j)€E
—_——

outflow out of node 57 inflow into node j

have to hold at every interior node j = 2,...,n — 1. As we supply one unit at source ()

and demand one unit at sink S, the following conservation equations have to hold:

Z TQk =1,

k:(Q,k)EE

—_———
outflow out of node @)

inflow into node S

These linear equations conservation equations can be written in compact form as
Hzx =d,

where d = (1,0,...,0,—1)" and H is the so-called node-edge incidence matrix.

Definition 6.1.1 (Node-edge incidence matrix)
Let G = (V, E) be a digraph with nodes V- ={1,...,n} and edges E = {e1,...,en}. The

matriz H € R™™ with entries

1, if ¢ is the tail of edge e;,
hij = ¢ —1, ifi is the head of edge e, , 1=1,...,n, 7=1,...,m,

0, otherwise

is called (node-edge) incidence matriz of G.

Remark 6.1.2
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e Fvery column of H refers to an edge (i,7) € E and is defined as follows:
(2, )
1 — Tow 1 consequence:  outflow is positive

inflow is negative

—1 — row j

e Some authors define the incidence matrix to be the negative of H.

Example 6.1.3

Directed graph G = (V,E) with nodes V. = {Q,1,2,3,4,S} and edges
E = {(Qa 1)7 (Q7 2)7 <2a ]-)7 (174)7 (27 3)a (37 1)7 (37 S)a (47 S)}

Incidence matrixz H :

(@,1) (@2) (2,1) (L4) (2,3) (3,1) (3,9) (459)
1 1 0 0 0 0 0 0 node ()
—1 0 -1 1 0 —1 0 0 node 1
o 0o -1 1 0 1 0 0 0 node 2
0 0 0 0 —1 1 1 0 node 3
0 0 0 —1 0 0 0 1 node 4
0 0 0 0 0 -1 -1 node S

FEach row of H corresponds to a node in V' and each column of H corresponds to an edge
in E according to the ordering in V and E.

We can immediately see that the conservation equation is equivalent to Hx = d where
each component d; of d denotes a demand (d; < 0) or a supply (d; > 0). For instance,
with

- T
T = ($Q1,$Q2,$21,$14,$23,$31,$357I4S)
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conservation at the intermediate node 2 with dy = 0 reads as
—202 + Ta1 + 293 = 0(= da),
which on the left is just the row corresonding to node 2 in H multiplied by x.

There remains one question: Does the problem always have a solution with z;; € {0,1}7?
Fortunately yes, because the matrix H is a totally unimodular matrix and d is integral.
Theorem 6.1.4

The node-edge incidence matriz H of a directed graph G = (V, E) is totally unimodular.

IBEBE Proof by induction on the size ¢ of the ¢ x ¢ sub-matrices.

t = 1: Let B al x 1 sub-matrix of H. As H is the incidence matrix, each column has
at most one entry 1 and at most one entry —1. All remaining entries are 0. Hence, the
determinant of B is in {0,1, —1}.

Induction step: Let the assumption hold for t — 1 and let B be a t x ¢t sub-matrix of H.
Three cases may occur:

1. There is a zero column in B. Then det(B) = 0.

2. Every column of B has exactly one entry 1 and one entry —1. Adding up the rows
of B leads to a zero row. Hence, det(B) = 0.

3. B has a column with exactly one entry with either 1 or —1. Then, det(B) =
+1 - det(B), where B is the (t — 1) x (¢t — 1) sub-matrix of B that is obtained by
deleting in B the respective column and the row with the 1 entry. According to

the induction assumption, det(B) € {0,1,—1}. Hence, det(B) € {0,1,—1}.

O

Hence, the simplex method, when applied to the above LP formulation (6.1) of the shortest
path problem, automatically terminates in an integer solution with x;; € {0,1}. Herein,
the upper bound 1 results from the conservation equations as only one unit is supplied in
(). Hence, constraints of type z;; € {0,1} or x;; € Z can be omitted.

Summarising, the shortest path problem can written as the following linear program.
Minimise Z Cij i subject to Hx =d, x;; >0, (i,5) € E. (6.1)
(i,4)€E

Herein, the vector  has the components z;;, (¢,7) € E, in the same order as in E.
What can we say about solvability of the problem? The problem is feasible, if there exists
a Q —S—path. As 0 < z;; < 1 holds for all (¢,j) € E, the feasible set is compact and

thus an optimal solution exists, provided a () — S—path exists.
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6.2 Dijkstra’s Algorithm

In this section we restrict the discussion to shortest paths problems with non-negative
weights:

Assumption 6.2.1 (Non-negative weights)
It holds c;; > 0 for every (i,j) € E in the network N.

It can be shown that the rank of the n x m incidence matrix H is n— 1 if the graph (V, E)
is connected. In particular, the last constraint in Hx = d which corresponds to the sink
S is linearly dependent (redundant) and can be omitted. This can be seen as follows: As
each column of H has one entry 1 and one entry —1, summing up all rows of H yields a
zero vector. Hence, the rank of H is at most n — 1.

