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CHAPTER 1 
Introduction and 

problem definition 

This chapter introduces the problem of production planning and inventory control with recipe flexibility 
in a stochastic environment. After a short general introduction, the term recipe flexibility is explained. 
We explain why existing material control concepts are not able to deal with this recipe flexibility and 
why linear programming, which can manage recipe flexibility, is not intended for stochastic control 
problems. After this problem description, the research subject of this thesis is derived and finally, an 
overview of the contents of this thesis is given. 

1.1 Introduction 

Almost 28% of the total turnover of the Dutch industry is provided by the food 
industry (CBS, general industrial statistics 1992). Within the food industry the three 
major contriburors to the total turnover are the dairy industry (15.4 billion guil
ders), the slaughter and meat industry (14.7 billion guilders) and the feed (animal 
food) industry (9.1 billion guilders). The research subject of this thesis is founded in 
the feed industry. Since the profit margins in feed industry are very small and the 
raw materials used constitute a major part of the costs, a small decrease in raw 
materials costs can give a significant increase of the profits. In this thesis the use of 
raw materials is studied. 

The title of this thesis 'The use of recipe flexibility in production planning and 
inventory control' already reveals that we study the production planning and 
inventory control functions. The title covers three important items; recipe flexibility, 
production planning and inventory control. The first item of the title is not com
monly known and needs some explanation. In general, recipes are being used in 
process and process-like industries and they can be compared to the bill of material 
(BOM) in discrete manufacturing industries. The flexibility in a recipe is the main 
reason why existing production planning and inventory control concepts are not 
suitable in the type of industry studied. We will first concentrate on the latter two 
items in the title (the production planning and inventory control functions) and 
next present a more thorough explanation of recipe flexibility. 

In the past three decades, material control concepts have been developed for 
discrete manufacturing industries. Material Requirements Planning (MRP 1) is the 
best known concept in which demand for raw materials is derived from the demand 
for final products. In the seventies, MRP I was extended to MRP II to include 
capacity calculations and the link between Sales and Production. Many books and 
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articles have been published on implementations of this and similar concepts in 
discrete manufacturing industries. 

At the same time developments in process industries mainly focused on process 
automation, which resulted in very advanced process control systems. The develop
ment of production and inventory control concepts, however, did not grow at 
equal pace. Gradually, in process industries a shift becomes visible towards more 
variation in products, smaller production quantities and higher quality. Never
theless, significant differences between discrete and process manufacturing (see 
Chapter 2) are the reason why the existing concepts for discrete manufacturing can 
not always be used in process industries. 

That brings us to the first item of the tide: recipe flexibility. Process industries 
often obtain their raw materials from mining or agricultural businesses. These raw 
materials usually have natural variations in quality. Variations in raw material 
quality often lead to variations in the quantities of materials used for manufacturing 
a product (Taylor et al. 1981, May 1984). This variation in the quantity used can 
only be handled if the product is not stated in terms of fixed quantities of raw 
materials; instead the product definition must provide some flexibility in the choice 
of raw materials and the quantities used. 

1.2 What is recipe flexibility? 

For discrete manufacturing industries, MRP II has been developed as an overall 
concept for production control, with MRP I being used as a technique for material 
coordination at the operational level (Wight and Landvater 1976). The central 
element in MRP is the product definition (or bill of material). The bill of material 
(BoM) represents the product structure and shows the components with their fixed 
amounts that are used in the product (see Figure 1.1 for an example). The demand 
for products is exploded via the bills of material to determine the demand for 
components. 

If we look for a product definition in process industries, we see a lot of differ
ences. The term bill of material becomes the term recipe and a recipe is only partly 
equivalent to a bill of material; it contains more or different information. In order 
to explain the differences between a bill of material and a recipe, we give an 
example of a recipe in Table 1.1. 

As we can see, the recipe consists of two distinct parts, a materials section and a 
process section. In the materials section some flexibility exists. We can use butter or 
margarine, raisins or currants. This flexibility we will call materials options flexi
bility. In discrete manufacturing, material options flexibility is created in a generic 
BOM (Van Veen 1991, Hegge 1995). For instance, a customer may order a red or a 
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blue chair. In the (generic) BOM an option is included that determines the color of a 
chair. However, the customer demands and receives a specific color. In our case, 
the customer receives an apple pie, but the customer does not necessarily know 
whether butter or margarine and raisins or currants have been used for producing 
that apple pie. 

I 

~ 
I 

~ 
I 
I I I I 

•••• 
Figure 1.1 Example of a bill of material (BOM) for a chair. First, the subassemblies, legs and seat, are 
assembled from the components and next the subassemblies are put together to manufacture the chair. 

Table 1.1 Recipe for an apple pie. 

Necessary raw materials 

- one package of apple pie mix (400 grams) 
- 17S grams of butter or margarine 
- one egg 
- half a kilo of peeled apples in small pieces 
- 2 spoons of sugar(± SO grams) 
- 2 spoons of raisins or currants(± SO grams) 
- A teaspoonful of cinnamon. 

Manufacturing process 

Mold the apple pie mix, the butter and 3/4 of the egg into 
a regular and supple dough. Put the dough for ± 30 
minutes in the refrigerator. 
Mix in a bowl the apples, the sugar, the raisins or 
currants and the cinnamon; we call this the stuffing. 
Put 3/4 of the dough into a cake tin and make a border of 
approximately 2 cm high. Put the stuffing in the cake tin 
on the dough. 
Form the last quarter of the dough into small slivers and 
put these slivers on the pie in a fantasy design. Spread 
the last quarter of the egg on the dough. 
Bake the pie at 18S °C in an oven. Baking time is SS to 
60 minutes. 

Even better, raisins and currants can be used simultaneously, if the total amount 
of this type of materials stays constant. This brings us to a different type of 
flexibility, which is the freedom in the amounts used (materials quantity flexibility). 
If we use the options and quantity flexibility simultaneously, we use for instance 
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60% ra1sms and 40% currants in one apple pie. In contrast to discrete manu
facturing (where exactly one seat is used per chair), quantity flexibility can also be 
found in the use of approximately two spoons of sugar, approximately two spoons 
of raisins and approximately a teaspoonful of cinnamon. 

If we look at the process section, we see that the pie is created out of sub
assemblies, the dough, the stuffing, the slivers and some 'egg-spread'. Each sub
assembly is produced out of raw materials; next the subassemblies are put together 
and processed. Notice however that the dough is divided into two parts that have 
different destinations (see Figure 1.2). One type of flexibility in the process is that 
the processing time may vary. The baking time is 55 to 60 minutes. If we replace 
the apple pie mix by another mix (options flexibility), the baking time can be 
reduced to, for instance, 45 minutes. This process flexibility can be found in, for 
example, the paper industry. The blend of new raw materials and recycled old paper 
is grinned for a specific time which results in a certain quality of paper. If another 
blend of old and new materials is used, the grinding time will change in order to get 
the same final product. Notice that the different types of flexibility usually occur 
simultaneously and can be used for obtaining optimal processes. 

In conclusion, we defined three kinds of flexibility in which a recipe differs from 
a rigid bill of material: 

• materials options flexibility; different raw materials can be exchanged without 
changing the final product 

• materials quantity flexibility; the exact quantity used of a raw material may 
vary between certain boundaries 

• process flexibility; the processing actions in a number of steps are not fixed, 
but depend on the evolution of the product we wish to accomplish. 

On the one hand, these flexibilities can offer possibilities. For instance, the price 
of raw materials can cause variations in the recipes used, that is, cheap raw materials 
are preferred to expensive ones as long as they can be processed into products of the 
required quality. On the other hand, these flexibilities are needed. As mentioned 
before, variable qualities in raw materials often demand variations in the recipes 
used in order to produce a final product of the prescribed quality. In this thesis, we 
will study only the materials options and materials quantity flexibility. For that 
reason, processing characteristics are not influenced by using another recipe. For 
research on the use of process flexibility we refer to the literature (for example, Ellis 
I985). 

THREE LEVELS OF VARIATION IN RECIPES 

Often, a recipe is updated just before manufacturing starts, in order to include 
the variations in and the prices of raw materials. Raw materials have a 'potency' or 
yield (May I984), which in case of natural raw materials usually is not known until 
the materials arrive at the factory. Therefore, a final product is commonly defined 
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by its recipe definition. A recipe definition is a list of requirements that a product 
has to satisfy. Not only requirements for minimum and/or maximum amounts of 
raw materials are stated (as we saw in the example above), but also (and more often) 
requirements for the properties of the product exist. In this thesis, a property is 
defined as a quantifiable quality-item of a raw material or product (for instance, 
protein and fat in a product are properties which are quantifiable by the fraction of 
total weight of the product they make up). For example, an animal food may have 
specifications for the minimum amount of protein, carbohydrates and fat per 
pound of animal food. However, the proportions of various raw materials may be 
varied, depending on their current availability or properties, as long as the product 
properties are met. 

egg 
spread 

I 
[fl apple 

pie ~ 
mix ~ 

~e~· ..... ~-:.::·-
~ sugar ..... 

apples raisins . cinnamon 

Figure 1.2 The 'BOM-structure' of an apple pie. The pie consists of subassemblies, the dough, the stuffing, 
the slivers and some 'egg-spread'. Each subassembly is produced out of raw materials and next the 
subassemblies are put together and processed. 

In this thesis, we will concentrate on products for which a recipe definition only 
consists of requirements for the properties and allowable raw materials. The raw 
materials requirements (e.g. use a minimum of 25% raisins in any apple pie) do not 
exist, unless we add them from a control viewpoint. Hence, we distinguish three 
increasing levels of variation in recipes: 

• A fixed recipe; the recipe fulfills the property requirements, and the amounts of 
raw materials to be used are fixed. Since we do not study process flexibility in 
this thesis, this recipe is similar to the bill of material in discrete manu
facturing. 
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• A restricted recipe; the amounts of raw materials may be varied, as long as the 
properties of the product stay within bounds. However, the set of raw material 
types to be used is fixed. 

• A variable recipe; as long as the properties of the product are fulfilled, any 
combination of raw materials may be used for manufacturing the product. 
This is the most flexible recipe possible. 

1.3 Material coordination and uncertainty 

The origin of recipe flexibility is mostly found in the supply function (this can be 
external as well as internal suppliers (another department)). Raw materials possess a 
variable quality which is not fully known until the raw materials arrive at the 
factory and are analyzed. This gives supply uncertainty for the material coor
dination function. Van Donselaar (1989) studied the problem of material coordina
tion under uncertainty. He distinguishes four types of uncertainty: demand 
uncertainty, process uncertainty, supply uncertainty and planning and control 
uncertainty. 

Whybark and Williams (1976) suggest another classification of uncertainty; they 
distinguish uncertainty in timing and uncertainty in quantity. It can be stated that 
these two uncertainties are subtypes within the classification of Van Donselaar. For 
example, in case of supply uncertainty, materials may not be delivered in time 
{uncertainty in timing) or in the right amount (uncertainty in quantity). Van 
Donselaar suggests two major remedies for uncertainty: (I) an increase of the 
reliability of the production environment, and (2) an increase and a full utilization 
of the flexibility of the production environment. 

If we wish to use a fixed recipe in a situation with variable qualities in raw 
materials, we can increase the reliability of the production environment by 
analyzing the raw materials before they are purchased and by only purchasing the 
raw materials if they fulfiH a predefined quality. We can also increase the flexibility 
of the production environment, which means that we have to hold (safety) stocks to 
account for every variation in quality of raw materials. For instance, in case of one 
raw material, which can be delivered into four quality classes (we assume no 
variation within one quality class), this means that we must have an inventory for 
each quality class. If a raw material of quality two is purchased, there is a chance 
that raw material of a different quality class will be received. Thus, safety stocks 
must be increased to account for these unexpected deliveries in order to minimize 
the stockout impact (Kochalka 1978). In some cases, as we will see in the analysis in 
Chapter 3, this can lead to excessive stock levels, needed to safeguard a minimum 
customer performance. 
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The use of variable recipes can also be considered as an increase in the flexibility 
of the production environment to account for variable qualities in raw materials. If 
we do not receive the exact quality, we can change the recipe and use another 
(higher) quality class of the raw material, or even other (combinations of) raw 
materials, as long as the product requirements are met. This will give an increase in 
costs with regard to raw materials used in the recipe, but we do not need the 
excessive safety stocks mentioned above. Moreover, if raw materials do not arrive in 
time or in the right quantity, normally production is delayed unless sufficient 
stocks are available. Using a different recipe, it may be possible to continue 
manufacturing. 

Thus on the one hand, when stocks are sufficient one will always choose the 
most economic recipe for production. Alternatives will have higher costs (for 
instance, they use more expensive raw materials). No alternatives will be used then; 
this is actually a standard MRP-like situation. On the other hand, without sufficient 
stocks, supply variations may result in shortages of raw materials. Production, 
however, is not interrupted because another recipe can be used. Consequently the 
usage of recipe flexibility becomes important when stocks are not sufficient to cover 
all material availability problems. If we assume that alternative recipes are more 
expensive than standard recipes, then the cost of using recipe flexibility can be 
compared to the cost of holding more (safety) stock. 

An alternative recipe will use other (quantities of) raw materials than the origi
nally planned recipe. Consequently, the usage of raw materials will deviate from the 
expected usage, unless all recipes are optimized in advance. Optimizing all recipes 
in advance requires a long fixed planning horizon. A long fixed planning horizon 
however creates inflexibility towards customers. Since in the type of industry 
studied, a short leadtime must be used to maintain competitiveness in the market 
place, a long planning horizon is not a realistic option. On the other hand, if the 
decision which recipe to use is taken just before manufacturing starts (at that time 
all currently available raw materials can be used) alternative usage can not be 
foreseen. Since the leadtime of raw materials in general is much larger than the 
customer leadtime, the production planning and inventory control functions must 
use some kind of 'averaged' recipes or a long term inventory plan. In this thesis, we 
wish to develop a way to control the usage of recipe flexibility (and thus the 
deviations in raw materials usage) on the short term, while considering the long 
term optimal inventory plan. 

1 .4 Linear programming for material coordination 

Process industries often can produce one product in several ways. Alternative 
recipes exist or can be calculated when necessary. By selecting a recipe, raw 
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materials are linked to production orders. There is a need for decision rules or a 
strategy to determine which recipes to choose at a certain point in time. 

A modeling technique that is often used in industries with variable recipes, is 
mathematical programming, mainly (mixed integer) linear programming. Linear 
programming is used to compute the recipes with minimal costs, considering the 
product properties and other restrictions. Often, the optimization model is also 
used for production planning (for example, see Benseman 1986 or Jensson 1988), 
which makes it a planning tool and hence an alternative for MRP. Two extreme 
ways of using linear programming exist: 

• production orders are optimized one by one (single-blend) 
• all production orders are optimized simultaneously (multi-blend). 
If production orders are optimized one by one, dependency between orders is 

created. The first order wi11 use raw materials that can not be used by the sub
sequent orders. If the stock, free for use in the optimization, is not deliberately 
controlled, favorable raw materials will be used unlimited by the first orders and the 
risk exists that only 'bad' raw materials will remain. Consequently, successive orders 
can become very expensive, or even impossible to manufacture. 

If all production orders within the planning horizon are optimized simultane
ously (multi-blend), the above mentioned problem of dependency will not occur 
within the planning horizon. However, the problem mentioned above still can 
occur between subsequent planning periods (in the first plan raw materials are used 
which can not be used in the next plan). This problem can be avoided by extending 
the planning horizon. The ideal horizon will cover at least the leadtime of raw 
materials, since in that case the inventory of materials that are planned to be used in 
the planning period can be refilled before the next planning period starts. A main 
drawback of total optimization is the large, complex model that must be solved. A 
few years ago, the computation time needed to solve such a large multi-blend 
model was prohibitive. However, developments in computer speed are fast, so 
nowadays very large linear programming models can be solved within a reasonable 
amount of time. 

Since optimization models, such as linear programming, can not handle 
uncertainty adequately, another great drawback of a multi-blend optimization is 
that all customer orders within the planning horizon must be accepted. In a real 
world situation, only a (small) part of the orders within the ideal planning horizon 
will be accepted at the start of the period. Accordingly we have to fill the 'gap' with 
artificial orders in order to be able to perform the optimization (see Figure 1.3). 
Since the optimization technique does not distinguish real orders from artificial 
orders, the artificial orders are treated as if they were real orders. However, the 
future realization of these orders will never be equal to the forecasted quantity, 
which may completely disturb the original production plan. This creates nervous-
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ness in the production plan in response to disturbances in production processes, 
material supply and variations in demand. 

In general, using a short term optimization model as a planning tool may lead to 
expensive recipes or even infeasibility if inventory is not controlled deliberately. 
Also, raw materials that have a bad quality will not be used, unless the optimization 
model is forced to do so. Furthermore, the deterministic assumptions in the linear 
programming model create nervousness because of the stochastic variations that 
occur in a dynamic production environment. Clearly an optimization model on its 
own is not sufficient for recipe calculation and production and inventory control. 
There is a need for decision rules or a strategy to determine which recipes to choose 
at a certain point in time. 

t 
percentage 
of accepted 

orders 

leadtime 
raw materials 

expected 
orders 

time-+ 

Figure 1.3 Accepted and expected orders within the planning horizon. The ideal planning horizon covers 
at least the leadtime of raw materials. 

1 .5 Problem definition 

Existing control concepts for discrete manufacturing can not be used in a 
situation with recipe flexibility. Since linear programming models can consider 
multiple constraints on properties and raw materials simultaneously, they are 
heavily used in these kinds of situations. Increasing computer power enables the use 
of multi-blend models. However, linear programming models are not designed for 
material coordination in a stochastic environment. For situations with uncertainty, 
stochastic programming models have been developed (Wagner 1975). Unfortu
nately, stochastic optimization problems can very rarely be solved by using standard 
algorithmic procedures (Ermoliev and Wets 1988). That is why there is no software 
available which is capable of handling general stochastic optimization problems. 
Stochastic programming problems can be formulated as general optimization 
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problems, but the price paid for ignoring the special structure is a significant (often 
ruinous) loss of efficiency (More and Wright 1993). 

This thesis considers the problem of controlling the usage of recipe flexibility 
from an operations management viewpoint. In our approach to the production and 
inventory control problem, we will start our analysis with the stochastic environ
ment. The current literature proposes advanced formulations and changes in the 
linear programming models in order to solve the production and inventory control 
problem. This results in linear programming models being a complete control 
concept (e.g. Benseman 1986, Jensson 1988, Sherali and Puri 1993). We use a 
different approach. In our hierarchical approach, we will distinguish two levels for 
production and inventory control. On the first level, accepted orders are scheduled 
and inventory is controlled. On the second level, the recipes for scheduled orders 
are calculated and the orders are released for production. Thus opposite to the 
literature, we will use linear programming models for optimizing the recipes, but 
not for the material coordination function. This will result in the use of linear 
programming models for recipe calculation, embedded in a total control concept, 
as depicted in Figure 1.4. 

raw materials inventory plan 
supply ---------1 order 

scheduling 

current 
inventory 

recipes 
to be optimized 

recipe 
calculation 

(LP) 

customer 
orders 

Figure 1.4 Control concept for production planning and inventory control with recipe flexibility; the 
optimization model ls embedded in the recipe calculation function. 

