
CHAPTER II 
BACKGROUND AND LITERATURE SURVEY

2.1 Mathematical and Optimization Models

Nowadays, many applications in all areas of science and engineering em
ploy mathematical models. According to Floudas (1995), a mathematical model of a 
system is a set of mathematical relationships (e.g., equalities, inequalities and logical 
conditions) which represent an abstraction of the real world system under considera
tion.

A mathematical model of a system consists of four key elements as follows:
1) Variables
Variables can be continuous integer or a mixed set of continuous inte

ger. They have different values and their specifications defining different states of 
the system.

2) Parameters
Parameters are fixed to one or multiple specific values and each fixa

tion defines a different model.
3) Constraints
Constraints are the prescribed bounds representing abstraction of the 

restrictions or confines in the real world system.
4) Mathematical relationships
Mathematical relationships can be algebraic, differential, integrodif- 

ferential, or a mixed set of algebraic and differential constraints, and can be linear on 
nonlinear.

2.1.1 Optimization Models
In the general terms, optimization is the way to find the best efficient 

solution from a collection of candidates for a problem by using numerical and mathe
matical methods. The optimization process lies at the root of engineering, since the 
classical function of the engineer is to design new, more efficient and less expensive 
plans, procedures or systems for the improved operation.
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In order to apply the mathematical and numerical techniques of opti
mization to the real world engineering problems, good formulation problem is the 
key to succeed. The process of formulating the engineering optimization problem is 
to describe the boundaries of the system to be optimized, to select the system vari
ables that will be used to characterize or identify candidates, and to define the per
formance criterion that will be used to rank the candidates and determine the “best” 
(Reklaitis, 1983).

The performance criterion is denoted as an objective function. It can 
be both the minimization of cost and the maximization of profit for instance. An op
timization problem may contain one or multiple performance criteria.

2.1.2 Structure of Optimization Models
An optimization models generally can be stated as (Chapra, 2003):
Find X, which minimizes or maximizes / (x, y)

s.t. d  1 (x, ÿ) < a 1 i = 1,2,..., m
e,(x, y)  = ๖1 i = 1,2,..., p  (2.1)

y  e Y integer

Where X is an n-dimensional design vector, y  is a vector of integer 
variables, d'(x,y)  are inequality constraints, e 1 (x.y)  are equality constraints, aj and 

are constants and f ( x , y ) is the objective function.
Optimization problems can be classified by consideration or elimina

tion of the problem elements:
• If the set of integer variables is empty and the objective function 

and constraints are linear, it is a linear programming (LP) problem.
• If the set of integer variables is empty, and there exist nonlinear 

terms in the objective function and/or constraints, then it becomes a nonlinear pro
gramming (NLP) problem.

• If the set of integer variables is not empty, the integer variables 
participate linearly and separately from the continuous, and the objective function
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• If the set of integer variables is not empty, and there exist 
nonlinear terms in the objective function and/or constraints, then it becomes a mixed- 
integer nonlinear programming (MINLP) problem.

2.1.3 Modeling Procedures
Modeling Procedures are composed of four phases: 1) problem defini

tion and formulation, 2) preliminary and detailed analysis, 3) evaluation and 4) inter
pretation application. The modeling procedure is an iterative procedure (Edgar et al., 
2001). Figure 2.1 summarizes the activities of developing the optimization model.

• Problem definition and formulation phase
In this phase the problem is defined and the important elements that 

relate to the problem and its solution are identified. The degree of accuracy needed in 
the model and the model’s potential uses is determined.

• Design phase
The design phase includes specification of the information content, 

general description of the programming logic and algorithms necessary to develop 
and employ a useful model, formulation of the mathematical description of such a 
model, and simulation of the model.

• Evaluation phase
This phase is intended as a final check of the model as a whole. Test

ing of individual model elements will be conducted during earlier phases. Evaluation 
of the model is carried out according to the evaluation criteria and test plan estab
lished in the problem definition phase. Next, sensitivity testing of the model inputs 
and parameters is carried out and determined if the apparent relationships are physi
cally meaningful. This step is also referred to as diagnostic checking and may entail 
statistical analysis of the fitted parameters.

and constraints are linear, then it becomes a mixed-integer linear programming
(MILP) problem.
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Figure 2.1 M a jo r  a c t iv i t i e s  in  m o d e l  b u i ld in g  p r io r  to  a p p l ic a t io n  ( E d g a r  e t  a l . ,  2 0 0 1 ) .  

2.2 Mathematical Programming

M a th e m a t ic a l  p r o g r a m m in g  is  th e  p r o c e s s  o f  u s in g  m a th e m a t ic a l  m o d e l s  to  
h e lp  f in d  g o o d  s o lu t io n s  to  b u s in e s s  p r o b le m s .  I t  p ro v id e s  a  g e n e ra l  f r a m e w o r k  fo r  
m o d e l in g  th e  p r o b le m  a n d  o rg a n iz in g  th e  d a ta  (S h im iz u ,  1 9 9 7 ).

M u c h  o f  th e  th e o r y  a n d  m o s t  o f  th e  a lg o r i th m s  th a t  e x i s t  f o r  m a th e m a t ic a l  
p r o g r a m m in g  d e p e n d  o n  th e  d if f e r e n t ia b i l i ty  o f  th e  o b je c t iv e  f u n c t io n  a n d  c o n s t r a in t  
fu n c t io n s  d e f in in g  t h e  f e a s ib le  re g io n  (K e n d a l l  e t a l.,  2 0 0 5 ) .  W h e n  th e  d a ta  ( p a r a m e 
te r s )  a r e  k n o w n  n u m b e r  ( w i th o u t  r i s k ) ,  a s s u m in g  c o m p le te  in f o r m a t io n  a b o u t  th e  
p r o b le m  to  b e  s o lv e d  a n d  a  s ta tic  e n v i r o n m e n t  w i th in  w h ic h  th e  s c h e d u le  w i l l  b e  
e x e c u te d ,  th e  p r o g r a m  is  c a l le d  th e  d e te r m in is t i c  p r o g r a m m in g .
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In  re a l i ty ,  th e  d e te r m in is t ic  s c h e d u le  o b ta in e d  m a y  b e c o m e  in f e a s ib le  b e 
c a u s e  o f  th e  d y n a m ic  b e h a v io r  o f  th e  r e a l -w o r ld  a p p lic a t io n s  w h ic h  in v o lv e  d a ta  w i th  
u n c e r ta in t i e s .  T o  d e a l  w i th  s u c h  th e  p ro b le m , m a n y  a p p r o a c h e s  o f  s c h e d u l in g  h a v e  
b e e n  p r o p o s e d  in  th e  l i te r a tu re  to  ta k e  a c c o u n t  o f  th e  p r e s e n c e  o f  u n c e r t a in t i e s  
(K e n d a l l  e t a l ,  2 0 0 5 ) .  R e a c t iv e  s c h e d u lin g  a n d  s to c h a s t ic  p r o g r a m m in g  a re  e x a m p le s  
a m o n g  th e s e  a p p r o a c h e s .

R e a c t iv e  s c h e d u l in g  in v o lv e s  r e v is in g  o r  r e - o p t im iz in g  a  s c h e d u le  w h e n  a n  
u n e x p e c te d  e v e n t  o c c u rs .  M o s t  e f fo r ts  c o n c e n t r a te  o n  “ r e p a i r i n g ”  th e  e x i s t in g  p r e 
d ic t iv e  s c h e d u le  to  ta k e  a c c o u n t  o f  th e  u n e x p e c te d  e v e n ts  t h a t  h a v e  c o m e  u p  ( H e r r o e -  
le n  a n d  L e u s ,  2 0 0 5 ) .  S to c h a s t ic  p r o g r a m m in g  is  th e  m o d e l  t h a t  e n a b le s  th e  m o d e le r  
to  c r e a te  a  s o lu t io n  w h ic h  is  o p t im a l  o v e r  a  s e t  o f  s c e n a r io s .  I t  t a k e s  a d v a n ta g e  o f  th e  
f a c t  t h a t  p r o b a b i l i ty  d is t r ib u t io n s  g o v e rn in g  th e  d a ta  a re  k n o w n  o r  c a n  b e  e s t im a te d .  
T h e  g o a l  is  to  f in d  s o m e  p o l ic y  th a t  is  f e a s ib le  f o r  a ll  (o r  a lm o s t  a l l )  th e  p o s s ib le  d a ta  
in s ta n c e s  a n d  m a x im iz e s  th e  e x p e c ta t io n  o f  s o m e  f u n c t io n  o f  th e  d e c i s io n s  a n d  th e  
r a n d o m  v a r ia b le s .  T h e  m o s t  w id e ly  a p p lie d  a n d  s tu d ie d  s to c h a s t i c  p r o g r a m m in g  
m o d e l s  a re  tw o - s ta g e  l in e a r  p r o g r a m s  (h t tp : / / s to p r o g .o r g ). U n c e r ta in ty  p la n n in g  a n d  
tw o - s t a g e  s to c h a s t ic  p r o g r a m m in g  w ill  b e  e x p la in e d  in  d e ta i l  in  th e  n e x t  to p ic .

2.3 Refinery Operations Planning and Scheduling

T h e  g o a l o f  p la n n in g  a n d  s c h e d u lin g  is  to  m a x im iz e  th e  p r o f i ta b i l i t y  o f  th e  
e n t i r e  r e f in e r y  b y  c h o o s in g  th e  b e s t  f e e d s to c k s ,  o p e r a t in g  c o n d i t io n s  a n d  s c h e d u le s ,  
w h i l e  f u l f i l l in g  p r o d u c t  q u a n t i ty  a n d  q u a l i ty  o b je c t iv e s  c o n s is te n t  w i th  m a r k e t in g  
c o m m i tm e n ts  ( S w if t ,  2 0 0 0 ) .

P la n n in g  a n d  s c h e d u l in g  in  r e f in e r ie s  t a k e s  p la c e  o v e r  a  h ie r a r c h y  o f  t im e  
h o r iz o n s .  A t  th e  to p  le v e l  th e r e  is  e n te rp r is e  p la n n in g :  th is  is  c o n c e r n e d  w i th  a  c o m 
p a n y ’ร m a r k e t  p o s i t io n  w o r ld w id e  a n d  a l lo c a t in g  c a p i ta l  in v e s tm e n t  o v e r  a  p e r io d  o f  
5 y e a r s  o r  m o re . B e lo w  th is  is  o p e ra t io n a l  p la n n in g  o v e r  th e  t im e  h o r iz o n s  b e tw e e n  
1 w e e k  a n d  6 m o n th s ;  th is  is  c o n c e rn e d  w i th  d e c id in g  w h ic h  c ru d e s  to  b u y . h o w  to  
p r o c e s s  th e m  a n d  w h ic h  p r o d u c ts  to  se ll. A t  th e  b o t to m  th e r e  is  d e ta i le d  s c h e d u l in g  
w i th in  th e  r e f in e ry ,  w h ic h  a n s w e r s  th e  q u e s t io n  “ W h a t  a m  I g o in g  to  d o  n e x t? ”

http://stoprog.org
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( S im o n , 1 9 9 7 ) . T h e  c a s c a d e  o f  m o d e ls  u s e d  in  o p e ra t io n a l  p la n n in g  a n d  s c h e d u l in g  is  
s h o w n  in  F ig u r e  2 .2 .