As (V, E) is supposed to be connected, the underlying undirected graph has a spanning
tree T with n — 1 edges. The corresponding incidence matrix Hy of T' (with directed
edges) is an x (n — 1) submatrix of H.

As n > 2 holds there is at least one endpoint vy in 7" that is incident with exactly one
edge of T'. Hence, in the k-th row of Hp there is exactly one entry +1.

By row and column perturbations we can achieve that this entry moves into the first row
and column of Hp resp. H.

Removing node v and the corresponding edge yields a subtree 7" of T and we can apply

the same procedure recursively. After n — 1 steps H has the structure

+1 0 ... 0 ny, ... -

X .

T : )
* ..k +1 | hyg, R 1m
P T T

where the last row depends linearly on the remaining rows. This shows that the rank of
H is actually n — 1.

Using this reasoning, (6.1) is equivalent to the problem

Minimise Z Cij%ij subject to Hz =d, xi; >0, (4,5) € E, (6.2)
(3,4)€E

where d = (1,0,...,0)" € R*! and H is the incidence matrix H with the last row

omitted.
The dual of (6.2) reads as

Maximise A1 subject to N — A < ¢y, (1,7) € E. (6.3)
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As ¢;; > 0 we can easily provide a feasible dual point: A; = 0 for every i = 1,...,n — 1.
For notational convenience, we also define A\, = 0, where )\, refers to the sink node S and
the omitted last row of H.

We intend to apply the Primal-Dual Algorithm 3.4.1 to (6.2) and define the index set

B:{<Z,j) EE‘)\i_)\j:Cij}-
The restricted primal problem with artificial slack variables y = (y1,...,%,_1)" reads as

n—1
Minimise Zyl subject to Hprp+y=d, xi; >0, (i,7) € B, y>0. (6.4)
i=1

The dual of the restricted primal is given by

Maximise A

subject to A\ — A; <0, (4,7) € B,
N<1, di=1,....n—1,
An = 0.

(6.5)

The constraint \,, = 0 is due to the fact, that we deleted the last row of H. The problem
(6.5) can be easily solved. As Ay = A\g < 1 has to be maximised, we can set \; = 1
and propagate the 1 to all nodes reachable from node 1 in order to satisfy the constraints

Ai —A; < 0. Hence, an optimal solution of (6.5) is given by

3 0, if node S = n is reachable from node i using edges in B,
1, otherwise,

Notice that there may be other solutions to (6.5). We then proceed with the primal-dual
algorithm by computing the step-size

tmaa: = min Cii — )\7, o )\ :
e Ao = (=)}

updating A := A+ t,0e\, and performing the next iteration of the primal-dual algorithm.
Optimality:

If it turns out that there is a path from the source @) to the sink S using edges in the
index set B, then A\; = 0 and the optimal objective function values of the dual of the

restricted primal and the restricted primal are both zero and the primal-dual algorithm

stops with an optimal solution.

Observations and interpretations:

© 2009 by M. Gerdts



6.2. DIJKSTRA’S ALGORITHM 115

The following theorem gives an important explanation of what is going on in the primal-

dual algorithm for the shortest path problem. We use the set
W = {i € V| S is reachable from i by edges in B} = {i € V | \; = 0}.

Theorem 6.2.2
Let N = (V,E,c) with |V| = n be a network with positive weight ¢;; > 0 for every
(1,7) € E.

(a) If the primal-dual algorithm starts with the feasible dual point \; =0, i =1,... n,
then the shortest path from @ to S is found after at most n — 1 iterations.

(b) In every iteration an edge (i,j) € E with i € W and j € W is added to the index
set B. This edge will stay in B for all following iterations.

(c) The value of the variable \; with i € W is the length of a shortest path from node i
to node S =n.

e [nitialisation:
Consider the first iteration of the algorithm. Let ¢ = 0 denote the iteration index.
As ¢;; > 0 for all (4, ) € E, )\50) =0,7=1,...,n, is feasible for the dual problem.
Moreover, it holds B(*) = () because 0 = )\l(p) — )\5-0) < ¢ for all (,5) € E.

Then, in the first iteration ¢ = 0 of the algorithm it holds A, = 0, \;, = 1, i =
1,...,n—1,and W©® = {n}.

Let ¢y, := ming pyer Cin- Then, 4, = ci, and after the first iteration we have

RO Ve iew®, _ 10, i=n,
! )\(»0)+tma:pa Z%W(O) Ckns i:l,...,n—l.