We extend the standard MRP situation by omitting the fixed recipe and intro
ducing variable recipes. We can choose which raw materials will be used for 
manufacturing the desired product. All recipes have to satisfy certain product 
properties. This definition creates a material options flexibility and a materials 
quantity flexibility in the usage of raw materials. In fact, it is possible to have 100% 

substitution among raw materials, as long as product requirements are met. We 
have to develop a strategy that controls the usage of recipe flexibility (and thus the 
deviations in raw materials usage) in the short run, while considering a long term 
inventory plan. In other words, we need to develop a constraint on the usage of the 
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currently available inventory to avoid that long term objectives are jeopardized by 
short term optimal solutions. 

The problem studied in this research occurs in process and process-like 
industries. We conducted a study in a division of a dairy firm (feed mix industry), 
where our research problem was identified (Rutten 1989, 1993a). Almost the same 
type of problem occurs in integrated circuits manufacturing and more general in 
food and feed mix industries. We expect that this type of problem will occur more 
and more, as customers demand higher and higher qualities for their products, 
especially in the food and feed mix industries. The yield of the production process 
can not always be controlled well enough to fulfill these demands. For instance, at 
the integrated circuits factory the first part of the production process exists of 
diffusion of slices (to be described in Section 2.3.3). Each slice contains a number of 
crystals that are used to produce the integrated circuits. The yield of the diffusion 
process is variable and not fully controllable; the output is a slice with crystals of 
different qualities. As a result, not every crystal can be used to manufacture every 
product, because of the quality properties. It has to be decided for which product 
the crystals on a slice will be used. If the 'optimal' allocation is always to be made, 
safety stocks are needed for every quality type. Moreover, these safety stocks per 
type must account for the yield variability, which may lead to very high (expensive) 
stocks. It can be more profitable to sometimes use a too high quality for a cenain 
product. So we study a very relevant problem and the potential usefulness of this 
research output seems guaranteed since the problem formulation is derived from 
control problems in practice. 

Due to the complex nature of the blending problem, linear programming is 
needed for calculating recipes. Linear programming is a deterministic way of 
modeling, which is not suited for coping with stochastic variations. From a 
scientific point of view, it is interesting to study the applicability of linear program
ming for material use calculations in a stochastic environment. Van Donselaar 
(1989) mentions that the problem of material coordination under uncertainty 
received relatively little scientific attention in the literature. He mainly focuses on 
MRP-like situations. Since in our situation supply uncertainty is introduced which is 
not found frequently in the literature, our research subject seems of considerable 
scientific interest. Furthermore, the production and inventory control problem in a 
process industry has only received minor attention in the literature, from the 
operations management viewpoint. Fransoo (1993) conducted a study of the pro
duction and inventory control problem in flow process industries that have one 
major capacity source. Our focus is more on batchlike process industries in which 
the material coordination problem is at least as important as the capacity 
constraints. 
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The following research questions will be answered: 
1. W'hen to use recipe flexibility? First of all, we have to determine under which 

circumstances the use of recipe flexibility can be recommended. 
2. How to calculate the recipe for a specific order? W'hen recipe flexibility exists, 

the question arises which recipe to use or to calculate for a specific customer 
order. We wish to control the usage of raw materials in the short run while 
maintaining a long term feasibility. 

3. How to control the inventory of raw materials? If we use raw materials in 
recipes, we have to reorder new raw materials at a certain point in time. 
W'hich raw materials should be ordered in what quantity, considering the 
variability in the raw materials and the usage in the recipes? 

4. How to operate an optimization model in a stochastic environment? In order 
to be able to use linear programming in a stochastic environment, we have to 
develop a control concept in which the linear programming model is embed
ded and can be used without suffering the disadvantages of the deterministic 
assumptions. 

After determining when to use recipe flexibility, we will develop three material 
coordination concepts, which all use a multi-blend optimization. Each concept will 
account for the stochastic environment in a different way. In the first concept, the 
long term inventory plan is translated into constraints on the raw materials to be 
used in a product. This concept is the most similar to a fixed recipe concept (MRP
like). But in the short run still (small) variations in raw material quantities in 
recipes are possible in order to react to supply variations. In the multi-blend 
optimization only accepted customer orders are optimized. In the second concept, 
forecasts are made for the expected orders, which are added as so-called pseudo
orders to the optimization model. The total set of orders is optimized, considering 
raw materials inventories and time-phased deliveries. In the third concept, first the 
accepted customer orders are optimized in a multi-blend optimization; next we 
determine if the resulting inventory pattern must be adjusted (by changing recipes) 
to account for expected future usage. The expected future usage is calculated by 
using the demand distribution function in combination with the range of solutions 
that occurs if a certain demand quantity is realized in the future. 

Statistically designed and analyzed simulation experiments will be given to show 
the differences in performance of these three concepts and to compare these 
concepts to the concept currently used in practice. 

1.6 Outline of this thesis 

In Chapter 2, we will give an overview and a more thorough analysis of the 
literature concerning the problem field. We will see that the control problem of 
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using recipe flexibility has not been solved in the current literature. Also three case 
examples are given, which results in a typology of process industries in which the 
industries with recipe flexibility can be positioned. Finally, that chapter gives an 
account of the research methodology used in this thesis. 

Chapter 3 will start with an analysis of simple product models (smallest possible 
number of products and raw materials) in order to find very simple models that still 
comprise the basic principles of recipe flexibility. Thereafter, an analysis of the 
trade-off between using fixed recipes combined with holding safety stocks, versus 
the usage of recipe flexibility is given in that chapter. We will derive a model that 
balances the use of safety stocks and use of recipe flexibility, as a function of 
inventory holding costs. We will indicate in which cases it is favorable to use recipe 
flexibility. 

After this conclusion, we will concentrate on the production planning function 
in Chapter 4. The control concept for material coordination currently used in 
practice (Rutten 1989), is elaborated and analyzed, and three multi-blend concepts 
are introduced. Each of the multi-blend concepts will account for the stochastic 
environment in a different way. 

In Chapter 5, we concentrate on the inventory control function. The usage of 
recipe flexibility causes the demand for raw materials to act according to a 'lost 
sales' model. Since we deliberately do not use very high inventories of standard raw 
materials, but instead use variable recipes to achieve the service level, a 'normal' 
backorder inventory model for the standard raw materials can give a significant 
deviation in the part of the service level originating from the standard raw materials 
inventory. Therefore, Chapter 5 gives an analysis of the lost sales inventory problem 
after demonstrating the deviations in the service level in case low inventories are 
maintained. An exact (but complex) policy for the lost sales inventory model is 
developed. Also a very good heuristic is developed which determines a fixed order
up-to level. Also in Chapter 5, a small extension of the inventory control function 
will be added to the concept currently used in practice. This extended concept not 
only optimizes the customer orders scheduled for the current day, but optimizes all 
accepted customer orders in a sequence of single-blends. In this way, future 
shortages can be anticipated earlier and dealt with adequately. 

In Chapter 6, we present the simulation model we built to investigate the 
performances of the concepts described in the previous chapters. Thereafter, in 
Chapter 7 the simulation experiment for comparing the performance of the 
concepts is explained and results are given. The results are analyzed for practical 
relevance and general applicability. Finally, in Chapter 8 we complete this thesis 
with conclusions and some recommendations for further research. 
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CHAPTER 2 
Literature review and 

general characteristics 
In this chapter, we analyze the material control problem studied in this thesis in more detail. We show 
that the problem has not been solved in the currently available literature and that existing material 
control techniques can not deal with this particular situation. A typology is developed of the various 
process industries occurring in practice. Three case examples are used to position the type of industry 
studied in the typology and to determine the general characteristics of the industry studied. Several 
reasons for using recipe flexibility are determined of which three are selected for further analysis in this 
thesis. In the last section, the research methodology used in this thesis ls presented. 

2.1 Literature review 

2.1.1 Characteristics of the BOM in process industries 

During the last decade, many papers have appeared in professional and scientific 
journals regarding production control in process industries. The vast majority of 
these contributions have focused on the typical characteristics of production 
control in process industries vis-a-vis the more traditional approaches of production 
control for discrete manufacturing. Many researchers and practitioners advocate the 
applicability of traditional MRP concepts and systems in process industries (e.g. 
Kochalka 1978, Nelson 1983, Appoo 1987). They concentrate on the specific 
characteristics that may occur in process industries and try to adapt the MRP system. 
In this subsection we will give an overview of these characteristics and we will show 
that the recipe flexibility problem has not yet been solved in the literature. 

VARIABLE YIELD 

Production control in process industries is often complicated by the pheno
menon of a variable yield, due to the nature of the process, even if the process is 
statistically under control (Sepehri et al. 1986). In some process/flow businesses, the 
yield may change as a function of processing decisions (Haglund 1981). Another 
aspect of materials variability, which is associated with the use of natural raw 
materials, is that the yield or potency may not be known or can not be measured 
until the process is started (May 1984). Karlin (1958) wrote one of the first papers 
that addresses the variable yield problem; he considered a single-period problem 
with random demand. Silver (1976) addressed this problem in the EOQ context 
(deterministic demand). He demonstrated that additional to the known factors, the 
only factors influencing the economic order quantity are the mean and standard 
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deviation of the amount received. Noori and Keller (I986a and 1986b) extended 
these results to situations with stochastic demand, specifically the case with 
uniformly and exponentially distributed demand. For the case of the manufacturing 
of discrete units, some researchers have studied the case where each unit has the 
same probability of being defective, independent of others ('reject allowance' 
problem, e.g. Levitan 1960). Others researched the case where, once a defective unit 
is produced, all subsequent units in the lot will be defective (Porteus 1986). Another 
conceptualization of yield variance is that (net) yield is the product of the input 
level and a random multiplier, which is independent of the input level (Ehrhardt 
and Taube 1987). In batch production in process industries, usually the total batch 
must be scrapped when the quality is poor. In discrete batch manufacturing, a 
portion of the total batch might be rejected, but it is unlikely that the entire batch 
would be rejected (Nelson I983). Burt and Kraemer (1979) present two ways to deal 
with variable yield in a production control system: (I) use a mean yield in the BOM 

and (2) create safety stocks for the raw materials that show the most variable yield. 
In a later paper Burt (1980) studies the use of safety time instead of safety stock for 
coping with variable yield. 

VARIATION IN QUALITY 

Process industries often obtain their raw materials from mining or agricultural 
industries. These raw materials possess natural variations in quality. For example, 
crude oils from different oil fields have different sulfur contents and different 
proportions of naphtha's, distillates and fuel oils. Oil refinery designs, production 
plans, and operating schedules must accommodate this variability in crude oil 
qualities (Taylor et al. I981). The specific quality of raw materials often determines 
which products will be produced (Rice and Norback 1987). Kochalka (1978) advises 
to plan at the average quality or yield of the raw materials. If a different quality is 
received, reordering or recycling can be necessary. This can result in shortages, but 
if the safety stocks are established giving consideration to the frequency of these 
occurrences, the stockout impact can be minimized. 

VARIATION IN THE BOM 

Variations in raw material quality often lead to variations in bills of material 
(May 1984, Cokins 1988, Rutten 1993a). For example, variations in the moisture 
contents, acidity, color, viscosity or concentration of active properties in raw 
materials may cause variations in the materials proportions required to make 
finished product quality specifications (Taylor et al. 1981). Another factor which 
causes variations in bills of material is the price of raw materials (Taylor et al. 1981). 
That is, cheap raw materials are preferred to expensive ones, as long as they can be 
processed into products of the required quality. In process industries, intermediate 
products are often quality-measured and the results can dictate changes in 
processing steps (e.g. changes in temperature or pressure) or can require additive 
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components with varying quantltles in order to produce the desired product. 
Seasonal considerations, the availability of raw materials, or even the unique vessel, 
tank or line availability can govern the best recipe (BoM) for manufacturing (Cokins 

1988). 

DIVERGENT FLOW 

Process industries often initiate their flows with only very few raw materials and 
subsequently process a variety of blending and re-splitting operations (Cokins 1988). 
In other words, many products are produced from only a few raw materials, 
compared to the usual multi-item bill in discrete manufacturing in which end items 
contain many different components (Rice and Norback 1987). Figure 2.1 exhibits 
the differences between process and discrete manufacturers. 

outputs 

r 
inputs 

discrete product oriented structure 

discrete discrete 
with product 

options 

process oriented structure 

process process 
with product 

options 

Figure 2.1 Process and discrete manufacturing; conceptual differences (Burt 1980). 

BY-PRODUCTS 

The divergence in the material flow is not always on purpose because by
products may be produced at certain processes (e.g. meat industry). It is important 
to restructure the BOM to reveal the yield of by-products. Including these items in 
the BOM may be done by giving them a 'negative quantity per' that equals the 
standard yield of the by-product (Kochalka 1978, May 1984). When the 
requirements are exploded, these items will show as negative requirements, or in 
other words, as an inventory gain. Duncan (1983) developed a special by-product 
BOM because the use of the 'negative quantity per' option can cause 'netting' being 
confused with 'planning' and because it can cause the shop floor control system to 
expect a negative receipt of the output into stores. The by-product BOM connects 
processes as well as components and every process can have numerous outputs 
independent of the number of inputs {see Figure 2.2). Duncan defines a task-item 
that is a process. Every task-item (process) gets input from processed items (the 
components) or from other task-items. The output of a task-item is one or more 
processed items (components). The typical features of the by-product BOM are that 
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the bill can handle multiple outputs and multiple inputs, and that many levels of 
the bill can be tied together by the process task-items. 

UNIT OF MEASURE 

A common problem in process industries is the unit of measure ('quantity per'). 
The manufacturing BOM shows component quantities per batch of parent (e.g. 
liters) and the product BOM, as used for forecasting, shows component quantities 
per unit of parent (e.g. bottles) (Appoo 1987). Kochalka (1978) suggests to use a 
common denominator. Furthermore, the per unit BOM should accommodate the 
use of many decimal places because of the unit of measure relationship in the BOM 

between stocking units. For example, the active ingredient of a painkilling tablet is 
stocked in kilograms, but the standard tablet contains 0.000325 kg (325 milligrams) 
(May 1984). Rice and Norback (1987) use matrix data structures to solve the unit of 
measure problem. They build matrices of the production schedule and the product 
structure, with which they can allocate the costs of capacities and materials to the 
products. 

Figure 2.2 The by-product BOM for grading shrimps by size (Duncan 1983). Processes (tasks) as well as 
components (processed items) are connected and every task can have numerous outputs independent of 
the number of inputs. The processed item called jumbo is an output of the task-item called task: grade 
jumbo. It is also input to task: bread jumbo. The processed items (shrimps) called large, super jumbo and 
colossal are by-products of the task and do not have inputs in this particular bill. 

SUMMARY 

The above mentioned characteristics are summarized in Table 2.1. For a lot of 
the problems with the BOM in process industries, the papers in the literature offer 
some kind of key to deal with that problem. One characteristic that is not covered 
in the literature is the control of recipe flexibility. Rather than offering a solution 
for the situation with recipe flexibility, Taylor and Cokins just mention the 
difference compared to standard MRP (Taylor et al. 1981, Cokins 1988). No solution 
for the recipe flexibility problem has been found in the literature. Therefore, the 
recipe flexibility problem can be considered as an interesting field of research. 
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Table 2.1 Characteristics of the BOM in process industries, mentioned in the literature. 

Characteristic Literature 

Variable yield Burt and Kraemer 1979 
Burt 1980 
Haglund 1981 
May 1984 
Sepheri et al. 1986 

Variable quality in raw Kochalka 1978 
materials Taylor et al. 1981 

Rice and Norback 1987 

Variable quantity I availability Cokins 1988 

Variable recipes (recipe Taylor et al. 1981 
flexibility) Rutten 1993a 

Price of raw materials Taylor et al. 1981 

Divergent flow Fransoo 1989 

Divergent BOM I by-products Kochalka 1978 
Duncan 1983 
May 1984 

Unit of measure I batch 
problem 

Rice and Norback 1987 
Cokins 1988 

Kochalka 1978 
Nelson 1983 
May 1984 
Appoo 1987 
Rice and Norback 1987 

Example of industry 

Chemical 

Oil, forest products, 
agricultural 

Coffee, agricultural 

Oil, (animal) food, paper 

agricultural 

glass 

beef cutting, forestry 

fine chemicals, drugs 

2.1.2 Mathematical programming for production control 

Since the development of the simplex-algorithm in 1947 by Dantzig (Dantzig 
1963), the recipe blending problem is often used as one of the examples to show the 
use of linear programming. In the literature on production control, however, recipe 
blending is not often used. Shapiro (1993) distinguishes between mathematical 
models for production planning problems, which are tactical in nature, and mathe
matical models for scheduling problems, which are operational in nature. Models 
for production planning tend to employ aggregated data, seek to describe large 
segments of the production environment, and typically consider planning horizons 
of one month to one year. For example, see Hax and Meal (1975), Akinc and 
Roodman (1986), Camm et al. (1987) or Klincewicz et al. (1988). By contrast, models 
for production scheduling tend to employ detailed data, seek to describe smaller 
segments of the production environment and consider planning horizons of a few 
hours to several days or a few weeks (Shapiro 1993). 

Apparently, the situation studied in this thesis considers the latter type of 
mathematical models. The papers on production scheduling wherein linear pro
gramming is used however, do not often address the recipe flexibility problem. 
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Subjects that are more often chosen are the cutting stock problem (Sweeney and 
Haessler 1990, Wascher 1990), distribution problems (Van Roy 1989, Bregman et al. 
1990, Zuo et al. 1991) or production (scheduling) problems (McClain et al. 1989, 
Reinders 1989, Gupta et al. 1990, Maes et al. 1991). 

Sherali and Puri (1993) describe three models for a coal blending and distribution 
problem. Their objective function considers the distribution, storage and cleaning 
costs, as well as revenues due to rebates for possibly shipping coal to customers 
which is of a better quality than the minimum acceptable specified level. Therefore, 
they do use recipe flexibility, but they do not really experience a recipe problem as 
pointed at in this thesis because all changes in recipes are incorporated in the price 
the customer pays. 

Again, the recipe flexibility problem can be considered as a scientifically 
interesting field of research. 

2.2 Typology of process industries 

In the literature reviewed in the previous section, a lot of characteristics are 
mentioned as being 'typical' for process industries (see Table 2.1). Though these 
characteristics can be found in process industries, they are not general in a sense 
that virtually all process industries are characterized by these issues. Nevertheless, 
they are discriminating in a way that these characteristics will be found pre
dominantly in process industries and not in discrete industries. Very seldom the 
variety of production systems within process industries is discussed. 