Demand
Forecasting

Feed Acquisition and 
Supply Optimization

J
Refinery 0 ptimization

1
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1
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Detail

Figure 2 .2  P la n n in g  a n d  s c h e d u l in g  c a s c a d e  in  a  r e f in e r y  ( S im o n s ,  1 9 9 7 ).

L in e a r  a n d  in te g e r  p r o g r a m m in g  a re  h e a v i ly  u s e d  in  th e  lo n g - te r m  p la n n in g  
m o d e ls .  W i th  s h o r te r  t im e  h o r iz o n s  th e  m o d e ls  h a v e  to  b e  m o r e  d e ta i le d  a n d  a c c u r a te  
a n d  th i s  l e a d s  to  th e  u s e  o f  S u c c e s s iv e  L in e a r  P r o g ra m m in g .  T h e  g r e a te s t  c h a l le n g e s  
l ie  w i th  th e  t r a n s i t io n  f ro m  o p e r a t io n a l  p la n n in g  to  d e ta i le d  s c h e d u l in g ,  w h e r e  th e  
a s s u m p t io n s  im p l ic i t  in  L P - b a s e d  m o d e ls  b re a k  d o w n . T h e s e  a r e  th a t  o p e r a t io n s  c a n  
b e  b r o k e n  d o w n  in to  a  s e r ie s  o f  t im e  p e r io d s ,  d u r in g  e a c h  o f  w h ic h  it  s u f f ic e s  to  
m o d e l  a c t iv i t i e s  a s  c o n t in u o u s  ( o r  a v e r a g e )  f lo w s .

G e n e r a l ly ,  p la n n in g  a n d  s c h e d u l in g  o f  o il r e f in e r y  o p e r a t io n s  c a n  b e  d iv id e d  
in to  th r e e  m a in  p a r ts .  T h e  f i r s t  p a r t  in v o lv e s  th e  c r u d e - o i l  u n lo a d in g ,  m ix in g  a n d  i n 
v e n to r y  c o n tr o l .  T h e  s e c o n d  p a r t  c o n s is t s  o f  th e  p r o d u c t io n  u n i t  s c h e d u l in g ,  w h ic h  
in c lu d e s  b o th  f r a c t io n a t io n  a n d  r e a c t io n  p ro c e s s e s .  L a s tly ,  th e  th i rd  p a r t  c o v e r s  
b le n d in g  o f  f in is h e d  p r o d u c t ,  a n d  s h ip p in g  to  th e  c u s to m e r  ( J ia  et a l.,  2 0 0 3 ) .  F ig u r e
2 .3  d e p ic ts  th e  o v e ra l l  p ic tu r e  o f  o il r e f in e r y  o p e ra t io n s .
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Figure 2.3 O v e r v ie w  p ic tu re  o f  th e  o il  r e f in e r y  o p e ra t io n s  (M é n d e z  et a l., 2 0 0 6 ) .

T h e  d i f f e r e n t  m o d e l in g  a n d  s o lu t io n  o f  e a c h  o f  th e s e  p r o b le m s  w ill  p a v e  th e  
w a y  to w a r d  a d d r e s s in g  th e  o v e ra l l  p r o b le m  o f  s c h e d u lin g  o f  r e f in e r y  o p e r a t io n s ,  
a  t a s k  th a t  is  c u r r e n t ly  p r o h ib i t iv e ly  e x p e n s iv e  to  s o lv e . T h e  la c k  o f  c o m p u ta t io n a l  
t e c h n o lo g y  fo r  p r o d u c t io n  s c h e d u l in g  is  th e  m a in  o b s ta c le  fo r  th e  in te g r a t io n  o f  p r o 
d u c t io n  o b je c t iv e s  a n d  p ro c e s s  o p e r a t io n s  (P in to  e t a l ,  2 0 0 0 ) .

2 .3 .1  R e f in e r y  P la n n in g  a n d  S c h e d u l in g  w i th  M a th e m a t ic a l  P r o g r a m m in g  
A p p l ic a t io n

M a th e m a t ic a l  p r o g r a m m in g  h a s  b e e n  e x te n s iv e ly  s tu d ie d  a n d  im p le 
m e n te d  f o r  b o th  lo n g - te r m  a n d  s h o r t - te r m  p la n t - w id e  r e f in e r y  p la n n in g .  S o m e  c o m 
m e r c ia l  s o f tw a r e  w i th  l in e a r  p r o g r a m m in g  (L P )  m o d e ls ,  s u c h  a s  R P M S  (R e f in e ry  
a n d  P e tr o c h e m ic a l  M o d e l in g  S y s te m )  a n d  P I M S  (P ro c e s s  I n d u s t r y  M o d e l in g  S y s te m ) ,  
h a v e  b e e n  d e v e lo p e d  f o r  r e f in e r y  p r o d u c t io n  p la n n in g .  In  th i s  th e s is ,  th e  m a th e m a t i 
c a l m o d e l  is  im p le m e n te d  in  th e  p ro g r a m  c a l le d  G A M S .
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2 .3 .2  G e n e r a l  A lg e b r a ic  M o d e l in g  S y s te m  (G A M S )  a n d  G A M S  D a ta  E x 
c h a n g e  ( G D X )  f a c i l i t i e s

G A M S  is  a  s o f tw a r e  p r o d u c t  o f  th e  G A M S  D e v e lo p m e n t  C o r p o r a t io n .  
I t in c lu d e s  t h e  c a p a b i l i ty  to  s o lv e  l in e a r  p r o g r a m s  a n d  in te g e r  l in e a r  p r o g r a m s .  I t  a l 
lo w s  th e  f o r m u la t io n  o f  m o d e ls  in  m a n y  d if f e r e n t  c la s s e s  o f  p ro b le m , in c lu d in g  l in e a r  
(L P ) , m ix e d  in te g e r  l in e a r  ( M IP ) ,  n o n l in e a r  (N L P ) , m ix e d  in te g e r  n o n l in e a r  ( M I N L P ) ,  
m a th e m a t ic a l  p r o g r a m s  w i th  e q u i l ib r iu m  c o n s tr a in ts  (M P E C )  a n d  s to c h a s t ic  l in e a r  
p r o b le m s .

G D X  f a c i l i t i e s  a re  b in a r y  f l ie s  th a t  a re  p o r ta b le  b e tw e e n  d i f f e r e n t  p l a t 
fo rm s .  T h e y  a re  w r i t t e n  u s in g  th e  b y te  o r d e r in g  n a t iv e  to  th e  h a rd w a re  p la t f o r m  th e y  
a r e  c r e a te d  o n ,  b u t  c a n  b e  r e a d  o n  a  p la t f o r m  u s in g  a  d if fe re n t  b y te  o r d e r in g .  G D X  
fa c i l i t i e s  s to r e s  th e  v a lu e s  o f  o n e  o r  m o re  G A M S  s y m b o ls  su c h  a s  s e ts ,  p a r a m e te r s  
v a r ia b le s  a n d  e q u a t io n s .  T h e y  c a n  b e  u s e d  to  p r e p a re  d a ta  fo r  a  G A M S  m o d e l ,  p r e 
s e n t  r e s u l t s  o f  a  G A M S  m o d e l ,  s to re  r e s u l ts  o f  th e  s a m e  m o d e l  u s in g  d i f f e r e n t  p a 
r a m e te r s  e tc .

In  o r d e r  to  w r i te  d a ta  f r o m  G A M S  to  o th e r  a p p lic a t io n  p r o g r a m , th e  
u s e r  w r i te s  a  G D X  f i le  a n d  th e n  to  th e  p ro g ra m  f ro m  th e  G D X  f ile . T h e  p r o c e s s  to  
im p o r t  d a t a  f r o m  a n  E x c e l  f i le  to  G A M S  is  s im ila r .

G A M S  7 ” *  G D X  A p p lic a t io n
< —  < —  P o o g ra m

2.4 Pricing Theory

I n  m a r k e t in g ,  p r ic in g  h a s  th e  d e f in i t io n  o f  “ T h e  e v a lu a t io n  o f  s o m e th in g  in  
t e r m s  o f  i ts  p r ic e ,  u s u a l ly  b a s e d  o n  m a r k e t  d e m a n d  a n d  c o m p e t i t io n ” . T h e  d e c i s io n s  
r e la te d  to  t h e  d e te r m in a t io n  o f  p r ic e s  b e g in  w ith  th e  a v a i la b le  in f o r m a t io n  o n  th e  
f ix e d  a n d  v a r ia b le  c o s ts ,  w h ic h  a re  e a s i ly  o b ta in e d  f ro m  a c c o u n t in g  a n d  p r o d u c t io n  
r e g is te r s .  T h e  r e l a t io n s h ip  o f  d e m a n d  a n d  p r ic e s  is  a l s o  re q u i r e d  a s  in p u t  d a ta ,  a n d  it  
is  u s u a l ly  o b ta in e d  b y  u s in g  h is to r ic a l  d a ta  a n d , w h a t  is  le s s  u s u a l,  b y  d ir e c t  e x p e r i 
m e n ta t io n  o v e r  th e  c o n s u m e r ’s r e s p o n s e  to  d if f e r e n t  p r ic e  le v e ls  in  s e v e ra l  c o n s is te n t
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w ith  t h e  e n te r p r i s e  g o a ls .  T h e  m o s t  w id e ly  u s e d  o b je c t iv e  fu n c t io n  w h e n  d e te r m in in g  
p r i c e s  is  t h e  m a x im iz a t io n  o f  p ro f i t .

E c o n o m ic  th e o r y  o f  c o n s u m e r  b e h a v io r  h a v e  b e e n  s tu d ie d  a n d  p r o p o s e d  to  
s e e  h o w  c o n s u m e r s  a l lo c a te  th e i r  in c o m e s  a n d  h o w  th is  d e te r m in e s  th e  d e m a n d s  fo r  
v a r io u s  g o o d s  a n d  s e r v ic e s .  T h is  w i ll  h e lp  U S  u n d e r s ta n d  h o w  c h a n g e s  in  c u s to m e r ’s 
in c o m e  a n d  p r o d u c t  p r ic e s  a f f e c t  d e m a n d s  f o r  g o o d s  a n d  s e r v ic e s  a n d  w h y  th e  d e 
m a n d s  f o r  s o m e  p r o d u c ts  a re  m o r e  s e n s i t iv e  to  p r ic e  a n d  in c o m e  c h a n g e s  th a n  th e  
o th e r s .

2 .4 .1  C o n s u m e r  B e h a v io r
C o n s u m e r  b e h a v io r  is  b e s t  u n d e r s to o d  in  th r e e  s te p s .  T h e  f i r s t  s te p  is 

to  e x a m in e  c o n s u m e r  p r e f e r e n c e s .  S p e c if ic a l ly ,  w e  n e e d  a  p r a c t ic a l  w a y  to  d e s c r ib e  
h o w  p e o p le  m ig h t  p r e f e r  o n e  g o o d  to  a n o th e r .  S e c o n d , w e  m u s t  a c c o u n t  f o r  t h e  fa c t  
th a t  c o n s u m e r s  f a c e  b u d g e t  c o n s tr a in t s - th e y  h a v e  l im ite d  in c o m e s  th a t  r e s t r i c t  th e  
q u a n t i t ie s  o f  g o o d s  t h a t  th e y  c a n  b u y . T h e  th i r d  s te p  is  to  p u t  c o n s u m e r  p r e f e r e n c e s  
a n d  b u d g e t  c o n s t r a in t s  t o g e th e r  to  d e te rm in e  c o n s u m e r  c h o ic e s .  In  o th e r  w o r d s ,  g iv e n  
t h e i r  p r e f e r e n c e s  a n d  l im i te d  in c o m e s ,  w h a t  c o m b in a t io n s  o f  g o o d s  w ill  c o n s u m e r s  
b u y  to  m a x im iz e  th e i r  s a t is f a c t io n ?

