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ABSTRACT

Suppose the optimization of distribution network can be modeled as a Linear Program. This work con-
siders multivariate normally distributed cost and constraint vectors. A method is developed to compare
alternative basic solutions on optimality, feasibility and outliers. The basic solution is used instead of
the full problem because of the corresponding invertible data matrix. This work contributes in four ways.
First, an overview is provided of methods that optimize Linear Programs under uncertainty or analyze its
solution. As no current method has the desired properties, requirements for such a method are stated.
Second, expressions are derived for normal distributions in the cost and constraint vectors. These pro-
vide probabilities for optimality, feasibility and outliers for a solution of a Linear Program. In that way, the
robustness of a solution can be determined. Third, a method is developed to systematically evaluate
solutions of a Linear Program for varying costs and constraint values. This method provides a com-
prehensive approach to compare alternative solutions on optimality, feasibility and outliers. Finally, the
method is applied to a small test case and a real world fuel distribution test case. The results show that
the obtained basic solution is robust and outperforms the alternative basic solutions under changes in
the demand for fuel.
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PREFACE

Can we estimate the effect of data changes in a Linear Program? If we decide on a strategy, what are
the consequences on the costs? How can we decide what strategy to use given these consequences?
These are the questions that ORTEC asked and that motivate this work. It is the result of my final project
for the master’s specialization of Stochastic Operations Research (SOR) within Applied Mathematics at
the University of Twente (UT).

Six years ago I started studying at the University of Twente for a bachelor’s degree. The reason for
that was not in the beauty of fundamental mathematics, but in the wide range of applications. More
specifically, in the ability it provides to analyze and structure the world. Out of all the Dutch universities
Twente offered the most application possibilities therefore I decided to start my studies there. How-
ever, that broad range of applications available led to a serious decision problem. About once a year, I
changed my opinion on which application is the most appealing. During the start of the economic crisis,
I was fascinated by the world of financial products and confident that it would become my specialization.
My minor a year later, however, was on traffic theory in Civil Engineering. However relevant those topics
are, I then decided that the application of mathematics in health care was much more interesting due to
its societal relevance. The common factor in these three applications is the modeling of uncertainty: we
know that many results are uncertain, so we should anticipate this uncertainty and analyze it. This led
to my choice of Stochastic Operations Research as a master’s specialization. By that time, however, the
Netherlands had become too small and I went to South-Africa to study mobile communication networks
as an internship.

Now the time had come to choose a final project. After having tried all the above applications, my
decision problem had hardly become smaller. However, all the studying so far had been at universities
so I decided to conduct my thesis at a company. At ORTEC I was given the opportunity to study Supply
Chain Optimization (yet another application) within the consulting department. During my stay there I
got a valuable insight into working life, consulting and business.

A thesis, however, is not something that I can conduct on my own. At ORTEC, Noud Gademann
supervised me and we had several brainstorm sessions, where the returning question was ‘what is the
practical value of this theory?’ At the UT Richard Boucherie supervised me, where the returning ques-
tion was ‘what is the theoretical value of this?’ The trade-off between those two was a challenge, but
the result contains both. Jasper Goseling, my second UT supervisor, supported me in the last months
of the project by balancing the priorities and helped me to find the balance between that two.

Such a long-term full-time project has to be altered by some social distraction. Fortunately, I could
stay at the Boot family in Nootdorp who gave me a very pleasant stay. Furthermore, my mother and
brother were of great value at the time I did not like my thesis anymore. But those are not the only
people that supported me, I enjoyed being at ORTEC with the lovely colleagues. The last weeks I
worked at SOR and that was very pleasant as well. Most of all I thank God, who made me and gave me
all the talents I have. He has guided me all of my life, and will continue to guide me in the years to come.

Marjan van der Velde
Marjanvdvelde@gmail.com
June 19, 2013
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CHAPTER 1

INTRODUCTION

In this introduction we give a problem description in Section 1.1, then give a company description in
Section 1.2. As this research is about Linear Programming, we give a summary of basic theory in
Section 1.3. We then give the goals and contributions of this thesis in Section 1.4.

1.1 Problem description

Often decisions on long-term investments have to be made without a precise knowledge of the future.
As the investment costs are usually high, information on potential changes in costs and demands is
valuable. A typical example of a Supply Chain Optimization problem is in distribution networks. Con-
sider the owner of a fuel company with several hundreds of customers. These can be gas pumps,
companies or farms. There are several products that have to be delivered from a couple of possible
depot locations. A decision has to be made regarding the used depots and the customers they serve.
A strategic decision in this is the choice of depots. When a choice for depots is made, this choice
should be robust for future changes in data and possible inaccuracy of data. Note that the optimality
of a solution is not always the main goal of a Supply Chain study. In the fuel company example, the
main question is to what extend the different scenarios lead to different costs: what is the potential of a
change? Furthermore, the gathering of precise data and future estimations is expensive if possible at
all. Thus, to what extend does the potential improvement depend on the precise knowledge of the data?

The above is an example, but it is typical for many companies. This thesis is therefore motivated by
the following question:

“Which influence has a change in data on the cost and feasibility of the solution of a
Linear Program?”

Each Supply Chain Optimization problem has its own characteristics. However, there are similari-
ties: uncertainty often arises in cost coefficients and demand values. Furthermore, often a couple of
alternative solutions is available. In this work, we therefore develop a method to evaluate the impact of
data uncertainty on one solution and a way to compare several alternatives.

As there are various approaches to incorporate uncertainty, the objectives have to be specified
explicitly. The questions posed are mainly evaluations of alternative solutions:

1. Suppose we have chosen a solution that has optimal cost. Can we be sure that costs will not
increase too much when data changes?

2. As data changes, it might be possible that the chosen solution does not remain feasible. For
example, a factory has to produce more than its capacity. How sure are we that the chosen
solution stays feasible under a change of data?

3. Suppose we have chosen a solution that is optimal using expected values of data. Can we give
a guarantee that it will stay optimal when data changes? Thus, that although costs may rise, the
costs are still lower than that of alternative solutions.
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CHAPTER 1. INTRODUCTION

Note that ‘solution’ is a broad term. It both includes the strategic decisions involved and the exact
values on an operational level. Therefore we can distinguish two parts of a solution:

• A strategy concerns the strategic decisions that are made. These include which depots are used,
which flows are assigned, and where slack is available. A strategy does not include precise values
of variables, but denotes which variables have a positive value and which have value zero.

• An exact value solution gives the precise numbers assigned to all variables.

In the above stated questions we thus evaluate different strategies. If we choose a strategy and data
changes, the involved exact values have to be changed. We then ask ourselves how that influences
cost, if such a change is possible and if the adjusted exact values are optimal.

1.2 Company description

This thesis is initiated by ORTEC, a large provider of advanced planning and optimization solutions and
services. ORTEC was founded in 1981 and has offices all over the world with in total 700 employees.
ORTEC develops advanced software solutions to support and optimize operational planning for several
business applications. Amongst others these include workforce scheduling, vehicle load optimization,
and fleet routing and dispatch.

Besides from these operational standardized software packages, ORTEC provides logistics consul-
tancy for individual customers on a strategic or tactical level. This is supported by dedicated logistics
decision support systems, developed to meet individual customer needs. Furthermore, ORTEC con-
ducts network studies and has developed software tools which are developed for internal use.

This research is initiated by the consultancy business unit Consulting and Information technology
Services (CIS). This department provides customized software solutions for a large number of cus-
tomers, mainly in logistics. Furthermore, this department developed the software tool BOSS. This is an
AIMMS interface dedicated to strategic and tactical distribution network decision making. It can model
typical supply chains resulting in a Mixed Integer Linear Program (MILP) or a Linear Program (LP). Of-
ten the resulting model is intuitive, easy to adapt and solvable within a couple of minutes. Therefore the
main question for this thesis is how we can investigate the effect of data uncertainty using the available
deterministic models.

1.3 Basics of Linear Programming

Often, a distribution problem or supply chain optimization problem can be modeled as a Linear Pro-
gram. In this section we now recall the basic theory of Linear Programming. This theory can be found
in textbooks on Linear Programming, for example [45].

Suppose we want to optimize an objective value y, which is a linear combination of n decision
variables which form a vector x. Each decision variable xi has a cost coefficient ci assigned, which
form a vector c. This optimization is due to m constraints, which are linear combinations of the decision
variables. The linear combinations are specified in the data matrix A and should be equal to a constraint
vector b. Furthermore, all decision variables are nonnegative. Thus, we have the following problem:

min y = cTx
s.t. Ax = b

x ≥ 0
(1.1)
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1.3. BASICS OF LINEAR PROGRAMMING

This is the Linear Program that is studied in the remainder of this thesis. However, in many applica-
tions not only equality constraints but also inequality constraints will arise. Such an inequality constraint
is easily replaced by an equality constraint by adding an extra variable. This extra variable then repre-
sents the slack value of the constraint. Another generalization is the maximization problem. Suppose
we want to maximize the function y = cTx. That is the same as min y = −cTx.

There are n variables that are due to m constraints. Without loss of generality, we can state that
m ≤ n and that there is no redundancy in the constraints: suppose n < m. In that case, there are more
constraints than variables. Then there is redundancy in the constraints: at least one of these constraints
is a linear combination of the other constraints. Thus, it can be removed from the LP without a loss of
information. In the remainder of this thesis, we therefore assume that this redundancy is not present.

Definition 1. A solution x to (1.1) is a feasible solution if and only if:

Ax = b, x ≥ 0

A feasible solution is a vector x that satisfies all constraints. The feasible set consists of all possible
vectors x which are feasible. As the constraints are linear, the feasible set is a convex set. As a conse-
quence, a local minimum is also a global minimum. When the feasible set is not empty and bounded,
the global minimum exists. Denote by y∗ the optimal value of (1.1) and x∗ the corresponding solution.
There can be more then one possibility for x∗, but there is always at least one x∗ that is an extreme
point of the feasible set. As the rank of A is m, there are n−m free variables: they can have any value.

Definition 2. Consider a standard Linear Program. A subset B of the variables is a basic set if |B| = m
and if the columns Aj with j ∈ B are linear independent. Furthermore, x is a basic solution if all xi with
i 6∈ B have value zero.

We can write the solution x∗ such that there are m basic variables which have a value greater or
equal to zero and n − m non-basic variables which have value zero. Denote by B the set of indices
corresponding to the basic variables and by N the indices of the non-basic variables. We can take
the columns of A belonging to the basic variables and denote this as the matrix AB . The columns
corresponding to non-basic variables form the matrix AN . We can make a vector of the basic variables
xB and a vector of non-basic variables xN . The cost coefficients c can be split up in cB and cN . As the
non-basic variables are all zero, we have

cTBxB = y
ABxB = b.

(1.2)

The matrix AB has m independent rows, and therefore m independent columns. AB is invertible when
the basic variables are chosen such that the columns are linear independent.

A common way to find the optimal solution for a Linear Program is the Simplex Method, which was
designed by Dantzig [12]. Although in theory the computational complexity of this method is expo-
nential, the average-case complexity is polynomial and therefore often used. Suppose each feasible
basic solution is represented by a vertex. Then the feasible set is the convex set spanned by all these
vertices. The Simplex Method jumps from vertex to vertex until it finds the optimal solution. The idea
of the Simplex method that we rewrite problem (1.1) in an equivalent form that either suggests further
reformulations or makes the solution obvious.

The reformulations consist of dividing the variables and corresponding columns of A in two sets:
the basic set B and the non-basic set N . If we separate x and A into two sets consisting of basic and
nonbasic variables and collect these on different sides of the equation, we can write

ABxB = b−ANxN . (1.3)

As AB is a square matrix with linearly independent columns, it is invertible. Thus, we can rewrite
(1.3) into

xB = A−1
B b−A−1

B ANxN . (1.4)

Page 3



CHAPTER 1. INTRODUCTION

Moreover, we can write y in terms of the basic and nonbasic sets:

y = cBxB + cNxN . (1.5)

Combining (1.4) and (1.5), we can then write:

y = cB(A−1
B b−A−1

B ANxN ) + cNxN
= cBA

−1
B b+ (cN − cBA−1

B AN )xN .
(1.6)

Suppose that all elements of the vector cN − cBA
−1
B AN are nonnegative. In that case, we can

minimize y over all choices of xN ≥ 0 by letting xN = 0. Then for x to be feasible, xB is fixed as A−1
B b.

Therefore, the following expression is known as the optimality criterion:

cN ≥ cBA−1
B AN . (1.7)

The simplex method exploits this knowledge to find the optimal solution. In case one or more non-
basic variables do not satisfy (1.7), at least one of them should be in the basis. As the size of the basis is
fixed to m, one of the variables that is currently in the basis has to be moved to the non-basic variables.
A next basis is chosen until (1.7) is satisfied and thus the optimal solution is found.

1.4 Research goals and contribution

Assume a Linear Program with stochastic data A, b, and c. For A we have a probability density function
fA(a), for b we have fb(b) and for c we have fc(c). In this thesis we study the influence that a change in
data has on the cost and feasibility of the solution of a Linear Program.

In Chapter 2 we discuss the wide range of models and approaches that are available for Linear
Programming under uncertainty. References are given for a more detailed description. The contribution
in this chapter is the comparison of approaches in Table 2.1. The last column of this table describes the
properties of a model that is able to answer the questions stated in Section 1.1.

As none of the described methods has these properties, we make and motivate assumptions in
Chapter 3. The contribution in this chapter is the insight that the study of a basic solution more impor-
tant than exact knowledge of values in a solution. We can then sharpen the questions of Section 1.1 to
the obtain expressions for the performance measures. What is the probability that a solution is feasible?
Suppose we have chosen a solution x∗ that is optimal using expected values of data. Can we give a
guarantee that it will stay optimal when data changes? Suppose we have chosen a solution that has
an expected cost y∗. What is the probability that the realized cost y will be at most α% more then the
expected cost? In Section 3.5 we formulate these questions more precisely.

In Chapter 4 we derive these probabilities for general distributions in Section 4.1 and derive means
and expectations for multivariate normal vectors in LP’s in Section 4.2. These results are then combined
in Section 4.3. The contribution in this chapter is in Lemma 3, Lemmas 5-8, Theorems 9-13 and Table
4.1.

In Chapter 5 we propose a method to systematically evaluate solutions of a linear program. It is
summarized in Figure 5.1. We then illustrate how the theory is used in a small example. After that, the
method is applied to a real-world case.

We conclude the work in Chapter 6. Finally, appendices are given. In Appendix A an approach is
discussed that seemed promising, but turned out to have little practical value. In Appendix B details on
the implementation are provided. An overview of used symbols can be found in Appendix C and finally
a list of references is provided.
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1.4. RESEARCH GOALS AND CONTRIBUTION

Summarizing, the main objectives of this study are:

1. Investigate which methods are available in the literature. Describe their properties and determine
to which extend they are able to answer the questions as stated in Section 1.1.

2. Derive expressions for the following probabilities:

a) As data changes, it might be possible that the chosen solution does not remain feasible: it
does not satisfy all constraints. What is the probability that a solution is feasible:

P (Ax = b, x ≥ 0)

b) Suppose we have chosen a solution x∗ that is optimal using expected values of data. Can
we give a guarantee that it will stay optimal when data changes? If X is the set of all feasible
solutions calculate:

P (y∗ = cTx∗ ≤ min x∈Xc
Tx)

c) Suppose we have chosen a solution that has an expected cost y∗. What is the probability
that the realized cost y will be at most α% more then the expected cost:

P (y ≥ (1 + 0.01α)y∗)

3. Develop a method to systematically evaluate solutions of a Linear Program for varying costs and
constraint values.

4. Test the derived theory and method on a real-world case.
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CHAPTER 2

LITERATURE: UNCERTAINTY IN LINEAR
PROGRAMS

In this chapter we will discuss the wide range of models and approaches that are available for Linear
Programming under uncertainty. Some will incorporate the uncertainty in the model before the opti-
mization step, others evaluate the quality of the solution of a standard LP. Some are easy to implement,
others require extensive calculations. The goal of this chapter is to name the most common approaches
and give a quick insight in how they work. For a more detailed description of those methods we refer to
the more appropriate literature. In Section 2.8, the approaches will be compared to see which approach
is the most appropriate for the questions stated in the introduction of this work.