In this section we will discuss the variety of production systems within process 
industries and give a typology of process industries. We start our discussion with 
the general characteristics of process industries, which are well represented in the 
APICS definition: Process industries are businesses that add value to materials by 
mixing, separating, forming, or chemical reactions. Processes may be either continuous 
or batch and generally require rigid process control and high capital investment 
(Wallace 1984). The definition indicates that the type of manufacturing process 
used is one of the most important characteristics. Mixing, separating, forming and 
chemical reactions are operations that are usually performed on non-discrete 
products and materials. These processes may be difficult to control which may 
result in typical symptoms as mentioned in the previous section. 

Taylor and his research group have published an innovative series of articles in 
the first half of the 198o's on production control in process industries. In one of 
their first articles (Taylor et al. 1981), they discuss a typology of industries in general 
in which they fit all kinds of process industries as well. The two dimensions they 
use are the 'degree of product differentiation' and the 'material flow complexity'. 
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The degree of product differentiation refers to the marketing environment of the 
business; the material flow complexity refers to the way the production process is 
organized. Taylor already notes that some fabrication (i.e. discrete) industries tend 
toward the flow/commodity type, while some process industry groups (e.g. 
specialty chemicals) are in the center of the matrix. So both process and discrete 
manufacturers are distributed over the matrix. Bertrand et al. (199ob) also use two 
dimensions; capacity complexity and materials complexity. When these dimensions 
are compared to the dimensions used by Taylor (see Figure 2.3), we can conclude 
that the process dimension of Taylor corresponds with the capacity complexity 
dimension of Bertrand (a job shop has a high capacity complexity and a flow shop 
has a low capacity complexity) and that the product dimension of Taylor corres
ponds with the material complexity dimension of Bertrand (custom products in 
general have a high materials complexity and commodities have a low materials 
complexity). 

r 

job 
shop 

material 
flow 

complexity 

1 

+-- product differentiation ----+ 
low volume high volume 

custom differentiated differentiated commodity 

aerospace 

industrial machinery 
apparel 

machine tools 
drugs 

specialty chemicals 

electronical & 
electronics 

automobile 
tire & rubber 
steel products 

major chemicals 
paper 
containers 
brewers 

oil 
flow steel 
shop ~~~~~~~~~~~~~~~~~~~~~t_o_re_~_p_ro_d_u_c_ts~ 

Figure 2.3 Taylor's typology (Taylor et al. 1981 ). 

As shown in Figure 2.3, which depicts the typology of Taylor, the two axes are in 
fact one axis: the more an industry appears a job shop, the more its products are 
customer specific. Therefore, we may conclude that only one axis suffices to 
characterize the whole range of situations (Fransoo and Rutten 1994). Therefore in 
Fransoo and Rutten (1994), it is only one axis with two extremes: batch/mix {which 
corresponds to the job shop/customer specific extreme {top left) in the typology of 
Taylor) and process/flow {which corresponds to the flow shop/commodity extreme 
{bottom right) in the typology of Taylor). The typology is presented in Figure 2.4. 
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Batch/mix Process/flow 

Figure 2.4 One-dimensional typology for process industries (Fransoo and Rutten 1994). 

The APICS process industry definition introduced at the start of this section, 
already discriminates these two types of process industries, stating ~ .. processes may be 
either continuous or batch ... : We use the names and definitions provided by the 
APICS Process Industry Thesaurus (Connor 1986). Batch/mix is defined as: A process 
business that primarily schedules short production runs of products. Process/flow is 
defined as: A manufacturer who produces with minimal interruptions in any one 
production run or between production runs of products that exhibit process characteris
tics such as liquids, fibers, powders or gas. The discriminating characteristics of each 
type are presented in Table 2.2. 

Table 2.2 Characteristics of process/flow versus batch/mix businesses. 

Process/flow characteristics Batch/mix characteristics 

- high production speed, short throughput time - long leadtime, much work in process 

- clear determination of capacity, one routing - capacity is not well defined (different 
for all products, no volume flexibility configurations, complex routings) 

- low product complexity - more complex products 

- low added value - high added value 

- strong impact of change-over time - less impact of change-over time 

- small number of production steps - large number of production/process steps 

- limited number of products - large number of products 

In process/flow businesses, the leadtime is mainly determined by the cycle time, 
i.e. the time between two consecutive runs of the same product. The actual 
processing time per unit is very small, but due to the high change-over times and 
the high production speed, the production orders are quite large. The number of 
different products on an installation is not only very limited, but there is also 
relatively little variety in product shape and manufacturing time between the 
products. Little variety, low product complexity and the small number of pro
duction steps cause that all products have the same routing. Since the total market 
demand for the relatively small number of products is high, investments in 
specialized single-purpose equipment are economically justifiable. The use of single
purpose equipment simplifies the determination of available capacity: often the 
installations are used continuously (round-the-dock production). The added value 
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in general is quite low. Since the production speed is very high, the material costs 
usually account for 60-70% of the cost price. The characteristics of process/flow 
businesses are summarized in the left-hand column of Table 2.2. 

In batch/mix businesses, on the other hand, the number of process steps is larger 
and the level of product complexity is higher (Rippin 1991). In fine chemical 
production, for instance, sometimes more than ten different consecutive produc
tion steps can be distinguished. Since the large variety of products requires the use 
of the same-general type-of equipment, the routings are much more complex. In 
some cases, even the process configurations are adapted (retrofitting): series of 
installations are rebuilt and reconnected to make a certain type of process possible 
(an excellent overview of the state-of-the-art in retrofitting is published by Reklaitis 
1990). Consequently, leadtimes are longer and the work in process is higher; inter
mediate storage is more common than in process/flow businesses. Additionally, it is 
very difficult to make a good estimate of the available capacity. Lot sizes are pre
dominantly determined by the technical batch size requirement instead of the 
change-over times. As a result of the increased product complexity compared to the 
process/flow businesses, the share of raw materials in the cost price is lower than in 
process/flow businesses and the added value is higher. The characteristics of batch/ 
mix businesses are summarized in the right-hand column of Table 2.2. 

For controlling production in process/flow industries, the concept of Leachman 
and Gascon (1988) has proven to be of considerable value for uncapacitated 
problems. The concept of Fransoo (1993) can be used as a basic model for capaci
tated situations. These concepts should be worked out in detail to account for 
company specific situations. Especially the distinction between make-to-stock and 
make-to-order companies may lead to different variants of the respective concepts. 
A concept for process/flow businesses in make-to-order situations using the same 
basic ideas as Fransoo (1993) can be found in Bertrand et al. (199oa). For batch/mix 
industries, detailed scheduling and design procedures have been developed by 
chemical engineers. A more general concept for these industries, involving flexible 
scheduling procedures within a framework is however lacking. In order to develop a 
concept for this type of situation, a number of typical cases can be studied. 

It will be clear that the production control structure to be used in process 
industries depends on the position of the business on the axis in Figure 2.4. 
Therefore, in the next section, three case examples are presented of industries that 
may use recipe flexibility. The cases are analyzed with respect to their production 
control characteristics. Thereafter, in Section 2.4 the general characteristics of 
industries that may use recipe flexibility will be presented and the most essential 
ones are selected for further analysis in the remainder of this thesis. 
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2.3 Three case examples 

In this section we present three different case examples, where in all three cases 
recipe flexibility may be used. The production control characteristics of each of the 
case examples are highlighted. In the next section we derive the general characteris
tics and categorize this type of industry in the developed typology. 

2.3.1 Milk replacers 

The description of the milk replacers firm is based on a paper of Rutten (1989). 
The firm described is part of a large dairy corporation. The company manufactures 
milk replacers for calves. A milk replacer is a powder that can replace mother's milk 
when it is dissolved in water. Approximately 100 different types of milk replacers 
are being made on order, with a total annual amount of 60,000 metric tons. A milk 
replacer is produced by blending a number of raw materials (powders). Every 
product is defined by its recipe definition, some constraints on raw materials and 
on their properties (e.g. fat and protein). In most cases a recipe uses six or seven raw 
materials. The final recipe for an individual order is computed with linear program
ming. The results of this computation (quantities of raw materials) are used by the 
process computer to control the production facilities in the factory. Figure 2.5 
shows the production process. 
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Figure 2.5 General flows of material. Raw materials arrive in two different forms; bulk or packed. Raw 
materials are homogenized in a mixer before they can be used for production and then are stored in a 
silo. To produce a product, the computed quantities of raw materials are collected in a mixer and 
blended. The products can be delivered in two different forms; bulk or packed. 

The main production process consists of blending raw materials in a mixer. The 
raw materials and final products are stored in silos. To prevent the powder from 
sticking, the complete factory is climate conditioned. There are 48 raw materials 
silos of 25 tons each, which makes the total inventory capacity approximately 1,200 
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metric tons. In practice, the average inventory in the silos is near 800 metric tons. 
The runout time of the factory(= the time the factory can produce without new 
deliveries of raw material) is only two days, because of the heavy usage of some raw 
materials. Besides the silos, a large warehouse is available for stocking materials. In 
this warehouse raw materials first must be packed in bags and when needed they 
have to be unpacked again, which gives extra handling costs. 

Since quality variations occur in raw materials, each delivery of a raw material is 
stocked in a separate (empty) silo. Before the raw material is stocked, it is homo
genized. Homogenizing is mixing a single delivery of raw material to create a 
homogeneous raw material. After stocking, a sample is taken and tested in the 
laboratory for determining the exact properties. After stocking a raw material in a 
silo and after the results of the laboratory tests are known, a raw material is available 
for production. 

Inventory is controlled via an (R,s,Q) system (cf. Silver and Peterson 1985). 
Periodically the inventory levels are examined. If the inventory level falls below a 
historically determined level, a quantity Q is ordered. A large part of the twenty 
main raw materials is delivered by another firm of the corporation. This firm 
processes raw milk into various products. Some of the residues of this process are 
the raw materials for the milk replacers manufacturer. It may occur that more raw 
material is produced than is ordered by the milk replacers manufacturer. Then the 
agreement is that the milk replacers manufacturer accepts all raw materials that are 
sent by the other firm. This sometimes can cause an overflow of certain raw 
materials. A small part of the raw materials is ordered externally, in which case the 
firm can control the quality and quantity to be delivered. 

A production plan is made once a week. Orders are scheduled for production 
one day before delivery, in order to have sufficient time to analyze and inspect the 
product. The total weight of the orders per day must stay below the capacity of the 
available mixers. Next, the customer orders are translated to production orders, 
which means that the customer order is split into parts of 25 metric tons (volume of 
the mixer). Finally, the production plan is put into the process computer, together 
with the recipe definition per product. Just before the production process of an 
order starts, the raw materials use of the order is optimized within the limits of the 
currently available raw materials. 

The typical production control characteristics in this case situation are: 
• Production is on order. 
• Customer orders are all accepted one week in advance, some are accepted two 

to three weeks ahead {see Figure 2.6). 
• Raw materials arrive with variable properties, and are not homogeneous. 
• There is a push of some of the raw materials from another firm of the 

corporation. 
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• The factory has a high investment level, because of the silos and the climate 
control system. 

• The usable stocking capacity is limited. External stocking is possible but will 
imply additional (handling) costs. 

• Inventories are controlled by means of an (R,s, Q) system. The reorder levels 
are determined historically. 

• Orders are optimized just before production of an order starts. Orders are 
optimized one by one (single-blend). 
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Figure 2.6 Accepted orders in relation to the leadtime of raw materials in the milk replacers case. 

2.3.2 Animal food 

The company produces animal food for the pig, cattle and chicken industries. 
Every animal type group can also be considered as an aggregate product group (pig
and cattle food contains mainly soya/tapioca, chicken food contains mainly corn). 
The products are manufactured at three locations in the Netherlands. Every 
location serves the area surrounding the location. The boundary between two areas 
can be adjusted to account for the capacity load of the different factories. The 
company produces approximately 300 different product types, of which almost 35 
products form the main turnover. These 'bulk' products are produced at each 
location; the low demand products are produced only at one location. Figure 2.7 
exhibits the goods flow of one location. The total annual production is approxi
mately 2.5 million metric tons (60% pig, 30% cattle and 10% chicken). 

Raw materials are supplied by ship (80%), train (10%) and truck (10%). The 
average inventory level covers approximately six weeks of demand. Supply by trucks 
usually takes only one or two days (due to long term contracts). However, the main 
part (80%) of the raw materials is supplied &om all over the world and therefore 
they generally have a very long leadtime. Consequently, raw materials requirements 
are calculated using a sales forecast and a standard recipe per product. The analysis 
of a raw material (properties) is usually done before the raw material arrives. The 

26 Chapter Two 



company supposes that raw materials are homogeneous, but for some raw materials 
they use classes. For instance, soya is delivered in four classes. When a ship with 
soya arrives, the analysis points out to which class that shipload belongs; it is not 
possible to order a certain class of soya and to be sure that one gets that class of 
soya. 
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Figure 2.7 Main goods flow. Raw materials arrive by ship, train or truck. After mixing the products, 10% 
is further processed as meal, and 90% will be squeezed. The grain is strained (85%) or crumbled (15%). 
Finally, the flows meet again for packed (6%) or bulk (94%) product. 

The short term production plan uses a horizon of only two days, because the 
customer leadtime for products is one or two days. The company decides on which 
of these two days actual delivery takes place. However, an increasing number of 
customers demands delivery on one particular day (already 25°/o of the customers). 
Sales is centralized and the orders are allocated to the three different factories, 
considering the areas per location. The number of customer orders per day is 
approximately 800, with a total volume varying from 4,000 to 14,000 metric tons. 
Due to this large amount of orders, the total usage of raw materials per day is rather 
constant. 

As mentioned before, a standard recipe is used for the long term materials 
replenishment. On the short term (weekly) the recipes are optimized with use of 
linear programming. In this optimization, actual inventories and raw material 
prices are used. Also some technical constraints (e.g. squeezability in the summer) 
can lead to a change in recipes. The differences in recipe costs are very small; a 
difference between recipes of DFL 1,- compared to the normal cost of DFL 400,- to 
DFL 500,- per metric ton is already considered significant. Each recipe uses approxi
mately twelve different raw materials, of which seven or eight constitute the main 
part (e.g. soya accounts for up to rno/o, and tapioca even up to 25% in some 
products). The differences in costs between the classes of a raw material are quite 
small as compared to the variations in the price level on the supply market. 
Shortage and abundance of raw materials in the supply market (seasonal variations) 
are the main cause for these price level fluctuations. Large changes in recipes are 
therefore mainly caused by price variations in the supply market. 
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The typical production control characteristics of this case are: 
• Production is on order, customer orders are accepted only two days in advance 

(see Figure 2.8). 
• Large leadtime differences for raw materials replenishment exist. Supply by 

ship (foreign) can take months, while supply by truck (domestic) usually takes 
only one or two days. 

• Variations in raw materials quality are mainly dealt with by using different 
classes for one raw material and stocking these classes separately. 

• Reordering of raw materials is done by forecasting demand and calculating 
raw materials requirements via standard recipes. 

• The stock keeping capacity of raw materials is limited. 
• The price level of raw materials in the supply market varies heavily. 
• Recipe definitions are optimized via a single-blend once a week. 
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Figure 2.8 Accepted orders in relation to the leadtime of raw materials in the animal food case. 

2.3.3 Semi conductors1 

A business unit of a large electronics manufacturer produces discrete semi 
conductors. A discrete semi conductor is a discrete element that can have several 
functions, e.g. diode or transistor. In Figure 2.9 the production flow for discrete 
semi conductors is presented, which is divided in a diffusion part and an assembly 
part. In the diffusion part, patterns are diffused in silicon slices in batches of 25 to 
100 slices. Depending on the type and size of the slice, the output of the diffusion 
process is a number of silicon slices each containing 5,000 to 30,000 crystals. A 
crystal represents a component for a semi conductor. 

The diffusion process is not deterministic; this means that it is not known 
beforehand what properties each of the crystals on a slice will have. The diffusion 

1 The text in Subsection 2.3.3 is edited from Flapper (1989) and Paauwe (1990). 
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process results in slices that are not homogeneous. Due to differences in raw 
materials or temperature differences during the diffusion process, the crystals on a 
slice do not all have the same properties. The slices must however be processed as a 
whole. After the diffusion process each of the crystals on a slice is tested and 
allocated to a 'selection group' (sG), see Figure 2.10. A selection group combines a 
set of parameter values (read: properties) which uniquely characterize a crystal on a 
slice. Therefore, the crystals of one selection group can be considered as one 'raw 
material'. Depending on the crystal type, the throughput time in diffusion ranges 
from one to five months. 

diffusion 
proces 

Figure 2.9 Production flow of discrete semi conductors. 

assembly 
process 

In the assembly phase, crystals are mounted on a plate which has a number of 
leads for connection with other electric components and a plastic encapsulation is 
placed over the crystal to protect it. All assembled products are tested again with a 
fuller set of measurements; some dynamic parameters can only be measured after 
assembly. The throughput time for assembly/final testing is about one shift, i.e. 8 
hours. The total production throughput time is much larger than the leadtime 
required by the market. Therefore, the decoupling point for most discrete semi 
conductors is the stock of diffused and tested slices. This stock is controlled by a 
fixed reorder level. The diffusion process can be considered to be the 'supplier' of 
crystals to the assembly process. 

SG1~ 
SG3 

Figure 2.10 A slice with selection groups (SG's). 

Each month, a proposed short term plan for the next months (based on 
forecasts) is evaluated by all diffusion and assembly centers on materials and 
capacity requirements and availability, which results in an agreed short term plan. 
The actual assembly activities are based on customer orders, which are accepted 
within the constraints imposed by the agreed short term plan. 
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For a finished product, a crystal is needed with the specifications that fall within 
a certain range. So for a certain finished product, crystals with different specifica
tions can be used (and also a crystal with certain specifications can be used in 
different finished products). To cope with this alternative applicability the selection 
groups have been defined; the finished products can be made from crystals 
belonging to one or a limited number of selection groups (read: raw materials); this 
set of sc's forms a so called ASG (aggregate selection group). For every finished 
product one preferred ASG exists. However, a product can be made from every ASG 
of which the set of sc' s is a subset of the preferred ASG. The relation between an ASG 
and its sc' s is laid down in a product matrix; an example of a product matrix is 
given in Figure 2.11. 

Finished products selection group ASG 

SG1 SG2 SG3 SG4 SGS 
Pl x x x x x A 
P2 x x x x B 
P3 x x c 
P4 x x c 
PS x x c 
P6 x x D 
P7 x x x x x A 
P8 x x x x B 
pg x x c 

ASG codes: SG1 SG2 SG3 SG4 SGS 
'A' x x x x x 
'B' x x x x 
'C' x x 
'D' x x 

Figure 2.11 Example of a product matrix. 