2 .4 .2  U t i l i ty  F u n c t io n
In  e c o n o m ic s ,  o n e  w a y  to  d e s c r ib e  th e  c u s to m e r  p r e f e r e n c e  i s  u s in g  

th e  c o n c e p t  o f  “ u t i l i ty ” . U t i l i ty  is  th e  m e a s u r e  o f  th e  re la t iv e  l e v e l  o f  s a t i s f a c t io n  th a t  
a  c u s to m e r  g e ts  f r o m  c o n s u m in g  d if f e r e n t  b u n d le s  o f  g o o d s  a n d  s e rv ic e s .  T h e  d e 
m a n d  f u n c t io n  o f  t h e  c u s to m e r  c a n  b e  d e r iv e d  b y  c o n s id e r in g  a  m o d e l  o f  u t i l i ty -  
m a x im iz in g  b e h a v io r  c o u p le d  w i th  th e  e c o n o m ic  c o n s tra in ts .

In  th e  b a s ic  p r o b le m  o f  p r e f e r e n c e  m a x im iz a t io n ,  th e  s e t  o f  a f f o r d a b le  
a l t e r n a t iv e s  is  th e  s e t  o f  a ll p r o d u c ts  th a t  s a t is f y  th e  c o n s u m e r 's  b u d g e t  c o n s tr a in t .

L e t  X  b e  th e  c u s to m e r  c o n s u m p tio n  in  b u n d le  X , m  b e  th e  f ix e d  
a m o u n t  o f  m o n e y  a v a i la b le  to  a  c o n s u m e r ,  a n d  p  =  (p\, . . . , P k )  b e  th e  v e c to r  o f  
p r ic e s  o f  (g o o d s  j ,  . . , goodsk). N o w  น is  th e  u t i l i ty  fu n c t io n  o f  th e  c u s to m e r ,  a n d  th e  
b u d g e t  s e t  o f  th e  c o n s u m e r ,  th e  s e t  o f  a f f o r d a b le  b u n d le s ,  is  g iv e n  b y
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B  — {x i n X  : p x <  ïท) (2.2)

T h e  p r o b le m  o f  p r e f e r e n c e  m a x im iz a t io n  c a n  th e n  b e  w r i t t e n  a s :

m a x  น(x )
s u c h  th a t  p x  < m (2 .3 )
a n d X is  in  X.

W ith  th i s  p r o b le m , w e  c a n  c h a r a c te r iz e  o p t im iz in g  b e h a v io r  b y  m e a n s
o f  c a lc u lu s ,  a s  lo n g  a s  th e  u t i l i ty  f u n c t io n  is  d i f f e r e n t ia b le .  T h e  L a g ra n g ia n  
f o r  th e  u t i l i ty  m a x im iz a t io n  p r o b le m  c a n  b e  w r i t te n  a s

L  =  w (x) -  X ( p x -  ไท) ( 2 .4 )

w h e r e  X is  th e  L a g r a n g e  m u l t ip l ie r .  D if f e r e n t ia t in g  th e  L a g r a n g ia n  w i th  r e 
s p e c t  to  X ,  g iv e s  u s  th e  f i r s t - o r d e r  c o n d i t io n s

T h e  d e m a n d  f u n c t io n  th a t  m a x im iz e  th e  c o n s u m e r  s a t is f a c t io n  a r e  o b ta in e d  
f r o m  s o lv in g  th i s  e q u a t io n .

In  o r d e r  to  s im p li f y  c a lc u la t io n s ,  v a r io u s  a s s u m p t io n s  h a v e  b e e n  m a d e  o f  
u t i l i ty  fu n c t io n s .

• C E S  (c o n s ta n t e la s tic ity  o f  su b s titu tio n )  u t i l i ty  is  o n e  w i th  c o n s ta n t  
r e la t iv e  r i s k  a v e r s io n

• q u a s i l in e a r  u t i l i ty
• h o m o th e t ic  u t i l i ty

2 .4 .3  C o n s ta n t  e la s t i c i ty  o f  s u b s t i tu t io n  (C E S )  u t i l i ty
T h e  C o n s ta n t  E la s t i c i ty  o f  S u b s t i tu t io n  ( C E S )  u t i l i ty  f u n c t io n  is  th e  

u t i l i ty  f u n c t io n  th a t  h a s  a  c o n s ta n t  e la s t i c i ty  o f  s u b s t i tu t io n .  I t  is  u s e fu l  b e c a u s e  th i s  
c la s s  o f  u t i l i ty  fu n c t io n s  c a n  b e  u s e d  to  m o d e l  c o m m o d it i e s  th a t  a re  e i th e r  s u b s t i tu te s  
f o r  o n e  a n o th e r ,  o r  c o m p le m e n ts  o f  o n e  a n o th e r .  T h e  C E S  u t i l i ty  f u n c t io n  f o r  tw o  
c o m m o d i t i e s  X  a n d  y  c a n  b e  w r i t t e n  as:

f o r  i =  l , . . . . , k . (2 .5 )

น(x, y) = (a - x p + b ■ y p) ,/p (2.6)
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F o r  a n y  v a lu e s  o f  a  >  0  a n d  b  > 0 .

2.5 Uncertainty and Risk

U n c e r ta in ty  a n d  r is k  a r e  b o th  r e f e r r e d  to  a  s i tu a t io n  w h e r e in  th e  p o s s ib le  
f u tu r e  o u tc o m e s  o f  a  p r e s e n t  d e c i s io n  a re  p lu ra l .  B u t  th e  c la s s ic a l  d is t in c t io n  b e 
tw e e n  r i s k  a n d  u n c e r ta in ty  is  th a t :  f o r  r i s k ,  th e  d im e n s io n s  a n d  p r o b a b i l i t i e s  o f  th e  
o u tc o m e s  a re  k n o w n  in  a d v a n c e  w h i le  th e y  c a n n o t  b e  o b je c t iv e ly  s p e c i f ie d  f o r  u n c e r 
t a in ty  ( P o r te r f ie ld ,  1 9 9 5 ) .

M o s t  o p e r a t io n s  b y  b u s in e s s  e n te r p r is e s  a n d  m a n y  o f  t h e i r  f i n a n c in g  l ie  
w i th in  th e  d o m a in  o f  u n c e r ta in ty .  O n e  a p p r o a c h  to  a v o id  th is  d i l e m m a  is  to  c o n v e r t  
th e  o p e r a t io n  d e c i s io n  f ro m  a n  u n c e r ta in ty  s i tu a t io n  to  a  q u a s i- r is k  s i tu a t io n ,  b y  p r o 
j e c t in g  a  s u b je c t iv e  d is t r ib u t io n  o f  i ts  p o s s ib le  o u tc o m e s  a n d  a s s ig n in g  s u b je c t iv e  
p r o b a b i l i t i e s  to  e a c h  o f  th e m  ( P o r te r f ie ld ,  1 9 9 5 ) .

2 .5 .1  U n c e r ta in ty  in  R e f in e r y  P la n n in g
F o r  th e  r e f in e r y  in d u s t r y  w h ic h  h a s  to  d e a l w i th  m a n y  s e c t io n s  f ro m  

c r u d e  o il  p u r c h a s in g  a n d  p r o c e s s in g  to  p r o d u c t  d is t r ib u t in g  a n d  s e l l in g ,  p la n n in g  a n d  
s c h e d u l in g  m a y  c o n ta in  a  lo t  o f  u n c e r ta in t i e s .  T h e  u n c e r ta in t ie s  a r is e  f r o m  c r u d e  c o s t ,  
p r o d u c t  p r i c e  a n d  d e m a n d  e tc . T h e  e f f e c t  o f  th e s e  u n c e r ta in t ie s ,  f o r  e x a m p le ,  d e m a n d  
u n c e r ta in ty ,  r e s u l ts  in  o v e r -  o r  u n d e r - p r o d u c t io n ,  w i th  r e s u l ta n t  e x c e s s  in v e n to r ie s  
o r /a n d  in a b i l i ty  to  m e e t  c u s to m e r  n e e d s ,  r e s p e c t iv e ly .  E x c e s s  in v e n to r y  in c u r s  u n 
n e c e s s a r y  h o ld in g  c o s ts ,  w h i le  t h e  in a b i l i ty  to  m e e t  th e  c u s to m e r  n e e d s  r e s u l ts  in  
b o th  lo s s e s  o f  p r o f i ts  a n d  p o te n t ia l ly ,  th e  lo s s  o f  c u s to m e rs .  T h is  t r a d e - o f f  b e tw e e n  
th e  p r o f i t  m a x im iz a t io n  a n d  th e  c o s t  m in im iz a t io n  o f  r is k  f ro m  s a f e ty  s to c k  le a d s  to  
th e  f o r m u la t io n  o f  a  s to c h a s t ic  o p t im iz a t io n .

2 .5 .2  T w o - s ta g e s  S to c h a s t ic  P r o g r a m m in g
T h is  k in d  o f  p r o b le m s  is  c h a r a c te r iz e d  b y  tw o  e s s e n t ia l  f e a tu r e s :  th e  

u n c e r t a in ty  in  th e  p r o b le m  d a ta  a n d  th e  s e q u e n c e  o f  d e c is io n s  ( B a r b a r o  a n d  B a g a -  
j e w ic z ,  2 0 0 4 ) .  S o m e  m o d e l  p a r a m e te r s  a re  a c c o u n te d  a s  r a n d o m  v a r ia b le s  w i th  a  c e r 
ta in  p r o b a b i l i ty  d is t r ib u t io n .  In  tu r n ,  s o m e  o f  th e s e  d e c is io n s  m u s t  b e  m a d e  w i th  in 
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c o m p le te  in f o r m a t io n  a b o u t  th e  fu tu re . T h e n ,  a s  s o m e  o f  th e  u n c e r ta in t ie s  a re  r e 
v e a le d ,  th e  r e m a in in g  d e c i s io n s  w i l l  b e  m a d e .  A  n u m b e r  o f  d e c is io n s  t h a t  h a v e  to  b e  
m a d e  b e fo re  th e  e x p e r im e n t  a re  c a l le d  f i r s t - s ta g e  d e c is io n s ,  a n d  th e  p e r io d  w h e n  
th e s e  d e c is io n s  a re  m a d e  is  c a l le d  th e  f i r s t  s ta g e . O n  th e  o th e r  h a n d , th e  d e c is io n s  
m a d e  a f te r  u n c e r ta in ty  is  u n v e i le d  a re  c a l l e d  s e c o n d - s ta g e  d e c is io n s  a n d  th e  c o r r e 
s p o n d in g  p e r io d  is  c a l le d  th e  s e c o n d  s ta g e . A m o n g  th e  tw o - s ta g e  s to c h a s t i c  m o d e ls ,  
th e  e x p e c te d  v a lu e  o f  th e  c o s t  (o r  p ro f i t)  r e s u l t in g  f ro m  o p tim a lly  a d a p t in g  th e  p la n  
a c c o r d in g  to  th e  r e a l i z a t io n s  o f  u n c e r ta in  p a r a m e te r s  is  r e fe r re d  to  a s  t h e  r e c o u r s e  
f u n c t io n .  A  p r o b le m  is  s a id  to  h a v e  c o m p le te  r e c o u r s e  i f  th e  r e c o u rs e  c o s t  (o r  p r o f i t )  
f o r  e v e r y  p o s s ib le  u n c e r ta in ty  r e a l i z a t io n  r e m a in s  f in i te ,  in d e p e n d e n t ly  o f  th e  n a tu r e  
o f  th e  f i r s t - s ta g e  d e c is io n s .