Uncertainty occurs when decision makers cannot estimate the outcome of an event or the probability
of its occurrence [34]. There are various causes of uncertainty, which can be divided into three levels
[29]. A common approach is to distinguish a strategic (long-term), tactical (mid-term) and operational
(short-term) level. Data is estimated or an expected value is used, but in both cases the realization can
be different from the used value.

According to [18], there are three basic methods to describe uncertainty in the optimization model:

• Bounded form: the value of a parameter will be within an interval.

• Probabilistic description: uncertainties are characterized by the probabilities associated with events.

• Fuzzy description: instead of probability distributions, these quantities make use of membership
functions, based on possibility theory.

There are several applications where uncertainty in a network arises. Extensively studied is the
supply chain. This is done in [11, 22, 29, 34, 36]. More uncertainty is within reverse logistics, as the
demand and return can vary a lot [19, 30, 31, 35]. A field with a lot of uncertainty is chemical process
scheduling. A review of the models used there is given in [18], and an example of such a model in
[21]. Finally, power system networks are studied as they need to cope with future changes [10, 39, 43].
These are all papers where the network is optimized with uncertain data. In [15, 25, 26] approaches
are presented to gather and classify uncertain data.

2.1 Robust Optimization

Robust optimization models uncertainty in a bounded form. The goal is to minimize the effects of disrup-
tions on the performance measure and tries to ensure that the predicted and realized schedules do not
differ drastically, while maintaining a high level of schedule performance. A solution to an optimization
is considered to be solution robust if it remains close to the optimal for all scenarios, and model robust
if it remains feasible for most scenarios [18]. The modeler has the capability to control the trade-off
between cost and robustness [5].

There are several textbooks available on Robust Optimization. The following text is based on [2].
Consider an optimization problem where the objective function and its constraints are linear. As stated
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CHAPTER 2. LITERATURE: UNCERTAINTY IN LINEAR PROGRAMS

in Section 1.3, we can write an LP in both equality and inequality form. Within Robust optimization the
inequality form is used:

min x{cTx : Ax ≤ b},

where x, c and b are vectors and A a matrix. Now consider the case that the data A, b and c are not
known exactly but that they can be all members of an uncertainty set U . Then the objective is not just to
minimize cTx, but to find x such that the value of the worst-case scenario is minimized. Thus, the best
possible robust feasible solution is the one that solves the optimization problem

min x

[
sup

(c,A,b)∈U
{cTx : Ax ≤ b ∀(c, A, b) ∈ U}

]
.

As the vector c is part of the uncertainty set, both the objective and constraints are uncertain. We can
rewrite this to have only uncertain constraints. This is often formulated in the following form, which is
called the Robust Counterpart:

min x,t

[
t : cTx ≤ t, Ax ≤ b ∀(c, A, b) ∈ U

]
.

Solvers like CPLEX can be used to find the optimum for x and t. Aside from the size of the problem,
often a problem has some non-linearity. Then if the problem is still convex, there are efficient solution
methods available. Many heuristics have been developed for problems which are hard to solve.

In Robust Optimization, a solution should be feasible for all possible realizations of the uncertainty
set. The bigger this set is, the more conservative the solution will be. As stated by [4], each choice of
an uncertainty set has a corresponding risk measure and vice versa. A larger uncertainty set may lead
to higher costs, but to a smaller risk that the chosen solution is infeasible.

2.2 Stochastic Programming

Stochastic programming is an approach to model data uncertainty by assuming scenarios for the data
occurring with different probabilities [5]. This can model the uncertainty more precise then by only using
bounds on the data, but the computational complexity becomes challenging [18, 31]. Therefore, most
stochastic programming approaches are only suited for a small number of scenarios [36].

This section is based on [16]. The common approach in this method is an inequality formulation of
an LP:

min x{cTx : Ax ≤ b}

The real values of (A, b) are not known, but there is a finite set S of possible scenarios. These scenarios
are constructed based on the probability distribution of A and b:

Pr{(A, b) = (As, bs)} = ps, s = 1, . . . , S.

To be able to solve such a problem, one should decide what an optimal solution looks like. A straight-
forward approach is replace Ax ≤ b by Asx ≤ bs for all s, so the solution satisfies all constraints in all
scenarios and one has to solve a huge deterministic LP. The construction of this LP is easy, but due to
the size it is difficult to solve. Another straightforward approach is to replace Ax ≥ b by the expected
values of A and b, which gives a relatively small deterministic LP but gives a solution that will be feasible
for only few scenarios.

An approach that explicitly incorporates risk is a probabilistic or chance constraint. Replace Ax ≤ b
by Pr{Ax ≤ b} ≥ α. Then 1 − α is the maximal acceptable risk. There are various choices possible
for this α. The total risk of infeasibility can be chosen, an individual constraint can get a maximum risk
of being violated, or some joint constraints can be considered. Each individual or group of constraints
can get a value for α assigned. A disadvantage of this is that the resulting LP is a possibly non-convex
model, which is harder to solve.
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2.3. FUZZY PROGRAMMING

Another Stochastic Programming approach is to impose a penalty when a constraint is violated.
Thus, risk is not taken as a qualitative but as a quantitative approach. A common method for this is a
two-stage recourse model, where corrective actions if a constraint is violated are stated explicitly. For
each scenario s, a cost ys is imposed if the constraints Asx ≤ bs are violated. This cost specified by W .
Thus, for each scenario s we have the constraint Asx+Wys ≤ bs. Then the recourse model for discrete
distributions is the following:

min x,ys

[
cTx+

S∑
s=1

psqy
s : Asx+Wys ≤ bs ∀s

]

Thus, risk is taken care of explicitly, but again this model is difficult to solve.

The chance constraints and recourse models have a different model for risk: the one qualitative and
the other quantitative. However, in a real-world case both types of risks might be good to involve. Thus,
some constraints can have a penalty if violated and others a maximal acceptable risk of being violated.
These can be combined using integrated chance constraints. Thus, instead of the constraints Aix ≥ bi
for all constraints i we replace them with∫ ∞

0

Pr{Ai(ω)x− bi(ω) > t}dt = Eω
[
(Ai(ω)x− bi(ω))+

]
≤ βi

where ω is the random variable representing the uncertainty and βi is a positive risk aversion parameter
to be specified in advance. Then βi can be chosen in such a way that it represents a penalty or a chance
of violation. The computation of this expectation is not easy in general, but not more difficult then in the
chance constraint optimization or the recourse models. Models with integrated chance constraints are
convex in general, and in many cases a reduced form is known for the corresponding feasibility sets. In
principle these models can therefore be solved by any standard optimization algorithm for (non-linear)
convex problems.

A more general form of a chance constraint is a joint risk constraint, as studied in [24]. For one or
multiple constraints we can formulate it as

ρm(Ax− b) ≤ 0

where m is the dimension of the measure. Then an example of this measure is the probability that a
constraint is violated, but there are more possibilities.

2.3 Fuzzy Programming

A third approach to handling uncertainty is based on fuzzy set theory. Possibility distributions can be
used to model the lack of knowledge on certain parameters [30, 39]. Their limitations are related to the
simplicity of the production/distribution models usually used [22]. Some constraint violation is allowed
and the degree of satisfaction of a constraint is defined as the membership function of the constraint
[18]. Fuzzy models are suggested to be combined with simulation [29].

Fuzzy programming can be used if constraints or data are not crisp values, but are somehow dis-
tributed around a value. Fuzzy modeling is mostly used for linguistic uncertainty [29]. For example
consider the cost of the production of one unit. A linguistic uncertainty would be that ‘we prefer the
costs not to exceed 35’, and a strict constraint would be that x ≤ 40. This linguistic uncertainty usually
arises in the modeling phase. While a we need a sharp value to write a constraint, the modeler is not
sure which value to use. At this point a fuzzy constraint can be introduced. Membership functions µ
are introduced to specify the extent to which a constraint is satisfied. In such a function, zero means
strongly violated and one means accepted, and the values in between the level of violation. In the
above example, µ = 1 corresponds to a cost of at most 35, while µ = 0 corresponds to a cost of at least
40. Since this fuzziness can be described with any monotonous function, there are various models

Page 9



CHAPTER 2. LITERATURE: UNCERTAINTY IN LINEAR PROGRAMS

possible. Such a model should then be translated into a crisp model, that can be solved using regular
optimization techniques.

As an example [42], consider the case where the membership function is either zero, one or linear
and where the values of the constraints are fuzzy. Thus, in the standard LP min x{cTx : Ax ≤ b} we
replace each bi by b′i and b′′i , where b′i is the preferred value and b′′i the maximum value. In the above
example, this would mean b′i = 35 and bi” = 40. The linear membership function µi(Aix) is then for
each constraint i:

µ(Aix) =


1 if Aix ≤ b′i
1− Aix− b′i

b′′i − b′i
if b′i ≤ Aix ≤ b′′i

0 if Aix > bi.
′′

For the objective value such a membership function has to be constructed as well: the value cTx is
expected to be at least z′ but at most z′′. The membership functions are then inserted in the original LP
min cTx s.t. Ax ≤ b. Then the problem to solve can be formulated as

max α
st. cTx ≤ z′′ + α(z′ − z′′)

Aix ≤ (1− α)b′′i + αb′i ∀i.

This is a problem which has only one variable and constraint more then the non-fuzzy variant. Once
one has described the desired membership functions, these should be transformed into a crisp model
that can be solved. A major drawback of fuzzy programming is the simplicity of the models that are
usually used [22]. When one wants to use more divers or complicated membership functions then just
linear or triangular functions, the translation into a crisp model becomes very difficult.

2.4 Sample Average Approximation

The scenario set used in Stochastic Programming in Section 2.2 can be infinitely large and thus the
problem becomes too big to solve efficiently. Optimizing for individual scenarios, however, can give
solutions that are not a global optimum or different scenarios can give totally different solutions.

Therefore, a sample average approximation (SAA) method can be used. A random sample of sce-
narios is generated and the expected value function, which is hard to compute in the stochastic pro-
gramming techniques, is approximated by the corresponding sample average function. The obtained
sample average optimization problem is solved, and this procedure is repeated until a stopping criterion
is satisfied [17].

Thus, it is comparable to the Stochastic Programming approach. The difference is that the model
is solved for only a few scenarios at once, instead of all scenarios at once. This is done repeatedly
for samples of scenarios that are randomly chosen. In [36] it is claimed that solving the SAA problem
repeatedly with independent samples solves the problem more efficiently then by increasing the sample
size. In [17] the authors prove that the SAA scheme converges with probability one to the optimal
solution of the original problem. The procedure is summarized in [38].

2.5 Propagation of errors within a Linear Program

Already in 1966 Prékopa [32] addressed the influence of random variables in a LP. He assumed that A,
b and c are random in the standard linear problem:

y = max cTx
s.t. Ax = b

x ≥ 0
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Now assume that A is a square matrix and nonsingular. Then the inverse exists and thus the optimal
value for y is given by:

µ = cTA−1b

Thus, y is a function of the variables A, b and c. Then if R = A−1 and we change the element aik to
aik + ξ it follows from matrix theory that R′ is given by:

R′ = R− ξ

1 + rkiξ

 r1i

...
rmi

 (rk1 · · · rkm)

Assume each element aij has a corresponding change ξij . Then Ξ is the matrix denoting the changes
in A and vectors γ and β are given for changes in c and b. By introducing derivatives of y with respect
to aik, bi and ci a second-order Taylor expansion is given for the difference in the expected value for y
and the achieved value. The variance of this difference is also computed. The first and second moment
are needed for this. Conditions are given for which the optimal value of y has an asymptotic normal
distribution.

In 1976, Bereanu [3] addresses the continuity of the optimal value in a LP. A regularity condition is
stated and proven which is sufficient but not necessary for the optimal value to be defined and continu-
ous in any open subset of the space where A, b and c are defined. However, this does not assure the
continuity of the set of optimal solutions: when the optimal value changes little, it might need a totally
different solution to achieve that value.

Suppose that we introduce a probability measure on the space of parameters. Let A(ξ), b(ξ) and
c(ξ) be random matrices on a given probability space. Then the stochastic linear problem is given by

γ(ξ) = sup c(ξ)Tx
s.t. x ∈ X(ξ)

where X(ξ) = {x|x ∈ Rn, A(ξ)x ≤ b, x ≥ 0}

The distribution problem consists of finding the probability distribution and/or some moments of γ(ξ),
subject to some a priori probability distribution of A = (A(ξ), b(ξ), c(ξ)). The stochastic linear problem
has an optimal value if and only if the following implications are valid almost everywhere:

(A(ξ)v ≤ 0, v ≥ 0) ⇒ (c(ξ)v ≤ 0)
(wA(ξ) ≥ 0, w ≥ 0) ⇒ (c(ξ)w ≥ 0)

Furthermore, it is called positive if almost everywhere the columns of A(ξ) and b(ξ) are semi posi-
tive vectors. In that case and if the random vector ξ has an absolutely continuous distribution, then
γ(ξ) is an absolutely continuous, random variable. Other papers that cite this result point out that the
conditions are rarely satisfied – and therefore often not applicable. Thus, it is mainly of theoretical value.

When binary or integer variables are involved, the problem becomes harder. Even in recent papers,
“finding the exact distribution for general mixed 0-1 LP problem appears to be impossible” [28]. Either the
number of random variables should be low, or only one of the matrices A, b and c should be random,
or approximation techniques have to be used. For example, in [27] the persistence value is studied.
This is the probability that the value of a variable stays optimal when parameters change. Thus, it is a
measure how good a solution is given uncertainty. A method is given to find the persistence value of a
model where the values of c are random and the values of x are integers in a specified range. According
to the paper, this probability that the optimal solution will be of the same shape, can be approximated
by formulating a concave maximization model. However, most papers have their main focus on the
distribution of the optimal value and not on the persistence problem.
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2.6 Bounds on the optimal value

The approaches named so far all assume one particular optimal solution x∗. The reason is that only one
solution can be implemented in practice: we cannot switch strategy at every instance. Thus, we have to
choose one solution and can then analyze how good or bad it performs under changing circumstances.

A means for that is to calculate the optimal cost of each possible scenario as if it would be determin-
istic. If then one solution is chosen to be implemented, it can be compared to these values. This does
not give us a direct method to find an optimal solution x∗, but it does give us an impression how well a
solution performs under uncertainty.

Assume we want to choose a solution x which is chosen based on the deterministic data A and b,
and a probability distribution of c. Thus, we do not know the realization of c when choosing x. Using that
information, can we give a bound on the optimal objective value? Thus if you have some fixed feasible
x, how good is it compared to the fictional situation that we can adapt the solution at every instant of
time? A clarifying example for this is given in Figure A.1 in Appendix A.

A bound that is explained in [40] is the Dyer-Frieze-McDiarmid inequality, which was first introduced
in [13]. Assume that the cost coefficients c1, . . . , cn are independent nonnegative random variables.
Furthermore, assume that a constant β ∈ (0, 1] exists such that the following relation holds for all j and
all h > 0 with P (cj ≥ h) > 0:

E[cj |cj ≥ h] ≥ E[cj ] + βh. (2.1)

As an example, if cj ∼ U(0, 1) then β = 1/2, and if cj ∼ exp(λ) then β = 1. If we could change our
solution at every instant of time, this would give a stochastic objective value yDFM . The information on
the conditional expectation is used in the proof of the following bound:

βE[yDFM ] ≤ max
S:|S|=m

∑
j∈S

x′jE[cj ] (2.2)

Thus, the set S consists of all combinations of x′j such that their cardinality is the size of the basis. The
proof of this bound combines (2.1) with the optimality criterion (1.7) from the simplex method. Note that
this bound does not give the optimal value, nor the optimal solution that corresponds to it. In this thesis
we examined the practical value of the DFM-bound and investigated to which extend the techniques in
the proofs can be used to find a robust solution to an uncertain LP. The result of this, however, is that
the DFM-bound is not of use in this work. Details on this are given in Appendix A.