So, on the one hand there are slices with available SG crystal quantities delivered 
by diffusion. On the other hand there are crystal requirements for assembly, arising 
from customer orders for finished products, which are expressed in terms of Ase's. 
These two quantities must be matched. For a given demand the matching 
procedure selects a minimum number of slices (expressed in Ase's), that is sufficient 
to cover the requirements. However on the slices that are selected there are also 
crystals that are not needed. These are called 'planned mismatch'. This planned 
mismatch arises, because a slice has to be processed as a whole whereas no concrete 
requirements exist for all crystals on the slice at the moment that the processing of 
the slice starts. 
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The logistic characteristics of this case are: 
• If we consider the diffusion process to be the 'supplier', production is on order 

in the assembly process. 
• There is a relative large leadtime of raw materials (crystals or sc's) from the 

supplier (diffusion process). 
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• The crystals vary in quality; they are grouped into uniquely defined 'raw 
materials': selection groups. 

• Inventory is controlled by a fixed reorder level in an MRP-like system per slice. 
• Raw materials are expensive, inventory capacity is however 'unlimited'. 
• Product-crystal allocations are made by means of a matching procedure 

whereby the products have a 'recipe definition' in terms of raw materials (sG's) 
that are allowed in the product. 

2.4 General characteristics 

In each of the case examples in the previous section, some characteristics were 
mentioned that are of importance for the production and inventory control 
problem. In general, we can derive the following characteristics: 

• demand 'side' 
parameters of the stochastic demand 

- the period over which the customer orders are accepted (remember 
Figure 1.3 on page 9). 

• production 'side' 
- production is on order 
- variable yield 
- available recipe flexibility 

• supply 'side' 
- inventory capacity 
- variations in raw materials quality 
- variations in raw materials price per unit 
- leadtime differences between raw materials 
- push in supply (obligation to process the raw materials). 

When positioning this type of industry in the typology developed in Section 2.2, 

at first sight the batch/mix side might be chosen. At a second look however, it 
shows that some of the characteristics of the production processes as described in 
the case examples tend towards the process/flow type of industry; throughput time 
is short, routing is simple and consists of only a small number of production steps, 
some divergence of the product flow appears at the end of the production process, 
low added value. Moreover, the one main difference between the industry studied 
and the process/flow extreme is the impact of change-over times and consequently 
the focus on capacity. Change-over times were not important in the cases and the 
focus in the cases is much more on materials than on capacity. This focus on 
materials is also found in the batch/mix extreme. Therefore, the type of industry 
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studied in this thesis will be somewhere in the center of the typology, with 
characteristics of both extremes. 

The industries studied in this thesis focus on material use and adapt the recipes 
they use to the availability of raw materials. We identified the following reasons for 
using variable recipes: 

1. Variations in raw materials quality require changes in recipes because of the 
requirements of the properties (technical reason). 

2. The necessary safety stock and infra-structure (silos, conditioned factory) to 
avoid alternative recipes are more expensive than the occasional use of alter
native (more expensive) recipes (economical reason). 

3. Variations in raw materials quantity at delivery cause shortages. 
4. Variations in the price of raw materials can cause alternative recipes to become 

'the optimal' (economical reason). 
5. Limited shelf life of raw materials, which forces usage of the raw material 

(technical reason). 
In this thesis the use of recipe flexibility for the first three reasons will be studied. 

Variation in the price of raw materials (4), which is mentioned in the animal food 
case, leads to a financial problem of how to value available inventory. If raw 
materials in inventory are valued at their actual market price, this can lead to a 
situation in which the use of raw material a bought in week one is 'worse' (in terms 
of linear programming) than raw material a paid for in week three. This will result 
in use of only raw material a of week three and the 'more expensive' raw material a 
of week one will be disregarded. This results in an overload of the inventory 
capacity and finally to very expensive (standard!) recipes necessary to free inventory 
capacity. Therefore, in this thesis raw material in inventory will be valued at a 
standard price. In our opinion price fluctuations in raw materials should be 
handled as a profit or loss in the supply department. 

Shelf life of the raw materials in the case examples was always much larger than 
the turnover time. Therefore, it will not be studied in this thesis. A limited shelf life 
however can lead to forced use of raw materials or scrap of raw materials. For 
inventory control with perishable materials many models are given in the literature 
(see Nahmias 1982, Federgruen et al. 1986). 

2.5 Research methodology 

Due to the complexity of the problem studied in this thesis, a conceptual analysis 
is necessary to develop some simple, basic situations for studying the control 
problem. These basic situations are examined for understanding the principles of 
using recipe flexibility. 
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Next the first research question {introduced in the previous chapter), whether or 
not to use recipe flexibility, is explored. We have investigated this question, using 
systematic computer simulations. This results in general parameter values for which 
the use of recipe flexibility is likely to be advantageous. 

In a situation in which recipe flexibility should be used, the other three research 
questions are answered, which were introduced in the previous chapter. The first 
question is how to use the available inventory of raw materials in recipes for 
products. It concerns the production planning function. The planning function as 
it exists in practice is modeled to achieve a basic performance; three new concepts 
are developed which improve the use of recipe flexibility. The second question is 
how to replenish raw materials to supply new inventory. This question concerns the 
inventory control function. Analysis of the demand function for raw materials 
shows that the traditional inventory models no longer apply in case variable recipes 
are used. This leads to the development of a new inventory rule. This rule, which 
realizes the prespecified service level, is proven analytically in case demand is 
assumed to be Erlang distributed. 

The last research question is how to operate an optimization model in a dynamic 
environment. To investigate this last question, we investigate the performances of 
the three concepts, that are developed for the production planning function and of 
which each uses an optimization model in a different way. No analytic results can 
be derived for the performance of the complete concepts. Therefore a simulation 
model was built which simulates a blending factory that can use each of the 
concepts. The parameters in the simulations are varied within the domain as 
determined by the answer to the first research question. 
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CHAPTER 3 
Basic analysis of 
recipe flexibility 

In this chapter we analyze basic situations to determine the principles of recipe flexibility. We will 
develop simple product models in which the principles apply. Furthermore, we will study the use of 
recipe flexibility versus keeping sufficient safety stock. This issue is studied using one of the basic product 
models. A simple, quantitative model is constructed and a decision procedure is derived which balances 
safety stock costs and increased production costs (due to using recipe flexibility). In the last section the 
procedure is applied to a range of different situations, characterized by a set of parameter values, in order 
to determine for which situations recipe flexibility should be used. 

3.1 Principles of recipe flexibility 

3.1.1 Introduction 

The main topic in this thesis is the goods flow control for a very specific 
situation. Raw materials are linked to orders by calculating a recipe. This can be 
considered as a material allocation problem. The raw materials requirements can be 
compared to the raw materials availability. The essence of the problem is that in the 
studied situation there is more flexibility compared to the classic (fixed recipe) 
situation. There is an economic preference for a certain (standard) recipe in a certain 
period. However it is also possible to choose an alternative (more expensive) recipe. 
Therefore, material availability problems can be solved partly by changing the 
recipe. The problem can not be solved adequately by existing methods like MRP 

(Orlicky 1975), SIC (Silver and Peterson 1985) or LRP (Van Donselaar 1989). One 
final product can be made in many ways (meaning: using a variety of raw 
materials). Due to the complexity of finding an optimal recipe, usually an optimiza
tion model is used for calculating the final recipe. If one of the required raw 
materials is not available, the optimization model can choose another combination 
of raw materials which also fulfills the requirements of the product. In order to gain 
insight in the use of recipe flexibility, we will reduce the complexity of the blending 
problem by decreasing the number of products and raw materials. In this way we 
will show the basic principles of recipe flexibility. 

The following assumptions are made in the analysis of this section: 
• There is no variation in the raw materials quality. 
• Raw materials are exchanged one by one (discrete). This means that if raw 

material a is not available, only one alternative raw material b can be used (in 
practice a combination of other raw materials could be used instead). 
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• All raw materials can be reordered with a fixed leadtime, which is the same for 
all raw materials. 

• The alternative recipes are more expensive than the standard recipes (this will 
always be the case, as long as the quality of raw materials is constant). 

In the next subsection, we will start our analysis with only one product and one 
raw material and we will gradually increase the number of products and raw 
materials to a minimum situation showing all relevant problem aspects. 

3.1.2 One product situations 

In the simplest situation, only one product is manufactured which is produced 
using one raw material, denoted by a. If we run out of material a, an alternative raw 
material b can be used for producing the product. Using the alternative in this case 
is not attractive because stocking raw material b is more expensive than stocking 
raw material a (remember that the alternative recipe is more expensive and hence in 
this case raw material b is more expensive than a). Unless of course, there are 
significant leadtime differences, which means that the leadtime of raw material a is 
much larger than the leadtime of raw material b (as shown in the animal food case); 
then it is possible to solve a shortage problem of the standard raw material quickly 
by ordering the alternative raw material. However, within the above mentioned 
assumptions, using a recipe flexibility is not favorable in case only one product is 
made of only one raw material. 

If the single product is produced using two (or more) raw materials (for instance 
raw materials a and b), the raw materials in the alternative recipe can be: 

1. new raw materials (c or d) 
2. raw materials which also occur in the standard recipe (different quantities; e.g. 

less units of a and more units of b). 
For the same reason as we have seen in the 'one product one raw material' 

situation, it is not preferable to use a new raw material, unless there are significant 
leadtime differences. The second option, changing the quantities, is not preferable 
either as long as there is no variation in raw materials quality. For example, suppose 
one unit of the product is made of 0.75 units of a and 0.25 units of b. Raw material 
b is more expensive than raw material a. In this case alternative recipes exchange 
more units of b for fewer units of a. The minimum costs are achieved if always the 
standard recipe is used and the balance in inventory is kept at 0.75:0.25 (or 3:1). If 
an alternative recipe is used (for instance 0.60 units of a and 0.40 units of b), not 
only will the recipe be more expensive but also the balance in inventory is disturbed 
for future orders. Disturbing the balance in inventory will lead to superfluous 
inventory of raw material a, which can only be put to use again by reordering extra 
inventory of b such that the balance is restored. 
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In conclusion, under the given assumptions it is not recommended to use recipe 
flexibility in one product situations. Fixed recipes should then be used and it is 
important to maintain a balance in inventory that reflects the use in the standard 
recipe. 

3.1.3 Multiple products situations 

The next situation we can encounter is to produce more than one product. Again 
we start with only one raw material used per product. If we produce two or more 
products that are produced using one raw material each, the raw material in an 
alternative recipe can be: 

1. raw material which does not occur in other recipes 
2. raw material that occurs in the alternative recipe of other products also 
3. raw material that occurs in the standard recipe of other products. 
If the leadtime is equal for all raw materials, raw material of type 1 should be 

excluded (stocking costs are higher). Raw material of type 2 can only be attractive if 
the total stocking costs of the alternative raw material plus the higher recipe costs 
are less expensive than the costs of the separate stocks for the standard raw 
materials. In other words it can be favorable to hold some safety stock of the com
mon alternative raw material instead of holding safety stocks for each standard raw 
material of each product. However, we still have to introduce an additional (new) 
inventory item. If raw material of type 3 is used, only the available inventory is 
used. Some raw material is consumed which was originally meant for another 
product. This may reduce the delivery performance of the other product. Thus 
increasing the delivery performance of one product by using alternative recipes 
decreases the delivery performance of another product. This is the first principle of 
recipe flexibility. 

Consider the situation with two finished products denoted by I and 2, and two 
raw materials denoted by a and b (see Figure 3.1). Product I uses (per unit of 
demand) one unit of raw material a, and product 2 uses (per unit of demand) one 
unit of raw material b. However, product 2 can also be produced using raw material 
a (one unit per unit demand). Since we assume that alternative recipes are more 
expensive, the cost of raw material a will be higher than the cost of raw material b. 
Since product I can only be produced using raw material a, there usually will be 
inventory of raw material a. If product 2 is allowed to take away inventory of raw 
material a which was meant for product I, this may affect the service level of 
product 1. Consequently, one can make a trade-off between the inventory level of 
the standard raw material b and the use of the alternative a by product 2. In the 
next sections numerical results of this first principle will be given. In this section we 
will continue the conceptual analysis. 
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products 

raw materials cost a > cost b 

Figure 3.1 Two products are produced using two raw materials. Product 1 uses one unit of raw material a 
per unit of demand; product 2 uses one unit of raw material b per unit of demand. However, product 2 
can also use one unit of raw material a per unit of demand. The solid lines indicate the standard recipes 
and the dotted line indicates the alternative recipe. 

A second principle can be identified if there are multiple products. Suppose four 
products are manufactured, of which two can use alternative raw materials. Those 
two products (3 and 4) use the same raw material in the standard recipe, but have 
different alternative recipes, see Figure 3.2. Similar to the situation with two 
products, the trade-off between inventory of the standard recipes and the use of 
alternatives can be made. But, a second principle also applies. The alternative 
recipes of these two products differ (raw materials a and b). Since the costs of these 
two alternatives are not equal, there is a trade-off between these two alternative 
recipes also. One can choose to use not all available raw material c for standard 
recipes of product 4 at this point (and hence use some b) and to preserve this c for 
product 3 in the near future (to prevent the use of the expensive raw material a). By 
doing so, implicitly alternative raw material a is replaced by alternative raw material 
b. This is the second principle of recipe flexibility. The situation with four products 
and three raw materials (Figure 3.2) is used in Chapter 7 to compare the control 
concepts which are developed in Chapters 4 and 5. It is the simplest situation 
possible in which the two main principles of recipe flexibility occur. 

products 2 3 4 

\_)\,~-\! 
raw materials a b c cost a > cost b > cost c 

Figure 3.2 Four products are produced using three raw materials. Products 1 and 2 use only one raw 
material (a respectively b). Products 3 and 4 both use raw material c, but product 3 can also use raw 
material a, while product 4 can also use raw material b. The solid lines indicate the standard recipes and 
the dotted lines indicate the alternative recipes. 

3.1.4 Deterministic versus stochastic situations 

The two above mentioned principles show the main interactions that occur 
when recipe flexibility is used. The complexity of recipe flexibility stems from the 
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fact that in practice several products and raw materials are used. We can demon
strate this by a small expansion of the previous product situation. Suppose five 
products are manufactured, of which three can use alternative raw materials. Figure 
3.3 gives the standard and alternative recipes for the five products. In this case, all 
four raw materials are used in standard recipes, and raw materials a, band care also 
used as alternatives. The two main principles again apply. Nevertheless, preserving 
raw material d for product 4 by using more raw material c in product 5 (and thus 
use less of the expensive alternative b), can result in a shortage for product 3. This 
will lead to usage of raw material a in product 3, which is even more expensive than 
using raw material b for product 4. The complexity of the production planning 
problem with alternative recipes already becomes evident. 

products 

raw materials cost a > cost b > cost c > cost d 

Figure 3.3 Products and their standard and alternative recipes. The solid lines indicate the standard 
recipes and the dotted lines indicate the alternative recipes. 

Since in practice the number of products is usually larger than five and each 
product uses multiple raw materials, the real problem becomes even more complex 
and an optimal solution can not be found easily by hand. Linear programming is 
the well-known mathematical model to solve this kind of problem. But linear pro
gramming supposes a deterministic situation. If stochastic events occur (e.g. a truck 
with raw materials arrives too late), the successive solutions of an optimization 
model can show totally different solutions. This may decrease the usefulness of an 
optimization model for production planning. In fact the only time a deterministic 
situation is encountered in practice is the point the next production order is to be 
started. At that point the order quantity is known and all available raw materials are 
also known. This is one of the reasons why in practice the optimization model 
usually is used to optimize only a single order (single-blend optimization). 

Suppose that all orders within the planning horizon are accepted (deterministic 
situation). If in that case the total problem can be solved by optimizing over the 
entire horizon (multi-blend), then the cause of delivery problems in practice is 
twofold; the fact that in practice not all orders are known (stochastic environment) 
on the one hand and the myopic use of optimization models (single-blend) on the 
other hand. Due to increasing computer speed multi-blend models are possible 
nowadays with regard to computer implementation, and hence we must find a way 
to comprise the stochastic environment. 
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The stochastic situation, as encountered in practice, may be covered by: 
• forecasting future demand. This can be done in two ways: 

using pseudo orders and act as if the situation is deterministic. This 
means that forecasts are made of expected orders (remember the figures 
of the case examples in the previous chapter), which are added to the real 
orders and this total set of orders is optimized by a multi-blend optimiza
tion model, considering raw materials inventories and time-phased 
deliveries. 
forecasting future raw materials requirements. This means that for the 
uncertain period in time, the expected raw materials requirements are 
determined (which depend on the complete demand distribution 
function) and these requirements are translated into constraints on the 
optimization over the deterministic horizon (explicit preserving raw 
materials from being used). 

• tardy delivery. If the market accepts variable leadtimes that depend on the 
availability of raw materials, orders can be postponed until all raw materials 
for the standard recipe are available. Generally however, a short, standard lead
time must be used in the market place to maintain competitiveness. 

• using information on material availability at order acceptation. Before a 
customer order is accepted, the material availability is checked. However, due 
to the high turnover rate of inventory in practice, the materials used will not 
always be available at the time of order acceptance. For more general infor
mation on the coordination of production and sales, we refer to Konijnendijk 
(1992) and Fransoo (1992). 

In conclusion, in this section we derived the two basic principles of recipe 
flexibility: 

1. A trade-off exists between the inventory level of the standard raw material and 
the use of the (more expensive) alternative raw material. 

2. A trade-off exists between two alternative raw materials if they both replace 
one standard raw material, but in two different products. 

We also built some simple product situations in which these two principles can 
be applied. Furthermore, we mentioned some ways to account for the stochastic 
environment in an LP-model. The two forecasting ways will be used in Chapter 4 as 
a basis for new control concepts. 

3.2 Safety stock versus recipe flexibility 

In this section and the next section, we will determine under which circum
stances the use of recipe flexibility can be profitable. In this section we will show 
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the method2 that we use to determine profitable situations and in the next section 
this method is applied to a range of parameter values of the environment. To show 
our method we consider one of the basic situations, which was introduced in the 
previous section, i.e. the situation with two finished products denoted I and 2, and 
two raw materials denoted a and b, which is repeated in Figure 3.4. We are aware 
that this model is too simple to be realistic, but if we use a model of realistic size 
then the effects will be so complex that they can not be easily understood. 
Nevertheless, we expect that the two principles apply to small and large models. We 
therefore choose to use a simple, understandable and illustrative model. 

products 

raw materials cost a > cost b 

Figure 3.4 Two products are produced using two raw materials. Product 1 uses one unit of raw material a 
per unit of demand; product 2 uses one unit of raw material b per unit of demand. However, product 2 
can also use one unit of raw material a per unit of demand. The solid lines indicate the standard recipes 
and the dotted lines indicate the alternative recipes. 