In particular, /\,(61) = ¢y, and thus /\,(61) — AS) = Cgp, 1.6. the dual constraint A\, —
An < cgn becomes active for A, Hence, (k,n) € E will be added to B® and

)\S) = Ckp = MiNg ,)ep Cin denotes the length of a shortest k& — n—path.

e Induction step:

The assertion is now shown by induction for the iteration index ¢. Let )\y), jew®,
denote the length of a shortest j — n—path at iteration ¢. Let A denote a solution
of (DRP). It holds \; = 1 for every i ¢ W and \; = 0 for every j € W®.
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The step size then computes to

tmax = Cpq - ()‘}(76) - )\(5))

q

= min (Cij - (Ay) - A;”))

(4,5)€BO X;=X;>0

= min (Cij — ()\Z(K) — /\SZ))> .

(1,5)¢BO igW (O) jeWw (©)

For every (i,7) € E with i ¢ W® and j € W it holds

A )\54)’ iew®,
i >\Z(f) + tonaz, @ ¢ W(Z)

In particular,
A = AD + tnge = MO 4 6y — A+ A0 =20 4 ¢,

ie. (p,q) with p g W® and ¢ € W® will be added to BY). As )\( by induction

assumption denotes the length of a shortest ¢ — n—path and )\; T satisfies

4 ¢ {4
A =20 ¢, = A§)+cij>,

min <
(i.)) B O igW (), jew ()

)\,(fﬂ) contains the length of a shortest p — n—path.

e Finiteness:

In each iteration a node p is added to W, hence, the algorithm will terminate

after at most n — 1 iterations.

o Active dual constraints:

It remains to show that whenever an edge (4, j) € E with i ¢ WY and j € W1
was added to BV, then (i, j) € B® for k > ¢. So, let (i,5) € B® withi,j € W©
Then, in iteration it holds ), = A; = 0 and thus A\ = A{” and A" = A{0
and thus )\(”1) )\§£+1 = )\i - )\ge) = ¢y, ie. (1,7) € BV and 4,5 € WD, The
assertion follows inductively. O

Remark 6.2.3

o The assumption of positive weights c;j in the theorem is essential for the interpre-

tation of the dual variables as lengths of shortest paths.

o The algorithm not only finds the lengths of shortest paths but also for every node in
W the shortest path to S.
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o [f tyas is not uniquely determined by some (i,7) & B, then every such (i,j) can be
added to B. Notice that the above theorem only provides an interpretation for those

dual variables \; for which i belongs to W (there may be other variables in B).

This essentially is the working principle of Dijkstra’s algorithm. An efficient implemen-
tation looks as follows (in contrast to the primal-dual algorithm we start with node @

instead of S and work through the network in forward direction instead of backwards):

Algorithm 6.2.4 (Dijkstra’s Algorithm)

(0) Initialisation: Set W = {1}, d(1) =0, and d(i) = oo for everyi € V \ {1}.
(1) For everyi € V \ {1} with (1,i) € E set d(i) = ¢1; and p(i) = 1.

(2) While W # V do
Pind k € V\W with d(k) = min{d() | i € V\ W}
Set W =W U {k}.
For every i € V \ W with (k,i) € E do
If d(i) > d(k) + cx; then
Set d(i) = d(k) + ¢k and p(i) = k.
end if
end do
end do

Output:
e shortest paths from node (Q = 1 to all i € V' and their lengths.

e for every i € V, d(i) is the length of the shortest () — i—path. p(i) denotes the

predecessor of node 7 on the shortest path.
e if i is not reachable from @, then d(i) = oo and p(i) is undefined.

Complexity:

The While-loop has n — 1 iterations. Each iteration requires at most n steps in the For-
Loop within the While-loop to update d. Likewise at most n steps are needed to find
the minimum d(k) within the While-loop. Hence, the overall complexity of Dijkstra’s

algorithm is O(n?) where n denotes the number of nodes in the network.
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Example 6.2.5
Find the shortest path from QQ =1 to S = 6 using Dijkstra’s algorithm for the following

network.

@——®
L\
S 3

Dijkstra’s algorithm produces the following intermediate steps:

Initialisation; W={ 1}
d(2)=inf d(4)=inf

: 5
d(3)=inf d(5)=inf
Step (1): W={1}
d(2)=5
p§23=Q A d(4)=inf
4
c \ X
d(Q)=0 @ 5 3 @ d(S)=inf
N 7
d(3) ' 5
3)=3 d(5)=inf
p(3=Q G
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Step (2), Iteration 1: W={1,3}, k=3
d(2)=5 ,
p(2)=Q A d(4)=inf

4
c I X
d(Q)=0 5 3 @ d(S)=inf
N 7
1 5
d(3)=3 d(5)=4
p(3)=Q p(5)=3
Step (2), Iteration 2: W={1,3,5}, k=5
d(2)=5 d(4)=7
p(2)=Q B p(4)=5
4

A

d(Q)=0

@ d(S)=11
pP(S=5

A

|~
N4

5
433 A5
p(3=Q o

Step (2), Iteration 3: W={1,2,3,5}, k=2

d(2)=5 d(4)=7
pPA=Q  ,  PA)S
4

A

d(Q)=0

@ d(S)=11
p(S)=5

I

|~
N4

d(3)=3 d(5)=4
p(3)=Q p(5)=3
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Step (2), Iteration 3: W={1,2,3,4,5}, k=4

d(2)=5 d(4)=7
P@A=QR , P
4
/ I K
d(Q)=0 2 3 d(9)=9
@ p(S)=4
N 7
1 5
d(3)=3 d(5)=4
p(3)=Q p(5)=3

Final result: The shortest path from @ to S is the path [Q,3,5,4,S] with length 9.