2.7 The Dual

In several Linear Programming techniques the dual of a Linear Program is considered. The following
information is summarized from [6]. The dual of our standard LP (1.1), which is also named the primal
problem, is given by:

max v = bTw
s.t. ATw ≤ c

w unrestricted
(2.3)

Note that the same data A, b and c are used as in the standard LP, they only have changed position.
There is one dual variable wi for each primal constraint, and one dual constraint for each primal variable.
The dual variables wi correspond to the shadow prices of (1.1). Furthermore, each LP has a unique
dual and the dual of the dual is again the original LP. As the dual is again a Linear Program, it is of great
value in an efficient calculation of the solution of the primal problem: the dual value v and the primal
value y are equal if and only if v and y are optimal.

According to [23], the various approaches proposed in Robust Optimization can roughly be divided
into two distinct categories, depending on whether the underlying uncertainty model refers to possible
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fluctuations on the row vectors of the constraint matrix (we call this ‘rowwise uncertainty’), or on col-
umn vectors (we call this ‘columnwise uncertainty’). Most robust techniques use rowwise uncertainty,
while a dual formulation could be useful for columnwise uncertainty or for uncertainty in the constraint
vector b. The author, however, shows that one cannot use standard duality theory to convert a column-
wise uncertain robust Linear Program into a rowwise uncertain robust Linear Program while preserving
equivalence.

In [38], the authors consider the use of duality in Stochastic Programming. As mentioned before,
a stochastic problem is of large computational complexity. To make up for that, the Sample Average
Approximation was proposed. The authors propose a heuristic that solves a group of scenarios in an
SAA iteration by using duality decomposition as proposed in [9] for individual scenarios. This is then
used to find an initial search direction to solve the group of scenarios together. Concluding we have that
the dual of a Linear Program is not a standalone method to incorporate uncertainty in an LP, but it can
be used as a tool within other methods.

2.8 A Comparison of Approaches

In this section we will compare the approaches and models that have been explained in Chapter 2. The
properties that will be compared are the following:

1. Exact or not. Determine how the solution or value given by the approach is calculated. Is there a
way to give an exact answer? If not, are efficient heuristics or approximations available? Another
possibility is that the solution or value is obtained by simulation. Finally, a bound on the the solution
or value can be given.

2. Division in subproblems. Often, we have a deterministic Linear Program and some measure of
uncertainty on the corresponding data. Thus, we have to formulate criteria or risk measures and
we have to solve a Linear Program. There are various approaches in this. We can first formulate
criteria or risk measures and then incorporate these in the Linear Program and optimize. We can
also first solve the Linear Program and then analyze the effect of uncertainty on this solution.

3. Numerical effort. The computational complexity is discussed here.

4. Recognizability of LP. If no uncertainty was present, we would have to solve a deterministic Lin-
ear Program. As uncertainty is incorporated, the problem is rewritten to an optimization problem
that includes the uncertainty. How much rephrasing is necessary? Can we recognize the original
LP in the rephrased optimization problem? This is of practical value as a modeler often adjusts
the model in some iterations to validate it.

5. Type of uncertainty. What kind of uncertainty can be modeled? A bound on the values, a
probability distribution, moments of a probability distribution or some other kind of information.

6. Type of optimization model. This work is on the standard Linear Program. In some applications,
however, Integer Linear Programs (ILP), Mixed Integer Linear Programs (MILP) or other types of
optimization models can be more appropriate. To what extend can these be used?

7. Place of uncertainty. Uncertainty can be present in the data in A, b and c. However, not all
models can deal with all of them. At what places can we have uncertain data?

The approaches are compared on these properties in Table 2.1. The approaches that have been
researched most are those where risk measures are defined a priori. Then the LP is rewritten to include
these risk measures and the resulting optimization problem is solved. However, these techniques give
one optimal solution. As said in Chapter 1, we want to compare the risks of alternative scenarios.

Techniques that analyze a particular solution are less extensively researched. Furthermore, many
of those approaches focus on special cases and not on a generic approach. Thus, we want to develop
a generic method that can be used for multiple cases.
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Robust
Optimization

Stochastic
Programming

Fuzzy
Programming

Sample Average
Approximation

Propagation and
Persistence

Bounds on
the optimal

value

Required in this
project

(1) Exact or
not

Exact for small
problems, heuristic
for large instances.

Exact for small
problems, heuristic
for large instance.

Dependent on the
uncertainty

modeling. For easy
uncertainty and small

models exact,
otherwise heuristics.

Simulation with
guaranteed

convergence.

Exact or
approximation. Bound.

Exact for special
cases, efficient

simulation.

(2) Division in
subproblems

Give bounds on
data, give robust LP

formulation,
calculate Robust

Counterpart,
optimize.

Give bounds or
penalties on
constraints,
formulate

deterministic
equivalent, optimize.

Give fuzzy
description,
formulate

deterministic
equivalent, optimize.

Give bounds or
penalties on

constraints, then
optimize by

iterating over
samples of
scenarios.

Solve LP,
analyze solution.

At once:
calculate
bound of

optimum of
all

scenarios.

Give probabilities on
data, generate

alternative solutions,
compare alternative

solution on
optimality, feasibility

and outliers.

(3) Numerical
effort

Extensively
researched, many

efficient techniques
available.

More complex then
RO, but still efficient
techniques available.

Heavily dependent of
the uncertainty

model. Techniques
available for easy

models.

Faster then SP,
adjustable by
sample size.

No generic
techniques.

No generic
techniques.

Efficient technique
available

(4) Recogniz-
ability of

LP

Depends on the
amount of

uncertainty.
Reformulation

always necessary,
but fairly

recognizable.

Depends on the
amount of

uncertainty.
Reformulation

always necessary,
large increase in

problem size.

Hardly recognizable,
complex

reformulation.

Dependent on
sample size,
reformulation

always
necessary.

Original LP. Original LP. Basic solutions: use
part of LP

(5) Type of
uncertainty Bounds. Probability

distribution.

Possibility
distribution: ‘about’

description.

Probability
distribution.

First and second
moment.

Some
probability

distributions.

Probability
distribution

(6) Type of
optimization

model

LP, ILP, MILP, and
more.

LP, ILP, MILP, and
more.

LP, ILP for some
possibility

distributions.

LP, ILP, MILP, and
more.

LP and special
cases. LP. LP, possibly (M)ILP

(7) Place of
uncertainty A, b, c. A, b, c. b, c. A, b, c.

Depends per
model. More
randomness

gives less
possibilities for

analysis.

c. b , c

Table 2.1: The properties of several models and approaches that deal with uncertainty in Linear Programming.

P
age
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CHAPTER 3

METHOD AND ASSUMPTIONS

In this chapter we will formulate and motivate the assumptions that are made for the remainder of this
thesis. After that, the questions stated in Section 1.4 are considered again. The assumptions made are
the following:

1. A basic solution. The knowledge of a basisB is enough to determine the corresponding strategic
and tactical decisions. The exact values of the variables are mainly of operational value.

2. Uncertainty in b and c. Uncertainty is assumed to be in b and c. Uncertainty in distribution
network studies often arises there and uncertainty in A can be transferred to b.

3. Normality assumption. Uncertainty in b and c is assumed to have a normal distribution.

4. LP assumption. An LP is used to model the distribution problem.

These assumptions are evaluated in Section 6.2. Furthermore, possibilities for generalization are
given there.

3.1 A basic solution

In the Section 1.3 we discussed the basic theory of Linear Programming. One of the goals of this thesis
is to apply this theory in Supply Chain optimization problems, with a focus on distribution networks. We
will now discuss what information we need to answer the related questions.

Consider the following typical example. There is a large number of customers that have to be served
from a couple of depots. There are k customers and each customer i has a demand di. There are
l depots and each depot j has a maximal capacity fj . All customers can be served from all depots.
Then the flow from depot j to customer i is given by decision variable xij . This xij is called a flow
variable. Each combination of customer and depot has a cost associated. We want to minimize costs.
The resulting LP then is the following:

min y = cTx

s.t.
∑k
i=1 xij ≤ fj ∀j∑l
j=1 xij = di ∀i

x ≥ 0.

(3.1)

By introducing l slackvariables we can rewrite (3.1) to an equality problem:

min y = cTx

s.t.
∑k
i=1 xij + sj = fj ∀j∑l
j=1 xij = di ∀i

x ≥ 0.

(3.2)

This problem has k+ l constraints and k · l+ l variables. If we optimize this using the simplex method,
this will lead to a basis of k + l variables. At most k + l will have a positive value, the others have value
zero.
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Now consider the options for a variable:

• A variable is non-basic. If it is a flow variable, it means that customer i is not served via depot j.
If it is a slack variable, it indicates that the corresponding depot j is used to its full capacity.

• A variable is basic. If it is a flow variable, it indicates that there is a flow assigned from depot j to
customer i. If it is a slack variable, it indicates that not all capacity of depot j is currently in use.

In most distribution network studies an advice is desired about strategical or tactical questions. For
example what depots should be used, and which customers should be served from what depot. The
exact quantities are less important, since they may vary operationally. Thus, if we know which variables
are in the basis and which variables are not, we can take the strategical and tactical decisions. Recall
from Section 1.1 that a solution contains both a strategic information and exact values. We are in this
work mainly interested in the strategic information of the solution. The exact values are, however, useful
for operational decisions and to investigate the available slack of resources.

3.2 Uncertainty in b and c.

There are three data components in a standard Linear Program: A, b and c. From this data we derive x
and y. Studies often address randomness in only one or two of these data components. In this section
we will show how uncertainty can be transfered from one data component to another.

From c to A. Suppose we have a probability distribution Pc for the cost vector c. Define a new
variable xn+1 with cost coefficient cn+1. Then define as new data A′, b′ and c′:

A′ =

[
A 0m
cT −1

]
b′ =

[
b
0

]
c′ =

[
0n
1

]
.

In this expression, 0i denotes a column vector with i zeros. Now c′ is a deterministic vector and the
uncertainty is transferred to the last row of A′.

From b to A. A similar approach can be used for uncertainty in b. Define a new variable xn+1 with
cost cn+1 = 0 and add a constraint to ensure xn+1 = 1. The right-hand side uncertainty in b is now
transferred to the last column of A′:

A′ =

[
A −b
0Tn 1

]
b′ =

[
0m
1

]
c′ =

[
c
0

]
.

From A or b to c. This is generally not possible. The data in A and b deal with the feasibility of a
solution. Thus when data in A or b changes, the corresponding constraints change. As these need to
be satisfied, they cannot be transferred to the cost vector. With the dual problem (2.3) it is possible to
interchange b and c, but the interpretation of the dual variables is different from the interpretation of the
variables of the primal problem.

From A to b. The uncertainty in A can be transferred to b by using the inverse of A. Recall from
Section 1.3 that we denote the basic matrix of A by AB . As a basic matrix AB is invertible, the inverse
A−1
B exists. Decompose AB in AB = A0

B +AδB : a deterministic part A0
B and a stochastic part AδB . Then

we have the following relation:
x = A−1

B b
A0
Bx = A0

BA
−1
B b.

Thus we can rewrite the basic problem (1.2) to:

A′B = A0
B , b′ = A0

BA
−1
B b, c′B = cB .

The general case A is more complicated as this matrix is possibly non-square and thus the inverse
need not exist. It might be possible to use some generalized inverse G to extend the above manipulation
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to all matrices A. However, we do not elaborate on this as it is not the core of this work.

The use of stochastic A−1
B is not straightforward. If AB is stochastic, the full rank of AB is not guaran-

teed anymore. Neither is then the existence of the inverse A−1
B guaranteed. The effect of perturbations

on a matrix has been studied extensively in [1]. However, this is not the main of focus of this thesis and
thus we do not further study the impact of a stochastic matrix A. In case For completeness we include
stochastic A in the remainder of this work, but will assume we can transfer the uncertainty to b and c. In
that case, the remaining matrix AB is deterministic and always invertible.

3.3 Normality assumption

In the next chapter we will derive expressions for feasibility, optimality and outliers. Numerical results
can only be given if a probability distribution of the uncertain data is specified. A natural choice for this
is the normal distribution. Most of the probability mass will be around the estimated value, while values
further away from the estimated value have a lower probability. Furthermore, we have the Central Limit
Theorem which states that under certain conditions the mean of a sufficiently large number of indepen-
dent random variables will be approximately normally distributed. Thus if the data considered exists of
many independent components, we can assume that a normal distribution is a good approximation.

3.4 LP assumption

In the remainder of this work we will consider LP-formulations only. However, realistic problems can
include some integer or binary variables. In Section 6.2 we discuss how this work can be extended to
more general (M)ILP problems.

3.5 Rephrasing research questions

In Section 1.4 we stated the research goals of this thesis. With the assumptions of this chapter we thus
derive in Chapter 4:

1. The probability that a basis B is feasible:

P
(
A−1
B b ≥ 0

)
. (3.3)

2. The probability that a basis B is optimal:

P (yB ≤ min B′{yB′ |yB′ ∈ B}) . (3.4)

3. The probability distribution of y. Then we can calculate the probability that under a basis B the
cost y exceeds a value y′:

P (yB ≥ y′) . (3.5)

4. The probability that the cost y under a basis B is less or equal to the cost y′ of some other basis
B′:

P (yB ≤ yB′) . (3.6)
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CHAPTER 4

NORMAL DISTRIBUTIONS IN A LINEAR
PROGRAM

In this chapter we derive expressions for the research questions as stated in Section 3.5. In Section 4.1
this is done for the standard Linear Program for probability distribution for b and c. If a generalization is
straightforward, it is also done for stochastic A. We will, however, restrict ourselves to basic solutions.
In Section 4.2 the properties of a normal distribution in b and c will be studied. These results will then
be combined in Section 4.3. There we provide a Monte Carlo method to calculate the probabilities and
provide exact answers for some special cases.

In this chapter we will extensively use the properties of AB and the Linear Transformation Property.
These are given in Lemma 3 and 4:

Lemma 3. Assume B is a basis to a standard Linear Program. Then we have:

1. The matrix AB is square.

2. The matrix AB is of full rank.

3. The inverse A−1
B exists.

Proof. From Definition 2 we have that |B| = m and therefore AB has m columns. From the LP formu-
lation (1.1) we have that the LP has m constraints and therefore AB has m rows. Thus, AB is square.
Furthermore, we assumed that the LP has no redundancy in its rows and therefore the row rank of AB
is m. As by Definition 2 the column rank is also m, the matrix AB is of full rank. A standard result from
Linear Algebra is that a square matrix of full rank is invertible, and therefore A−1

B exists.

Lemma 4. [41] Linear transformation of a multivariate normal random vector. Let X be a K × 1
multivariate normal random vector with mean µ and covariance matrix V . Let E be an L× 1 real vector
and F an L×K full-rank real matrix. Then the L× 1 random vector Y defined by

Y = E + FX

has a multivariate normal distribution with mean

E[Y ] = E + Fµ

and covariance matrix
V ar[Y ] = FV FT .
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4.1 Optimality and feasibility under stochasticity

In this section we will derive general expressions for the probabilities stated in the research questions
on page 17. Recall from Section 1.3: there is always a solution that is both basic and optimal. The
corresponding matrix AB is square and of full rank and therefore invertible. Therefore, we have the
following relations:

xB = A−1
B b

y = cTBxB

= cTBA
−1
B b.