T h is  O p t im iz a t io n  m o d e l  in v o lv e s  m a x im iz a t io n  o r  m in im iz a t io n  o f  
e x p e c te d  p r o f i t s  o r  e x p e c te d  c o s t ,  r e s p e c t iv e ly ,  w h e re  th e  te rm  “ e x p e c te d 7' r e f e r s  to  
m u l t ip ly in g  p r o f i t s  o r  c o s ts  a s s o c ia te d  w i th  e a c h  s c e n a r io  b y  i ts  p r o b a b i l i ty  o f  o c c u r 
r e n c e  ( L a b a b id i  e t  a h ,  2 0 0 4 ) .

T h e  g e n e ra l  fo rm  o f  a  tw o - s ta g e  l in e a r  s to c h a s t ic  p r o b le m  w i th  f ix e d  
r e c o u r s e  a n d  a  f in i te  n u m b e r  o f  s c e n a r io s  c a n  b e  d e f in e d  a s  (B irg e  a n d  L o u v e a u x ,  

1 9 9 7 ):

M a x  \i[P rofit] = E  p sq j y x - c ‘ X  

s .t. A x  -  b
Tpc + Wys =  h s ร e  ร  ( 2 .7 )
X  > 0 X  e X

y s > 0  V  5 e  ร

In  th e  a b o v e  e q u a t io n ,  f i r s t - s ta g e  d e c is io n s  a re  r e p r e s e n te d  b y  v a r ia b le  
X  a n d  s e c o n d - s ta g e  d e c i s io n s  a re  r e p r e s e n te d  b y  v a r ia b le  y s, w h ic h  h a s  p r o b a b i l i ty  p s. 
T h e  o b je c t iv e  f u n c t io n  c o n ta in s  a  d e te r m in is t i c  t e r m , c 7 X  , a n d  th e  e x p e c ta t io n  o f  th e  

s e c o n d - s ta g e  o b je c t iv e ,  q j  y , , t a k e n  o v e r  a l l  r e a l i z a t io n s  o f  th e  r a n d o m  e v e n ts .  F o r  a  

g iv e n  r e a l i z a t io n  o f  th e  r a n d o m  e v e n ts ,  ร e  ร, th e  s e c o n d - s ta g e  p r o b le m  d a ta  q s, hs, 
a n d  Ts b e c o m e  k n o w n , a n d  th e n  th e  s e c o n d - s ta g e  d e c is io n s , y s(x), m u s t  b e  m a d e .
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2 .5 .3  F in a n c ia l  R is k
A s  p re v io u s ly  m e n t io n e d ,  a l th o u g h  th e  s to c h a s t ic  m o d e ls  c a n  o p t im iz e  

th e  to ta l  e x p e c te d  p e r f o r m a n c e  m e a s u r e ,  th e y  u s u a l ly  d o  n o t  p ro v id e  a n y  c o n tr o l  o f  
i ts  v a r ia b i l i ty  o v e r  th e  d if f e r e n t  s c e n a r io s ;  i .e . ,  th e  d e c is io n  m a k e r  is  a s s u m e d  to  b e  
r i s k  n e u tr a l .  B u t  d i f f e r e n t  a t t i tu d e s  to w a r d  r i s k  m a y  b e  e n c o u n te r e d .

T h e  f in a n c ia l  r is k  a s s o c ia te d  w i th  a  p la n  u n d e r  u n c e r ta in ty  is  d e f in e d  
a s  th e  p ro b a b i l i ty  o f  n o t  m e e t in g  a  c e r ta in  ta r g e t  p r o f i t  (m a x im iz a t io n )  o r  c o s t  ( m in i 
m iz a t io n )  le v e l  r e f e r r e d  to  a s Q  ( B a r b a r a  a n d  B a g a je w ic z ,  2 0 0 4 ) .  F o r  th e  tw o - s t a g e  
s to c h a s t i c  p r o b le m , th e  f in a n c ia l  r i s k  a s s o c ia te d  w i th  a  d e s ig n  X  a n d  t a r g e t  p r o f i t  Q  
is  th e r e f o r e  e x p r e s s e d  b y  th e  fo l lo w in g  p ro b a b il i ty :

R i s k ( x , Q ) =  P  {P ro fi t( x )  <  Q )  (2 .8 )

W h e re  P r o f i t ( x )  is  th e  P ro fit  a f t e r  th e  u n c e r ta in ty  h a s  b e e n  u n v e i le d  

a n d  a  s c e n a r io  is  r e a l iz e d .
A c c o r d in g  to  B a r b a r a  e t  a l . ,  th e  m in im iz a t io n  o f  r i s k  a t  s o m e  p r o f i t  

le v e l s  r e n d e r s  a  t r a d e - o f f  w i th  e x p e c te d  p ro f i t .  A  r i s k - a v e r s e  d e c is io n  m a k e r  w i l l  fe e l  
c o m f o r ta b le  w i th  lo w  r i s k  a t  lo w  v a lu e s  o f O , w h ile  a  r is k  t a k e r  w i ll  p r e f e r  t o  lo w e r  
th e  r i s k  a t  h ig h  v a lu e s  o f Q  . T h e  t r a d e - o f f  l ie s  in  th e  fa c t  th a t  m in im iz in g  r i s k  a t  lo w  
v a lu e s  o f  Q  ( e .g . ,  a  lo s s )  is  in  c o n f l ic t  w ith  th e  m in im iz a t io n  o f  r is k  a t  h ig h  v a lu e s  o f  

Q  (e .g . ,  l a rg e  p ro f i ts )  a n d  v ic e  v e r s a .

2.6 Financial Risk Management

S o m e  m e a s u r e s  to  m a n a g e  f in a n c ia l  r i s k  a re  a s  fo l lo w s :

2 .6 .1  V a lu e  a t  r i s k  a n d  u p s id e  p o te n t ia l
V a lu e  a t  r i s k  (o r  V a R )  is  a  w id e ly  u s e d  m e a s u r e  o f  r is k  in  l i t e r a tu r e  

( G u ld im a n n ,  2 0 0 0 ) .  I t  is  d e f in e d  a s  th e  e x p e c te d  lo s s  f o r  a  c e r ta in  c o n f id e n c e  le v e l  
u s u a l ly  s e t  a t  5 %  ( L in s m e ie r  &  P e a r s o n ,  2 0 0 0 ) .  A  m o r e  g e n e ra l  d e f in i t io n  o f  V a R  is  
g iv e n  b y  th e  d if f e r e n c e  b e tw e e n  th e  m e a n  v a lu e  o f  t h e  p r o f i t  a n d  th e  p r o f i t  v a lu e  c o r 
r e s p o n d in g  to  th e  /7 -q u a n t i le  (v a lu e  a t  p  r is k ) .  V a R  h a s  b e e n  u s e d  a s  a  p o in t  m e a s u r e
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v e r y  s im i la r  to  th e  v a r ia n c e .  V a R  m e a s u r e s  th e  d e v ia t io n  o f  th e  p r o f i t  a t  5 %  r i s k  f ro m  
th e  e x p e c te d  v a lu e .

H o w e v e r ,  V a R  c a n  o n ly  b e  u s e d  a s  a  m e a s u r e  o f  r o b u s tn e s s ,  b u t  n o t  
r i s k .  T o  r e l ie v e  th e s e  d if f ic u l t ie s ,  A s e e r i  a n d  B a g a je w ic z  ( 2 0 0 4 )  p r o p o s e d  th a t  V a R  
b e  c o m p a r e d  to  a  s im i la r  m e a s u r e ,  th e  U p s id e  P o te n t ia l  (U P )  o r  O p p o r tu n i ty  V a lu e  
(O V ) ,  d e f in e d  in  a  s im i la r  w a y  to  V a R  b u t  a t  th e  o th e r  e n d  o f  th e  r i s k  c u r v e  w i th  a  
q u a n t i l e  o f  (1 -p )  a s  th e  d if f e r e n c e  b e tw e e n  th e  v a lu e  c o r r e s p o n d in g  to  a  r i s k  o f  (1 -p) 
a n d  th e  e x p e c te d  v a lu e . T h e y  d is c u s s e d  th e  n e e d  o f  th e  U p s id e  P o te n t ia l  f o r  a  g o o d  
e v a lu a t io n  o f  th e  p ro je c t.

2 .6 .2  U s e  o f  S a m p l in g  A lg o r i th m  to  O b ta in  O p tim a l  S o lu t io n
In  th is  m e th o d ,  a  r e la t iv e ly  s m a l l  n u m b e r  o f  s c e n a r io s  a re  g e n e r a te d  

a n d  u s e d  to  ru n  th e  s to c h a s t ic  m o d e l .  A f te r  t h e  s e r ie s  o f  d e s ig n s  a re  o b ta in e d ,  t h e  f i r s t  
s ta g e  v a r ia b le s  o f  e a c h  o n e  is  u s e d  a s  f ix e d  n u m b e r s  in  a  n e w  s to c h a s t i c  m o d e l  c o n 
t a in in g  a  m u c h  la rg e r  n u m b e r  o f  s c e n a r io s .  A s e e r i  a n d  B a g a je w ic z  ( 2 0 0 4 )  p r o v e d  
th a t  th i s  a lg o r i th m , ru n  fo r  a  s u f f ic ie n t ly  l a r g e  n u m b e r  o f  s c e n a r io s  c a n  a p p r o x im a te  
th e  o p tim a l  s o lu t io n .

2 .6 .3  U p p e r  a n d  L o w e r  R is k  C u rv e  B o u n d s
T h e  u p p e r  b o u n d  r i s k  c u rv e  is  d e f in e d  a s  th e  c u rv e  c o n s t r u c te d  b y  

p lo t t in g  th e  s e t  o f  n e t  p r e s e n t  v a lu e  (N P V )  f o r  th e  b e s t  d e s ig n  u n d e r  e a c h  s c e n a r io .  
A s e e r i  a n d  B a g a je w ic z  ( 2 0 0 4 )  p r o v e d  th a t  a n y  f e a s ib le  s o lu t io n  c a n n o t  c r o s s  th is  
c u r v e .  F ig u re  2 .5  s h o w s  th e  u p p e r  b o u n d  r i s k  c u rv e  a n d  c u rv e s  c o r r e s p o n d in g  to  p o s 
s ib le  a n d  im p o s s ib le  s o lu t io n s .  T h e  lo w e r  b o u n d  r is k  c u rv e  is  d e f in e d  a s  th e  c u rv e  
c o n s t r u c te d  b y  p lo t t in g  th e  h ig h e s t  r i s k  o f  th e  s e t  o f  d e s ig n s  u s e d  to  c o n s t r u c t  th e  u p 
p e r  b o u n d  r i s k  c u r v e  a t  e a c h  N P V  a b s c is s a .  U n l ik e  th e  u p p e r  b o u n d  r i s k  c u r v e ,  th e  
lo w e r  b o u n d  r i s k  c u rv e  c a n  b e  c r o s s e d  b y  f e a s ib le  so lu t io n s .