Step (2), Iteration 4: W={1,2,3,4,5,6} , k=6

d(2)=5 d(4)=7
p(2=Q 4 p(4)=5
4
/ 1 X
d(Q)=0 3 d(S)=9
=0} 2 69 49
N 7
1 5
d(3)=3 d(5)=4
p(3)=Q p(5)=3

Remark 6.2.6

o Dijkstra’s algorithm only works for non-negative weights c;; > 0. In the presence of

negative weights it may fail.

o The assumptions that () be a source and S be a sink are not essential and can be

dropped.
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6.3 Algorithm of Floyd-Warshall

In contrast to the previous section, we now allow negative weights ¢;; < 0, but with the
restriction that the network does not contain a circuit of negative length.
Assumption 6.3.1

The network N does not contain a circuit of negative length.

The algorithm of Floyd-Warshall computes not only the shortest paths from @ to any
other node j € V' (as Dijkstra’s algorithm) but also the shortest paths between any two
nodes ¢ € V and j € V. Moreover, it is very simple to implement. Finally, the algorithm
works for negative weights and it detects circuits of negative length. It is not a primal-dual
algorithm.

Algorithm 6.3.2 (Floyd-Warshall)

(0) Initialisation:
Set d;; = oo for every (i,j), i,j =1,...,n.
Set d;j = ¢;; for every (i,7) € E.
Set d;; =0 for everyi=1,... n.
Set p;j =1 for every i, € V.

(1) For j=1,...,n do
Fori=1,...,n,i+# j do
For k=1,...,n, k# j do
If d;, > d;j + dj;, then
Set di, = dij + dji, and pip = pjk.

end if
end do
end do
end do
Output:

e Distance matrix
dyp -+ dip
dnl e dnn

where d;; is the length of a shortest path from ¢ to j.
e Predecessor matrix
P11 - DPin
Pn1 ° DPnn
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where (p;;,j) is the final edge of a shortest path from ¢ to j, that is p;; is the

predecessor of the node j on a shortest ¢ — j—path (if such a path exists).

Complexity:
Each For-loop has at most n iterations. Hence, the overall complexity of the algorithm of

Floyd-Warshall is O(n®) where n denotes the number of nodes in the network.

The correctness of the algorithm is established in the following theorem.
Theorem 6.3.3
For every i,7 € V the algorithm of Floyd-Warshall correctly computes the length d;; of a

shortest path from i to j, if no circuit of negative length exists in the network N.

- We will show the following: After the outer loop for j = 1, ... jg is completed, the
variable d; (for all ¢ and k) contains the length of a shortest i — k—path with intermediate
nodes v € {1,...,jo} only.

Induction for jo: For j, = 0 the assertion is true owing to the initialisation in step (0).
Let the assertion hold for some jy, € {0,...,n — 1}. We have to show the assertion to be
true for jo + 1 as well.

Let i and k be arbitrary nodes. According to the induction assumption, d;; contains the
length of an i — k—path with intermediate nodes v € {1,...,jo} only. In the loop for
| = jo + 1, dif, is replaced by d; j,+1 + dj, 11, if this value is smaller.

It remains to show that the corresponding i — (jo + 1)—path P and the (jo +1) — k—path
P have no inner nodes in common (otherwise the combined way P U P would not be a
path by definition).

Suppose that P and P have an inner node v in common, see figure below (P is colored
red and P is blue).

o)

o

™ O O

Then the combined walk P U P contains at least one circuit from v to jo + 1 (in P)
and back to v (in P). By assumption any such circuit does not have negative length
and thus they can be shortcut. Let R denote the shortcut ¢+ — k—path. This path uses
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nodes in {1,...,jo} only and the length is no longer than d; j,+1 + djo+1% < di. But this
contradicts the induction assumption as d;; was supposed to be the length of a shortest

i — k—path using nodes in {1, ..., jo} only. O

Example 6.3.4
Consider the following network which contains a circuit. Notice that the circuit does not
have negative length.