In this case the first basic principle of recipe flexibility applies; one can make a 
trade-off between the inventory level of raw material b versus the use of the alter
native a. If we allow product 2 to take away inventory of raw material a, originally 
meant for product 1, this should affect (decrease) the service level of product 1. A 
situation in which no alternative recipes are used (only safety stock is used) is com
pared to a situation in which the above mentioned alternative is used. 

Since no analytical results can be obtained easily, simulations experiments are 
used for comparing the two situations. The simulations are performed by the 
program REBUS (SINGLE concept), which is fully described in Chapter 6. Only the 
following simulation characteristics have to be known at this time: 

• One simulation run includes a transient run of 5,000 periods (determined 
graphically as described by Welch 1983) and a subsequent simulation run of 
500,000 periods, i.e. the performance criteria are long-run steady state. The 
length of the simulation run is determined such that the resulting variations of 
the performance criteria are very small, which is necessary for the tuning 
procedure that will be explained later in this section. 

2 This section is based on Rutten and Bertrand (1993). In that paper we also show the method for other 
demand parameters and only extend the situation to include variable qualities in raw materials. In the 
next section this extension is treated and also a number of other extensions are given. 
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• Every time period one order is generated for every product. The size of the 
order obeys the Erlang distribution with integer parameter n and scaling para
meter 'A. Thus mean demand(µ) equals n/A. and the variance of demand (cr2) 

equals n/A.2• The mean demand for both products equals 400 units per period 
and the coefficient of variation (cr!J.V equals 0.5 for both products (thus 'A =0.01 
and n=4). 

• Orders are numbered at generation, and all orders (inclusive backorders) are 
sorted on their number and will be considered for production in that order. 
Every time period, the order for product I is generated first and the order for 
product 2 is generated last. 

• If due to lack of raw materials, an order for product I can not be completely 
produced, the rest of the order is backlogged and has priority in the next 
period when competing for materials. If due to lacking materials an order for 
product 2 can not be completely produced, the (rest of the) order is produced 
out of the alternative material a. If there is not enough material a, the rest of 
the order for product 2 is also backordered. There are no capacity limitations, 
only materials availability limitations. 

• Every time period both raw materials are reordered, according to an (R,S) 
inventory system (cf. Silver and Peterson 1985). The order-up-to level S is 
derived from the demand function of the main product (i.e. the S-level of raw 
material a is based on the demand parameters of product I, and the S-level of 
raw material bis based on the demand parameters of product 2). 

• The deterministic leadtime for both raw materials equals 4 periods. 
• Measured performance indicators are: the a and p service levels for products I 

and 2, the fraction of product 2 made out of raw material a, the number of 
times product 2 tries for raw material a and the mean inventory levels. The a. 
service level is defined as the number of times no stockout occurs and the p 
service level is known as the fill rate, the fraction of demand directly filled 
from stock. 

• The target is an a. service level of 97% for each product. 
It will be clear that when using the alternative recipe for product 2 two things 

will happen. First, in approximately 3% of the cases an out of stock situation for 
product 2 occurs and the alternative will be tried for. If successful, material a will be 
used for product 2 and this will decrease its availability for product 1. This can lead 
to a reduction in service level for product 1. The magnitude of the reduction 
depends on the level of safety stock. Secondly, using the alternative will result in an 
increase in the costs of product 2. Suppose that producing product 2 out of material 
a costs p times the costs of producing it out of material b denoted by cb· Then 
under the conditions indicated the average costs for product 2 would be: 0.97 x cb + 
0.03 xpxcb. The increase in cost per unit then is: (p-1) xo.03 xcb. 
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From the reasoning above it follows that when using recipe flexibility it is 
impossible to control the service levels of products I and 2 only by manipulating the 
S-levels of a and b. For instance, we could decrease the Srlevel (denoted by Si,) 
such that the actual service level for product 2, using recipe flexibility, is equal to 
9]'Yo. This however will increase the number of occasions where a will be used for 
product 2 and will decrease the availability of a for product I. Thus the service level 
for product I will decrease. Suppose we try to compensate this by increasing the Sa
level (denoted by S') to the extent that the service level of product I is again 97%. 
Then the service level for product 2 will increase also, because the probability of 
success when trying the alternative recipe increases. 

In short, due to the single-direction recipe flexibility, the a service level of 
product 2 will always be larger than the a service level of product I. This pheno
menon is illustrated in Table 3.1 which shows the actual a service levels of both 
products, the (relative) number of cases (#alt) where the alternative recipe is tried 
for, the mean fraction (fa) of material a in product 2 and the average material stock 
levels Inv a and Invb, as a function of the S-level for material b. 

Table 3.1 Simulation results when using recipe flexibility3 . The Sa-level is 2,921, which is the 97% 
service level for product 1 with a leadtime of 4 periods. The Sb-level (denoted by S'i) is changed in order 
to decrease the a service level of product 2. 

a service level p service level 

S'b prod.1 prod.2 prod.1 prod.2 fa(%) #alt(%) Inv a lnvb 

2,462 (85.0%) 95.61 98.65 97.58 99.31 3.79 8.67 1,064 734 
2,521 (87.5%) 95.85 98.90 97.71 99.44 3.19 7.36 1,074 782 
2,590 (90.0%) 96.07 99.16 97.84 99.57 2.58 6.02 1,084 840 
2,675 (92.5%) 96.30 99.39 97.98 99.69 1.96 4.64 1,095 913 
2,788 (95.0%) 96.53 99.61 98.11 99.81 1.33 3.20 1,106 1,014 
2,967 (97.5%) 96.76 99.81 98.24 99.91 0.69 1.70 1,117 1,181 

One way to solve this control problem is to let the use of the alternative recipe 
depend on the cumulative measure of the service level, which is defined as the 
actual service level measured over the last 4,000 periods. If the cumulative service is 
below the target (97°/o) then the use of the alternative recipe is allowed for the 
production order considered. If not, then the alternative recipe is not used and the 
complete order is backlogged to the next period. Using this 'tuning' decision 
procedure, the control of the service levels is getting more complex. However, the 
performance of product 2 is much closer to the target, as is shown in Table 3.2. 

3 The number of cases where the alternative recipe is used (#alt) is lower than expected since we use an 
order-up-to level which is based on a backorder situation. The demand for raw material b, however, 
can be considered as a lost sales situation (if nob is available, a is used and thus demand for bis lost). 
Using a 'backorder order-up-to level' in a lost sales situation results in a higher a (see Chapter 5), and 
therefore the resulting #a/twill be lower. 
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Table 3.2 Simulation results for the case with recipe flexibility and the tuning procedure. The target a for 
controlling the service level of product 2 is 97% in all situations. The situations are identical to the 
situations in Table 3.1. 

a service level p service level 

S'b prod.1 prod.2 prod.1 prod.2 fa(%) #alt(%) Inv a fnvb 

2,462 (85.0%) 95.70 96.94 97.62 98.37 3.45 7.56 1,070 732 
2,521 (87.5%) 95.96 96.96 97.77 98.40 2.78 6.08 1,081 779 
2,590 (90.0%) 96.22 96.98 97.92 98.39 2.09 4.56 1,093 836 
2,675 (92.5%) 96.48 97.01 98.08 98.41 1.39 3.02 1,1 OS 908 
2,788 (95.0%) 96.73 97.06 98.22 98.45 0.67 1.42 1, 117 1,008 
2,967 (97.5%) 96.97 97.56 98.37 98.72 0.02 0.05 1, 128 1,174 

There is still interaction between the service levels of the two products, but the 
service level of product 2 is under control. Therefore, for each order-up-to level of 
S'1, the order-up-to level of S~ can be determined experimentally (for instance via 
simulation) such that the a service level of product I is also equal to 9iYo, as 1s 
shown in Table 3.3. 

Table 3.3 Simulation results for the case with recipe flexibility and the tuning procedure. The S'a·level is 
determined experimentally such that the a service level of product 1 equals 97%±0.05. The situations are 
identical to the situations in Table 3.1. 

a service level 
S'b S' a prod.1 prod.2 fa'(%) #alt(%) Inv a lnvb 

2,462 (85.0%) 3,021 96.97 96.96 3.45 7.44 1,166 733 
2,521 (87.5%) 3,003 96.98 96.97 2.78 6.00 1,160 779 
2,590 (90.0%) 2,985 96.98 96.99 2.10 4.51 1,155 836 
2,675 (92.5%) 2,967 97.04 97.01 1.40 2.99 1,149 908 
2,788 (95.0%) 2,940 96.97 97.06 0.67 1.41 1,135 1,008 
2,967 (97.5%) 2,921 96.97 97.56 0.02 0.05 1,128 1,174 

Now suppose that we know all combinations of S~ and Sf; (columns 2 and I in 
Table 3.3) that produce a1 =a2 =97% in a situation with alternative recipes. We 
compare these with the order-up-to levels Sa and Sb that lead to a 1 =a2 =97% in the 
situation without use of alternative recipes (in the case considered in this section Sa 
=Sb=2,921). Then it will be dear that S~+S'b<Sa+Sb, since with the use of the 
alternative recipe, some of the demand uncertainty for material a and b becomes 
common. As a result the total of inventory decreases with an amount: Sb-Sb+Sa
S~ (the change in physical inventory is approximately the same: use the last two 
columns of run 16 in Table 3.6 on page 51, in combination with the last two 
columns of Table 3.3). 

This decrease in inventory must be valued and balanced against the increase in 
production costs, which can be modeled as: fa'x (p 1) x cb per unit of product 2, 

where fa' is the mean fraction of product 2 which is made of alternative material a 
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when combination (S~, Sw is used. To obtain the annual increase in production 
costs we multiply by D2, the annual demand for product 2. Thus the decrease of 
inventory can be balanced against the increase in production costs by the following 
equation: 

(3.1) 

decrease inventory costs increase production costs 

The cost ci consists of capital investment cost per year related to the value of the 
product, valued at the interest rate, plus the costs of the capital invested in 
inventory related infrastructure (e.g. silos). 

Since with each combination (S~, Sb) a different fraction of alternative recipe 
use of fa' is involved, the entire range of combinations can be valued by deter
mining out of all combinations (S~, S';) that combination such that a.1 =a.2 =97% 
for which equation (3.1) takes a maximum value. 

t 
value 

equation 
(3.1) 

-2,000 

-4,000 

(3,021), (3,003), (2,985), 
2,462 2,521 2,590 

(2,967), 
2,675 

(2,940), 
2,788 

(S'a }, S'b-+ 

(2,921 ), 
2,967 

Figure 3.5 Equation (3.1) for several values of the factor p (the price increase due to using the alternative 
raw material). The different (S'.,,. S' b) combinations are marked on the x-axis (the value of S'b is the 
controlled variable) and the y-axis gives the value of equation (3.1 ). The factor C; is calculated as the 
capital investment cost related to the product, valued at an interest rate of 15%. Factor cb equals 100 and 
annual demand for product 2 is taken 100,000 (250 daysx µ)units. 

If this maximum value is negative then it does not make sense to use the 
alternative recipe. Then the increase in production costs is never offset by the 
decrease in inventory holding costs. However if this maximum value is positive 
then the use of alternative recipes can lead to a decrease in total costs, provided of 
course that the right combination of S~ and S'b is used. Figure 3.5 illustrates 
equation (3.1), using the (S~, Si) combinations from Table 3.3 for several values of 
p. As can be seen in Figure 3.5, the maximum p for which it still pays to use recipe 

Basic analysis of recipe flexibility 45 



flexibility under the given conditions, equals 1.0254. This means that the maximum 
difference in costs per unit between the standard and the alternative raw material, 
in case of variable recipe use, equals 2.54%. Since the profit margins are very small 
in the commodity market, this small value can be of significant importance. 

The Pmax-value can be used to determine if alternative recipes should be used 
under certain circumstances. Therefore in the next section, we will determine the 
Pmax-value for a range of parameters in order to conclude when to use or not to use 
recipe flexibility. 

3.3 When to use recipe flexibility 

3.3.1 Determining Pmax by quadratic interpolation 

Equation (3.1) is plotted for only a limited number of points. The Pmax-value is 
then determined such that the maximum of equation (3.1) equals zero. However, 
due to this approximation, the exact Pmax-value will be different from the one 
obtained. If we can express the complete equation (3.1) as a function of the S/r 
level, then this function can be used to determine a more accurate Pmax-value. 

In this subsection we will approximate equation (3.1) by a function fp(x), 
where xdenotes the change in the Sb-level, i.e. Sb-Sf,, for a certain value of p: 

(3.2) 

If Sf, is changed, two other variables in equation (3.1) will also change, i.e. the 
change in Sa-level (Sa-S:J and fa: These two variables therefore are also defined as 
a function of x and they are denoted in equation (3.2) by gj...x) respectively h(x). 
Since all other variables are known, the function fp (x) is defined as soon as gf...x) 
and h(x) have been determined. 

In the previous section we determined the p-value such that the maximum of 
equation (3.1) equals zero. The maximum of the concave function fp can be 
determined by differentiation. This will result in a value for x, xmax• which gives the 
maximum outcome of the function. The maximum of the function must be zero in 
order to find Pmax· Thus the function is calculated for Xmax• and the expression 
fp(xmax) = 0 can be interpreted as an equation in which pis a variable. The p-value 
for which the expression holds is then the Pmax-value. 

So, first we must define the function fp by determining the two functions gj...x) 
and h(x). We assume that these two functions can be represented by a quadratic 
function: 
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g(x) = g1 + gzx + g3x2 

h(x) =hi + h2x + h3x2 (3.3) 
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The parameters of the functions g(x) and h(x) are approximated by a least squares 
fit of the points that are found by simulation. For example, we can plot the points 
measured in the simulation that was discussed in the previous section. The data 
were given in Table 3.3. In Figure 3.6, these points are plotted and also the fit is 
given. A quadratic fit seems an allowed approximation. 

x=ASb--+-
400 hi = 1.280 10· 1 200 

3% 
h2 = 2.758 1 o-3 

gl,x) 

i = h3 = 9.726 10·6 

!-.Sa 2% 
-40 

i h(x) 
gl =-3.682 = 1% 
g2 = -1.054 10·1 fa' 

-80 
g3 = -2.289 1 o4 

x =!-.Sb__,.. 200 400 

Figure 3.6 The simulation results from Table 3.3 and the quadratic fit. 

The second step is to determine the maximum of function fp. The maximum of 
a concave function can be determined by solving fp' ( x) = 0. This results in: 

-(ci + pcig2 - Di.(p- l)h2) 
Xmax = 2{,_pcig3 - IJi.(p- l}h3) 

(3.4) 

The function (3.2) is calculated for this value of x, which results in the 
maximum of the function: 

The third step is to determine the value of Pmax for which the maximum of the 
function equals zero. Since the factor p in equation (3.5) can be viewed as a 
variable, we can determine Pmax from equation (3.5) as follows: 

(3.6) 

Note that equation (3.6) is a quadratic function. If we calculate the Pmax-value 
for the simulation results that were given in the previous section, then we can use 
the parameters of g(x) and h(x) as given in Figure 3.6. Annual demand still is 
100,000 (250 x µ) units and the interest factor still is 15%. Solving equation (3.6) 
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gives a Pmax-value of 1.0250, which is rather dose to the value that was calculated in 
the previous section (1.0254). Figure 3.7 shows the plot of the function fp together 
with the simulation results for the calculated Pmax-value. 

In conclusion, a number of simulation results in which the Sb-level is changed 
can be used to determine the parameters of the functions g(.x) and h<..x). Thereafter, 
equation (3.6) can be used to find the Pmax-value. 

0 
x = t..Sb ____.,. 

100 200 300 400 

-2,000 

-3,000 

Figure 3.7 Function of fp for the Pmax-value of 1.0250. Also the points as found in the simulation are 
given. 

3.3.2 Experimental design and parameters 

It will be dear that the outcome of the balancing process heavily depends on the 
parameters of the model used, and thus depends on the characteristics of the pro
duction process. The purpose of this section is to determine for the simple situation 
considered the set of parameter values for which the use of recipe flexibility is eco
nomically justified. For that purpose we determine for a range of parameter values, 
the (S~, Sb> values that are required to realize the target service level in both 
products with alternative recipe use, and the (S4 , Sb) values without alternative 
recipe use. Next we determine the value of Pmax as described in the previous sub
section. This yields the maximum per unit increase in product costs for which it 
still pays to use recipe flexibility. 

We distinguish uncertainty in demand and uncertainty in supply. Uncertainty in 
supply is modeled by two parameters; the variation in raw materials quality and the 
push of raw materials (which we saw in the case examples in the previous chapter). 
These parameters are operationalized as follows. 

VARIATION IN RAW MATERIALS Q.UALI1Y 

In many process industries, raw materials are graded at arrival. For instance in 
the animal food case described in Chapter 2, soya is used in which the fraction of 
protein is the main indicator to classify soya. If 'soya class n' is ordered, the arriving 
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replenishment lot can be in class I, II or III, where a higher class stands for more 
protein. Thus the grading process can yield a lower, but also a higher quality than 
ordered. We still consider the case with two products and two raw materials and 
grading of raw materials is worked out as follows. Raw material a is reordered and 
at delivery we detect (with probability q) whether the raw material indeed is raw 
material a, or whether it can be classified as raw material b instead. The same 
procedure is followed for raw material b turning out to be a. To determine which 
raw material we received, we assume per raw material a 'Bernoulli random variable' 
with a probability q that the raw material received equals the raw material ordered 
and I -q that it is not. 

PusH IN RAW MATERIALS SUPPLY 

In the milk replacers case in the previous chapter, we saw a push in raw materials 
supply. This resulted in a delivery of raw materials that were not ordered. This push 
of additional raw materials will occupy storage capacity. These raw materials can be 
used for normal demand or as alternative raw material. In the latter case we again 
'exchange' storage capacity for more expensive recipes. This means that in the 
model used in the simulations, a push-delivery of raw materials will be a delivery of 
raw material a. After a certain interval of stochastic length, a delivery for raw 
material a is generated by the program (and not by the inventory control function). 
Since storage capacity is not modeled in the program, we restricted the total 
economical inventory. The total economical inventory can not become larger than 
the sum of the order-up-to levels of the raw materials. This means that an addi
tional delivery will occupy an unwanted part of the total inventory and it must be 
used in order to be able to reorder other raw materials; a push situation. The length 
of the interval between two push-deliveries is a random value within 80% to 100% 
of the leadtime in the current run. The size of the push-delivery stems from a 
function with the same parameters as the demand function for product I. 

UNCERTAINTY IN DEMAND 

fu mentioned above, we not only consider uncertainty in supply but also 
uncertainty in demand. Uncertainty in demand is modeled by two parameters per 
product, i.e. mean demand and the coefficient of variation (o'/µ) of demand. Other 
parameters that are used are the leadtime of raw materials and the target service 
level for measuring the performance. 