(4.1)

Assume A is stochastic and has a probability density function fA(A). Furthermore, assume that the
inverse of the basic matrix AB exists and has a probability density function fA−1

B
. Assume b is stochas-

tic and has a probability density function fb(b). Then the probability density function fxB
(xB) of xB is

uniquely determined by fA−1
B

and fb(b). Assume cB is stochastic and has a probability density function
fcB (cB). Then y is also stochastic and its probability density function fy(y) is determined by fxB

(xB)
and fcB (cB).

As data changes, the chosen basis B might not satisfy the feasibility conditions given in Definition
1. Assume we can derive the probability distribution of xB by exploiting xB = A−1

B b. Then we obtain for
feasibility:

Lemma 5. The probability that a basis B is feasible. Assume xB is a basic solution to (1.1) with
probability density function fxB

(xB). Then the probability that xB is feasible is given by:

P (xB feasible) = P (xB ≥ 0)

=

∫ ∞
0

· · ·
∫ ∞

0

fxB
(xB1, . . . , xBm)dxB1 · · · dxBm.

(4.2)

Proof. From Definition 1 we have that a solution x is feasible if and only if:

Ax = b, x ≥ 0.

From Definition 2 we know:
b = Ax = ABxB ,

and in (4.1) we state that xB is set to A−1
B b. Thus, we have obtain:

b = Ax = ABxB = ABA
−1
B b = b.

Concluding, a basic solution xB is feasible if and only if xB ≥ 0. Then the result follows.

The simplex method provides in (1.7) a criterion for a basis B to be optimal. A basis B is optimal if
and only if:

cN ≥ cBA−1
B AN .

We now use this to derive the probability that a basis is optimal.

Lemma 6. The probability that a basis B is optimal. Assume c has a probability distribution specified
by fc(cB , cN ). Assume A is deterministic. Then the probability that B is an optimal basis is given by:

P
(
cN ≥ cBA−1

B AN
)

=

∫
D

fc(cB , cN )dcBdcN , (4.3)

where D is given by

D =

{
(c1B , . . . , c

m
B , c

1
N , . . . c

n−m
N )|

c1N ≥ (A−1
B AN )1cB , . . . , c

n−m
N ≥ (A−1

B AN )n−mcB

}
.
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Proof. A basis B is optimal if and only if cN ≥ cBA
−1
B AN holds. Therefore, we integrate the probability

density function for all values of cN and cB for which this criterion holds.

A more general expression would involve stochastic A−1
B and AN . As the inverse of a stochastic ma-

trix need not exist, we do not consider it here. Instead, we assume that A−1
B and AN are deterministic.

In the next lemma we derive the probability distribution of the cost y. There are two approaches to
this:

1. Specify the cost y by the equation

y = cTBxB = c1x1 + · · ·+ cmxm.

We then use the probability distribution of cB and xB to derive the probability distribution of cost y.

2. Condition on feasibility. The above equation holds, but the interpretation is tricky. Costs in a Linear
Program are not only given by y = cTBxB , but are due to constraints. In Lemma 5 we see that a
basis is feasible if and only if xB ≥ 0. Thus, if we calculate the cost y we need to condition on
feasibility.

The value of the first approach is the ease of the expression. In Section 4.3 we derive that for special
cases there are exact evaluations possible, while the second expression can only be calculated using
simulation techniques. Thus if P (xB ≥ 0) ≈ 1, the first expression is a good approximation.

Lemma 7. The probability that under a basis B the cost y exceeds a value y′. Assume xB and cB
are stochastic and have a joint probability density function fcB ,xB

(cB , xB).

1. Assume negative values for xB are allowed. Then the probability density function of y is given by

fY (y) = P (y = c1x1 + · · ·+ cmxm)

=

∫
D

fc,x(x1, . . . xm, c1, . . . , cm−1,
y −

∑i=m−1
i=1 cixi
xm

)dcBdxB ,
(4.4)

where
D = {(x1, · · ·xm, c1, · · · cm−1) ∈ R2m−1}.

Then the probability that y exceeds a value y′ is given by

P (y ≥ y′) =

∫ ∞
y=y′

fY (y)dy. (4.5)

2. Assume negative values for xB are not allowed. Assume that an infeasible system corresponds
to infinite costs. Then the probability density function of y conditioned on xB ≥ 0 is given by:

fY |xB≥0(y|xB ≥ 0) =

∫
D

fc,x(x1, . . . xm, c1, . . . , cm−1,
y −

∑i=m−1
i=1 cixi
xm

)dcBdxB , (4.6)

where
D = {(x1, · · ·xm, c1, · · · cm−1)|(x1, · · ·xm) ∈ Rm+ , (c1, · · · cm−1) ∈ Rm−1}.

Then the probability that y exceeds a value y′ is given by

P (y ≥ y′) = 1− P (x ≥ 0) +

∫ ∞
y=y′

fY (y)dy. (4.7)

Proof. The value of y is determined by the values of cB and xB through y = cTBxB . Thus in (4.4) the
probability density function of y is obtained by integrating fcB ,xB

(cB , xB) over all values of xB and cB
that yield a value y. Then (4.6) includes the interpretation of y: it is the cost due to a set of constraints.
As the total mass of fY |xB≥0(y|xB ≥ 0) is equal to P (x ≥ 0), this is compensated through 1− P (x ≥ 0)
in (4.7). This assumes that an infeasible system corresponds to an infinite cost.
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In Lemma 6 the global optimality of a basis is studied: the cost of a basis B is at least as good as
all other possible bases. In an application, however, we can have a couple of bases that are all (close
to) optimal for some realization of the data. The following lemma gives an expression to obtain the
probability that the cost y1 of basis B1 is less or equal to the cost y2 of basis B2:

Lemma 8. The probability that the cost y under a basis B is less or equal to the cost y′ of
some other basis B′. Assume basis B1 and basis B2 with corresponding stochastic solutions xB1 and
xB2. Assume a stochastic cost vector c and assume xB1, xB2 and c have a joint probability density
function fc,xB1,xB2(c, xB1, xB2). Assume that the desired probability is not defined if at least one of the
components of xB1 and xB2 is negative. Then the probability the cost y1 corresponding to B1 is less or
equal to the cost y2 corresponding to B2 is given by:

P (y1 ≤ y2) = P

∑
i∈B1

cix
B1
i ≤

∑
j∈B2

cjx
B2
j


=

∫
D

fc,xB1,xB2(c, xB1, xB2)d(xB1, xB2, c),

(4.8)

where D is given by

D =

{
xB1
i , xB2

j , ck| i ∈ B1, j ∈ B2, k ∈ (B1 ∪B2), xB1
i ≥ 0, xB2

j ≥ 0,∑
i∈B1

cix
B1
i ≤

∑
j∈B2

cjx
B2
j

}
.

Proof. The motivation of (4.8) is similar to that of the previous lemmas. We have a probability density
function and the desired probability is the integral over the area in which y1 ≤ y2 is true. Note that in
general the stochastic vectors xB1 and xB2 are dependent as they are both derived from the vector
b.

4.2 Normal distributions in b and c

In this section we will study the standard Linear Program where the constraint vector b and the cost
vector c are random variables with a normal distribution. There are several cases to be distinguished
with increasing complexity, these will be studied in increasing order.

Theorem 9. A normal distribution for c. Assume the cost-vector c is a multi-variate normal vector
with c ∼ N(µc,Σc) where µc denotes the expectation of c and Σc denotes the covariance matrix of c.
Assume b and AB are deterministic. Then the cost y is a normal random variable with:

E[y] =
∑
i,j

µcj(A
−1
B )ijbi,

Var[y] = (A−1
B b) Σc (A−1

B b)T

=
∑
k,l

((A−1
B )k · b)((A−1

B )l · b)Σck,l,
(4.9)

where (A−1
B )k denotes the kth row of A−1

B .

Proof. Only basic solutions are considered. As b and A−1
B are deterministic, through (4.1) xB is deter-

ministic and fixed as xB = A−1
B b. As y = cTb xB , y is a linear combination of normal random variables

and the Linear Transformation Property (Theorem 4) can be applied to obtain the result.
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Theorem 10. A normal distribution for b. Assume the constraint coefficients vector b is a multivariate
normal vector with b ∼ N(µb,Σb) where µb denotes the expectation of b and Σb denotes the covariance
matrix of b. Assume c and AB are deterministic. Then xB has a normal distribution with parameters

xB ∼ N
(
A−1
B µb, A

−1
B Σb(A−1

B )T
)
,

and y has a normal distribution with parameters

y ∼ N
(
cTBA

−1
B µb, c

T
BA
−1
B Σb(A−1

B )T cB
)
.

Proof. The distributions of x and y can again be determined using Theorem 4. These expressions can
also be calculated using the basic rules of expectation and variance of random variables. If bi denotes
a random variable, we can compute the expectation of y using equation (4.1):

E[y] = E

∑
i,j

cBj(A
−1
B )ijbi


=

∑
i,j

cBj(A
−1
B )ijE [bi]

=
∑
i,j

cBj(A
−1
B )ijµ

b
i .

(4.10)

We can also derive the variance of y, where cTB · (A
−1
B )l denotes the inner product of cTB and the lth

column of A−1
B :

Var[y] = Var

∑
i,j

cBj(A
−1
B )ijbi


= Var

[∑
i

(cTB · (A−1
B )i)bi

]

= Cov

[∑
k

(cTB · (A−1
B )k)bk,

∑
l

(cTB · (A−1
B )l)bl

]
=

∑
k,l

(cTB · (A−1
B )k)(cTB · (A−1

B )l)Σ
b
k,l.

(4.11)

In similar fashion we can also derive the expectation and variance of the different components of the
solution. Due to the correlation within b, the solution values will be correlated as well.

E[xi] =
∑
j

(A−1
B )ijµ

b
j ,

Var[xi] =
∑
k,l

(A−1
B )ik(A−1

B )ilΣ
b
k,l,

Cov[xi, xj ] =
∑
k,l

(A−1
B )ik(A−1

B )jlΣ
b
k,l.

(4.12)

Thus, with only b or c as a random variable the derivations are straightforward and the result is a
normally distributed solution and cost.
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Theorem 11. A normal distribution for b and c - independent case. Assume b is a multivariate
normal vector with b ∼ N(µb,Σb) and c is multivariate normal vector with c ∼ N(µc,Σc). Assume
independence between b and c. Assume AB is a constant. Then xB is a multivariate normal vector with

xB ∼ N
(
A−1
B µb, A

−1
B Σb(A−1

B )T
)
.

The cost y is not a normal random variable but has expectation

E[y] =
∑
i,j

µcj(A
−1
B )ijµ

b
i (4.13)

and variance
Var[y] =

∑
k,l

∑
p,q

(A−1
B )kl(A

−1
B )pq[µ

b
kµ

b
pΣ

c
l,q + µclµ

c
qΣ

b
k,p + Σcl,qΣ

b
k,p]. (4.14)

Proof. First consider the distribution of xB . As this is only dependent on AB and b, the proof is the same
as in Theorem 10. The cost y, however, is different as Theorem 4 cannot be applied: cTBxB is not a
linear combination of normal random variables, but a sum of products of normal random variables.

So far, we have assumed that the cost coefficients c and the constraint values b are independent. In
most distribution problems this is realistic, as for example the wages of truck drivers need not depend
on the demand for a certain product. However, for a more complete derivation we will include the
dependent case here.

Theorem 12. A normal distribution for b and c - dependent case. Assume b and c are dependent
multivariate vectors. Assume AB is a constant. Then xB is a multivariate normal vector with

xB ∼ N
(
A−1
B µb, A

−1
B Σb(A−1

B )T
)

(4.15)

and y is not a normal random variable but has expectation

E[y] =
∑
i,j

(A−1
B )ij

(
Cov(cj , bi) + µcjµ

b
i

)
(4.16)

and variance
Var[y] =

∑
k,l

∑
p,q

(A−1
B )kl(A

−1
B )pqCov [clbk, cqbp] (4.17)

with
Cov [clbk, cqbp] = E [clbkcqbp]− µclµbkµcqµbp + µclµ

b
kCov [cq, bp]

+µcqµ
b
pCov [cl, bk] .

(4.18)

Proof. As in Theorem 11, a stochastic c has no influence on the distribution of xB . Therefore the
expression and proof is the same as in Theorem 10. As y is now a sum of products of dependent
normal random variables. The expectation of y now includes the dependency between b and c:

E[y] = E

∑
i,j

cj(A
−1
B )ijbi


=

∑
i,j

E
[
cj(A

−1
B )ijbi

]
=

∑
i,j

(A−1
B )ijE [cjbi]

=
∑
i,j

(A−1
B )ij

(
Cov(cj , bi) + µcjµ

b
i

)
.

(4.19)
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The derivation of the variance of y requires some more work:

Var[y] = Var

∑
i,j

cj(A
−1
B )ijbi


= Cov

∑
k,l

cl(A
−1
B )klbk,

∑
p,q

cq(A
−1
B )pqbp


=

∑
k,l

∑
p,q

(A−1
B )kl(A

−1
B )pqCov [clbk, cqbp] .

(4.20)

The last covariance term in (4.20) requires some more specification:

Cov [clbk, cqbp] = E
[
(clbk − µclµbk)(cpbp − µcqµbp)

]
= E [clbkcqbp]− µclµbkµcqµbp + µclµ

b
kCov [cq, bp]

+µcqµ
b
pCov [cl, bk] .

(4.21)

Thus, we have derived the expectation and variance of the cost y when b and c are multivariate
normal and dependent.

4.3 Calculation of probabilities

Lemmas 5 - 8 in Section 4.1 are all of the following form:

P (··) =

∫
D

fV (v)dv, (4.22)

where V is a set of stochastic variables and D is a subset of the domain of the variable set V . The
function fV (V ) is the joint probability density function of the stochastic variables V . In the lemmas the
variables cB , xB and y are used. As y = cTBxB , we have that all Lemmas can be evaluated using the
probability distributions of cB and xB .

From Theorems 9 - 12 in Section 4.2 we can conclude that in all studied cases, the vectors cB and
xB are either a constant or have a multivariate normal distribution. If we thus want to study the effect of
multivariate distributions in the cost and demand vectors and evaluate the Lemmas in Section 4.1 we
have:

Theorem 13. Let V be a multivariate normal random vector with expectation µV and covariance matrix
ΣV . Let D be a subset of the domain of V . Let fV (V ) be the joint probability density function of V .
Then all probabilities in Section 4.1 are of the form:

P (··) =

∫
D

fV (V )dv. (4.23)

Proof. Follows directly from Lemmas 5 - 8 and Theorems 9 - 12.

For some special cases we can find an exact expression for the answer. In general, however, we
need a simulation technique. We first discuss a simulation technique. Then we discuss the several
cases and give an exact answer if possible.

Monte Carlo Simulation

The integral in equation (4.23) has no expression in elementary functions, as a simplified form of the
following expression is not known: ∫

e−t
2

dt.
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We therefore need a numerical technique or simulation method to evaluate (4.23). Numerical
techniques for the evaluation of integrals of multivariate normal distributions are available, but are
mostly suited for low (< 10) numbers of variables. Numerical models are amongst others proposed
in [20, 14, 37]. An alternative approach is in Monte Carlo Simulation. Monte Carlo methods are a broad
class of computational algorithms that rely on repeated random sampling to obtain numerical results
[44].

We now present a Monte Carlo method that provides an efficient way to evaluate integrals like (4.23).
This method is also described in for example [8].