Y

@ 3 >@

The algorithm of Floyd-Warshall produces the following result:

Initialisation:
0] oo |oo] 1l 111111
210 |1 2121212
D: o P:
| oo | 0| 313133
o©o|—2131]0 414144
j=1:
0 |loo|lox| 1 11111
210113 2121211
D : P
co|loo | 0o 3131313
co|—=21310 414144
j=2:
0loo|loo| 1 111111
210 113 2121211
D P
©|oo| 0 | 313133
0|—-2|-110 2141214
] =3:
0loo|loo| 1 1111111
210 113 2121211
D : P:
x|oo| 0 | 313133
0|—-2|-110 2141214
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j=4:
0O|—-110 1|1 114121
210 113 2121211
D : P
x|oo| 0 | 313133
0|-2[-110 2141214

From the predecessor matriz P we can easily reconstruct an optimal path. For instance:
The shortest path from node 1 to node 3 has length di3 = 0. The entry p13 =2 in P tells
us the predecessor of node 3 on that path, that is node 2. In order to get the predecessor
of node 2 on that path we use the entry p1o = 4. Now, the predecessor of node 4 on that
path is p14 = 1. Hence, we have reconstructed an optimal path from node 1 to node 3 by
backtracking. The path is [1,4,2,3].

The reasoning behind this backtracking method is as follows: Suppose the vy — vy 1—path
(01,02, . .., Uk, Vkt1] has minimal length. Then for every 1 < j < £ < k+1 the v; —v,—path
[Vj, ..., v connecting v; and vy has minimal length as well. In other words: Subpaths of

optimal paths remain optimal.

Remark 6.3.5 (Circuit Detection)
It can be shown that the diagonal elements d;;, 1 = 1,...,n, remain non-negative if and
only if the network does not contain a circuit of negative length.
Hence, the algorithm of Floyd-Warshall is able to detect circuits of negative length. It can

be halted if a diagonal element in D becomes negative.

Example 6.3.6 (Exercise)
Apply the algorithm of Floyd-Warshall to the following network which contains a circuit
of negative length.
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Chapter 7

Maximum Flow Problems

In this chapter we will discuss a special class of network optimisation problems — maximum
flow problems — and the algorithm of Ford and Fulkerson. We will see that this algorithm
has polynomial complexity. We have seen a specific example of a maximum flow problem

already in Example 1.1.4.

Example 7.0.7 (Maximum flow problem)
An oil company intends to transport as much oil as possible through a given system of
pipelines from vertex R to vertex 5, see the graph below. Depending on the diameter of
each pipeline the capacity is limited by the numbers (in million barrel per hour) next to

the edges of the graph.

The set of vertices of the directed graph is given by V = {R,1,2,3,4,5} and the edges are
E = {R1,R2,14,21,23,35,31,45}. For each edge ij € E of the graph let x;; denote the
amount of oil transported on edge 17.

The following conservation equation has to hold at each inner vertex k € V, k & {R,5}
(‘outflow-inflow=0’):

Z xkj— Z Iikzo

ji(k.j)eE i:(i,k)eE

Moreover, capacity constraints apply at every edge ij € E (u;; denotes the mazimum

capacity of edge ij):

0 < 245 < wyj
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Let v be the amount of oil being pumped into vertex R. The following linear program solves

the problem:

Maximise v

S.1t. Th1
1 1 0 0 0 0 0 0 TRo —v 0
-1 0 1 -1 0 -1 0 0 T14 0 0
0010 1 1 0 0 0 [fa | [of_]o
0 0 0 0 -1 1 1 0 T3 0 0
0 0 -1 0 0 0 0 1 T31 0 0
0 0 0 0 0 0 -1 -1 T35 v 0
L45
v - 9
0<xp <2
< Zpy <6,
14 <7,
To1 < 1,
< x93 < 3,
< 3 <3,
x35 < 2,
0<ay5 <7

7.1 Problem Statement

Let a directed network N = (V, E,u) with set of nodes V = {Q = 1,2,...,n = S} and
set of edges E, |E| = m, be given. Let u : E — R with (i,j) € E — u(i, j) = u;; denote
maxmimal capacities. Let z : E — R with (¢,j) € E +— (i, j) = z;; denote the amount
of goods (e.g.oil) transported on edge (i,j) € E.

Let @ and S be two distinct nodes (source and sink, respectively). The remaining nodes
2,3,...,n — 1 are called interior nodes.

Assumption 7.1.1

(i) Let Q be a source (i.e. Q has no predecessor and no edge enters Q) and let S be a

sink (i.e. S has no successor and no edge leaves S ).
(it) The amount x;; transported on edge (i,7) € E is subject to capacity constraints
0 <z <y, u;; >0, V(i,j) € E. (7.1)
Herein, u;; = 00 is permitted.