T h e  o b je c t iv e  f u n c t io n  v a lu e  ( E N P V )  o f  a n y  f e a s ib le  s o lu t io n  is  
s m a l l e r  th a n  o r  e q u a l  to  th a t  o f  th e  u p p e r  b o u n d  r is k  c u rv e  (A s e e r i  a n d  B a g a je w ic z ,  
2 0 0 4 ) .  T h e r e f o r e ,  th e  g a p  b e tw e e n  a n y  s o lu t io n  a n d  th e  b e s t  p o s s ib le  in te g e r  s o lu t io n  
w i l l  a lw a y s  b e  le s s  th a n  o r  e q u a l  to  th e  g a p  b e tw e e n  th a t  s o lu t io n  a n d  th e  u p p e r  
b o u n d  r i s k  c u rv e .
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R isk

Figure 2.4 U p p e r  b o u n d  r i s k  c u rv e , o r  e n v e lo p e  (A s e e r i  and B a g a je w ic z ,  2 0 0 4 ) .

2.7. Literature Survey

2 .7 .1  R e f in e r y  O p e r a t io n  P la n n in g  a n d  S c h e d u lin g
In  th e  la s t  2 0  y e a rs ,  a  n u m b e r  o f  m o d e ls  h a v e  b e e n  d e v e lo p e d  to  p e r 

fo rm  s h o r t  te rm  s c h e d u l in g  a n d  lo n g e r  te rm  p la n n in g - o f  b a tc h  p la n t  p r o d u c t io n  to  
m a x im iz e  e c o n o m ic  o b je c t iv e  (S h a h , 1 9 9 8 ). T h e  a p p lic a t io n  o f  f o r m a l ,  m a th e m a t ic a l  
p r o g r a m m in g  te c h n iq u e s  to  th e  p r o b le m  o f  s c h e d u l in g  th e  c ru d e  o i l  s u p p ly  to  a  r e f in 
e ry  w a s  c o n s id e r e d  b y  S h a h  (1 9 9 6 ) .  T h e  c o n s id e r a t io n  in c lu d e s  th e  a l lo c a t io n  o f  
c r u d e  o i l s  to  r e f in e r y  a n d  p o r ts id e  t a n k s ,  th e  c o n n e c t io n  o f  r e f in e r y  t a n k s  t o  c ru d e  
d i s t i l l a t io n  u n it s  (C D U s ) ,  th e  s e q u e n c e  a n d  a m o u n ts  o f  c ru d e  p u m p e d  f ro m  th e  p o r ts  
to  th e  r e f in e r ie s ,  a n d  th e  d e ta i ls  r e la te d  to  d is c h a r g in g  o f  ta n k e rs  a t  th e  p o r ts id e .  T h e  
m a th e m a t ic a l  p r o g r a m m in g  m o d e l  is  b a s e d  o n  a  d is c r e t iz a t io n  o f  th e  t im e  h o r iz o n  
in to  in te r v a l s  o f  e q u a l  d u ra t io n .  T h e  p ro b le m  w a s  d e c o m p o s e d  in to  tw o  s m a l le r  o n e s :  
d o w n s t r e a m  a n d  u p s t r e a m  p ro b le m s .  T h e  d o w n s t r e a m  p ro b le m  w a s  s o lv e d  f i r s t  a n d  
th e  u p s t r e a m  p r o b le m  w a s  s o lv e d  s u b s e q u e n t ly .

In  a d d i t io n ,  o p t im iz a t io n  w a s  a p p l ie d  fo r  r e f in e r y  b y  Z h a n g  e t al.
( 2 0 0 1 )  to  in te g r a te  th e  h y d r o g e n  n e tw o r k  a n d  th e  u t i l i ty  s y s te m  w i th  th e  m a te r ia l
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p r o c e s s in g  s y s te m . T h e y  c o n s id e re d  th e  o p tim iz a t io n  o f  r e f in e ry  l iq u id  f lo w , h y d r o 
g e n  f lo w s ,  a n d  s te a m  a n d  p o w e r  f lo w s  s im u lta n e o u s ly  a n d  p re s e n te d  th e  a p p r o a c h  o n  
d e b o t t l e n e c k in g  in  r e f in e r y  o p e ra t io n .  T h e ir  a im  w a s  to  s h if t  b o t t le n e c k s  f r o m  a n  e x 
p e n s iv e  p ro c e s s  to  a  c h e a p e r  o n e  b y  m o d ify in g  n e tw o r k s  s u c h  a s  th e  h y d r o g e n  n e t 
w o rk  a n d  th e  u t i l i ty  s y s te m . O th e r  b o tt le n e c k s  w h ic h  c o u ld  n o t  b e  ta c k le d  b y  th e  
n e tw o r k  c h a n g e s  w e r e  r e t r o f i t t e d  b y  u s in g  d e ta i le d  p ro c e s s  m o d e ls  to  a c h ie v e  th e  r e 
q u ir e d  e x t r a  c a p a c ity .

M o r o  e t al. ( 1 9 9 8 )  d e v e lo p e d  a  n o n l in e a r  p la n n in g  m o d e l  f o r  d ie s e l  
p ro d u c t io n .  T h e  r e s u l t in g  o p t im iz a t io n  m o d e l  is  s o lv e d  w ith  th e  g e n e r a l i z e d  r e d u c e d  
g r a d ie n t  m e th o d . P in to  a n d  M o ro  (2 0 0 0 ) ;  P in to  e t  a l. ( 2 0 0 0 )  a n d  J o ly  e t  a l. ( 2 0 0 2 )  
f o c u s e d  o n  th e  r e f in e r y  p ro d u c t io n s .  T h e  m o d e l  a re  c o m p o s e d  o f  a  r e p r e s e n ta t io n  o f  
th e  r e f in e r y  p r o c e s s in g  u n i t s  a n d  th e i r  in te r c o n n e c t io n s  a n d  in v o lv e  e q u a t io n s  to  r e p 
r e s e n t  th e  p e r f o r m a n c e  o f  s u c h  u n it s  a s  w e ll a s  th e  m ix in g  o f  p r o c e s s  s t r e a m s .  T h e  
w o rk  a ls o  a d d r e s s e d  s c h e d u l in g  p ro b le m s  in  o il  r e f in e r ie s  th a t  a r e  f o r m u la t e d  a s  
m ix e d  in te g e r  o p t im iz a t io n  m o d e ls  a n d  re ly  o n  b o th  c o n tin u o u s  a n d  d is c r e te  t im e  
r e p r e s e n ta t io n s .  T h e  p r o b le m s  in v o lv e  th e  o p tim a l  o p e ra t io n  o f  c r u d e  o il  u n lo a d in g  
f ro m  p ip e l in e s ,  t r a n s f e r  to  s to ra g e  t a n k s  a n d  th e  c h a rg in g  s c h e d u le  f o r  e a c h  c r u d e  o il  
d is t i l l a t io n  u n it .  M o r e o v e r ,  th e y  d is c u s s e d  th e  d e v e lo p m e n t  a n d  s o lu t io n  o f  o p t im iz a 
t io n  m o d e ls  fo r  s h o r t  te rm  s c h e d u l in g  o f  a  s e t  o f  o p e ra t io n  th a t in c lu d e s  p r o d u c t  r e 
c e iv in g  f ro m  p r o c e s s in g  u n i t s ,  s to ra g e , a n d  in v e n to ry  m a n a g e m e n t  in  in te r m e d ia te  
t a n k s ,  b le n d in g  in  o r d e r  to  a t te n d  o il  s p e c i f ic a t io n s  a n d  d e m a n d s , a n d  t r a n s p o r t  s e 
q u e n c in g  in  o il  p ip e l in e s .

G ô th e - L u n d g r e n  e t a l. ( 2 0 0 2 )  d e s c r ib e d  a  p r o d u c t io n  p la n n in g  a n d  
s c h e d u l in g  p r o b le m  in  o il r e f in e r y  c o m p a n y . T h e y  fo c u s e d  o n  p la n n in g  a n d  s c h e d u l 
in g  to  s e le c t  m o d e  o f  o p e r a t io n  to  u s e  in  o r d e r  to  s a t is fy  th e  d e m a n d  w h i l e  m in im iz 
in g  th e  p r o d u c t io n  c o s t.  T h e  m o d e l  is  f o rm u la te d  u s in g  a  m ix e d - in te g e r  l in e a r  p r o 
g r a m m in g  (M IL P ) .

R e jo w s k i  a n d  P in to  (2 0 0 3 )  c o n s id e re d  th e  s y s te m  c o m p o s e d  b y  o n e  
p e t r o le u m  r e f in e r y ,  o n e  m u lt i  p r o d u c t  p ip e l in e  a n d  s e v e ra l  d e p o ts  th a t  a re  c o n n e c te d  
to  lo c a l  c o n s u m e r  m a r k e ts .  M IL P  m o d e ls  w e r e  p r o p o s e d  fo r  th e  s im u l t a n e o u s  o p t i 
m iz a t io n  o f  s y s te m s  w i th  m u l t ip le  d e p o ts .  K e y  d e c is io n s  o f  th e  m o d e l  i n v o lv e  lo a d 
in g  a n d  u n lo a d in g  o p e r a t io n s  o f  t a n k s  a n d  o f  th e  p ip e l in e .  S e v e ra l  o p e r a t in g  c o n 
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s t r a in t s  w e r e  in c o r p o r a te d  in  th e  m o d e l  a n d  th e  m o d e l  f o r  a  la rg e - s c a le  e x a m p le  th a t  
c o n ta in s  p ip e l in e  s e g m e n ts  o f  s im ila r  s iz e  w e re  s o lv e d . F in a l ly ,  th e y  f o u n d  t h a t  th e  
m o d e l  w a s  s u c c e s s f u l ly  a b le  in  a v o id in g  t im e  p e r io d s  o f  h ig h - e n e r g y  c o s ts  a n d  a t  th e  
s a m e  t im e  m a n a g e d  to  f u l f i l l  a ll  p ro d u c t  d e m a n d s .

N e i r o a  a n d  P in to  (2 0 0 4 )  p ro p o s e d  a  g e n e ra l  f r a m e w o r k  f o r  m o d e l in g  
p e t r o le u m  s u p p ly  c h a in s  a f t e r  th e  m o d e l  o f  p ro c e s s in g  u n i t s  w e re  d e v e lo p e d  b y  P in to  
e t al. (2 0 0 0 ) .  T h e y  a lso  in t ro d u c e d  th e  p a r t ic u la r  f r a m e w o rk s  to  s to r a g e  t a n k s  a n d  
p ip e l in e s .  B y  c o n s id e r in g  n o d e s  o f  th e  c h a in  a s  g ro u p e d  e le m e n ta r y  e n t i t ie s  t h a t  w e r e  
in te r c o n n e c te d  b y  in te r m e d ia te  s tr e a m s , th e y  b u il t  th e  c o m p le x  to p o lo g y  b y  c o n n e c t 
in g  th e  n o d e s  r e p r e s e n t in g  r e f in e r ie s  te rm in a ls  a n d  p ip e l in e  n e tw o r k s .  T h e i r  d e c i s io n  
v a r i a b le s  in c lu d e  s tr e a m  f lo w  ra te s , p ro p e r t ie s ,  o p e ra t io n a l  v a r ia b le s ,  in v e n to r y  a n d  
f a c i l i t i e s  a s s ig n m e n t .  T h e  r e s u l t in g  m u l t ip e r io d  m o d e l  is  a  la rg e - s c a le  M IN L P . T h e n  
th e y  a p p l ie d  th e  p r o p o s e d  m o d e l  to  a  r e a l-w o r ld  c o r p o r a t io n  a n d  s h o w e d  th e  m o d e l  
p e r f o r m a n c e  b y  a n a ly z in g  d if f e r e n t  s c e n a r io s .  T h e ir  r e s u l ts  h a v e  d e m o n s t r a t e d  th e  
p o te n t ia l  o f  p r o b le m  p e t r o le u m  s u p p ly  c h a in  to  r e a l - w o r ld  p e t r o le u m  s u p p ly  c h a in s  
a n d  h o w  it c a n  b e  u s e d  to  h e lp  in  th e  d e c is io n  m a k in g  p r o c e s s  o f  th e  p r o d u c t io n  
p la n n in g .