Table 3.4 shows the eight parameters that will be varied and their low and high 
value, as used in the simulations. If we only use a high and a low value of each 
parameter and if we want no two-factor interactions to be confounded with the 
main effects, we have to use a resolution-Iv design (Kleijnen 1987) which results in 
16 simulation runs. Table 3.5 gives the complete design (where 5 =123, 6 =124, 7 = 

134 and 8 =234). 
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Table 3.4 Parameter values, as used in the simulations. 

1 
2 
3 
4 
5 
6 
7 
8 

Parameter 

Leadtime of raw materials (periods) 
Variation in raw materials quality 
Push in raw materials supply 
Mean demand product 1 (units) 
Coefficient of variation of product 1 
Mean demand product 2 (units) 
Coefficient of variation of product 2 
Target alpha service level 

Table 3.5 A 284 resolution IV design for 8 parameters. 

Parameter 
Run 1 2 3 4 

1 + + + + 
2 + + + 
3 + + + 
4 + + 
5 + + + 
6 + + 
7 + + 
8 + 
9 + + + 
10 + + 
11 + + 
12 + 
13 + + 
14 + 
15 + 
16 

Low(-) 

4 
Off 
Off 
400 
0.5 
400 
0.5 
97% 

5 

+ 

+ 

+ 
+ 

+ 

+ 

+ 
+ 

6 

+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 

High(+) 

16 
On (q= 0.90) 
On 
1,600 
1.0 
1,600 
1.0 
99% 

7 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

8 

+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 

The standard formula4 for calculating the order-up-to level assumes only 
demand uncertainty and no supply uncertainty. Therefore, this formula can only be 
applied to runs in which no supply uncertainty exists {runs 7, 8, 15 and 16). Due to 
the supply uncertainty, the Sa and Sb levels of the other runs have to be increased 
above normal, even if we use fixed recipes. So we first have to find the inventory 
levels that are necessary to achieve the target service level without using the variable 
recipe option (Sa and SI). The supply uncertainty is modeled such that 100% is 
delivered, but not always the replenished material type is delivered. Therefore, the 
existing formulas for supply uncertainty (see Chapter 2, variable yield) can not be 
used and hence we simulated a situation with fixed recipes and used a double 
golden section method until the service level of both products is within 0.05 of the 
target service. Table 3.6 gives the order-up-to levels calculated with the standard 

4 The standard formula which is meant here is fully described in Appendix 2 of Chapter 5 for an Erlang 
distributed demand. 
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formulas and the order-up-to levels as found in the simulation. As can be seen in 
Table 3.6, only for the four runs in which no supply uncertainty is present, (runs 7, 
8, 15 and 16) the calculated order-up-to levels are equal to the simulated levels. The 
order-up-to levels which follow from the simulation will be used as the (Sa, St) 
values in the calculation of the pma.Xvalue. 

Table 3.6 Order-up-to levels as calculated and as found in the simulation with fixed recipes. The last four 
columns give the service levels and the physical inventories that result from the simulation S-levels. 

S-levels from u from Physical inventory 
Calculated S-levels simulation simulation (%) from simulation 

Run Sa Sb Sa Sb prod.1 prod.2 a b 

1 44,848 44,848 45,969 47,972 99.04 98.98 21,765 21,257 
2 12,738 3,185 13,710 3,687 98.99 99.02 7,756 2,745 
3 33,733 10,221 32, 152 10,252 97.00 96.99 6,713 3,152 
4 15,938 11,686 14, 114 12,423 97.00 96.97 8,149 3,730 
5 33,733 33,733 36,416 36,361 97.02 97.02 8,856 8,914 
6 15,938 3,984 17,572 3,785 97.02 97.00 8,357 3,902 
7 44,848 8,864 44,848 8,864 98.98 99.05 18,500 2,275 
8 12,738 18,567 12,738 18,567 98.96 98.96 5,544 11,365 
9 10,221 8,433 10,221 9,270 97.01 97.01 3,654 2,301 
10 2,921 15,938 2,379 23,844 97.02 96.99 4,130 11,470 
11 8,864 35,456 8,476 35,456 99.03 99.01 2,337 9,055 
12 4,642 4,642 4,190 4,758 98.97 99.01 3,002 2,778 
13 8,864 11,212 9,772 11,846 98.98 99.00 3,215 5,271 
14 4,642 12,738 4,526 15,114 99.03 98.96 4,460 7,185 
15 10,221 40,886 10,221 40,886 96.97 96.97 3, 174 12,645 
16 2,921 2,921 2,921 2,921 96.98 97.00 1,001 1,002 

3.3.3 Simulation results and conclusions 

The 16 runs are each simulated for six different Sb-values and these six points are 
used to determine the Pmax-value of a run. The complete results are given in 
Appendix 3.1. Table 3.7a gives the resulting Pmax-values per run and Table 3.7b 
gives the calculated parameter effects (linear regression parameters p). 

Only two of the eight parameters turn out to have a significant effect (signifi
cance level is 95%). A large leadtime for raw materials and a high target service level 
give the highest values for Pmax in the simulations (runs I, 7, II and 13); also see 
Table 3.5: in run I factor I is high, etc. The demand parameters do not have a 
significant effect on the Pmax-value. Also interactions seem unimportant. 

The third largest [3-effect (but not significant) is caused by the parameter that 
denotes the uncertainty in raw materials quality. This non-significance may be due 
to the relatively small variation in quality (only 10% (1 - q) of the delivered raw 
materials appears to be not right). However, if we simulate the system with a 
smaller q and hence a larger variation in quality, the situation in which fixed recipes 
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are used becomes unstable (one raw material is almost unlimited in stock while the 
other raw material has a enormous number of backorders, due to unavailability of 
the raw material) and hence the (Sa, Sb) values could not be determined. 

From this we can conclude that when the variability in raw materials increases 
(lower q) the use of recipe flexibility becomes more attractive. Nevertheless, even if 
there is no or just a small variability in raw materials, there still are many situations 
in which it is recommendable to use recipe flexibility instead of holding safety 
stock. 

Table 3.7 The Pma£values and the calculated effects. 

a) The Pmax·values b) Calculated effects 

run Pmax parameter effect Std.error 

1 1.15073 0 1.0761 0.0081 
2 1.10713 1 0.0191 
3 1.05562 2 0.0119 
4 1.02464 3 0.0079 
5 1.06269 4 0.0056 
6 1.04089 5 -0.0053 
7 1.15704 6 -0.0037 
8 1.05478 7 0.0012 
9 1.06343 8 0.0263 
10 1.10037 Two-factor confounding 
11 1.11321 12 ... -0.0048 Significant 
12 1.05697 13 ... -0.0073 effects: 
13 1.13244 14 ... 0.0058 1 leadtime 
14 1.04666 15 ... 0.0095 8 target u 
15 1.02635 16 ... -0.0033 
16 1.02502 17 ... -0.0051 

18 ... 0.0169 

CONCLUSION 

In the first chapter, we mentioned that in the type of industry studied, the profit 
margins are very small and the raw materials used constitute a major part of the 
costs. In this chapter we determined for which Pmax-value the use of recipe 
flexibility gives equal costs compared to using fixed recipes. The price difference of 
15.iYo (Table 3.7, run 7) is rather large for this kind of industries. Consequently, if 
the price difference is smaller, the use of recipe flexibility will show a decrease in 
costs. In Appendix 3.2, an example is given in which the use of recipe flexibility 
gives an increase of profit of 4.3%. In general the use of recipe flexibility will be 
soon profitable when a high service level is demanded and a long leadtime for raw 
materials exists. 

52 Chapter Three 



Appendix 3.1 Simulation output 

In this appendix two tables are given. Table 3.8 gives the complete output of the 
simulation, generated according to the resolution IV design that was given in Table 
3.5. For each run of the design, six situations were simulated in which the S/,-level 
was varied (calculated at a service level of respectively 85.0%, 87.5%, 90.0%, 92.5°/o, 

95.0% and 97.5%). 

Table 3.8 Complete simulation output. 

a service level p service level 
run S'b S' a prod.1 prod.2 prod.1 prod.2 fa'(%) #alt Inv a lnvb 

34,011 48,562 98.96 98.97 98.97 98.98 6.58 6.30 22,100 9,547 
34,891 48,267 98.99 98.97 98.99 98.98 5.70 5.46 22,093 10,138 
35,923 47,972 98.99 98.98 99.00 98.98 4.86 4.61 22,075 10,892 
37,191 47,678 99.04 98.99 99.04 98.98 3.89 3.61 22,076 11,863 
38,882 46,950 99.01 99.00 99.01 99.00 2.87 2.63 21,739 13,165 
41,573 46,530 99.02 99.03 99.03 99.03 1.58 1.42 21,774 15,401 

2 2,462 13,877 99.00 98.98 99.35 99.36 5.68 8.94 7,768 1,675 
2 2,521 13,794 99.00 98.99 99.35 99.34 5.06 7.99 7,700 1,720 
2 2,590 13,877 99.05 98.99 99.38 99.35 4.51 7.17 7,806 1,765 
2 2,675 13,877 98.96 98.99 99.32 99.35 3.78 5.94 7,808 1,849 
2 2,788 13,877 99.01 98.99 99.36 99.36 2.97 4.71 7,837 1,933 
2 2,967 13,794 99.00 99.00 99.34 99.38 1.96 3.05 7,775 2,091 

3 8,503 32,626 97.00 97.01 97.89 96.99 4.84 4.31 7,774 2,238 
3 8,723 32,574 97.04 97.02 97.93 97.01 3.96 3.51 7,780 2,400 
3 8,981 32,468 97.00 97.05 97.90 97.07 3.07 2.68 7,734 2,598 
3 9,298 32,362 96.97 97.10 97.89 97.12 2.12 1.79 7,693 2,851 
3 9,720 32,257 96.97 97.20 97.89 97.23 1.13 0.91 7,655 3,205 
3 10,393 32,152 96.97 97.72 97.90 97.74 0.16 0.13 7,616 3,808 

4 9,849 14,573 96.99 96.98 97.01 98.28 5.53 10.03 9,422 2,796 
4 10,085 14,478 96.95 96.98 96.97 98.27 4.70 8.50 9,393 2,968 
4 10,361 14,478 97.04 96.99 97.05 98.28 3.83 6.89 9,460 3,176 
4 10,700 14,384 97.03 97.00 97.04 98.24 2.89 5.20 9,440 3,441 
4 11,152 14,294 97.02 97.01 97.03 98.27 1.89 3.30 9,431 3,813 
4 11,868 14,204 97.03 97.08 97.04 98.28 0.71 1.18 9,436 4,435 

5 30,620 37,598 96.96 97.01 97.65 97.82 4.21 6.53 9,845 5,772 
5 31,029 37,424 96.97 97.03 97.68 97.81 3.73 5.83 9,857 5,996 
5 31,504 37,330 97.05 97.03 97.77 97.79 3.24 4.97 9,916 6,318 
5 32,082 37,080 96.96 97.04 97.69 97.83 2.68 4.12 9,873 6,686 
5 32,843 36,998 96.98 97.07 97.66 97.80 2.03 3.02 10,003 7,240 
5 34,035 36,748 97.00 97.13 97.67 97.85 1.19 1.74 10,025 8,162 

6 2,907 17,682 97.05 97.04 97.03 97.01 4.15 3.79 9,727 3,564 
6 3,040 17,627 97.01 97.04 96.96 97.02 3.31 2.95 9,695 3,649 
6 3,197 17,572 96.97 97.07 96.93 97.05 2.49 2.18 9,663 3,767 
6 3,394 17,572 96.98 97.12 96.95 97.17 1.48 1.29 9,683 3,944 
6 3,661 17,572 97.04 97.28 96.99 97.25 0.58 0.49 9,703 4,202 
6 4,097 17,520 97.00 98.09 96.96 98.10 0.00 0.00 9,664 4,608 
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Table 3.8 continued 
a service level ~ service level 

run S'b S' a prod.1 prod.2 prod.1 prod.2 fa'(%) #alt Inv a lnvb 

7 7,655 45, 128 99.01 98.98 99.00 99.36 2.53 5.04 18,612 1,233 
7 7,757 45, 128 99.02 98.98 99.01 99.37 2.12 4.22 18,639 1,308 
7 7,876 45, 128 99.03 98.99 99.01 99.38 1.70 3.38 18,666 1,399 
7 8,020 44,848 98.95 99.00 98.94 99.38 1.27 2.49 18,417 1,514 
7 8,211 44,848 98.96 99.02 98.95 99.40 0.83 1.60 18,446 1,676 
7 8,509 44,848 98.97 99.07 98.96 99.43 0.35 0.64 18,478 1,942 

8 11,627 15,483 98.97 98.80 99.33 98.80 8.31 8.69 7,692 5,029 
8 12,159 15, 114 98.97 98.83 99.33 98.83 6.95 7.30 7,421 5,463 
8 12,790 14,746 98.99 98.87 99.36 98.88 5.57 5.85 7,153 5,992 
8 13,577 14,220 98.96 98.89 99.35 98.90 4.14 4.37 6,730 6,676 
8 14,646 13,710 98.97 98.93 99.37 98.93 2.68 2.81 6,325 7,639 
8 16,387 13,216 99.00 98.99 99.44 98.98 1.14 1.14 5,941 9,268 

9 7,655 10,584 96.98 97.00 96.96 97.76 4.87 7.65 4,135 1,405 
9 7,757 10,540 97.00 97.01 96.97 97.75 4.44 6.85 4,133 1,465 
9 7,876 10,508 97.04 97.02 97.04 97.75 3.85 6.04 4,146 1,538 
9 8,020 10,436 96.98 97.03 96.96 97.79 3.22 4.90 4, 121 1,635 
9 8,211 10,396 96.96 97.05 96.97 97.80 2.56 3.89 4,145 1,762 
9 8,509 10,348 97.02 97.08 97.02 97.84 1.56 2.29 4,179 1,978 

10 11,627 5,781 96.98 96.66 97.35 96.66 11.67 12.72 4,607 4,386 
10 12,159 5,375 96.96 96.71 97.33 96.73 10.16 11.11 4,390 4,728 
10 12,790 4,934 97.03 96.77 97.40 96.78 8.62 9.48 4,162 5,145 
10 13,577 4,314 96.98 96.81 97.37 96.82 6.91 7.61 3,776 5,697 
10 14,646 3,508 97.01 96.87 97.42 96.87 5.07 5.62 3,280 6,456 
10 16,387 2,794 96.99 96.97 97.64 96.96 2.98 3.13 3,014 7,751 

11 30,620 12,176 99.03 98.88 99.24 99.30 2.50 5.28 5,378 4,880 
11 31,029 11,808 99.01 98.89 99.23 99.31 2.09 4.45 5,118 5,181 
11 31,504 11,454 99.03 98.91 99.24 99.32 1.67 3.56 4,874 5,546 
11 32,082 10,909 98.99 98.91 99.21 99.32 1.25 2.67 4,441 6,011 
11 32,843 10,261 98.99 98.93 99.21 99.34 0.81 1.76 3,909 6,656 
11 34,035 9,196 98.98 98.99 99.21 99.36 0.34 0.77 2,969 7,723 

12 2,907 4,584 99.04 98.95 99.03 98.95 9.30 9.25 3,215 1,223 
12 3,040 4,526 99.02 98.96 99.02 98.95 7.83 7.76 3,185 1,328 
12 3,197 4,468 99.00 98.96 99.00 98.96 6.37 6.26 3,155 1,456 
12 3,394 4,410 99.00 98.97 99.01 98.97 4.82 4.69 3,127 1,624 
12 3,661 4,355 99.01 98.98 99.02 98.97 3.20 3.06 3,103 1,859 
12 4,097 4,300 99.04 99.01 99.05 98.99 1.41 1.30 3,084 2,260 

13 8,503 10,876 99.04 98.95 99.24 98.98 6.03 5.85 3,803 2,441 
13 8,723 10,710 99.00 98.95 99.21 98.96 5.30 5.11 3,707 2,591 
13 8,981 10,582 99.00 98.97 99.20 98.99 4.40 4.16 3,641 2,786 
13 9,298 10,390 99.03 98.98 99.24 98.99 3.54 3.34 3,538 3,015 
13 9,720 10,200 98.96 99.00 99.20 98.99 2.51 2.31 3,423 3,364 
13 10,393 10,016 99.03 99.03 99.26 99.05 1.38 1.23 3,337 3,938 

14 9,849 5,714 98.99 98.93 98.99 99.43 8.29 14.97 4, 117 2,682 
14 10,085 5,576 99.01 98.93 99.03 99.43 7.42 13.44 4,076 2,838 
14 10,361 5,441 99.00 98.95 99.01 99.44 6.50 11.73 4,050 3,032 
14 10,700 5,246 99.01 98.96 98.99 99.44 5.46 9.85 3,993 3,274 
14 11,152 5,057 99.04 98.97 99.06 99.43 4.29 7.75 3,968 3,615 
14 11,868 4,816 99.00 98.98 99.02 99.44 2.84 5.02 3,955 4,197 
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Table 3.8 continued 
u service level J3 service level 

run S'b S' a prod.1 prod.2 prod.1 prod.2 fa'(%) #alt Inv a lnvb 

15 34,011 15,478 96.95 96.80 96.95 96.79 4.46 4.62 7,741 8,879 
15 34,891 14,742 96.97 96.83 96.97 96.83 3.63 3.75 7,224 9,538 
15 35,923 13,868 97.01 96.87 97.00 96.88 2.77 2.89 6,578 10,338 
15 37, 191 12,734 97.02 96.92 97.03 96.94 1.88 1.99 5,678 11,367 
15 38,882 11,340 96.96 97.04 96.96 97.08 0.95 1.02 4,530 12,808 
15 41,573 10,348 97.00 97.68 97.00 97.71 0.11 0.11 3,754 15,258 

16 2,462 3,021 96.97 96.96 98.36 98.36 3.45 7.44 1,166 733 
16 2,521 3,003 96.98 96.97 98.37 98.37 2.78 6.00 1, 160 779 
16 2,590 2,985 96.98 96.99 98.37 98.39 2.10 4.51 1,155 836 
16 2,675 2,967 97.04 97.01 98.40 98.42 1.40 2.99 1,149 908 
16 2,788 2,940 96.97 97.06 98.35 98.45 0.67 1.41 1,135 1,008 
16 2,967 2,921 96.97 97.56 98.37 98.72 0.02 0.05 1,128 1,174 

Table 3.9 gives the values of s: and Sb with their associated service levels and 
the value of fa~ calculated from the approximations (equation (3.3)) with p equal to 
the Pmax""value. 

Table 3.9 The values of the parameters at the 'Pmax·point'. The a-values are calculated with the 
'standard'-formula which is fully described in Appendix 2 of Chapter 5. 