© 2009 by M. Gerdts



7.1. PROBLEM STATEMENT 127

(11i) The conservation equations

Z Tk - Z L5 = 07 ] € V\{Q7 S} (72)
k:(j,k)EE (i.))EE
— A/—’
outflow out of node 7 inflow into node j

hold at every interior node j =2,...,n — 1.
|- - - - ----=-=-= |
| |
. __L
I P I
NN o) Lo
| I\ N o s1 |
(I 71 '
1 P Vg [
: | |
| |
: | // ‘\ | I
) e - N I
/1 [ ) N
7 N [N '
e - L
| |
| |
Remark 7.1.2

Problems with multiple sources or sinks are not excluded by the above assumptions. In fact,
such problems can be transformed into problems with only one source and one sink. In
order to transform a problem with multiple sources, an artificial ‘super source’ and edges
without capacity restrictions leaving the super source and entering the original sources can
be introduced. Likewise, a ‘super sink’ and edges without capacity restrictions leaving the
original sinks and entering the super sink can be introcuded for problems with multiple

sinks. For the transformed problem, assumption (i) is satisfied.

Definition 7.1.3 (Flow, feasible flow, volume, maximum flow)

o A flowx: E — R through the network is an assignment of values x(i, j) = x;;, such

that the conservation equations (7.2) hold.
o A flow x is feasible, if the capacity constraints (7.1) are satisfied.

o The value

Z Qi | = Z ;s (73)

(Q,J)eE (#,S)eE

15 called volume of the flow x.

o A feasible flow with mazimum volume is called mazimum flow through the network.
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Using these definitions, the maximum flow problem reads as follows.

Maximum flow problem:

Find a maximum flow x through the network.

Solvability:

e The maximum flow problem is feasible as z;; = 0 for every (i,j) € E satisfies all

constraints.

o If all capacity bounds u;; satisfy 0 < u;; < oo, then the maximum flow problem has

an optimal solution as in this case the feasible set is compact and non-empty.

7.2 Linear Programming Formulation

We intend to write the maximum flow problem as a linear program and note that digraphs
can be uniquely described by matrices.

The maximum flow problem can be formulated as a linear program, if an additional edge
(S, Q) from the sink to the source with no capacity restriction is introduced, cf. figure

below.

|
|
N ! < I
N [ PR
N ) /
| N N - /1 |
[ 7
1 | N Vd | !
|
Q | | () —=S)
: | / N |
Ve |
’ ) N
7 N - (BN
| |
|
|

The volume v is transported along edge (.5, @) and the conservation equations are extended
to the source () and the sink S. The conservation equations can be written in a compact

way using the incidence matrix H (compare Definition 6.1.1) of the original network as
Hxr+4+wv-d=0,
where d = (—1,0,...,0,1)" € R" is the incidence column for the additional edge (S, Q).
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The maximum flow problem is equivalent to the following linear program:

Maximise v

subject to Hrtv-d = 0
0< .

The dual problem reads as

Minimise E Zij Uiz

(i,j)eE
subject to yi—vyi—z; < 0, (i,))€E,
ys Yo = 1,
Zij > 07 (Zvj) SO

where z;;, (i,7) € E, and y;, i € V, denote the dual variables. The dual variables y;,

1 € V, are known as node numbers.

For the maximum flow problem the complementary slackness conditions read as

0 = zy(y; —yi —zy)  for (i,)) € E,
0 = zij(uij — l’ﬁ) for (’L,j) S E, (74)
0 = v(—14+ys—yg)

7.3 Minimal cuts and maximum flows

Definition 7.3.1 (Cut, capacity of a cut)

o A subset C' C 'V of nodes is called cut in a network, if Q € C and S & C.

e The capacity of a cut C is defined to be the value

E U

jeCkgC

Example 7.3.2
The capacity of the cut is 2+ 4+ 5 =11.
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Corollary 7.3.3

Let C' be a cut and x a flow with volume v. Then

Z Tk — Z Lij. (75)

jeC kgC igC,jeC

BB Summation of the conservation equations wr.t. j # Q,j € C and adding the
identy v =} pyep Lok yields

v+ Z inj: Z Tk + Z Z%k

JeCJ#Q (i,j)€E (Qk)EE JECI#Q (j,k)EE
Changing the order of summation leads to

U+ Z Tij + Z Tij = Z Tok + Z Tk + Z Tk

JECLIEC,(i,j)EE JEC,igC,(i,5)EE (Q,k)eE JEC,j#Q,keC JEC,j#Q,kgC
= g Tjk + g Tj
jeCkeC jeC kgC

The assertion follows immediately:

Vo= E Tjk — E Lij-
jECkgC JE€CLigC,(i,j)EE
O

Remark 7.3.4

If C ={Q} and C = V\{S}, respectively, are chosen in the preceding corollary, then
(7.3) is obtained immediately.

In particular, it follows that the volume of a flow is bounded by the capacity of a cut:

a:]k<u]k,a:,]>0

Z T — Z Tij < Z (T (7.6)

JEC kgC igC,jeC jeC,kgC
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This fact can be described by the dual problem:
Theorem 7.3.5
Fvery cut C defines a feasible point of the dual problem according to

I 1, ifieC, j¢C,
v 0, otherwise

0, ifiedC,
Yi =

1, otherwise
The value of the dual problem at this point equals the capacity of the cut.