P e r s s o n  a n d  G o th e - L u n d g re n  (2 0 0 5 )  s u g g e s te d  a n  o p t im iz a t io n  m o d e l  
a n d  a  s o lu t io n  m e th o d  fo r  a  s h ip m e n t  p la n n in g  p ro b le m . T h e y  c o n s id e r e d  s h ip m e n t  
p la n n in g  o f  b i tu m e n  p r o d u c ts  f ro m  a  s e t  o f  r e f in e r ie s  to  a  s e t  o f  d e p o ts .  T h e  p la n n in g  
is  a b o u t  m a k in g  s u re  th a t  i t  s a t is f ie s  th e  g iv e n  d e m a n d  a t  lo w e s t  c o s t .  T h e y  s u g g e s te d  
a  s h ip m e n t  p la n n in g  m o d e l  th a t  in c lu d e s  c o n s id e ra t io n s  o f  p r o d u c t io n ,  b y  r e p r e s e n t 
in g  th e  p r o d u c t io n  ( p r o c e s s  s c h e d u l in g )  b y  a  l in e a r  p r o g r a m m in g  ( L P )  m o d e l .  T h e  
c o m b in e d  p r o c e s s  s c h e d u l in g  a n d  s h ip m e n t  p la n n in g  p r o b le m  is  r e p r e s e n te d  b y  a  
m ix e d - in te g e r  l in e a r  p r o g r a m m in g  ( M I L P )  m o d e l.

M é n d e z  e t a l. (2 0 0 6 )  p re s e n te d  a  n o v e l  M I L P - b a s e d  m e th o d  t h a t  a d 
d r e s s e s  th e  s im u lta n e o u s  o p t im iz a t io n  o f  th e  o f f - l in e  b le n d in g  a n d  th e  s h o r t - t e r m  
s c h e d u l in g  p r o b le m  in  o i l - r e f in e r y  a p p lic a t io n s .  H is  m a in  p u r p o s e  w a s  to  f in d  th e  
b e s t  w a y  o f  m ix in g  d i f f e r e n t  in te rm e d ia te  p ro d u c ts  f ro m  th e  r e f in e r y  in  o r d e r  to  
m in im iz e  th e  b le n d in g  c o s t  w h i le  m e e t in g  th e  q u a li ty  a n d  d e m a n d  r e q u i r e m e n ts  o f  
th e  f in a l  p r o d u c ts .  A n  i te r a t iv e  p ro c e d u r e  w a s  p ro p o s e d  to  e f f e c t iv e ly  d e a l  w i th  n o n 
l in e a r  g a s o l in e  p r o p e r t ie s  a n d  v a r ia b le  r e c ip e s  fo r  d i f f e r e n t  p r o d u c t  g ra d e s .  T h e  s o lu 
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t io n  o f  a  v e r y  c o m p le x  M IN L P  fo rm u la t io n  w a s  re p la c e d  b y  a  s e q u e n tia l  M IL P . S e v 
e ra l  e x a m p le s  r e p r e s e n ta t iv e  o f  re a l  w o r ld  p r o b le m s  w e re  p re s e n te d  to  i l lu s t r a te  th e  
f l e x ib i l i t y  a n d  e f f ic ie n c y  o f  th e  p r o p o s e d  m o d e ls  a n d  s o lu t io n  te c h n iq u e .

2 .7 .2  P r ic in g  D e c is io n s  in  P la n n in g  a n d  S c h e d u l in g  M o d e l
P r ic in g  d e c is io n  is  a n o th e r  o n e  im p o r ta n t  a s p e c t  fo r  p la n n in g  in  a  

h ig h ly  d y n a m ic  e n v ir o n m e n t .  S o m e  s tu d ie s  h a v e  b e e n  d o n e  c o n c e rn in g  th is  is s u e .
G u i l l é n  et al. ( 2 0 0 5 )  in te g ra te d  p r ic in g  d e c i s io n  w ith  th e  s c h e d u l in g  

m o d e l  f o r  b a tc h  p la n ts .  T h e ir  in te g r a te d  m o d e l  c a n  s im u lta n e o u s ly  p r o v id e s  t h e  o p 
t im a l  p r ic e s  a n d  o p e r a t io n  s c h e d u le  a s  o p p o s e d  to  e a r l ie r  m o d e ls  w h e r e  p r ic e s  a re  
u s u a l ly  c o n s id e r e d  a s  in p u t  d a ta .  T h e  m o d e l w a s  a ls o  d e v e lo p e d  to  b e  a b le  to  h a n d le  
th e  u n c e r t a in ty  a s s o c ia te d  to  th e  d e m a n d  c u rv e . F in a l ly ,  f in a n c ia l  r is k  m a n a g e m e n t  is  
d is c u s s e d .

V o e th  a n d  H e r b s t  ( 2 0 0 6 )  s tu d ie d  th e  b u s in e s s  r e la t io n s h ip s  w i th in  th e  
s u p p ly  c h a in  p r o v id e  in te r e s t in g  o p p o r tu n i t ie s  f o r  m u tu a l ly  in c re a s e d  b e n e f i t .  T h e y  
in v e s t ig a te d  th e  o p p o r tu n i t i e s  fo r  s u p p l ie r s  a n d  c u s to m e rs  to  c o l la b o ra te  o n  p r ic in g  in  
o r d e r  to  e s ta b l i s h  m u tu a l ly  b e n e f ic ia l  r e la t io n s h ip s .  T h e y  d e m o n s t r a te d  th a t  th i s  g o a l 
c a n  o n ly  b e  a t t a in e d  w h e n  p r ic e  is  n o  lo n g e r  r e g a rd e d  a s  a n  e x a n te  d i s t r ib u t iv e  p a 
r a m e te r  b e tw e e n  m a r k e t  p a r tn e r s ,  b u t  a s  a  j o in t  to o l  fo r  o u tc o m e  o p t im iz a t io n  w i th in  
th e  o v e r a l l  s u p p ly  c h a in  p ro c e s s .  A  c a lc u la t io n  e x a m p le  is  c la r i f ie d  a n d  th e  m a n a g e 
r ia l  im p l ic a t io n s  f o r  p ra c t ic a l  im p le m e n ta t io n ,  is  p o in te d  o u t.

K a r w a n  a n d  K e b l is  ( 2 0 0 7 )  c o n s id e r e d  th e  p la n t  o p e r a t io n  p r o b le m  in  
th e  in d u s t r ia l  g a s  in d u s t ry  w h e r e  th e  p r ic e  o f  th e  p r im a r y  p r o d u c t io n  in p u t  c h a n g e s  
h o u r  to  h o u r ,  w h ic h  is  o f te n  r e f e r r e d  to  a s  re a l  t im e  p r ic in g .  T h e  p u r p o s e  o f  t h e i r  
w o r k  is  to  p r e s e n t  a n  o p t im iz a t io n  b a s e d  p la n n in g  a p p ro a c h  th a t  r ig o r o u s ly  ta k e s  in to  
a c c o u n t  t h e  r e a l i t i e s  o f  th i s  p r o b le m . T h e ir  w o r k  s e e k s  to  id e n t i f y  th e  c o n d i t io n s  u n 
d e r  w h ic h  re a l  t im e  p r ic in g  is  m o s t  a p p e a l in g  v is - a -v is  o th e r  e le c t r i c i ty  p r ic in g  
s c h e m e s .

2 .7 .3  P la n n in g  a n d  S c h e d u l in g  u n d e r  U n c e r ta in ty
O n e  o f  m a jo r  p r o b le m s  a g a in s t  p la n n in g  a n d  s c h e d u l in g  i s  u n c e r ta in ty .  

C o n f r o n t in g  th i s  p r o b le m , d i f f e r e n t  s tr a te g ie s  h a v e  b e e n  s tu d ie d  a n d  p ro p o s e d .
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S in g h  e t a l. ( 2 0 0 0 )  p ro v id e d  an  im p ro v e d  f o r m u la t io n  f o r  th e  g a s o l in e  
b le n d in g  o p t im iz a t io n  p ro b le m  th a t  in c o r p o ra te s  b o th  th e  b le n d  h o r iz o n  a n d  a  s to 
c h a s t ic  m o d e l  o f  d is tu r b a n c e s  in to  th e  re a l - t im e  o p tim iz a t io n  ( R T O )  p r o b le m . T h e  
w o rk  s ta r ts  w i th  e x a m in in g  th r e e  d if f e r e n t  b le n d in g  R T O  s tr a te g ie s .  T h e i r  s u i ta b i l i ty  
f o r  u s e  in  b le n d in g  o p t im iz a t io n  w a s  e x a m in e d . P e r fo rm a n c e  im p r o v e m e n ts  w e re  
o b ta in e d  u s in g  th e  t im e - h o r iz o n  b a s e d  R T O  (T H R T O )  a p p ro a c h  s y s te m  th a t  c o n s id 
e r s  th e  e n t i r e  r e m a in in g  b le n d  h o r iz o n  a n d  in c o r p o ra te d  a  p r e d ic t io n  o f  fu tu r e  s to 
c h a s t ic  d is tu r b a n c e s .  F in a l ly ,  a n  a u to m o tiv e  g a s o lin e  b le n d in g  c a s e - s tu d y  w a s  u s e d  
to  i l lu s t r a te  th e  s u p e r io r  p e r f o r m a n c e  o f  th is  n e w  R T O  m e th o d .

R e d d y  et a l. ( 2 0 0 4 )  p re s e n te d  th e  f i r s t  c o m p le te  c o n t in u o u s - t im e  
m ix e d  in te g e r  l in e a r  p r o g r a m m in g  (M IL P )  fo rm u la t io n  fo r  th e  s h o r t - te r m  s c h e d u l in g  
o f  o p e r a t io n s  in  a  r e f in e r y  th a t  r e c e iv e s  c ru d e  f ro m  v e ry  la rg e  c r u d e  c a r r ie r s  v ia  a 
h ig h - v o lu m e  s in g le  b u o y  m o o r in g  p ip e l in e . T h e ir  o b je c t iv e  w a s  to  d e v e lo p  th e  m o d e l  
t h a t  r e s p o n d  e f f e c t iv e ly  a n d  s p e e d ily  to  u n c e r ta in  o il m a rk e ts  w h i le  m a in ta in in g  r e l i 
a b le  o p e r a t io n s .  A n  i te r a t iv e  a lg o r i th m  w a s  u s e d  to  e l im in a te  th e  c r u d e  c o m p o s i t io n  
d is c r e p a n c y .  T h e  a lg o r i th m  u s e s  M IL P  s o lu t io n s  a n d  o b ta in s  m a x im u m - p r o f i t  s c h e d 
u le s  f o r  in d u s t r ia l  p r o b le m s  w i th  u p  to  7  d a y s  o f  s c h e d u lin g  h o r iz o n .