Run Pmax fa'(%) S' a u(S'al S'b a(S'i) 

1 1.15073 1.07 46,165 99.32% 43,438 98.50% 
2 1.10713 0.88 13,313 99.48% 3,499 99.77% 
3 1.05562 1.19 32,269 93.19% 9,687 94.83% 
4 1.02464 0.87 14,217 94.11% 11,747 97.18% 
5 1.06269 0.96 36,711 99.59% 34,444 98.06% 
6 1.04089 0.95 17,555 98.46% 3,545 94.02% 
7 1.15704 0.36 44,833 99.00% 8,505 97.48% 
8 1.05478 1.24 13,241 99.43% 16,220 97.32% 
9 1.06343 0.99 10,336 97.34% 8,730 98.57% 
10 1.10037 2.33 2,362 79.92% 17,631 98.51% 
11 1.11321 0.21 8,159 94.40% 35, 167 98.79% 
12 1.05697 1.48 4,302 98.22% 4,076 97.41% 
13 1.13244 1.12 9,976 99.97% 10,623 98.05% 
14 1.04666 1.80 4,628 98.98% 12,762 99.03% 
15 1.02635 1.13 11,772 99.49% 38,498 94.51% 
16 1.02502 0.58 2,940 97.21% 2,805 95.31% 
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Appendix 3.2 Profit increase due to recipe flexibility 

In this appendix we will give an example of the increase in profit that can be 
achieved by using recipe flexibility instead of fixed recipes. For the example we will 
use run 13 from the design because this run will also be used in Chapter 7. 

The price difference that we will use for our calculations will be 2% (p=1.02), 

which is founded on price differences encountered in practice. Furthermore, we 
assume that the product costs consist for 80% of raw material costs and that the 
profit margin used is 2%. 

SITUATION WITH FIXED RECIPES 

If only fixed recipes are used, then the S-levels from Table 3.6 must be used for 
calculating the inventory costs. The Sa-level for the example equals 9,772 units and 
the Sb-level equals u,846 units. The interest factor is taken 15%, which results in 
annual inventory costs of DFL 3,272.02. 

Since no alternative recipes are use, the recipe costs for product 1 will always be 
1.02 per unit and the recipe costs for product 2 will always be 1.00 per unit. Mean 
demand for each product equals 400 units per day. We still have 250 days per year 
and hence the annual raw material costs are DFL 202,000.-. 

Raw material costs constitute 80% of the product costs and a profit margin of 
2% on the product costs is used. Considering the raw material costs, this gives a 
calculated profit of (202,000 I 0.80) xo.02=DFL 5,050.-. 

1.13244 
( Pmax) 

Figure 3.8 The function fp of the example for several values of p. The maximum of the function for a p
value of 1 .02 is reached at an S'b-level of 90% (8,981 units). 

56 Chapter Three 



SITUATION WITH RECIPE FLEXIBIUTY 

If recipe flexibility is used, then the S-levels must be set such that a maximum of 
the function fp is reached. The Pmax-value for this example is 1.13244, which is larger 
than the price difference used. Therefore, we must find the S-levels for which a 
price difference of 2% gives a maximum in the function. Figure 3.8 shows the 
function for several values of p. As can be seen, the Sb-level must be set at 8,981 
units, which can be found in Table 3.8 (run 13, third line). The corresponding s:
level equals 10,582 units. Thus, the annual inventory costs are DFL 2,966.20. 

The recipe costs for product 1 will always be 1.02 per unit, but the recipe costs for 
product 2 will depend on the use of alternatives. From Table 3.8 (run 13, third line) 
we can see that the use of alternatives is 4.40%. Hence the recipe costs of product 2 
will be 0.956 x1.oo + 0.044 x1.02 per unit. The annual recipe costs in this case are 
DFL 202,088.-. 

PROFIT INCREASE 

Comparing the two cases, we see that when recipe flexibility is used, the 
inventory costs decrease (3,272.02 ~ 2,966.20) and that the recipe costs increase 
(202,000 ~ 202,088). The total costs decrease by an amount of DFL 217.82 when 
recipe flexibility is used. This means that in this example, the use of recipe 
flexibility gives an increase in annual profit of approximately 4.3% (217.82/ 5,050}. 
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CHAPTER 4 
Production planning 

concepts 
As mentioned in Chapter 1, orders can be optimized in a single-blend or in a multi-blend. In practice 
mainly the single-blend is used. In this chapter we will work out this single-blend concept and introduce 
three multi-blend concepts. The multi-blend concepts each comprise the stochastic environment in a 
different way. An example will be used throughout this chapter to show the functioning of the concepts. 

4.1 Single-blend optimization 

In this chapter the production planning function is worked out into several 
control concepts. We will start with the simplest and most basic concept SINGLE 

optimization, which is mostly used in practice. Thereafter a general control frame
work is introduced and three new concepts are presented which all three use a 
multi-blend optimization instead of a single-blend optimization. The multi-blend 
concepts are, in some way, extensions of the single-blend concept and therefore it is 
important first to understand the functioning of the single-blend concept. 

The SINGLE concept is mostly used in practice. Customer orders are scheduled 
for production by some kind of sequencing rule (e.g. FIFO, EDD). At the start of a 
day, or even just before production of a certain order starts, the recipe for this order 
is optimized in a single-blend. After optimization, the calculated quantities of raw 
materials are subtracted from the available inventory and the recipe for the next 
order can be optimized. Orders can use only raw materials that are available at the 
time that they are scheduled for production. Since every day scheduled receipts for 
the raw materials inventory will be due which first must be analyzed for their exact 
properties, and since the proportion of customer orders accepted for future periods 
is usually very small, this control method is generally used only for calculating the 
recipes for customer orders which are scheduled for the very short term, i.e. the 
current day. Moreover, orders are optimized one at the time instead of considering 
simultaneously all orders for a total day. This is caused by the fact that the 
computing time of a multi-blend optimization used to be very long. In the next 
section we will consider the multi-blend optimization in more detail. 

So, each customer order is optimized by a single-blend of its recipe definition, 
considering available raw materials and their exact properties. The objective of the 
single-blend optimization is minimizing the raw materials costs while fulfilling the 
requirements for the properties of the product. In formal statements this gives the 
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following model (in this chapter, variables are denoted in lower case and parameters 
are denoted in upper case): 

Minimize { Lr Cr qr} 
subject to: 
Lrqr = TQ 
Lr qr Pr,i 2 TQ LP; 
Lr qr Pr,i s TQ UPi 
qr 2 TQLRr 
qrs TQU~ 
qr s AQ,. 

where: 
Cr cost of raw material r (per unit) 

for every i 
for every i 
for every r 
for every r 
for every r 

(4.1) 

(4.2) 
(4.3) 
(4.4) 
(4.5) 
(4.6) 
(4.7) 

qr the (variable) quantity of raw material rwhich is used in the current order 

(units) 

TQ total amount to be produced in the current order (units) 

Pr,i fraction of.property i in raw material r 

LPi lower bound on the fraction of property i in the recipe definition (Os LPis 1) 

UP; upper bound on the fraction of property i in the recipe definition (Os UP;s I) 
LRr lower bound on the fraction of raw material r in the recipe definition of the 

current order (0 s L~s 1) 

URr upper bound on the fraction of raw material r in the recipe definition of the 

current order (Os URrs 1) 
AQ,. available quantity of raw material r (units). 

The objective (4.1) is to minimize the total costs of raw materials. The sum of 
the quantities used (4.2) must equal the order quantity (we assume no material 
losses during production). Constraints (4.3) and (4.4) present the required amount 
of the properties in the order. The two constraints (4.5) and (4.6) denote the lower 
and upper bounds on raw materials usage in the product. These 'raw materials 
constraints' are not always active. Sometimes (as we saw in Chapter 3) it is allowed 
to use any combination of raw materials, as long as the properties of the product are 
within bounds. Finally, the quantity used of a raw material can not exceed the 
available quantity (4.7). 

The main advantage of this control method is that the optimization models are 
quite small (number of variables and constraints). Therefore the optimization is 
fast. The main disadvantage is that the dependency between orders is ignored. 
Every order is optimized as if it were the only order. Available raw materials are 
used unlimited by each order. Consequently, successive orders may become very ex
pensive or even impossible to manufacture. Nevertheless, as we saw in the previous 
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chapter, using this control method usually gives lower costs than using fixed 
recipes. 

We will give an example of how the concept works. This example will be 
repeated in the next sections where the other concepts are explained in order to 
show the differences in the concepts. The product model used here is part of the 
model used for the simulations in Chapter 7. First the complete model will be 
sketched. Suppose four products are manufactured, of which two can use alter
native raw materials. Those two products (3 and 4) use the same raw material c in 
the standard recipe, but have different alternative recipes. Product 3 can use raw 
material a as a substitute for c and product 4 can use raw material b as a substitute 
for c (see Figure 4.1). Raw materials are replenished using an (R,S) replenishment 
system. 

products 2 3 4 

\/\:~-\J 
raw materials a b c costa>costb>costc 

Figure 4.1 Example product model. Four products are produced using three raw materials. Products 1 
and 2 use only one raw material (a respectively b). Products 3 and 4 both use raw material c, but product 
3 can also use raw material a, while product 4 can also use raw material b. The solid lines indicate the 
standard recipes and the dotted lines indicate the alternative recipes. 

In Chapter 7 this model wilt be used for comparing the concepts. For sake of 
clarity at this point the available quantity of raw materials a and bis taken infinite 
which will lead to a 100% service level (no backorders). In that case demand for 
products 1 and 2 is no longer interesting because every order can be produced 
immediately. Also the demand for products 3 and 4 can always be met, but not 
always will the standard raw material c be used. Therefore the inventory of raw 
material c is important. In our example the leadtime of raw materials is 6 days. Each 
day for each product one order is generated with order size according J:o a Poisson 
distribution function with µ = 5; the order for product 3 is generated first5 . Cus
tomer orders are accepted two days ahead. Table 4.1 gives the starting inventory 
and scheduled receipts of raw material c, and a generated sequence of orders (of 
which at start only the first two days are known). 

5 The orders for product 3 are generated first because the alternative raw material for that product is the 
most expensive one and therefore should not be used if possible. If the orders for product 4 are 
generated first, this will result more often in using the most expensive alternative raw material a 
instead of the less expensive alternative raw material b. 
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Table 4.1 Information for the example used in this chapter. The sequence of customer orders is not 
completely known beforehand; only two days ahead the customer orders are accepted. The replenish
ment orders for raw material c are all generated before day 1 and are therefore known at day 1 . 

day 
1 2 3 4 5 6 7 

Customer orders {afterwards) 
prod.3 4 7 4 10 7 3 4 
prod.4 10 6 5 4 8 4 7 

Raw material c 
Inventory 14 
Repl.ords 4 4 6 11 3 10 

Customer orders are accepted two days ahead, but the SINGLE concept only 
optimizes the orders on day one. The first order for product 3 will use 4 units of 
raw material cand the second order on day one (the order for product 4) will use 10 

units of raw material c. This results in an ending inventory of zero and thus the 
starting inventory at the second day will be equal to 4 units (scheduled receipts 
arrive at the start of a day). The new replenishment order released at the start of day 
two equals 14 units and will be available at the start of day 8. The first order on day 
2 demands 7 units of product 3. Since only 4 units of raw material c are available, 
these 4 units of care used and also 3 units of the alternative raw material a are used. 
For the second order no raw material c is left and the complete order is made of 6 
units of raw material b, which is the alternative raw material for product 4. This 
procedure is repeated each day. The resulting final 'usage' -scheme of raw materials 
for the first six days is given in Table 4.2. 

Table 4.2 Final usage when using the SINGLE concept 

day 
2 3 4 5 6 Total 

Inventory of c 14 4 4 6 11 3 
Usage 
a 0 3 0 4 0 0 7 
b 0 6 5 4 4 4 23 
c 14 4 4 6 11 3 42 

As can be seen in Table 4.2, the alternative recipes are used to solve shortage 
problems of standard raw materials. In Chapter 3 we saw under which circum
stances using recipe flexibility is successful. But is this way of calculating recipes the 
best one? For instance, the usage of three units of raw material a on day 2 could 
have been prevented by using three units of raw material b instead of c on the first 
day. Then in the total usage, the use of a would decrease 3 units, while the use of b 
would increase by 3 units. Since raw material a is more expensive than raw material 
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b, this would give a decrease in total recipe costs (in fact this is the second principle 
of recipe flexibility). In conclusion, the SINGLE optimization method determines a 
local optimum per order, which may result in a poor overall performance. 

4.2 Multi-blend control concept 

4.2.1 Multi-blend 

To avoid the problem of local optima in a single-blend, all orders can be opti
mized simultaneously. This is called a multi-blend approach. By simultaneously 
considering all orders over a certain horizon, raw materials will be allocated to the 
orders such that the overall performance is optimal. It will be dear that the model 
size will increase. For a long time the required computing time was prohibitive for 
efficient use of this multi-blend approach. However, the speed of computers has 
increased rapidly. Nowadays, new (MI)LP packages are available that can solve a 
large scale multi-blend model. The single-blend model described in equations (4.1) 
to (4.7) must then be generated for every order (index u) and since a raw material 
can only be used after it has arrived, we must distinguish for each order the produc
tion day (index t) to be able to allocate available raw materials for the orders. The 
objective function now minimizes the total costs of raw materials used in all orders 
over all days: 

(4.8) 

where q,,u,t is the quantity of raw material r that is used in order u at day t and Cr 
denotes the cost of raw material r (remember that variables are denoted in lower 
case and parameters are denoted in upper case}. This means that every day a part of 
the total order u can be produced. The total quantity produced still must equal the 
ordered quantity for each order6 ( TQ;) (equation (4.2)): 

L, q,,u,t = tqu,t for every u,t 
and 

'I:, tqu,t = TQ; for every u 

(4.9) 

This however leads to a situation in which an order is produced in parts over 
several days (tqu,t> 0, for several t). If we want an order to be produced on a single 
day we need to add binary variables, Yu,t and additional constraints: 

6 In this thesis, an order exists of only one orderline (one product). 
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Lt Yu,t = 1 for every u 
and 

tqu,t = y u,t TQ; for every u, t 

(4.10) 

In this way an order is produced on a single day, and the sequencing decision is 
incorporated into the optimization model. In Rutten (1993a) the transition from 
using single-blend to using multi-blend in a process industry is considered, in 
which also the order sequencing decision is incorporated in the model. A large 
amount of binary variables is needed for representing the sequencing decision. The 
resulting calculation time of the complete (MILP) model is therefore very large, 
which makes the model not useful for practical purposes. If the sequencing of the 
orders is done before optimization, then the model size can be reduced to a large 
extent by an intelligent definition of the optimization variables for a specific 
situation. For instance, if order 5 is planned on day 6, the variables 1r,u,t for order 5 
are only required for t=6; for every other value oft, 1r.s,t will be zero, and therefore 
is not needed as a variable. This also means that equation ( 4.1 O) is not needed and 
consequently no binary variables are necessary. However, since the outcome of the 
order sequencing process may be different every day, a tool is needed which can 
generate the optimization model from the input data. 

The upper and lower bounds for the properties and/or raw materials (equations 
(4.3) up to (4.6) in the single-blend model) must be generated for every property i, 
and for every order u over all days t: 

LtLr 1r,u,tP,.,; 2 LP;,u TQ; for every i,u 
LtLr 1r,u,tP,.,; ~ UP;,u TQ; for every i,u 
Lt 1r,u,t 2 LR,.,r TQ; for every r,u 

(4.11) 

Lt 1r,u,t ~ UR,.,r TQ; for every r,u 

As mentioned before, a raw material can only be used after it has arrived and the 
available quantity constraint must be generated for every day t (aqr,t denotes the 
available stock of raw material rat the beginning of day t): 

Lu 1r,u,t ~ aqr,t for every r, t (4.12) 

Since every day scheduled receipts (R<i,t ) arnve, transition equations for the 
inventory are also necessary: 

aqr,t = aqr,t-1 - Lu 1r,u,t-I + R<i,t for every r,t > 1 
aqr,I = A<i (the currently available inventory) 

(4.13) 

The complete set of equations ( 4.8) to ( 4.13) constitute the multi-blend 
optimization model. The complexity of the model has increased; the number of 
constraints is linearly related to the number of orders and the number of days. The 
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number of variables increases by the same magnitude. Consequently, an important 
parameter for a multi-blend is the horizon that is covered by the optimization. If 
only the orders for the current day are optimized in a multi-blend, the performance 
will already be better than by single optimization. However, we still ignore the 
dependency between orders on consecutive days. In general, the overall perform
ance will be better if the optimization covers more customer orders. 

4.2.2 Deterministic and stochastic periods 

In the first chapter, we introduced a figure which relates the accepted customer 
orders to the leadtime of raw materials. From the customer order viewpoint, we can 
distinguish two important periods (see Figure 4.2): 

• a deterministic period: all customer orders are accepted 
• a stochastic period: none (or only a few) customer orders are accepted. 

The sum of these two periods is equal to the leadtime of raw materials, such that 
for all customer orders which are planned for production after these periods, the 
necessary raw materials can be replenished before production of those orders must 
start. The maximum horizon over which a multi-blend optimization can be per
formed is therefore the leadtime of raw materials. 

100% 

t 
percentage 
of accepted 

orders 

0% 

leadtime 
raw materials 

expected 
orders 

deterministic stochastic time -II> 
.,.__ period-+-------- period-------• 

Figure 4.2 ·rhe deterministic and stochastic periods. 

However, customer orders are generally only accepted for the deterministic 
period. Nevertheless, all customer orders within the planning horizon must be 
produced with the available raw materials in stock and the currently scheduled 
receipts. From the raw materials viewpoint we know which raw materials will 
become available within those two periods, but we only know the exact properties 
and quantities of raw materials currently in stock. So, the deterministic period can 
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be divided in a part in which customer orders can be produced with only the raw 
materials in stock (first part) and in a part in which also materials from the 
scheduled receipts are needed {second part). Since scheduled receipts are due each 
day, the first part of the deterministic period covers only one day. After that day, 
some of the currently available raw materials and some of the scheduled receipts can 
both be used, which makes the boundary between using and not using scheduled 
receipts for a customer order rather vague. 

In conclusion, only for the first day all deterministic information on customer 
orders and raw materials needed for the optimization is available. Consequently, 
many companies use optimization only for the orders on the first day, as mentioned 
in the first chapter. Moreover, they use a single-blend optimization and choose a 
local optimum. As has been argued earlier, using a multi-blend optimization for 
only the customer orders that are scheduled at the current day, should already give 
a better performance. 

If we can forecast the materials quality content of the scheduled receipts, then we 
could use a multi-blend optimization over the horizon where all customer orders 
are accepted (deterministic period) and hence the solution of the optimization will 
give an even better performance. We therefore have to forecast the properties of 
scheduled receipts in order to be able to use these scheduled receipts in the multi
blend model. In this thesis we will use the average value for the properties in a raw 
material as a forecast. 