The first step is to recognize that the desired probability (4.23) is the probability that a realization of
a stochastic vector V is in a set D:

P (··) =
∫
D
fV (V )dv

= P (V ∈ D).
(4.24)

As V is a multivariate normal vector, we can write it as a linear combination of independent standard
normal distributions. Assume V consists of n variables v1, . . . , vn. Then Zn ∼ N(0n, In). Using the
Linear Transformation (Theorem 4) we can derive:

V = µV + LZn, (4.25)

where µV is the expectation of V and L the lower Cholesky factorization of the covariance matrix ΣV . Zn

is an n−vector of independent standard normal distributions. An extensive explanation of this procedure
is given in [33]. Then we can derive:

P (··) = P (V ∈ D)
= P (Zn ∈ D′), (4.26)

where
D′ = {z ∈ Rn|µV + Lz ∈ D}. (4.27)

We can rewrite Zn to a vector of n independent uniform [0, 1] random variables using the inverse
of the standard normal distribution. Thus, Un is an n−vector where ui = Φ(zi). Thus we continue the
derivation:

P (··) = P (V ∈ D)
= P (Un ∈ D′′), (4.28)

where

D′′ = {u ∈ dom(Un)|µV + L

 Φ−1(u1)
...

Φ−1(un)

 ∈ D}. (4.29)

A draw Uout from a uniform distribution U has the same distribution function F as the uniform distri-
bution itself. Thus, if we sample enough values for Un we can construct an arbitrarily small confidence
interval for the value of the desired probability. Concluding we have derived:

P (··) =
∫
D
fV (V )dv

= P (V ∈ D)
= P (Zn ∈ D′) where D′ = {z ∈ dom(Zn)|µV + Lz ∈ D}

= P (Un ∈ D′′) where D′′ = {u ∈ dom(Un)|µV + L

 Φ−1(u1)
...

Φ−1(un)

 ∈ D}.
(4.30)
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Performance measures for normal b and c

In this section we will combine the results from Section 4.1 and 4.2 to give an overview how the perfor-
mance measures can be calculated. If possible an exact answer is provided, otherwise the parameters
D, µV and ΣV are specified to be applied in the Monte Carlo simulation as given in Section 4.3. All
cases and results are summarized in Table 4.1.

The following four uncertainty models are studied:

• Deterministic b, normal c.

• Normal b, deterministic c

• Independent normal b, normal c

• Dependent normal b, normal c

The following four performance measures are evaluated:

• Feasibility.

• Optimality.

• Better alternative.

• Outliers.

We now combine these in 10 cases.

Case a: Feasibility for normal b. Assume b has a multivariate normal distribution with b ∼
N(µb,Σ

b). Then we obtain from Theorem 10:

xB ∼ N
(
A−1
B µb, A

−1
B Σb(A−1

B )T
)
.

Application of Lemma 5 then yields:

P (xB1 ≥ 0, . . . , xBm ≥ 0) =

∫ ∞
0

· · ·
∫ ∞

0

fxB
(xB1, xB2, . . . , xBm)dxB1 · · · dxBm, (4.31)

where

fxB
(xB1, xB2, . . . , xBm) =

1

(2π)m/2|ΣxB |1/2
exp(−1

2
(xB − µxB

)TΣ−1
xB

(xB − µxB
)). (4.32)

We thus apply the Monte Carlo simulation with V = xB , µV = µxB
, ΣV = ΣxB and

D = {(xB1, . . . xBn)|xB1 ≥ 0, . . . , xBn ≥ 0} .

For each individual variable xBi we can obtain P (xBi ≥ 0) by using the standard normal distribution
Z:

P (xBi ≥ 0) = P

(
xBi − µxB

i

σxB
i

≥ 0− µxB
i

σxB
i

)
= P

(
Z ≤ µxB

i

σxB
i

)
= Φ

(
µxB
i

σxB
i

)
.

(4.33)

Thus, we can use (4.33) to investigate which variables are a bottleneck in the feasibility.
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Case b: Optimality for normal c. Assume c has a multivariate normal distribution with c ∼
N(µc,Σ

c). Consider Lemma 6. There is no simplification here so apply the Monte Carlo Simulation
with parameters V = c, µV = µc, ΣV = Σc,

D =

{
(c1B , . . . , c

m
B , c

1
N , . . . c

n−m
N )|

c1N ≥ (A−1
B AN )1cB , . . . , c

n−m
N ≥ (A−1

B AN )n−mcB

}
.

Case c: Better alternative for constant b, normal c. Assume c has a multivariate normal distribu-
tion with c ∼ N(µc,Σ

c). Assume b is constant. Consider Lemma 8. As the values x of the corresponding
bases are deterministic, the expression reduces to:

P (y1 ≤ y2) = P

∑
i∈B1

cix
1
i ≤

∑
j∈B2

cjx
2
j


= P

 ∑
i∈B1\B2

cix
1
i −

∑
j∈B2\B1

cjx
2
j +

∑
k∈B1∩B2

ck(x1
k − x2

k) ≤ 0

 .

(4.34)

Note that the probability in this last expression is the probability that a sum of normal random vari-
ables is less or equal to zero. Thus, define the following vectors:

∆x = (x1
i |i ∈ B1\B2, x

2
j |j ∈ B2\B1, (x1

k − x2
k)|k ∈ B1 ∩B2),

∆c = (ci|i ∈ B1\B2, cj |j ∈ B2\B1, ck|k ∈ B1 ∩B2),
∆y = (∆c)T∆x.

(4.35)

The covariance matrix corresponding to ∆c consists of the rows and columns i of the covariance
matrix of c with i ∈ (B1 ∪ B2). We can then apply the linear transformation property to find the mean
and variance of ∆y. Finally, the desired probability can then be derived using the standard normal
distribution:

P (y1 ≤ y2) = P (∆y ≤ 0) = Φ

(
−µ∆y

σ∆y

)
.

Case d: Better alternative for normal b.
Assume b has a multivariate normal distribution with b ∼ N(µb,Σ

b). Assume c is constant. Consider
Lemma 8. There are two cases to be considered. The first is that feasibility is not considered to be
important, the second is the probability conditioned on feasibility.

For the first, a similar procedure as in Case c can be applied: for normal b, the procedure is sim-
ilar though more complicated. Although the different bases lead to different solutions, they are highly
dependent as they are derived from the same vector b. Thus, define the following vectors:

b2 =

[
b
b

]
,

µb2 =

[
µb

µb

]
,

Σb2 =

[
Σb Σb

Σb Σb

]
,

A2 =

[
A−1
B1 0

0 A−1
B2

]
,

∆x = A2b2,

∆c =

[
cB1

cB2

]
.

(4.36)
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Then we can derive with the linear transformation property:

µ∆x = A2 µ
b2 ,

Σ∆x = A2 Σb2AT2 ,

µ∆y = (∆c)T µ∆x,

Σ∆y = (∆c)T Σ∆x∆c.

(4.37)

Concluding, we have again a normal distribution for the difference in cost ∆y. Thus, y1 − y2 has a
normal distribution with parameters:

µy1−y2 = [1 − 1]µ∆y, σ2
y1−y2 = [1 − 1]Σ∆y

[
1
−1

]
.

Finally, the desired probability can then be derived using the standard normal distribution:

P (y1 ≤ y2) = Φ

(
−µy1−y2
σy1−y2

)
.

The probability P (y1 ≤ y2|y1, y2 feasible) has to be calculated via Monte Carlo Simulation. The
involved parameters are V = xB , µV = µxB

, ΣV = ΣxB where the distribution of xB follows from
Theorem 10. Furthermore use

D =

{
xB1
i , xB2

j | i ∈ B1, j ∈ B2, x
B1
i ≥ 0, xB2

j ≥ 0,∑
i∈B1

cix
B1
i ≤

∑
j∈B2

cjx
B2
j

}
.

Case e: Better alternative for independent normal b, c. Assume b has a multivariate normal
distribution with b ∼ N(µb,Σ

b) . Assume c has a multivariate normal distribution with c ∼ N(µc,Σ
c).

This case is studied in Theorem 11. As both y and y|feas have a general distribution, the desired
probabilities from Lemma 8 have to be calculated via Monte Carlo Simulation. For both probabilities we
have:

V =

[
cB
xB

]
, µV =

[
µcB
µxB

]
, ΣV =

[
ΣcB 0

0 ΣxB

]
.

The parameter D concerns the feasibility. For P (y1 ≤ y2) we have:

D =

{
xB1
i , xB2

j , ck| i ∈ B1, j ∈ B2, k ∈ (B1 ∪B2),∑
i∈B1

cix
B1
i ≤

∑
j∈B2

cjx
B2
j

}
.

For P (y1 ≤ y2|y1, y2 feasible) we have:

D =

{
xB1
i , xB2

j , ck| i ∈ B1, j ∈ B2, k ∈ (B1 ∪B2), xB1
i ≥ 0, xB2

j ≥ 0,∑
i∈B1

cix
B1
i ≤

∑
j∈B2

cjx
B2
j

}
.

Case f: Better alternative for dependent normal b, c. The distribution for dependent normal b and
c is studied in Theorem 12. The probabilities P (y1 ≤ y2) and P (y1 ≤ y2|y1, y2 feasible) are calculated in
the same way as in Case e. The only difference is the covariance matrix ΣV :

ΣV =

[
ΣcB Cov(cB , xB)

Cov(xB , cB) ΣxB

]
.

Case g: Outliers for normal c, constant b. In case only c has a normal distribution, we know
that y has a normal distribution as well with parameters µy and σ2

y. Then the probability that the cost y
exceeds a value y′ is given by:

P (y ≥ y′) = P

(
Z ≥ y′ − µy

σy

)
= 1− Φ

(
y′ − µy
σy

)
.

(4.38)

Page 29



CHAPTER 4. NORMAL DISTRIBUTIONS IN A LINEAR PROGRAM

Case h: Outliers for normal b, constant c.
There are two probabilities that need to be calculated: P (y ≥ y′) and P (y ≥ y′|y feasible). The

first is the same as in Case g. The second is established via Monte Carlo Simulation with the following
parameters:

V = xB , µV = µxB
, ΣV = ΣxB , D =

{
xB |cTBxB ≥ y′, xB ≥ 0

}
.

Case i: Outliers for independent normal b, normal c.
There are two probabilities that need to be calculated: P (y ≥ y′) and P (y ≥ y′|y feasible). Both are

calculated using a Monte Carlo Simulation. The shared parameters are:

V =

[
cB
xB

]
, µV =

[
µcB
µxB

]
, ΣV =

[
ΣcB 0

0 ΣxB

]
.

The domain for P (y ≥ y′) is given by:

D =
{
cB , xB |cTBxB ≥ y′,

}
.

The domain for P (y ≥ y′|y feasible) is given by:

D =
{
cB , xB |cTBxB ≥ y′, xB ≥ 0

}
.

Case j: Outliers for dependent normal b, normal c. The procedure is the same as in Case i. The
only difference is the dependence of xB and cB . Thus we obtain a different covariance matrix for V :

ΣV =

[
ΣcB Cov(cB , xB)

Cov(xB , cB) ΣxB

]
.
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Feasibility
P (xB ≥ 0)
Reference: Lemma 5

Optimality
P (cN ≥ cBA−1

B AN )
Reference: Lemma 6

Better alternative
P (y1 ≤ y2)
Reference: Lemma 8

Outlier
P (y ≥ y′)
Reference: Lemma 7

c normal:
x constant
y ∼ N(µy, σ

2
y)

Reference: Th. 9

Not relevant
(x constant)

P (cN ≥ cBA−1
B AN ):

MC via fcB
Reference: (b)

P (y1 ≤ y2) = Φ (..)
Reference: (c)

P (y ≥ y′)
= 1− Φ

(
y′−µy

σy

)
Reference: (g)

b normal:
x ∼ N(µxB

,ΣxB )
y ∼ N(µy, σ

2
y)

y|feas ∼ G
Reference: Th. 10

P (xB ≥ 0):
MC via fxB

P (xi ≥ 0) = Φ
(
µ
xB
i

σ
xB
i

)
Reference: (a)

Not relevant
(c constant)

P (y1 ≤ y2) = Φ (..)
P (y1 ≤ y2|feas):
MC via fxB

Reference: (d)

P (y ≥ y′)
= 1− Φ

(
y′−µy

σy

)
P (y ≥ y′|feas):
MC via fxB

Reference: (h)

b, c normal, independent:
x ∼ N(µxB

,ΣxB )
y ∼ G
y|feas ∼ G
Reference: Th. 11

P (xB ≥ 0):
MC via fxB

P (xi ≥ 0) = Φ
(
µ
xB
i

σ
xB
i

)
Reference: (a)

P (cN ≥ cBA−1
B AN ):

MC via fcB
Reference: (b)

P (y1 ≤ y2):
MC via fxB

, fcB
P (y1 ≤ y2|feas):
MC via fxB

, fcB
Reference: (e)

P (y ≥ y′):
MC via fxB

, fcB
P (y ≥ y′|feas):
MC via fxB

, fcB
Reference: (i)

b, c normal, dependent:
x ∼ N(µxB

,ΣxB )
y ∼ G
y|feas ∼ G
Reference: Th. 12

P (xB ≥ 0):
MC via fxB

P (xi ≥ 0) = Φ
(
µ
xB
i

σ
xB
i

)
Reference: (a)

P (cN ≥ cBA−1
B AN ):

MC via fcB
Reference: (b)

P (y1 ≤ y2):
MC via fxB ,cB

P (y1 ≤ y2|feas):
MC via fxB ,cB

Reference: (f)

P (y ≥ y′):
MC via fxB ,cB

P (y ≥ y′|feas):
MC via fxB ,cB

Reference: (j)

Table 4.1: A summary of Chapter 4. The rows represent the different distributions possible in an LP and the columns represent the several calculated
probabilities. The cells summarize the calculation method and the letter in brackets refers to a further explanation in Section 4.3.
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CHAPTER 5

IMPLEMENTATION AND APPLICATION

In this chapter we formulate a method to implement the derived mathematics in a real world case. It is
presented in Section 5.1 and illustrated with a toy example in Section 5.2. It is applied to a real world
case in Section 5.3 and a conclusion is given in Section 5.4.

5.1 A framework to analyze uncertainty

A flowchart is given in Figure 5.1 to show the full proposed method. It gives the order of the different
steps and indicates what calculations can be done exact and where simulation is necessary. Simulation
here refers to the method explained in Section 4.3. Details on the implementation are given in Appendix
B. We now give a short description of the steps.

Step 1: Data gathering. In this step we collect data, formulate an LP and optimize the LP to obtain
a basic solution based on the expected values.
Step 2: Uncertainty gathering. In this step we define which parameters in the LP are stochastic. We
then estimate probability distributions for these parameters.
Step 3: Alternative basic solutions. In this step we determine alternatives for the solution obtained
in Step 1. These need to be basic solutions and can be generated in several ways. An extensive study
about generating alternative solutions is given in [7].
Step 4: Transfer uncertainty. This step is only necessary when parameters in A are uncertain. We
transfer the uncertainty in this parameters to the vector b.
Step 5: Evaluate each alternative basis. First we determine which vectors are stochastic and whether
they are dependent. Then we evaluate the probability distribution of xB and determine whether feasi-
bility can safely be assumed or not. We calculate the following performance measures using Table
4.1:

a) The probability that this alternative is feasible is α%. This question is only relevant if there is
uncertainty in the constraint vector. Otherwise, α = 100%. This is calculated using Lemma 5.

b) The expected cost is µy. This can be calculated using the theorem corresponding theorem from
Theorems 9 - 12.

c) The probability that this alternative gives the best cost of all possible solutions is β%. This is
calculated using Lemma 6.

d) The probability that the cost exceeds the current cost is γ%. The current cost should be available
from the data and can be used as value for y′ in Lemma 7.

e) The probability that the cost will be at most 5% higher then expected is δ%. This can be calculated
by using y′ = 1.05µy in Lemma 7.

f) The probability that the cost in this alternative is less or equal to the cost in the Base Case or
scenario derived in Step 1 is ε%. This can be calculated using Lemma 8.