S o m e  f u n d a m e n ta l  a p p ro a c h e s  fo r  s c h e d u l in g  u n d e r  u n c e r ta in ty  w e re  
d e te r m in e d  a n d  c o m p a r e d  b y  H e r ro e le n  a n d  L e u s  (2 0 0 5 ) .  T h e  v a r io u s  a p p r o a c h e s  
c o n s is t  o f  r e a c t iv e  s c h e d u l in g ,  s to c h a s t ic  p ro je c t  s c h e d u lin g , f u z z y  p r o je c t  s c h e d u l in g ,  
r o b u s t  (p r o a c t iv e )  s c h e d u l in g  a n d  s e n s i t iv i ty  a n a ly s is .  T h e y  d is c u s s e d  th e  p o te n t ia ls  
o f  th e s e  a p p r o a c h e s  fo r  s c h e d u l in g  u n d e r  u n c e r ta in ty  p r o je c ts  w i th  d e te r m in is t i c  
n e tw o r k  e v o lu t io n  s tr u c tu re .

C s â j i  a n d  M o n o s to r i  (2 0 0 5 )  p re s e n te d  a n  a p p r o x im a te  d y n a m ic  p r o 
g r a m m in g  b a s e d  s to c h a s t ic  r e a c t iv e  s c h e d u le r  th a t  c a n  c o n tr o l  th e  p r o d u c t io n  p r o c e s s  
o n - l in e ,  in s te a d  o f  g e n e r a t in g  a n  o f f - l in e  r ig id  s ta tic  p la n . T h e  s to c h a s t i c  s c h e d u l in g  
p r o b le m  w a s  f o rm u la te d  a s  a  s p e c ia l  M a rk o v  D e c is io n  P r o c e s s .  H o m o g e n e o u s  m u l t i 
a g e n t  s y s te m s  w e r e  s u g g e s te d ,  in  w h ic h  c o o p e r a t iv e  a g e n ts  le a rn  th e  o p t im a l  v a lu e  
f u n c t io n  in  a  d is t r ib u te d  w a y  b y  u s in g  t r ia l-b a s e d  A p p r o x im a te  D y n a m ic  P r o g r a m 
m in g  ( A D P )  m e th o d s .  A f t e r  e a c h  t r ia l ,  th e  a g e n ts  a s y n c h ro n o u s ly  u p d a te  th e  a c tu a l  
v a lu e  f u n c t io n  e s t im a t io n .  F in a l ly ,  b e n c h m a r k  e x p e r im e n ta l  r e s u l ts  w h ic h  i l lu s t r a te  
th e  e f f e c t iv e n e s s  o f  th e  A D P  b a s e d  a p p ro a c h  a re  s h o w n .
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A l- R e d h w a n  e t al. ( 2 0 0 5 )  a d d re s s e d  th e  p ro b le m  o f  u n c e r ta in ty  in  o p 
t im iz in g  w a te r  n e tw o r k s  in  p ro c e s s  in d u s tr ie s  to  b e  a b le  to  a c c o m m o d a te  th e  c h a n g e s  
o f  w a s te w a te r  f lo w  r a te s  a n d  le v e l o f  c o n ta m in a n ts .  A  th r e e - s te p  m e th o d o lo g y  w a s  
d e v e lo p e d .  F irs t ,  t h e y  g e n e ra te d  a  d e te rm in is t ic  o p tim iz a t io n  m o d e l .  T h is  m o d e l  
s e a r c h e s  f o r  th e  n e tw o r k  c o n f ig u r a t io n  w ith  m in im u m  f r e s h w a te r  u s e  a n d  o p tim a l  
w a s te w a te r  r e u s e  o r  r e g e n e r a t io n - r e u s e .  T h e  s e c o n d  s te p  in v o lv e d  a  s e n s i t iv i ty  a n a ly 
s is  in  w h ic h  u n c e r ta in ty  w a s  in t ro d u c e d  a s  m a x im u m  a n d  m in im u m  r a n g e s  in  o p e r a t 
in g  c o n d i t io n s .  F in a l ly ,  a  s to c h a s t ic  fo rm u la t io n  w a s  d e v e lo p e d ,  b a s e d  o n  th e  s c e 
n a r io - a n a ly s i s  s to c h a s t i c  p r o g r a m m in g  a p p ro a c h . T h e  o p t im iz a t io n  m o d e ls  a re  N L P  
p r o b le m s  w h ic h  w e r e  e f f e c t iv e ly  s o lv e d  u s in g  G A M S . T h e s e  m o d e ls  w e r e  t e s te d  o n  
a  ty p ic a l  r e f in e r y  w a s te w a te r  n e tw o r k .

G u i l l é n  et a l. ( 2 0 0 5 )  c o n s id e re d  th e  d e s ig n  a n d  r e t r o f i t  p r o b le m  o f  a  
s u p p ly  c h a in  (S C )  c o n s is t in g  o f  s e v e ra l  p ro d u c t io n  p la n ts ,  w a r e h o u s e s  a n d  m a r k e ts ,  
a n d  t h e  a s s o c ia te d  d is t r ib u t io n  s y s te m s . A  tw o - s ta g e  s to c h a s t ic  m o d e l  w a s  c o n 
s t r u c te d  in  o rd e r  to  ta k e  a c c o u n t  o f  th e  e f fe c ts  o f  th e  u n c e r ta in ty  in  th e  p r o d u c t io n  
s c e n a r io .  T h e  p r o b le m  o b je c t iv e ,  i .e .,  s c  p e r fo rm a n c e ,  is  a s s e s s e d  b y  t a k in g  in to  a c 
c o u n t  b o th  th e  p r o f i t  o v e r  th e  t im e  h o r iz o n  a n d  th e  r e s u l t in g  d e m a n d  s a t is f a c t io n .  F i 
n a l ly ,  t h e  S C  c o n f ig u r a t io n s  o b ta in e d  b y  m e a n s  o f  d e te rm in is t ic  m a th e m a t ic a l  p r o 
g r a m m in g  w e re  c o m p a r e d  w i th  th o s e  d e te rm in e d  b y  d if f e r e n t  s to c h a s t ic  s c e n a r io s  
r e p r e s e n t in g  d i f f e r e n t  a p p r o a c h e s  to  f a c e  u n c e r ta in ty .

L ia o  a n d  R i t t s c h e r  ( 2 0 0 6 )  d e v e lo p e d  a  m e a s u r e m e n t  o f  s u p p l ie r  f l e x i 
b i l i ty  w i th  c o n s id e r a t io n  o f  d e m a n d  q u a n ti ty  a n d  t im in g  r e d u c t io n  u n c e r ta in t i e s .  T h e  
m e a s u r e m e n t  w a s  e x te n d e d  to  c o n s id e r  th e  u n c e r ta in ty  w h e n  th e  d e m a n d  q u a n t i ty  is  
r a n d o m ly  ra is e d . In  a d d i t io n ,  a  m u l t i - o b je c t iv e  s u p p l ie r  s e le c t io n  m o d e l  u n d e r  s to 
c h a s t ic  d e m a n d  c o n d i t io n s  w a s  d e v e lo p e d .  T h e  m o d e l  w a s  d e te r m in e d  w i th  s im u l t a 
n e o u s  c o n s id e r a t io n  o f  th e  to ta l  c o s t ,  th e  q u a li ty  re je c t io n  r a te ,  th e  la te  d e l iv e r y  ra te  
a n d  th e  f l e x ib i l i ty  r a t e ,  in v o lv in g  c o n s tr a in ts  o f  d e m a n d  s a t is f a c t io n  a n d  c a p a c i ty .

2 .7 .4  F in a n c ia l  R is k  M a n a g e m e n t
R is k  m a n a g e m e n t  n o w  h a s  b e c o m e  a  v ita l  t o p ic  f o r  p la n n in g  a n d  

s c h e d u l in g .  S o m e  w o r k  in  v a r io u s  f ie ld s  o f  b u s in e s s  a n d  in d u s t ry  h a s  b e e n  c o n c e r n e d  
a b o u t  t h i s  s u b je c t  a n d  s ta r te d  tu r n in g  to  fa c e  th is  s u b je c t .
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F o r  e x a m p le ,  I e r a p e tr i to u  a n d  P is t ik o p o u lo s  (1 9 9 4 )  in t r o d u c e d  in t e 
g ra te d  m e tr ic  a n d  e s t im a te d  f u tu r e  p la n  fe a s ib i l i ty  to g e th e r  w i th  th e  p o te n t ia l  e c o 
n o m ic  r i s k  fo r  tw o - p e r io d  l in e a r  p la n n in g  m o d e ls . T h e  m e tr ic  is  b a s e d  o n  th e  c o n 
c e p ts  o f  f l e x ib i l i ty ,  th e  a b i l i ty  o f  h a n d l in g  u n c e r ta in ty  w h i le  m e e t in g  p r o d u c t io n  r e 
q u i r e m e n ts  a n d  m a x im u m  r e g re t .  A n  a lg o r i th m ic  p r o c e d u r e  w a s  p r o p o s e d  f o r  th e  
e s t im a t io n  o f  s u c h  a  c o m b in e d  m e tr ic  in v o lv in g  th e  s o lu t io n  o f  tw o  m u l t i - p a r a m e t r ic  
l in e a r  p r o g r a m m in g  s u b - p r o b le m s  fo r  th e  e v a lu a t io n  o f  m a x im u m  r e g re t .  T h e n  th e  
a n a ly t ic a l  e x p r e s s io n s  o f  th e  r e g r e t  a s  a  fu n c t io n  o f  th e  u n c e r ta in  p a r a m e te r s  a n d  th e  
p la n  w e r e  o b ta in e d .  T h e s e  e x p r e s s io n s  w e re  in c o r p o ra te d  in  a  m ix e d - in te g e r  in d e x  
p r o g r a m m in g  fo rm u la t io n .  T h e  in c o r p o ra t io n  o f  th e s e  a n a ly t ic a l  to o ls  in to  a n  o v e ra l l  
p la n n in g  f r a m e w o r k  w a s  s h o w n  a n d  i l lu s t r a te d  w ith  e x a m p le  p ro b le m s .