- Feasibility immediately follows by computing the inequality constraints for the
cases i, € C,and 4,7 ¢ C,and i € C,5 ¢ C, and i ¢ C,j € C. The values of the
inequality constraints for these cases turn out to be 0,0,0, —1, respectively. As z; =1
holds exactly for those edges that define the capacity of the cut, the assertion follows. O

Remark 7.3.6
The theorem states that the capacity of a cut is greater than the volume v of a flow x,
because owing to the weak duality theorem, the objective function value of the dual problem

s always greater than or equal to the objective function value v of the primal problem.

Theorem 7.3.7 (Max-Flow Min-Cut)

FEvery maximum flow problem has exactly one of the following properties:

(a) There exist feasible flows with arbitrarily large volume and every cut has an un-

bounded capacity.
(b) There exists a mazimum flow whose volume is equal to the minimal capacity of a

cut.

- We have seen that every maximum flow problem can be transformed into a
linear program. According to the fundamental theorem of linear programming, every

linear program satisfies exactly one of the following alternatives:
(i) It is unbounded.
(ii) It has an optimal solution.
(iii) It is infeasible.

The third alternative does not apply to maximum flow problems as the zero flow z = 0 is

feasible. Consequently, the problem is either unbounded or it has an optimal solution. If
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the problem is unbounded, then there exists a flow with unbounded volume. According

to (7.6) for every cut C' and every flow = with volume v it holds
v < Z Ujk- (7.7)

As the volume is unbounded, the capacity of every cut has to be infinity.
If the problem has an optimal solution, the simplex method finds an optimal solution z

with node numbers y; such that

0<y;—yi = xiy=1uw; (7.9)

hold owing to the complementary slackness conditions (7.4) and the first constraint of
the dual problem. The second constraint of the dual problem implies ys — 1 > yq, hence
ys > yg. Hence, the set C' of nodes k with y, < yg defines a cut. Notice that ys does not
belong to C as ys £ yg holds. (7.9) implies z;; = w;; for every original edge (4, j) with
ieC,j¢C. (7.8) implies z;; = 0 for every original edge (¢,j) with i € C, j € C. For
the cut C' we obtain with (7.5) the relation

v = Z Ujk-
JEC,kgC
On the other hand, (7.6) holds for an arbitrary cut. Thus, C' is a cut with minimal
capacity. As x is a maximum flow the assertion follows. O
Theorem 7.3.8
If every finite capacity w;; is a positive integer and there exists a mazimum flow, then

there exists an integral maximum flow.

7.4 Algorithm of Ford and Fulkerson (Augmenting Path Method)
The algorithm of Ford and Fulkerson is motivated by the primal-dual algorithm. It turns

out that the dual of the restricted primal problem corresponds to finding a so-called aug-
menting path from @) to S. The primal-dual algorithm then aims at increasing the volume
of the flow by adapting the current flow such that it meets either a lower or an upper

capacity constraint on this path.

Definition 7.4.1 (useable path, augmenting path)

Let x be a feasible flow with volume v.

e Let a vy — v,—path [vo,vq,...,v,] in the underlying undirected network with nodes

Vo, V1, - - -, Ur be given. The path is called useable, if x;; < u;; holds for every forward
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edge and z;; > 0 for very backward edge. Herein, an edge (i,7) is called forward
edge (f-edge), if i = vy and j = vgy1 hold for some k. Similarly, an edge (i,j) is
called backward arc (b-edge), if i = vgy1 and j = vy, hold for some k.

e An useable QQ — S—path is called augmenting path.

Example 7.4.2 (Useable path)

@

\
\ 219 = w2 f-edge
\

To1 < ugy f-edge T3q < Uy f-edge

©

The idea of the algorithm of Ford and Fulkerson is to create augmenting paths. It is ex-

213 > 0 b-edge

ploited that a flow is maximal if and only if no augmenting path with useable edges exists.

Algorithm 7.4.3 (Ford and Fulkerson (Augmenting Path Method))

(0) Let a feasible flow x be given (e.g. x;; =0 for every (i,j) € E).

(1) Find an augmenting path W = [Q = vg,v1,...,v, = S|. If no augmenting path

exists, STOP: x is a mazximum flow.
(2) Compute the flow T according to

xi; +d, if (i,7) is an f-edge in the path W,
Tij =4 xi; —d, if (i,7) is a b-edge in the path W,
Tij, if (i,7) does not appear in the path W.

Herein, d is defined as
d = min{d,, d, }

with

d, = min{u;; —x;; | (4,]) is an f-edge in the path W},
d. = min{w;; | (4,7) is a b-edge in the path W}.

(3) If d = 0o, STOP: the problem is unbounded.
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(4) Goto (1) with x replaced by .