Step 6: Determine a small set of bases. Using the results from Step 5, we now select a small number
of bases for a further comparison. These can be alternatives that perform likewise.
Step 7: Compare alternative bases. Calculate the probability that a basis gives better cost then the
other alternatives using Lemma 8.
Step 8: Report the results and choose a basis.
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Collect data

Formulate LP
Exp. val. solution

Trace uncertain
parameters

Estimate prob.
distributions

Determine a set
of alternatives

Transfer unc. from A to b.
Where is the uncertainty?

Analytical:
- X ∼ N(µx,Σ

x)
- P (xi ≥ 0) ∀i
- Determine Bottlenecks

Analytical:
- X ∼ N(µx,Σ

x)
- P (xi ≥ 0) ∀i
- Determine Bottlenecks
MC simulation:
- P (x ≥ 0)

Analytical:
- y ∼ N(µy,Σ

y)
- E[y] = µy
- P (y ≥ current cost)
- P (y ≥ 1.05µy)
- P (y ≤ yBC)

Data
gathering

Uncertainty
gathering

MC simulation:
- P (Global opt)

MC simulation:
- P (x ≥ 0)
- P (Y = y|feas)
- E[y])
- P (y ≥ curr cost)
- P (Global opt.)
- P (y ≥ 1.05µy)
- P (y ≤ yBC)

Is feasibility assumed?

Analytical:
- y ∼ N(µy,Σ

y)
- E[y] = µy
- P (y ≥ current cost)
- P (y ≥ 1.05µy)
- P (y ≤ yBC)

MC simulation:
- P (Y = y|feas)
- E[y]
- P (y ≥ current cost)
- P (y ≥ 1.05µy)
- P (y ≤ yBC)

Determine a smaller
set of bases

Calculate for each base:
P(y ¡ other base)

Report the results

c normal, b deterministic
c normal
b normal

b normal, c deterministic

no
yes

Evaluate each alternative

Figure 5.1: A summary of the proposed method.
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5.2 A small factory example

In this section we will formulate and analyze a toy example to illustrate the results so far. The framework
given in Section 5.1 will be used and results will be calculated using the theory from Chapter 4.

Step 1: Data gathering. Consider a small factory which produces a product that comes in three
different types. Assume that the amount of products need not be integers. Each type has a couple of
characteristics and a production cost. Suppose we want to minimize the total cost given an amount we
have to produce:

min y = 5x1+ 7x2+ 10x3

s.t. x1+ x2+ x3 = 1000 (Production constraint)
3x1+ 7x2+ 5x3 ≤ 4500 (Materials constraint)

15x1+ 10x2+ 7x3 ≤ 11000 (Pollution constraint)
2x1+ 3x2+ 5x3 ≤ 4500 (Labour constraint)

xi ≥ 0

(5.1)

As this problem has three inequality constraints, we can replace them by equality constraints using
the slack variables x4, x5, x6:

min y = 5x1+ 7x2+ 10x3

s.t. x1+ x2+ x3 = 1000
3x1+ 7x2+ 5x3 +x4 = 4500

15x1+ 10x2+ 7x3 +x5 = 11000
2x1+ 3x2+ 5x3 +x6 = 4500

xi ≥ 0

(5.2)

Note that this problem does not have any redundancy in it, as no constraint is a linear combination
of other constraints. This problem can then be solved using AIMMS. The optimal basis is unique and
formed by the variables x1 = 432, x2 = 182, x3 = 386, x6 = 1159 and B = {1, 2, 3, 6}. Thus, the first
three constraints are tight and the last is not. As we know that x4 = x5 = 0 in the basic solution, we
have:

AB =


1 1 1 0
3 7 5 0
15 10 7 0
2 3 5 1

 , b =


1000
4500
11000
4500

 , cB =


5
7
10
0

 , xB =


432
182
386
1159

 , yB = 7294. (5.3)

Step 2: Uncertainty gathering. We will now introduce the stochasticity. As an example, suppose
that all values of b have a standard deviation of 100. Thus, the covariance matrix is a diagonal matrix
with the value 10000 on the diagonal. Then we have:

Σb =


10000 0 0 0

0 10000 0 0
0 0 10000 0
0 0 0 10000

 .
Step 3: Alternative solutions. As this example is very small, specialized techniques to create

other bases are not necessary. Instead, consider leaving out the production of product 2: x2 = 0. Fur-
thermore, assume that the pollution constraint is tight so x5 = 0. That yields a basis B = 1, 3, 4, 6. The
corresponding matrix AB is invertible, so this is a valid basis.

Step 4: Transfer uncertainty. This step is not necessary, as we have not specified uncertainty in A.
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Figure 5.2: The objective value for stochastic b for the basis that is optimal for expected values of the
data. The left picture shows the empirical probability density, the right picture the cumulative probabili-
ties.

Step 5: Evaluate each alternative. We will first consider the basis obtained in Step 1. We can
derive using Theorem 10:

A−1
B =


−0.0455 −0.1364 0.0909 0
−2.4545 0.3636 0.0909 0
3.4091 −0.2273 −0.1818 0
−9.7727 0.3182 0.4545 1

 , Σb =


10000 0 0 0

0 10000 0 0
0 0 10000 0
0 0 0 10000

 ,

ΣxB = A−1
B Σb(A−1

B )


289 −1529 169 −4463
−1529 61653 −84669 241446

169 −84669 117066 −334711
−4463 241446 −334711 968140

 , σ2
y = cTΣxBc = 1716.

(5.4)

Note that although the values of b are independent random variables, the vector xB is dependent. As
Figure 5.1 indicates, we will first calculate the feasibility. In Table 4.1 we see that P (xi ≥ 0) has an
analytic expression and for P (xB ≥ 0) we need an MC simulation. The procedure for this calculation is
given as ‘Case a’ in Section 4.3 on Page 27. For individual values of xB we can derive:

P (x1 ≥ 0) = Φ

(
432√
289

)
= 1.00, P (x2 ≥ 0) = 0.77, P (x3 ≥ 0) = 0.87, P (x6 ≥ 0) = 0.88.

As the values of xB are dependent, we need a MC simulation to determine P (xB ≥ 0). We use V = xB ,
µV = µxB

, ΣV = ΣxB and D = {(xB1, . . . , xBn)|xbi ≥ 0 ∀i}. This gives the following result:

• The probability that this alternative is feasible is 64 %.

We now have to decide whether to assume feasibility or not. Recall the discussion in Lemma 7: for
normally distributed x we have a strictly positive probability that x is not feasible. This probability, how-
ever, can be arbitrarily small. If this probability is extremely small, we can ignore this and obtain exact
expressions. If this is not, we need a simulation. As P (xB ≥ 0) = 64%, we cannot assume feasibility
and thus calculate all remaining performance measures conditioned on feasibility. Only 64 % of all sam-
ples leads to a feasible solution, and these are all centered around the original objective value. This is
presented in Figure 5.2.
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Figure 5.3: The objective value in a change in b for the second basis. The left picture shows the empirical
probability density, the right picture the cumulative probabilities.

We can see in Figure 5.1 and in Table 4.1 that we thus need to use an MC simulation to find these
answers. This yields:

• The average cost for feasible xB is µy = 7048.

• The probability that for feasible xB the cost is higher then the current cost 7294 is 42 %.

• The probability that for feasible xB the cost is 5% higher then the average cost 7048 is 38 %.

The last performance measure is to compute the probability that the cost in this alternative is less or
equal to the cost in the expected values scenario. As this is the expected values scenario, it makes no
sense calculating this measure.

In the same way as above we can compute the performance measures for basis B = {1, 3, 4, 6}.
The individual feasibility probabilities are:

P (x1 ≥ 0) = Φ

(
500√
7813

)
= 1.00, P (x2 ≥ 0) = 0.996, P (x3 ≥ 0) = 0.77, P (x6 ≥ 0) = 0.90.

Furthermore we can calculate:

• The probability that xB is feasible is 76 %. We thus cannot assume feasibility.

• The average cost for feasible xB is µy = 6954.

• The probability that for feasible xB the cost is higher then the current cost 7294 is 43 %.

• The probability that for feasible xB the cost is 5% higher then the average cost 6954 is 42 %.

• The probability that if both bases are feasible, the expected values basis gives better cost then
this basis is 96%.

A plot of the probability distribution function of the objective value assuming feasibility is given in
Figure 5.3.

Step 6: Determine a small set of bases. If we had performed the previous analysis for more then
two bases, we would now select the most promising bases to compare. As we considered only two
bases in this example, this step is not necessary.
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Figure 5.4: The map of locations corresponding to the oil test case. The squares correspond to depots
and the dots correspond to customers.

Step 7: Compare alternatives. In this step we calculate the probability that a basis gives better
cost then the other alternatives. In Step 5 we already compare the alternatives to the expected values
case. As the bases we have left now are the expected values case and one alternative, we have no
need for further calculations.

Step 8: Report the results and choose a basis. Consider the results given in Step 5. As we
can see, the alternative basis is more often feasible then the expected values basis. Furthermore, this
alternative basis gives better expected cost. However, for realizations of b that both bases are feasible,
the expected values basis gives better costs in nearly all cases. At first sight, this is counterintuitive:
the basis with lower average cost has nearly always higher costs then a basis with high average cost.
The difference can be explained when Figures 5.2 and 5.3 are compared. In Figure 5.2 we see that
the feasible values are clustered around the expectation of the normal distribution. High and low values
correspond to non-feasible values for xB . In Figure 5.3 we see a difference: only the high values for y
correspond to non-feasible values.

We therefore conclude that the decision maker should make a trade-off here. If feasibility is more
important, the alternative basis should be chosen. If lower costs are more important, the expected val-
ues basis should be chosen.

To make a better trade-off, we can further analyze the model and see if we can reduce the variance
in the cost and variables. Consider the covariance matrix of xB in Equation (5.4). Here we can see that
the last variable has most variance, corresponding to the slack value of the labour constraint. Thus, we
can repeat the above analysis for a lower variance in the labour constraint. If that produces results that
are much better, then the conclusion would be that it is worthwhile to invest in more certainty there.

5.3 The oil test case.

Consider a supplier in the Netherlands. The company sells two products to approximately 350 cus-
tomers and delivers these from eleven depots: five own depots and six depots that are rented from
a third party. Their annual distribution costs are approximately 6,2 million euro. The main depot has
the lowest cost, the other own depots are slightly more expensive and the commercial depots have the
highest costs. The current costs should be analyzed and the future strategy should be determined:
which depots should be used? Which customers should be served from what depot? The depots and
customers are shown on a map in Figure 5.4. The company analyzed is a customer of ORTEC. As the
procedure is already demonstrated in the previous section, we will now restrict ourselves to the details
of this test case.

Page 38



5.3. THE OIL TEST CASE.

(a) Product 1 (b) Product 2

Figure 5.5: The assignment of customers to depots in the Base Case scenario, which is a model of the
current situation. A line between a depot and a customer means that the customer is served from that
depot.

Scenarios are created with different depot selections. Furthermore, scenarios are created by adjust-
ing the delivery of products. Are the products delivered separately or is an investment made to transport
them both in one truck? Should we always drop one or more full trucks of product or is it better to deliver
only as much as is needed for the next five days? First the optimal depot selection will be studied. The
delivery adjustments will then be applied to the optimal depot selection to find the best strategy. The
scenarios are:

• Base Case: use own depots and all six commercial depots, current depot volumes as constraints
(BC).

• Use only own depots (S1a).

• Use only the own main depot (S2a).

• Use own depots and all six commercial depots (S3a).

• Use own depots and three commercial depots (S4a).

• Use own main depot and all six commercial depots (S5a).

• The default distribution is separate distribution of Product 1 and Product 2 . The options are:

– Separate distribution of Product 1 and Product 2 (a).

– Combined distribution of Product 1 and Product 2 (b).

– Maximal distribution for customers: drop full trucks (c).

– Minimal distribution for customers: drop an amount that lasts at least five days (d).

– Combined and minimal distribution (e).

There are five own depots, one of which is the main depot. This main depot can deliver to customers
and to other depots. Furthermore, there are six commercial depots. In the Base Case, all these depots
are used. The current situation or Base Case scenario is given in Figure 5.5.
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Step 1: Data gathering. The current situation is modeled and validated in a Base Case. For each
depot we have a flow constraint, which assigns the maximum flow of a depot. In the Base Case the
flow constraints are assigned with the current values, to force the optimization model to chose a current
utilization. In the later optimization, this maximum flow will have an infinite value. The corresponding LP
has 9195 variables and 10006 constraints, including inequality constraints.

Step 2: Uncertainty gathering. There are various sources of uncertainty in this test case. Possibil-
ities are the demand of customers, costs of truck drivers, fuel costs for the trucks, etcetera. We will now
study the effect of uncertainty in demand. Assume that the demand for a product can vary with at most
5%. Furthermore assume a correlation coefficient ρ = 0.7. The demand per customer is a parameter
in the constraint vector b. The first 762 constraints of the LP make sure all customers get at least their
demand of product. The other values of b will be deterministic.

Step 3: Generate alternatives. In this oil test case, the strategic decisions what depots to open or
close are taken outside of the optimization model. By assigning a maximum flow of zero to a depot, we
can force a closure. Note that this is different from the approach as explained in Section 5.1. In this test
case, we adjust values in the constraint vector b and use those to choose a different basis B. This is
due to the modeling of this specific case. Ideally, we would not need to adjust values in b.

The two methods are however equivalent: consider Section 3.2, where we transfer uncertainty from
b to A. We can use a similar technique to transfer parameters that are not uncertain, but that we want
to change according to a scenario. Introduce two new variables xn+1 and xn+2. Let b1 be the vector
corresponding to scenario 1 and b2 the vector corresponding to scenario 2. The scenarios are e.g.
whether a depot is available or not. Then introduce two new columns in A and one new row. Then
define as new data A′, b′ and c′:

A′ =

[
A −b1 −b2
0Tn 1 1

]
, b′ =

[
0m
1

]
, c′ =

 c
0
0

 .
Note that to ensure correctness, we need that either xn+1 or xn+2 is a basic variable. If both are in

the basis or none is, the result is not correct. A more straightforward approach is to introduce binary
variables, which is suggested in Section 6.2.

Step 4: Transfer uncertainty. This step is not necessary, as there is no uncertainty in the matrix A
of the LP.

Step 5: Evaluate each alternative basis. The uncertainty is all in the constraint vector b. As pre-
sented in Table 4.1, we can analytically derive the probability distribution of x and the probability that a
single variable xi is nonnegative. With the simulation presented in Section 4.3 we can find the proba-
bility that all variables are nonnegative and thus the solution is feasible. It turns out that except for the
Base Case, all scenarios are approximately always feasible. The results are summarized in Table 5.1.

Step 6: Determine a small set of bases. Note the structure in the results: more open depots
lead to lower costs. These depots are the same as in the Base Case, but the assignment of depots
to customers was not optimal. Furthermore, the combined distribution of products is advisable. The
assignment in Scenario 3 is shown in Figure 5.6. As we can see in Table 5.1, Scenario 3c and 3e have
similar costs and score equally on the other performance measures. Therefore, we select Scenario 3c
and 3e as the small set of bases.

Step 7: Compare alternative bases. We calculate the probability that the cost of S3c is less then
the cost of S3e. This probability turns out to be zero: the cost of scenario S3e is under demand uncer-
tainty always at least as good as the cost of scenario S3c.