M u lv e y  e t al. (1 9 9 7 )  s tu d ie d  a n d  d is c u s s e d  c o m p o n e n ts  o f  a s -  
s e t / l i a b i l i ty  m a n a g e m e n t  s y s te m s  o f  t h r e e  le a d in g  in te rn a t io n a l  f i r m s  in  U S A  as  
T o w e r s  P e r r in ,  F r a n k  R u s s e l l ,  a n d  F a lc o n  A s s e t  M a n a g e m e n t .  T h e s e  c o m p a n ie s  a p 
p l ie d  a s s e t / l i a b i l i ty  m a n a g e m e n t  fo r  e f f ic ie n t ly  m a n a g in g  r i s k  o v e r  e x te n d e d  t im e  
p e r io d s  b y  d y n a m ic a l ly  b a l a n c in g  th e  f i r m ’s a s s e t  a n d  l ia b i l i t ie s  to  a c h ie v e  th e i r  o b 
j e c t iv e s .  T h r e e  c o m p o n e n ts  o f  a s s e t / l ia b i l i ty  m a n a g e m e n t  w e re  c o m p a r e d  a n d  d e 
s c r ib e d :  1) a  m u l t i - s ta g e  s to c h a s t i c  p ro g ra m  fo r  c o o r d in a t in g  th e  a s s e t / l i a b i l i ty  d e c i 
s io n s ;  2 )  a  s c e n a r io  g e n e r a t io n  p r o c e d u r e  f o r  m o d e l in g  th e  s to c h a s t ic  p a r a m e te r s ;  a n d  
3 )  s o lu t io n  a lg o r i th m s  fo r  s o lv in g  th e  r e s u l t in g  la rg e - s c a le  o p t im iz a t io n  p ro b le m .

L o w e  e t al. ( 2 0 0 2 ) ,  c o n c e r n in g  th e  f in a n c ia l  r i s k  p r o b le m , p a id  a t t e n 
t io n  to  m a in ta in  a n  in te r n a t io n a l  s o u r c in g /p ro d u c t io n  n e tw o r k .  T h e y  p r o p o s e d  a n d  
i l l u s t r a te d  a  tw o - p h a s e  m u l t i - s c r e e n in g  a p p ro a c h  w h ic h  w a s  u s e d  to  h e lp  e v a lu a te  th e  
s t r a te g y  o f  h a v in g  p r o d u c t io n  f a c i l i t ie s ,  u s in g  a  H a rv a rd  B u s in e s s  S c h o o l  a s  a  s tu d y  
c a s e . T h e i r  a p p r o a c h  in v o lv e s  a  r e la t iv e ly  s im p le  o n e - y e a r - a h e a d  a n a ly s i s  in  P h a s e  1, 
f o l lo w e d  b y  a  m o re  d e ta i le d  a n a ly s is  in  P h a s e  2 . A f te r w a r d ,  n e w  c r i t e r ia  o f  s to c h a s t ic  
c o m p a r is o n :  n a m e ly ,  P a re to  o p t im a l i ty ,  n e a r -P a re to  o p t im a l i ty ,  m a x im u m  r e g re t ,  
m e a n - v a r i a n c e  e f f ic ie n c y ,  a n d  s to c h a s t ic  d o m in a n c e  w e r e  in t ro d u c e d .  A t  la s t ,  th e y  
i l lu s t r a te d  h o w  e x c e s s  c a p a c i ty  c o u ld  p r o v id e  f le x ib i l i ty  b y  a l lo w in g  a  g lo b a l  m a n u 
f a c tu r in g  f i rm  to  s h if t  p r o d u c t io n  b e tw e e n  v a r io u s  p r o d u c t io n  f a c i l i t i e s  a s  r e la t iv e  
c o s ts  c h a n g e  o v e r  t im e .
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G u p ta  a n d  M a r a n a s  (2 0 0 3 )  d e v e lo p e d  a  m o d e l  fo r  in c o r p o r a t in g  m a r 
k e t - b a s e d  p o l lu t io n  a b a te m e n t  in s t r u m e n ts  in  th e  t e c h n o lo g y  s e le c t io n  d e c i s io n  o f  a  
f i rm . M u l t is ta g e  s to c h a s t ic  p r o g r a m m in g  is  u s e d  to  m o d e l  e m is s io n  a n d  m a r k e t  u n 
c e r ta in t i e s  w h i le  a c c o u n t in g  f o r  th e  a v a i la b i l i ty  o f  d e r iv a t iv e  in s t r u m e n ts .  T h e  in 
s t r u m e n ts  h e lp  m in im iz e  to ta l  p o l lu t io n  a b a te m e n t  c o s ts  a n d  p r e d ic t  th e  e n v i r o n 
m e n ta l  l ia b i l i ty .  T h e  m o d e l  q u a n t i f i e s  th e  b e n e f i ts  o f  th e  f l e x ib i l i ty  o f f e r e d  b y  th e s e  
in s t r u m e n ts .  M a n a g e m e n t  o f  e n v ir o n m e n ta l  a n d  f in a n c ia l  r i s k s  w a s  a d d r e s s e d  b y  
l in k in g  th e  o p t im iz a t io n  m o d e l  w i th  b a s ic  s ta t is t ic a l  a n d  p r o b a b i l i s t i c  te c h n iq u e s .

C h e n g  e t  a l. ( 2 0 0 3 )  p re s e n te d  th e  m e th o d  o f  r i s k  m a n a g e m e n t  u s in g  
M a r k o v  d e c is io n  p r o c e s s  w i th  r e c o u r s e  th a t  c o n s id e r s  d e c i s io n  m a k in g  th r o u g h o u t  
th e  p r o c e s s  l if e  c y c le  a n d  a t  d i f f e r e n t  h ie r a rc h ic a l  le v e ls .  T h e  fo r m u la t io n  in te g r a te s  
d e s ig n  d e c i s io n s  a n d  fu tu r e  p la n n in g  b y  c o n s tr u c t in g  a  m u l t i - p e r io d  d e c is io n  p r o c e s s  
in  w h ic h  o n e  m a k e s  d e c i s io n s  s e q u e n t ia l ly  a t  e a c h  p e r io d .  T h e  o b je c t iv e s  th e y  c o n 
c e rn e d  w i th  a re  e x p e c te d  p r o f i t ,  e x p e c te d  d o w n s id e  r is k , a n d  p r o c e s s  l i f e t im e .  T h e  
m u l t i - o b je c t iv e  M a r k o v  d e c is io n  p ro b le m  w a s  f in a l ly  d e c o m p o s e d ,  e m p lo y in g  r ig o r 
o u s  m u l t i - o b je c t iv e  s to c h a s t ic  d y n a m ic  p r o g r a m m in g  a lg o r i th m , a n d  th e  P a re to  o p 
t im a l  d e s ig n  s t r a te g y  w a s  o b ta in e d .

In  a d d i t io n ,  v a r io u s  m e th o d s  a n d  to o l s  a re  s tu d ie d  a n d  in t r o d u c e d  in  to  
o p t im iz in g  a n d  p r o g r a m m in g  m o d e ls  to  e n c o u n te r  th e  f in a n c ia l  r is k  p r o b le m . T h e  
u s e  o f  v a lu e  a t  r is k  w e r e  p r o p o s e d  b y  G u ld im a n n  (2 0 0 0 )  a n d  J o r io n  (2 0 0 0 ) .  O th e r  
a p p r o a c h e s  to  th e  m a n a g e m e n t  o f  f in a n c ia l  r is k  w a s  r e c e n t ly  p r e s e n te d  b y  B a r b a r o  
a n d  B a g a je w ic z  (2 0 0 4 ) ,  a n d  A s e e r i  a n d  B a g a je w ic z  (2 0 0 4 ) .

B a rb a ro  a n d  B a g a je w ic z  (2 0 0 4 )  p r e s e n te d  a  m e th o d o lo g y  to  in c lu d e  
f in a n c ia l  r i s k  m a n a g e m e n t  in  th e  f r a m e w o r k  o f  tw o - s ta g e  s to c h a s t i c  p r o g r a m m in g  
fo r  p la n n in g  u n d e r  u n c e r ta in ty .  T h e y  a d a p te d  a  k n o w n  p r o b a b i l i s t i c  d e f in i t io n  o f  f i 
n a n c ia l  r i s k  to  u s e  in  th e  f r a m e w o r k  a n d  a n a ly z e d  i t s  r e la t io n  to  d o w n s id e  r i s k .  T h e i r  
m e th o d  i s  c o m p a r e d  w i th  th e  m e th o d s  th a t  in te n d  to  m a n a g e  r i s k  b y  c o n t r o l l in g  th e  
s e c o n d - s ta g e  v a r ia b i l i ty .  O n e  o f  th e  m a jo r  c o n tr ib u t io n s  o f  t h e i r  w o rk  to  th e  f ie ld  o f  
p la n n in g  u n d e r  u n c e r ta in ty  is  th e  fo rm a l  d e f in i t io n  o f  f in a n c ia l  r is k  a s  a p p l ie d  to  
th e s e  p r o b le m s .  B a s e d  o n  th i s  d e f in i t io n ,  s e v e ra l  th e o r e t i c a l  e x p r e s s io n s  w e r e  d e v e l 
o p e d ,  p r o v id in g  n e w  in s ig h t  o n  t h e  t r a d e - o f f s  b e tw e e n  r is k  a n d  p ro f i ta b i l i ty .  T h u s ,  
th e  c u m u la t iv e  r i s k  c u r v e s  w e r e  c o n s t r u c te d  to  b e  v e r y  a p p r o p r ia te  to  v is u a l i z e  th e



25

r i s k  b e h a v io r  o f  d i f f e r e n t  a l te r n a t iv e s .  M o r e o v e r ,  th e y  e x a m in e d  th e  c o n c e p t  o f  
d o w n s id e  r i s k  a n d  a  c lo s e  r e la t io n s h ip  w i th  f in a n c ia l  r is k  w a s  d is c o v e r e d .  C o n s e 
q u e n t ly ,  t h e y  s u g g e s te d  th a t  d o w n s id e  r i s k  b e  u s e d  to  m e a s u r e  f in a n c ia l  r i s k ,  c o n s id 
e r in g  th a t  in  th a t  w a y  th e re  is  n o  n e e d  to  in t r o d u c e  n e w  b in a r y  v a r ia b le s  t h a t  in c re a s e  
th e  c o m p u ta t io n a l  b u rd e n .

A s e e r i  a n d  B a g a je w ic z  ( 2 0 0 4 )  p r e s e n te d  s o m e  n e w  c o n c e p ts  a n d  p r o 
c e d u r e s  fo r  f in a n c ia l  r i s k  m a n a g e m e n t .  U p s id e  p o te n t ia l  (U P )  o r  o p p o r tu n i ty  v a lu e  
(O V )  a s  m e a n s  to  w e ig h  o p p o r tu n i ty  lo s s  v e r s u s  r is k  r e d u c t io n  a s  w e ll  a s  a n  a r e a  r a 
t io  ( R A R )  a r e  in t r o d u c e d  a n d  d is c u s s e d  to  c o m p le m e n t  th e  u s e  o f  v a lu e  a t  r is k .  U p 
p e r  a n d  lo w e r  b o u n d s  f o r  r i s k  c u rv e s  c o r r e s p o n d in g  to  th e  o p tim a l  s to c h a s t i c  s o lu 
t io n s  w e re  d e v e lo p e d ,  th e  u s e  o f  th e  s a m p l in g  a v e ra g e  a lg o r i th m  w a s  s tu d ie d ,  a n d  th e  
r e la t io n  b e tw e e n  tw o - s ta g e  s to c h a s t i c  m o d e ls  th a t  m a n a g e  r i s k  a s  w e ll  a s  th e  u s e  o f  
c h a n c e  c o n s t r a in t s  a n d  r e g r e t  a n a ly s i s  w a s  d is c u s s e d .  T h e s e  c o n c e p ts  a r e  i l lu s t r a te d  
b y  in t r o d u c in g  a  s to c h a s t ic  p la n n in g  m o d e l  to  o p t im iz e  n a tu r a l  g a s  c o m m e r c ia l i z a 
t io n  in  A s ia ,  u n d e r  u n c e r ta in ty .
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