It holds:
e As the path W is augmenting it holds d > 0.

e 7 is a feasible flow because the conservation equations still hold at inner nodes and
d is chosen such that 0 < z;; < z;; + d < w;; (f-edges) and u;; > x;; > x5, —d >0
(b-edges) hold.

e Let v be the volume of z and v the volume of . Then v = v + d > v, because

d>0
v = Z zgj = (Tgu, +4d) + Z rg; =v+d > v
(QJ)EE (Q.J)EE,j#v

It remains to clarify how an augmenting path can be constructed. Ford and Fulkerson
developed a labeling algorithm which divides the nodes in ‘labeled” and ‘unlabeled’. Let
the set C' denote the set of labeled nodes. The labeled nodes are once more divided into
‘explored’ and ‘not explored’.

Exploring a labeled node ¢ € C' means the following:

e Consider every edge (7, 7). If the conditions z;; < u;; and j ¢ C' are satisfied, add
node j to C.

e Consider every edge (j,7). If the conditions z;; > 0 and j ¢ C are satisfied, add
node j to C.

The following algorithm constructs an augmenting path needed in step (1) of the Algo-
rithm of Ford and Fulkerson.

Algorithm 7.4.4 (Labeling Algorithm of Ford and Fulkerson)

(0) Label the source @ and set C' = {Q}. The remaining nodes are unlabeled.

(1) If all labeled nodes have been explored, STOP. Otherwise choose a labeled node i € C

which is not explored.

(2) Explore i. If the sink S has been labeled, STOP. Otherwise go to step (1).

The labeling algorithm stops if either an augmenting path is found (the sink is labeled)
or no useable path from the source to the sink exists. In the latter case the set C' of all
labeled nodes defines a cut, because Q € C' and S ¢ C.
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The cut C' by construction has the following properties:

Tk = Ujk, for every edge (j, k) with j € C, k &€ C,
x;; =0, for every edge (i,7) with i € C, j € C.

Particularly, C' is a cut of minimal capacity, because with (7.5) we find

v = E xjk — E J]ij = E ujk'

jeCkgC 27 igCjeC ] jeC,kgC
=u, -

It follows that z is a flow with maximum volume v, because v is always bounded by the

capacity of a cut.

Example 7.4.5 (Passenger Scheduling)
As many passengers as possible shall be transported from @Q to S. As direct flights are not
available anymore, flights via alternative cities have to be considered. For the respective

connections only a limited number of free seats are available.
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2(0) 4(0)

5(0)
6(0)
2(0) 4(0)
(®s
5(0) 4(0)
7(5)
b4
Ve
60 - /5(5)
d=2
5(2)
: 4
Ve
60 - /5(5)

max flow = 4+5=9

min cut = 2+7=9
C={1,2,3,4} definesa
cut of minimal capacity
It isthe result of the
labeling procedure.

(© 2009 by M. Gerdts



7.4. ALGORITHM OF FORD AND FULKERSON (AUGMENTING PATH
METHOD) 137

7.4.1 Finiteness and Complexity
So far, we haven’t specified in which order the labeled nodes should be investigated.
This flaw may lead to cycles in the algorithm of Ford and Fulkerson and in this case the
algorithm does not terminate. Fortunately, there are certain conditions that guarantee
finite termination.

Theorem 7.4.6

Under the assumptions
o Fwvery finite u;; is a positive integer.
o At least one cut C' possesses a finite capacity M.
o The flow, which is used to initialise the algorithm, is integral.

the algorithm of Ford and Fulkerson terminates after at most M + 1 steps.

IBEOBE Lt the initial flow be integral. Then in each step an integral flow is generated

because d > 0 is integral. In particular, the volume of the flow is increased by at least

1 in each iteration. The flow at the beginning of iteration k£ has at least volume k — 1.

On the other hand, the volume of every feasible flow is bounded by the finite capacity M

of the cut. Hence, the k-th iteration takes place only if £ — 1 < M, i.e. the algorithm

terminates after at most M + 1 iterations. O
Remark 7.4.7

e The algorithm may fail if at least one of the above conditions fails to hold.

e A variant of the algorithm of Ford and Fulkerson exists which terminates even for in-
finite and/or non-integral capacity bounds. This version considers the labeled nodes
according to the first-labeled, first scanned principle, compare Edmonds and Karp
(1972). This version determines a mazimum flow in at most nm/2 iterations and
has the total complexity O(m?n), see Korte and Vygen [KV08], Th. 8.14, Cor.
8.15, page 1785.

© 2009 by M. Gerdts



Chapter A

Software

Available software in the world wide web:
e SCILAB: A Free Scientific Software Package; http://www.scilab.org

e GNU OcTAVE: A high-level language, primarily intended for numerical computa-

tions; http://www.octave.org/octave. html
e GAMS: Guide to Available Mathematical Software; http://gams.nist.gov/
e NETLIB: collection of mathematical software, papers, and databases; http://www.netlib.org/
e Decision Tree for Optimization Software; http://plato.la.asu.edu/guide.html
e NEOS GUIDE: www-fp.mcs.anl.gov/otc/Guide

e GEOGEBRA: www.geogebra.org
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