Step 8: Report the results and choose a basis. The best basis is that of Scenario S3e: it always
performs better or equal to other scenarios.
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(b) Expected
distribution
cost: E[y]

(a) Feasible in
% of cases:
P(x ≥ 0)

(d) Worse then
current cost in
% of cases:
P(y ≥ E[yBC ])

(e) Cost increase of
more then 5% in %
of cases:
P(y ≥ 1.05E[y])

(f) Better cost
then BC in % of
cases:
P(y ≤ yBC)

BC ¤6.191.663 2.55 % 50 % 5.42 % 50 %
S1a ¤7.849.883 100 % 100 % 1.75 % 0 %
S2a ¤8.636.681 100 % 100 % 1.75 % 0 %
S3a ¤5.209.702 100 % 0 % 1.75 % 100 %
S3b ¤4.135.935 100 % 0 % 1.75 % 100 %
S3c ¤3.908.088 100 % 0 % 1.75 % 100 %
S3d ¤4.936.354 100 % 0 % 1.75 % 100 %
S3e ¤3.892.095 100 % 0 % 1.75 % 100 %
S4a ¤5.858.364 100 % 0.8 % 1.75 % 100 %
S5a ¤5.465.244 100 % 0 % 1.75 % 100 %

Table 5.1: The results for the oil test case.

(a) Product 1 (b) Product 2

Figure 5.6: The assignment of customers to depots in the third scenario. Compare to Figure 5.5 to see
that the routes are shorter then in the Base Case scenario. Furthermore, the Amsterdam depot is used
less.
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Analysis of results As not all results in Table 5.1 are intuitive, we will analyze and motivate them
in this section. The feasibility is low in the Base Case, but 100 % in all other scenarios. If we analyze
the results, we can see that each customer is served through one depot. The corresponding variables
have therefore the same average as the demand values or have value zero. As the demand varies at
most 5 %, the corresponding values of x vary with only 5% and therefore have a very low probability
of infeasibility. The other variables are related to these: they represent the volumes of depots or some
related costs. But as the amounts that have to be distributed never get negative, the related variables
neither get negative. This does not hold for the Base Case scenario, as we assigned maximal values
to the depots. Infeasibility corresponds in that case to a depot that has not enough capacity and the
corresponding slack variables become negative.

Another striking result is the percentage of realizations that has a cost increase of more than 5%.
This is, except for the Base Case, equal for all cases. The reason for that is found in Theorem 10. As
the standard deviations of the stochastic variables in b are all defined as a percentage of the average
value for b, we have that the expectation of y divided by the standard deviation of y form a constant
fraction. As in each scenario we calculate Φ(

µy

σy
), we thus find that for a constant fraction we have a

constant probability. In this Base Case this fraction has a different value due to the extra constraints.
This is different in the Base Case, as there we cannot assume feasibility and thus we cannot use the
properties of the normal distribution.

We can explain the result of the last column with the following argument. As the demand increases,
the cost of all compared scenarios will rise. Although one may have a steeper increase in cost then the
other, only scenarios that have a very similar expected cost are likely to show a different result. Only in
extreme cases, one scenario can outperform the other. As the variance of variables is low, will rarely
happen.

5.4 Conclusions

Recall the questions that were stated in the introduction of this work:

1. Suppose we have chosen a solution that has optimal cost. Can we be sure that costs
will not increase too much when data changes?

We see that in the small example, the costs were very sensitive to data changes. In the oil test case,
however, costs are relatively stable and do not increase much.

2. As data changes, it might be possible that the chosen solution does not remain feasi-
ble. For example, a factory has to produce more than its capacity. How sure are we that the
chosen solution stays feasible under a change of data?

In the small example we see that different bases give a different probability of feasibility. A further
analysis of the example is there necessary to investigate if there are other bases that give a better
feasibility. In the oil example, the chosen solution is robust for changes and it is certain that the chosen
solution stays feasible.

3. Suppose we have chosen a solution that is optimal using expected values of data..
Can we give a guarantee that it will stay optimal when data changes? Thus, that although
costs may rise, the costs are still lower than that of alternative solutions.

In both examples we see that the basis with lowest cost in the deterministic LP also gives the lowest
cost for other realizations of data.

Page 42



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

We present the conclusions of this research project in Section 6.1. In Section 6.2 possible extensions
and generalizations are discussed.

6.1 Conclusions

The trigger for this research is the effect of data uncertainty in Linear Programming. We consider a
Linear Program with multivariate normal distributed costs and constraint vectors. Furthermore we use
the basic solution of the LP and not the exact values of all parameters. The research questions are
given in Section 1.4.

First, we investigate which methods are available in the literature: an extensive literature review is
done in Chapter 2. Several common methods to deal with uncertainty in LP’s are described and their
properties are discussed in Section 2.1. There are basically two kinds of methods:

• Methods that model the LP with some risk measure for uncertainty, rewrite it to a deterministic
equivalent and then optimize.

• Methods that optimize the LP as if no uncertainty exists, and then evaluate the effect of uncertainty
on the obtained solution.

Many of these methods focus on one optimal solution, either by analyzing a deterministic optimal solu-
tion or by optimizing over the uncertainty. However, we prefer to have some alternative solutions as not
all aspects of the problem might be modeled or the exact uncertainty model is not known. We therefore
conclude the chapter with a description of the properties required in this project.

Second, we derive expressions for performance measures for alternative solutions. These are fea-
sibility, the probability that a basis is optimal, the probability on outliers and the a comparison of costs
of two bases. To do so, we list and motivate assumptions in Chapter 3. We consider Linear Programs,
basic solutions, and normal distributions in constraint vector b and cost vector c. We then state ex-
actly which probabilities we want to derive. These probabilities are given in Lemmas 5 - 8 in Chapter
4. Furthermore, the distributions for the basic solution xB and the cost y are derived in Theorems 9 -
12. We see that we can always calculate the required probabilities using a Monte Carlo simulation and
describe how that can be done in each case. Furthermore, we derive that in some special cases the
probability can easily be calculated using only some matrix-vector calculations and the standard normal
distribution. This is summarized in Table 4.1.

Third, we develop a method to systematically evaluate of a Linear Program for varying costs and
constraint values in Chapter 5. This method consists of the following steps. First we formulate an LP
with probability distributions. Then alternative bases are generated and evaluated. After that, they are
compared and if necessary extra calculations are done. In this way, we make a systematic comparison
of the effects of uncertainty in several alternatives. This method is summarized in Figure 5.1.

Finally, we test the derived theory and method on a real-world case in Section 5.3 and 5.4. We see
in the results for both a small example and a real-world case that we are able to answer the questions
that have been stated in the introduction. We can make statements about the feasibility, optimality and
outliers of a solution to a Linear Program. We therefore suggest that this method is further analyzed
and implemented.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

6.2 Generalization and possibilities for future research

During this research several discussions have been held on possible extensions or generalizations of
this work. In Chapter 3 we state four assumptions, which are reconsidered in this section.

LP assumption. The approach is based on a Linear Program, thus all constraints are linear equali-
ties and all variables continuous non-negative variables. This is the standard Linear Program as given
in 1.1. The approach is not restricted to only this LP, as other types of LP’s can be rewritten to the
standard:

• Inequality constraints: these can be rewritten to equality by adding a slack variable.

• Variables that can be negative: replace x by x+ − x−, which both have to nonnegative.

• Variables with a range: add a constraint to ensure x ≤ a.

Recall from Section 3.1 that we are mainly interested in the strategic and tactical decisions resulting
from a solution. The exact amount that is transported from a depot to a customer is not that important,
it is more important to know which customer is served from what depot and where full capacities are
used and where slack is available. Now consider a binary variable. This variable often represents a yes
or no decision: open a location or not, do an investment or not, use a facility or not. Thus, we can fix
the variable to zero or one and then consider it as a constant. This can be done by either removing the
variable or by adding an extra constraint to ensure its value. The same is possible for problems with
integer variables by fixing the variable at the obtained value.

Extension to non-linear programs has not been considered, as the linearity of the problem is ex-
tensively used by the normal distribution and the matrix-notation. Thus, it is not likely that a similar
approach will work for non-linear optimization problems.

A basic solution. In the oil test case we occasionally encountered variables that had been given
a basic status in CPLEX, but had value zero and gave a matrix that was not of full rank. This could
then be resolved by removing these variables from the basis. It would, however, be better to use one
definition of a basis and hold on to that. That rises the question whether all reasonable alternatives can
be written as a basis solution. We know that the there is always a basic solution that is optimal. What if
we consider a solution that is not optimal and neither basic?

Normality assumption. The normal distribution has been used in this thesis as many real world
data can be described by a normal distribution. Furthermore, linear combinations of normal distribu-
tions form again a normal distribution. A possible generalization is to consider phase-type distributions:
under certain conditions, a sum of them will again be a phase-type distribution. Uniform distributions,
however, involve difficult convolutions which makes it difficult to derive analytic expressions for the per-
formance measures.

Uncertainty in b and c. In Section 3.2 we suggested inverting the matrix A to transfer its uncertainty
to b. In the same section, we also mentioned the difficulty of this: the inverse of a stochastic matrix
is a complex matter. So what if we do not use the inverse but consider P (Ax = b) directly. Then if A
has some nice properties, we may be able to derive properties of x directly from P (Ax = b). Another
possibility is to not give each element of A a probability distribution, but to consider the eigenvalues of
A. This will simplify calculations as we then have probability distribution of a vector instead of a matrix.
However, the interpretation of eigenvalues in LP’s then has to be considered.
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APPENDIX A

THE DYER-FRIEZE-MCDIARMID BOUND

In [13], a bound on the optimal value of a Linear Program with random cost coefficients is given. In
contrast to the previous sections, this is not based on one basis on which then the uncertainty is ap-
plied. It assumes that for every realization of the random variables an optimal solution exists. Thus,
each ‘optimal’ solution is scenario-specific. The DFM-bound corresponds to the probability distribution
of the best possible cost of all these scenarios. The thought behind the proof is given in Section 2.6 and
the more interested reader is referred to the original article [13] and a more lengthy explanation with
examples in [40].

Thus, at first this might seem counter-intuitive: why construct a probability distribution over all costs
if these costs assume that the realization is known in advance. However, it might provide a valuable
bound on the question how good we could have done if we will get to know the realization. If the DFM-
bound is sharp, then this can be used to estimate a cost of uncertainty – it can give an estimate of the
extra costs that arise due to the choice we have to make before a realization is known. In Figure A.1 a
graph is given to explain this further.

Now we will investigate the practical value of the DFM-bound. This is not meant to be a complete
overview of the properties, but only a couple of examples will be considered. The first example will be
the one as given in Section 5.2, this will then be extended to more variables. As the bound is mainly
used in applications that can be formulated as an assignment problem, we will finally consider that
problem.

A.1 The small factory example

Consider the following example to investigate the tightness of the bound. This is the example that is
discussed in more detail in Section 5.2.

min y = c1x1+ c2x2+ c3x3

s.t. x1+ x2+ x3 = 1000
3x1+ 7x2+ 5x3 +x4 = 4500

15x1+ 10x2+ 7x3 +x5 = 11000
2x1+ 3x2+ 5x3 +x6 = 4500

xi ≥ 0

(A.1)

Now consider a uniform distribution on the coefficients: cj ∼ U(0, 1) for j = 1, 2, 3. For the slack
variables j = 4, 5, 6 we have cj = 0. For the uniform distribution, we have β = 1/2. A feasible solution
for (A.1) would be the following:

x′1 = 400, x′2 = 100, x′3 = 500, x′4 = 100, x′5 = 500, x′6 = 900.

This solution would yield an expected objective value of 400/2 + 100/2 + 500/2 = 500. Note that any
other feasible solution will also give this expected value:

E[y] = E[c1x1 + · · ·+ cnxn]
= x1E[c1] + x2E[c2] + x3E[c3] + x4E[c4] + x5E[c5] + x6E[c6]
= x1

2 + x2

2 + x3

2
= 1

2 (x1 + x2 + x3)
= 500

(A.2)
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APPENDIX A. THE DYER-FRIEZE-MCDIARMID BOUND

(a) Suppose we optimize for realization a (brown) or real-
ization b (blue). Then these give optimal values for a or for
b, but we do not know their quality at other points.

(b) If we could optimize for all other possible realizations as
well, the optimal points form the solid line.

(c) Then we can calculate how far from optimal a solution
is at a given realization, as indicated by the arrows. An
expression for the solid line is not known.

(d) Suppose the dotted line is a bound for the solid line.
Thus, if we have a good bound, we can compare solutions
to that bound or use the bound to find a robust solution.

Figure A.1: The DFM bound. Can we use the bound to find a solution that is not optimized for one
realization, but near-optimal for all realizations? Can we estimate how close a solution is to optimal by
calculating the difference between the solution and the bound?

Page II



A.2. THE NUMBER OF VARIABLES IN THE DFM-BOUND

Now use this particular solution to obtain a value for the bound (2.2). As the expectation of the costs
of the slack variables is zero, we obtain:

E[y∗]/2 ≤ max
S:|S|=m

∑
j∈S

x′jE[cj ]

= x1E[c1] + x2E[c2] + x3E[c3]
= 500

E[y∗] ≤ 1000

(A.3)

Whatever solution x′ is used in this expression for the case with cj ∼ U(0, 1), we will always yield
this value of 1000: because x1 + x2 + x3 = 1000 and the cost coefficients have the same distribution.
Thus, there is a factor 2 difference between the bound on the optimal value and the actual optimal value
– which is in this case exactly the value 1/β.

The same happens with other uniform values for the cost coefficients. Suppose we have that c1 ∼
U(0, 10), c2 ∼ U(0, 14) and c3 ∼ U(0, 20). The above mentioned feasible solution x′ would then give in
(2.2):

E[y∗] ≤ 2 · (400 · 5 + 100 · 7 + 500 · 10) = 15400.

However, we can adjust this x to the basic solution x1 = x3 = x4 = 500, x6 = 100. This will give the
following expectation for the objective value:

E[y] = 5 · 500 + 10 · 500 = 7500

This value of x is still not optimal, but it illustrates that the bound is not useful for a uniform distribution
and a small number of variables.

A.2 The number of variables in the DFM-bound

In the proof of the bound a conditioning argument is used to select the variables with the lowest impact
on the objective value. In the above example, this set is fixed as the number of variables is comparable
to the number of constraints. If we increase the number of variables, there is more choice possible and
therefore the optimal value will be better and the DFM-bound might perform better as well.

Consider a general production problem: an amount of 1000 products has to be produced. This is
bound to constraints, which have the following shape for all constraints i:∑

j

aijxj ≤ bi

In this case, we will consider the case that aij ∈ [0, 10] and b = 7000. The cost coefficients cj are
independent random variables with a uniform [0, 1] distribution. First we will construct an example with
four constraints, then one with seven constraints and finally one with 200 constraints.

A.2.1 DFM bound with four constraints

We will now give an example with four constraints. The first constraint is that the sum of all variables
should be 1000. The second, third and fourth constraint are

∑
j aijxj ≤ 7000 with aij ∈ [0, 10]. The

number of variables used will range from one to fifty. In addition, there will be three slack variables due
to the inequality constraints. The matrix A will be created once, then the columns corresponding to the
number of variables will be selected for use. As an example, for three variables the problem can look
like:
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Figure A.2: The DFM bound and the average optimal value for an example with four constraints. Fur-
thermore, the expected optimal value when the expectation of the cost coefficients is used is drawn.
The right figure shows the strength of methods used: it gives the bounds as percentage of the optimal
value.

min y = c1x1+ c2x2+ c3x3

s.t. x1+ x2+ x3 = 1000
6.92x1+ 7.04x2+ 1.98x3 +x4 = 7000
2.63x1+ 0.54x2+ 6.92x3 +x5 = 7000
6.03x1+ 5.49x2+ 9.77x3 +x6 = 7000

xi ≥ 0

(A.4)

For this instance, the DFM-bound is calculated. After that, realizations of c are generated and for
each of the realizations the optimal value is calculated. Then, the average optimal value can be com-
puted. If the DFM-bound would be perfect, the average optimal value and the DFM-bound will have the
same value.

After that, a variable will be added to problem (A.4). To do so, a column will be inserted:

min y = c1x1+ c2x2+ c3x3+ c4x4

s.t. x1+ x2+ x3+ x4 = 1000
6.92x1+ 7.04x2+ 1.98x3+ 8.15x4 +x5 = 7000
2.63x1+ 0.54x2+ 6.92x3+ 6.63x4 +x6 = 7000
6.03x1+ 5.49x2+ 9.77x3+ 5.69x4 +x7 = 7000

xi ≥ 0

(A.5)

Again, the DFM bound will be calculated and samples of c will be generated to calculate the average
or expected optimal value. This procedure is repeated until there are 50 variables. The results are
presented in Figure A.2.

As we can see in Figure A.2, the value of the DFM-bound and the optimal value are decreasing in
the number of variables. This can be explained by the freedom introduced by the extra variables. As
there are more variables, there are with higher probability variables that yield a feasible solution with
low cost coefficients. The DFM-bound uses that knowledge, but appears to be a constant factor larger
then the actual expected optimal value. In this particular example, this is around a factor 3.
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Figure A.3: The DFM bound and the average optimal value for an example with seven constraints.
Furthermore, the expected optimal value when the expectation of the cost coefficients is used is drawn.
The right figure shows the strength of methods used: it gives the bounds as percentage of the optimal
value.
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Figure A.4: The DFM bound and the average optimal value for an example with 200 constraints. Fur-
thermore, the expected optimal value when the expectation of the cost coefficients is used is drawn.
The right figure shows the strength of methods used: it gives the bounds as percentage of the optimal
value.

A.2.2 DFM-bound with seven constraints

Consider a similar example, now with seven variables. The results are shown in Figure A.3.

The results are similar to the example with four constraints. The main difference is in the strength of
the DFM-bound: it is always at least four times the expected optimal value. Only from fifteen variables
on, it is better then using the deterministic equivalent of the problem.

A.2.3 DFM-bound with 200 constraints

As these are only small examples, the question arises what the sharpness of the DFM-bound is for
larger problems. Therefore, a problem with 200 constraints is also constructed in the same way as the
above two problems. The results are shown in Figure A.4.

In this example with 200 constraints the DFM-bound seems to be useless: it is always at least a
factor 40 more then the expected optimal value.
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Figure A.5: The DFM bound and the average optimal value for the assignment problem. Furthermore,
the expected optimal value when the expectation of the cost coefficients is used is drawn. The right
figure shows the strength of methods used: it gives the bounds as percentage of the optimal value.

A.3 The Assignment Problem

In the previous examples, the DFM-bound turned out to perform badly. At the other hand, this is an
example with a very dense A matrix. In more realistic problems, this matrix might be more sparse. This
is because most constraints will not involve all variable, but only a few of them. However, we cannot
give a general example which clearly illustrates at which instances the DFM-bound gives sharp results
or when it does not. Neither can we give a proof that indicates the performance of the bound.

The DFM-bound was originally used to give a bound on the optimal value for the assignment prob-
lem. Other work that refers to [13] is also related to this assignment problem. Therefore, we can
assume that the best results are gained in the assignment problem. We will now investigate the value
of the DFM-bound in that problem. Thus, we want to find the expected optimal value for the following
problem:

min y =
∑
i,j cijxij

s.t.
∑
i xij = 1 ∀j∑
j xij = 1 ∀j

xij ≥ 0 ∀i, j

(A.6)

Assume that cij are all independent random variables with a uniform distribution on [0, 1]. As the cardi-
nality of i and j should be equal, the number of variables will be 12, 22, 32, . . .. The results are presented
in Figure A.5.

As we can see, the DFM bound is much better in the assignment problem. However, the bound still
gives a 50% overestimation of the optimal costs when 502 = 2500 variables are involved.

Concluding, it is not possible to make general statements on the quality of the DFM-bound based
only on the previous examples. However, the results do not give an indication that this bound will give
a useful estimation of costs in a real-world problem as 5% margins are already significant there. Thus,
[13] might be of great theoretical value, it will not be incorporated in method of this work.
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APPENDIX B

IMPLEMENTATION DETAILS

The ORTEC modeling tool BOSS is implemented in AIMMS. Although this is a very powerful program to
model and optimize mathematical programs, it has less possibilities for simulations and matrix manipu-
lations. The computation of the performance characteristics of a basis is this implemented in MATLAB.
There are six main steps:

1. Formulate and solve a Linear Program.

2. Read the files produced by AIMMS into MATLAB.

3. Determine the probability distributions.

4. Remove redundancy from the LP.

5. Construct a basis matrix.

6. Calculate the performance measures.

These six steps will now be discussed in some more detail, if necessary pseudo code is given. As the
implemented code is lengthy it is not included in this report but available on request.

B.1 Formulate and solve a Linear Program

Suppose we have a distribution problem with given data. The first step is to model this as a Linear
Program. ORTEC has an application for this: BOSS, which is built in AIMMS. It is a tool for supply
chain optimization studies and decision support at a strategic and tactical level. It calculates the optimal
supply chain configuration within the allowed solution space. All data can be entered in a Microsoft
Access database: information on costs, on demands, on locations, restrictions and many more. Several
objectives can be chosen: minimize costs, maximize profit, minimize waste or minimize shortages. The
solver CPLEX can produce reports on the mathematical LP formulation and the corresponding optimal
solution.

B.2 Read the files produced by AIMMS into MATLAB.

During the optimization in AIMMS, the solver CPLEX can produce three files on the model. The first file
is a .LP file, which gives the LP that is being solved in the same presentation as on paper. The second
is a .MPS file, which gives the same LP but in a format that is easier to read into another program. The
third is a .SOL file, which gives the solution characteristics. The .SOL file and the .MPS file are used to
read in the LP and the corresponding solution.

The .MPS file. The MPS file starts with a declaration of constraints. This is marked by the line
“ROWS”. Each next line then contains a letter and a name. The letter (N, G, E, L) denotes the kind of
constraint (Objective function, ≥, =, ≤). The name gives the constraint name, usually a “‘c” followed by
a number.

The next section starts with the line “COLUMNS”. Each next line then contains a variable name, a
constraint name and a value. These fill the constraint matrix A and objective function c. Then a line
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“RHS” marks the start for the constraint coefficients. Each line starts with “RHS”, then followed by a
constraint number and a value. These form the vector b. The default declaration for a variable is ≥ 0.
After the line “BOUNDS”, integers and other ranges are declared.

The .SOL file. After some general solution characteristics, the line “<linearConstraints>” marks the
start of the constraint information. Each rule gives the constraint number, the status basic or not, the
slack value and the dual value. We store the constraint number, the status and the slack value. The end
of this section is marked by the line “</linearConstraints>”

The start of the information on variables is marked by the line “<variables>”. As with the con-
straints, each rule gives the variable number, the status, the value and reduced costs. We store the
variable number, the status and the value. The end of this section is marked by the line “</variables>”.

B.3 Determine the probability distributions.

In the previous step, we have produced matrices and vectors giving the LP and the solution values.
Now the information on uncertainty should be added. The content of this function is strongly dependent
on the uncertainty implemented. The general version implemented assumes a percentage of change
in a coefficient and a standard correlation coefficient. The coefficient or constraint numbers used in the
LP indicate which parameters are variable. Assuming the parameter value of the LP is also the mean
of the corresponding distribution, this is enough to specify the distributions. Take a change percentage
of α%: 95% of realizations will be not more then α% different from the mean. Furthermore assume a
value ρ for the correlation coefficient. Then we can derive:

σi = 1
2αµi

Σ = ρσσT + I 1−ρ
ρ σ2

Note that the correlation coefficient should be one at the diagonal entries. This is corrected for in the
second term.

Find the uncertainty. The modeler will in general not formulate an LP constraint by constraint, but
will give a structure of the problem in Access and collect the necessary data. Furthermore, it can be
difficult to give a probability distribution of the uncertain data. This is because data is usually uncertain
because of a lack of information. Thus, we need to give some tools to translate statements like ‘the
price of wood will be around 10’ into a normal distribution of a cost coefficient somewhere in the LP.

The place of uncertainty can be traced using the terminology in Access and AIMMS. In the modeling
section in AIMMS, a search can be performed using CTRL+F to see in what constraints or objective
functions this appears. After that, the ‘Math Program Inspector’ in AIMMS can be used to locate the
exact constraint numbers and variables where this parameter appears.

Figure B.1: The percentiles for a normal distribution.
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B.3. DETERMINE THE PROBABILITY DISTRIBUTIONS.

Estimate the distribution of a parameter. The distribution of the uncertain parameter can then be
estimated using the percentiles of a normal distribution, as given in Figure B.1. The expectation and
variance of a parameter can be estimated if one of the following questions can be answered:

• Approximately two-third of realizations of the parameter α will be in the interval [a, b]. Thus, we
have E[α] = a+b

2 and V ar[α] = (b−a)2

4 .

• Unless in exceptional events, the parameter α will be in the interval [c, d]. This corresponds to a
probability of 95% and gives E[α] = c+d

2 and V ar[α] = (d−c)2
16 .

It would be more accurate if the distribution could be derived from historical data. However, this data
will often not be available. In that case, the above estimates can be used.

Estimate the dependency between parameters. The covariance matrix of parameters can be es-
timated by giving correlation coefficients. Many parameters will be somehow be related: if the demand
for gas of one customer will rise, it is likely that the demand of another customer will also rise. The
correlation coefficient is a number in the interval [−1, 1]. A value zero means that a change in the one
parameter will give no information about a change in the other parameter. A value one means that if we
know the change in the one parameter, we can derive the change in the other parameter. It furthermore
means that the sign of the change is equal: if the one parameter has a positive change, the other will
have a positive change as well.

Guidelines for the interpretation of the correlation coefficient are:

• A value of 0: knowing one parameter gives no extra information on another parameter.

• A value of 0.7: There is a relationship between the two parameters, but knowing one parameter
is not enough to carefully predict the other. Knowledge of the first parameter reduces the error of
the prediction of the second parameter with 30%.

• A value of 0.9: There is a strong relationship between the two parameters. Knowledge of the first
parameter reduces the error of the prediction of the second parameter with 56%.

• A value of 1: Knowledge of the one parameter gives enough information to precisely predict the
value of the second parameter.

This correlation coefficient can be chosen for a group of parameters, for example ‘the demand of cus-
tomers’. Then we can assume each pair of customers has the same correlation coefficient. The covari-
ance between parameter x and y can then be calculated using the correlation coefficient ρxy:

Cov(x, y) = ρxyσxσy.
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B.4 Remove redundancy from the LP.

The modeler formulates the LP based on constraint rules: ‘A truck cannot carry more load then its ca-
pacity’, ‘A flow should be nonnegative’. Furthermore, all variables have an assigned range. This leads
to redundancy: There is a constraint that a flow variable should be nonnegative and the constraint dec-
laration makes sure it is nonnegative. Thus, we can reduce the complexity of calculations by removing
this redundancy. For each row in A, we check how many variables are involved. We can remove a
constraint if it satisfies the following conditions:

• There is only one variable involved.

• The constraint is of type ≥ 0.

• There is no variation assigned to that constraint.

Furthermore, a check is performed to make sure the matrix is of full rank.

Rewrite to a standard LP. As our calculations are performed for a standard LP, constraints with a
≥ or ≤ sign have to be rewritten into equality constraints. This can be done by adding a slack variable
and if necessary change signs.

B.5 Construct a basis matrix.

In this function, the columns of A, c and the covariance matrix of c are sorted into basic and non-basic
variables. The matrix AB is then inverted. The performance measures with an analytic expression can
now be calculated. For the others, a Monte Carlo Sampling technique will be used.

B.6 Calculate performance measures.

A property of the multivariate normal distribution is that the integrals involved cannot be evaluated
analytically, but that numerical techniques should be involved in the computation. A single normal distri-
bution can easily be rewritten as a standard normal distribution and numerical values for that are widely
available. For small numbers of dependent variables, integration schemes are available in the literature.
However if the number of dependent variables grows, more and more computational effort is needed to
compute the values within reasonable error bounds.

An alternative is Monte Carlo simulation. If we can create samples of the values of the random
variables and then compute x and y, we can count how often certain values are observed and estimate
the distributions and probabilities based on those. As we are mainly interested in the solution x and
objective value y, we will focus on those. Recall that if b ∼ N(µb,Σb), then due to the linear property
we have that x ∼ N(µx,Σx). Furthermore, as B is invertible there is a one-to-one correspondence
between x and b. Thus, instead of sampling values from the distribution of b and then computing x, we
can just as well sample from the distribution of x.

We need to take into account the dependence of the different elements of x. However, we can exploit
the properties of the multivariate normal distribution of x to obtain such samples easily. A method for
this is given in [33]. One important property is the linear transformation property, which we have also
used to derive the relation between b and x. For a normal vector x and full-rank matrix C we have:

x ∼ N(µx,Σx)⇒ Cx ∼ N(Cµx, CΣxC
T ) (B.1)
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Thus, if we know that Z ∼ N(0, I) and x = µx + CZ, then x ∼ N(µx, CC
T ). Thus, if we can find

a matrix C such that CCT = Σx, then we can sample independent values from the standard normal
distribution and use those to construct a corresponding sample of x. In the same way, we can construct
a sample of c. Then the value y = cTx can be computed and the values of x and y can be stored.

The matrix C can be composed using a Cholesky factorization. This algorithm provides a lower tri-
angular matrix such that CCT = Σ. Such a factorization only exists if the matrix Σ is symmetric positive
definite. Thus, if not all values of c or x are stochastic, we should leave them out of this part of the anal-
ysis. Furthermore, the covariance matrix has to be of full rank. Even if all variables are stochastic, there
can be a strong dependence amongst them. Consider for example the case that one of the coefficients
of b is stochastic, then this can influence several values of x. Conversely, if one value of x changes
this can have an effect on several values of b. Thus to be sure the covariance matrix is indeed positive
definite, it suffices to add a small value ε to the diagonal elements.

In short, the algorithm works as following:

1. Input: the mean and covariance of c and x, the variance of y.

2. Determine which of the elements of c and x are stochastic and proceed

with those.

3. Compute the Cholesky factorizations C_x and C_c.

4. Determine the relevant intervals of c, x and y to categorize the

outcomes in frequency vectors.

5. For each iteration perform the following actions:

5a. Draw random samples z1 and z2 of standardnormal distributions

(using randn in matlab).

5b. Calculate x=mu_x + C_x*z1 and c=mu_c + C_c *z2. Store the values

in the frequency vectors.

5c. Determine and store the feasibility of x.

5d. Calculate and store the objective value y.

6. Calculate the cumulative probabilities.

7. Repeat the steps 5 and 6 to be able to make good confidence intervals.
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APPENDIX C

LIST OF USED SYMBOLS

Symbol Description Properties
A Data matrix m by n matrix
AB Basic data matrix m by m matrix
AN Non-basic data matrix m by n−m matrix
B Index set of basic variables Set with cardinality m
b Constraint vector m-vector
c Cost vector n-vector
cB Basic cost vector m-vector
cN Non-basic cost vector n−m-vector
D Domain -
L Lower Cholesky factorization Matrix
m Number of constraints Positive integer
N Index set of non-basic variables Set with cardinality n−m
n Number of variables Positive integer
V Set of variables Set
x Decision variables or solution n-vector
xB Basic decision variables m-vector
xN Non-basic decision variables n−m-vector
x∗ Optimal solution n-vector
y Objective value Real number
y∗ Optimal objective value Real number
yB Objective value of basis B Real number
yDFM Opt. obj. val. if x can be adapted at every instance of time Real number
µb Expected value of constraints n-vector
µc Expected value of costs n-vector
µV Expected value of variables V Vector
µxB

Expected value of variables m-vector
µy Expected value of objective value Real number
Φ() Standard normal distribution Distribution function
Σb Covariance of constraints m×m-matrix
Σc Covariance of costs n× n-matrix
ΣV Covariance of variable set Matrix
ΣxB Covariance of variables m×m-matrix
σy2 Variance of objective value Real number

Table C.1: Symbols used in this thesis.
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