The availability of a raw material for production on a certain day is denoted by 
equations (4.12) and (4.13). However, if the properties of raw material deliveries 
vary, then each delivery is in fact a unique raw material and it must be stocked 
separately in order to fully use its properties. In that case equations (4.12) and 
(4.13) no longer apply and they must be replaced by: 

Lt;::ATLu qrk,u,t S R~,AT 

for every scheduled receipt k of raw material r 
(4.14) 

Notice that r now is replaced by rk were k is an index for a scheduled receipt of a 
raw material type r. The (fixed) value AT denotes the arrival day of scheduled 
receipt r1r Many companies, however, consider a few classes for each raw material 
and they assume no variation in the properties within a class. If each class is viewed 
as a separate stock-item, equations (4.12) and (4.13) can be applied again. 

Finally, if the quantity delivered is not always equal to the quantity ordered, we 
have to use a forecast of the delivered quantity instead of the ordered quantity in 
equation (4.13) or (4.14). Since in general the delivered quantity will be rather 
close to the ordered quantity, we assume that the best forecast is the ordered 
quantity. Using these forecasts, the scheduled receipts can be handled as if they 
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were completely known and a multi-blend over all accepted customer orders can be 
performed. 

4.2.3 A control framework 

The change from a single-blend optimization to a multi-blend optimization can 
already be considered as a progress. If there are some orders scheduled for today, 
which can but need not use a certain raw material and there are some orders 
scheduled on day two or three, which must use that certain raw material, then the 
performance can be improved by retaining that raw material for use on day two or 
three instead of using it on day one. Since the SINGLE concept considers only one 
order at a time, the SINGLE concept will tend to use the raw material for the orders 
on day one. A multi-blend concept, however, considers all orders simultaneously 
and will take into account that the raw materials under consideration can be better 
used in orders that are scheduled later and will thus retain the raw material from 
being used by earlier scheduled orders. Summarizing, using a multi-blend concept 
will result in selective use of raw materials that are scarce. 

However, not all orders within the leadtime of raw materials are accepted in 
advance while the currently available inventory and scheduled receipts must be 
sufficient for all customer orders within the leadtime. In Figure 4.2, we distin
guished two periods within the leadtime of raw materials; the deterministic and the 
stochastic period. For the deterministic period, a multi-blend optimization of all 
customer orders can be used. But we want to make sure that the inventory that is 
left over just after the deterministic period is sufficient for the (unknown) customer 
orders in the stochastic period because we expect that in that case the total costs 
may decrease. 

For controlling the inventory, two control levels can be distinguished which have 
a hierarchical relationship. Therefore, we distinguish two control functions in our 
framework: (I) the material requirements planning level and (2) the production 
level. The planning horizon of the first level equals at least the leadtime of raw 
materials. The main functions on this level are reordering raw materials and 
generating inventory constraints ('reservations' of raw materials for the expected use 
in the stochastic period) for the second level. At the second level the planning 
horiwn is determined by the length of the deterministic period. Accepted customer 
orders are optimized and translated to production orders. The inventory constraints 
generated by the first level are used as additional constraints for the optimization of 
orders. The concept is illustrated in Figure 4.3. 

The two control levels are linked by the expected inventory position at the end 
of the deterministic period. The usage during the deterministic period is calculated 
at the production level, which results in a certain ending inventory. This ending 
inventory and the scheduled receipts during the stochastic period together are the 
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constraints for the performance during the stochastic period. It is possible to obtain 
a different ending inventory at the end of the deterministic period by affecting the 
optimization in the deterministic period (adding additional constraints). A different 
ending inventory will give a different condition for performance during the stochas
tic period. This may require an increase of the costs in the deterministic period, 
because we can decide to retain some raw materials for possible use in the stochastic 
period. We might do this if we expect that this ending inventory will results in a 
decrease in the expected costs during the stochastic period. In conclusion, we have 
to optimize the use of materials during the deterministic period such that the sum 
of expected costs during the deterministic and stochastic periods is minimized (see 
Figure 4.4 on the next page). 
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Figure 4.3 A general framework for production and inventory control with recipe flexibility. 

In the first section of the previous chapter, we mentioned that the cause of 
delivery problems in practice is twofold; the environment is stochastic and the 
optimization models used are myopic (single-blend). We already mentioned that 
nowadays multi-blend models can be applied efficiently, but must be embedded in 
a stochastic problem environment. For the production planning function, the main 
stochastic elements are the unknown customer orders, for which in Chapter 3 two 
solutions were mentioned: 
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• using pseudo orders. Act as if the situation is deterministic. This means that 
forecasting information is used to define expected orders for the stochastic 
period, which are added to the time phased array of real orders for the deter-
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m1mst1c period. This total set of orders is optimized by a multi-blend 
optimization model, considering simultaneously raw materials inventories and 
time-phased deliveries. 

• using forecasting information to generate a probability density function for 
the future raw materials requirements. This means that for the stochastic 
period, a forecast is made of expected raw materials requirements (which 
depend on the demand distribution function). These requirements are trans
lated into constraints for the optimization over the deterministic horizon 
(preserving raw materials from being used). 

i 
costs ~ expected costs 

in the 
stochastic period 

no additional 
constraints 

total expected 
costs 

inventory position 
at the end of the --+ 

deterministic period 

many additional 
constraints 

Figure 4.4 Costs are dependent on the inventory position at the end of the deterministic period. 

The latter can be applied on a long term basis or on a short term basis. The forecast 
on a long term basis will include seasonal variations, but on the short term this will 
lead to rather constant requirements for the stochastic period and therefore to fixed 
inventory constraints at the material requirements level. A forecast on a short term 
basis will show more variations in time and will therefore lead to varying inventory 
constraints at the material requirements level. 

In conclusion, three options are considered for comprising the stochastic cus
tomer orders in an optimization model. In the next sections, three multi-blend 
concepts will be presented, in each of which one of the above mentioned solutions 
is applied. The TOTAL concept will use pseudo-orders; the MARGINS concept will be 
based on the long term forecast and the BALANCE concept will be based on the short 
term forecast. In Chapter 7 these three multi-blend concepts and the single-blend 
concept will be compared to show which concept gives the best performance. 
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4.3 The TOT AL concept 

We will start with the easiest multi-blend concept that we will call the TOTAL 

concept. The TOTAL concept uses pseudo-orders for the stochastic period and 
assumes a complete deterministic situation. For every day of the stochastic period a 
forecast (mean value) is generated of the expected quantity ordered per product. 
These forecasts are used as pseudo-orders. 

The scheduled receipts that are due within the stochastic period are handled the 
same way as the scheduled receipts that are due within the deterministic period; 
they are handled as if they are certain. In this way a 'deterministic' situation is 
created which covers the leadtime of raw materials. 

The effect of preserving raw materials for use in the stochastic period is not 
dearly visible in this concept. It can be determined if the optimization is performed 
twice; once a multi-blend is performed for only the deterministic period and once 
the TOTAL optimization, as described above, is executed. In both optimizations we 
can measure the inventory directly after the deterministic period. By comparing the 
two inventory positions, we have found the raw materials that are retained for the 
stochastic period by the TOTAL concept. 

As an illustration, we apply this approach to the example case presented in the 
previous section (Table 4.1 on page 62). The orders of the first two days are 
accepted (deterministic period) and for day three up to day six, pseudo-orders are 
generated each with a size of 5 units (mean demand). Table 4.3 gives the orders 
used in the optimization and the optimization result of the production planning of 
the first day. The production for day one will use 4 units of b and IO units of raw 
material c. Notice that raw material bis used on day one to prevent the use of raw 
material a on days two (accepted customer orders) and three (pseudo-orders). 

Table 4.3 Optimization result of the first day optimization with the TOTAL concept. 

day 
2 3 4 5 6 

Customer and pseudo orders 
prod.3 4 7 5 5 5 5 
prod.4 10 6 5 5 5 s 
Raw material c {inventory is calculated) 
Repl.ords 4 4 6 11 3 
Inventory 14 8 5 6 11 5 

Usage of raw materials 
a 0 0 0 0 0 0 
b 4 6 s 4 1 5 
c 10 7 s 6 9 5 
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The replenishment order released at the start of day two equals IO units and will 
be available at the start of day eight. The same procedure is followed the next days 
and the result for the first six days is given in Table 4.4. "When comparing the total 
usage of the SINGLE concept (Table 4.2 on page 62) with the total usage of raw 
materials when using the TOTAL concept (Table 4.4), it can be seen that the use of 
the standard raw material c in this example is equal for both concepts, but the 
SINGLE concept uses more of the alternative raw material a and the TOTAL concept 
uses more of the alternative raw material b. This is in line with the expectation that 
the TOTAL concept sometimes preserves scarce raw materials (c} for use at a later 
point in time which results in lower costs. 

Table 4.4 Final usage when using the TOTAL concept. 

day 
2 3 4 5 6 Total 

Inventory of c 14 8 4 6 11 3 
Usage 
a 0 0 0 4 0 0 4 
b 4 5 5 4 4 4 26 
c 10 8 4 6 11 3 42 

4.4 The MARGINS concept 

The MARGINS concept is based on a long term forecast (e.g. one year) of the 
future raw materials requirements and uses a restricted recipe for controlling 
stochastic variations (see Chapter l; the set of raw materials is fixed, the amounts 
may be varied). The assumption made in this control concept is that only long term 
variations in demand and supply can cause changes in the set of raw materials to be 
used in a recipe. Short term fluctuations, such as varying properties in a scheduled 
receipt, can be dealt with within the long term constraints. 

Therefore, the MARGINS concept first calculates a long term recipe. The long term 
availability of raw materials and the expected quantities ordered per product are 
used as input for the long term recipe optimization. For example, in a situation 
with a seasonal availability of raw materials the long term recipe can be changed 
before and after the harvesting period due to the (long term) availability of raw 
materials. So periodically the long term recipe must be revised in order to anticipate 
to long term, predictable variations in demand and in materials supply. Optimiza
tion of the long term recipe is a multi-blend optimization over all products. If there 
are no specific limitations in supply or demand, the long term recipe will result in 
the most economical (standard) recipe. So differences between the long term recipe 
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and the standard recipe will occur only if there is a structural disagreement between 
supply and demand. 

The long term recipe optimization is a multi-blend optimization that can be 
described by the following model: 

Minimize{ L p Lr Cr lqr,p} 

subject to: 

Lr lqr,p = LTQp for every p 

Lr lqr,p P,.,; ;?: LTQp LP;,p for every i, p 

Lr lqr,p P,.,i:::; LTQp UP;,p for every i, p 

L p lqr,p :::; LAQ. for every r 

where: 
Cr cost of raw material r 

(4.15) 

lqr,p the (variable) quantity of raw material rwhich is used in product p (units) 
LT<Jp total expected quantity to be ordered by customers of product p (units) 
Pr,i standard fraction of property i in raw material r 

LPi,p lower bound on the fraction of property i in the recipe definition of product 

p(O:::;LPi,p:::;1) 
UPi,p upper bound on the fraction of property i in the recipe definition of product 

p (O::; UPi.p:::; I) 
LAQ. the long term availability of raw material r in the supply market (units). 

On the short term, this long term recipe is used as a basis for production. Due to 
variations in properties and/or quantity of actual raw material deliveries, small 
changes in the recipes are accepted in order to fulfill the product properties. In 
order to restrict the optimization in its use of raw materials, the 'raw material 
constraints' in equation ( 4.11) are changed. These constraints now only allow the 
usage of raw materials in a narrow range around the values as determined in the 
long term recipe. The resulting values of lqr,p divided by LT<Jp from the long term 
recipe optimization are used as a reference for the margins on the raw materials 
constraints in the operational (multi-blend) recipe definition as follows: 
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Lt qr,u,t ;?: F,.,u LMr,u T~ 

Lt qr,u,t :::; F,.,u UMr,u T~ 

for every r,u 

for every r, u 

where F,.,u = :~Qp with lqr,p and LTQP taken from (4.15) 

(4.16) 

and t = 1 ... length deterministic period, 0 :::; LMr,u :::; 1 , 1 :::; UMr,u :::; } 
r,u 
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LMr,u and UMr,u denote the lower and upper margins for a raw material. The 
value of the margins can be determined historically, or can be set from a strategic 
point of view. If the lower and upper margins are equal, then we use fixed recipes. 
If the lower margin equals zero and the upper margin equals 1/ Fr,u• then we use full 
recipe flexibility in the optimization. 

The use of the MARGINS concept can be profitable for instance in situations 
where a push in raw materials supply occurs that may fill up available inventory 
capacity. Using a lower bound in that case can assure that the 'pushed' raw material 
is used regularly and does not fill up inventory capacity. In the same way, the 
margins can be used to preserve raw materials for the stochastic period. Since the 
margins are determined on a long term basis, these margins will only function 
correctly when short term variations are relatively small. 

By controlling the usage of raw materials by the margins, the actual usage will be 
dose to the planned use of raw materials. Therefore, a certain condition for per
formance in the stochastic period will be created. In this concept, the assumption is 
that the ending inventory afrer the deterministic period is sufficient, so there is no 
need to include the stochastic period in the LP-problem. 

Table 4.5 First three days of the MARGINS concept with an upper margin of 50%. 

First day optimization Second day optimization Third day optimization 
day 1 day 2 day 2 day 3 day 3 day4 

Orders 
prod.3 4 7 7 4 4 10 
prod.4 10 6 6 5 5 4 

Raw material c 
Repl.ords 4.0 4.0 6.0 
Inventory 14.0 9.0 4.5 
Calculated usage of raw materials 
a 0.0 1.0 1.5 2.0 2.0 5.0 
b 5.0 3.0 3.0 2.5 2.5 2.0 
c 9.0 9.0 8.5 4.5 4.5 -+ 7.0 

If we apply the MARGINS concept to the example, we first have to perform a long 
term recipe optimization. If we assume no limitations in demand or supply, this 
long term optimization will result in standard recipes, i.e. both products 3 and 4 are 
completely produced out of raw material c. The lower margins of alternative raw 
material use will therefore be zero for both products. We assume that maximum use 
of alternative raw material in this example is 50% of the total quantity (an order can 
be produced for maximum 50% out of alternative raw material). The short term 
optimization model optimizes every day the complete deterministic period and the 
results for the first three days are given in Table 4.5. 
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As can be seen, due to the upper margin on alternative raw material and a 
shortage of the standard raw material c, the customer orders on day 4 can not 
completely be produced and have to be backordered. In fact, we are limiting the 
flexibility of the recipes by defining the upper margin, as was mentioned above. If 
both margins approach each other, the recipe will become more and more a fixed 
recipe. We therefore calculated the complete example again, but now we used full 
recipe flexibility, which means that the upper margin is 100%; the total usage is 
given in Table 4.6. 

When comparing the total usage of the MARGINS concept with the total usage of 
the TOTAL concept, we see no difference. However, comparing the usage per day 
does show some differences at day one and two. This may mean that the perform
ance of both concepts in a stochastic simulation will be almost similar. If that is the 
case then it means that the influence of the pseudo-orders on the performance is 
very small. To test this hypothesis in the simulations in Chapter 7 we will also use 
full flexibility in the MARGINS concept. 

Table 4.6 Final usage when using the MARGINS concept with an upper margin of 100%. 

2 3 4 5 6 Total 

Inventory of c 14 7 4 6 11 3 
Usage 
a 0 0 0 4 0 0 4 
b 3 6 5 4 4 4 26 
c 11 7 4 6 11 3 42 

4.5 The BALANCE concept 

4.5.1 Introduction 

In contrast to the MARGINS concept, in the BALANCE concept short term 
variations in demand and supply are considered relevant for determining the total 
expected costs. Therefore, the BALANCE concept assumes full recipe flexibility (see 
Chapter 1). At each decision moment we determine for each possible composition 
of the ending inventory after the deterministic period, the associated costs in the 
deterministic period and the expected costs in the stochastic period. These two 
costs are in balance when the total expected costs are minimal. The corresponding 
position of the ending inventory, which is a balanced inventory position, is then 
chosen to be target for the current production plan. In order to calculate the 
balance we need to know two cost functions: 
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• Additional costs to be made in the deterministic period to achieve a certain 
prescribed target inventory position after the deterministic period. 

• Expected costs in the stochastic period, when starting with a certain inventory 
position which remains after the deterministic period. 

If we perform a multi-blend over the deterministic period, we get a 'basic 
solution'. Next, we can limit the usage of certain raw materials in order to change 
that solution. On the one hand, this will give an increase of costs in the determinis
tic period. On the other hand, the basic solution will most likely give the highest 
expected costs for the stochastic period since scarce raw materials are not necessarily 
preserved for use in the stochastic period. If the usage of raw materials in the deter
ministic period is limited, scarce raw materials will remain available for the 
stochastic period and hence the expected costs in the stochastic period may 
decrease. The objective is to find the minimum of the sum of these two cost 
functions. 

In the next two subsections we will investigate the two cost functions more 
thoroughly. In the last subsection we will work out the example case which was also 
given for the other concepts. 

t 
usage of 

raw material 
r1 

\objective function (minimize cost} 
\ \ 
\a\ 
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on usage of r2 

usage of raw material r1 --+ 

Figure 4.5 Graphical solution of a situation with two raw materials. The two gray areas denote the 
feasible solution space. 

4.5.2 Additional costs in the deterministic period 

Since all customer orders are accepted in the deterministic period, a multi-blend 
optimization can be used for calculating the recipes. Suppose we have a situation in 
which only two raw materials are used. This gives a two-dimensional solution space 
which is given in Figure 4.5 by the two grayed areas. The x- and y-axis denote the 
amounts used of the two raw materials. The dotted line represents the objective 
function and it is obvious that point a is the optimal solution. 

Point a gives the basic balance between raw materials r1 and r2• Suppose we wish 
to retain more raw material r2 for use in the stochastic period. Adding an upper 
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bound constraint on the maximum usage of raw material r2 (the horizontal line in 
Figure 4.5) will lead to another solution space (the dark gray area) and hence to 
another optimization result: point b. Costs in point b will be higher compared to 
the costs in point a, but in point b more units of raw material r2 remain available. 

It is also possible to add the objective function as a constraint to the model and 
demand a certain increase in costs, as is illustrated in Figure 4.6. In this case, not 
only the remaining inventory of raw material r2 will change, but also the inventory 
of r1 will change. The solution in Figure 4.6 is degenerated which means that every 
point on the line c-d is valid as an optimal solution and will give equal costs. If the 
'objective constraint' gives the maximum accepted cost increase, in fact the whole 
area enclosed by a, b, c and d is valid as a feasible solution space. This solution 
space can be used in combination with the expected costs of the stochastic period. 
In conclusion, a range of solutions is possible of which we can determine the 
increase in costs compared to the 'basic solution'. 

i 
usage of 

raw material 
'2 

' 
objective\ 
function 'a 

usage of raw material r1 ---+ 

Figure 4.6 The objective function as an additional constraint. 

The method of using an additional raw material constraint gives more control on 
usage of raw materials; the method of using an allowable increase in costs gives 
more control on costs. In this thesis the complexity of the used product models is 
constructed such that both methods will yield the same result. Since the method of 
using an additional raw material constraint is more transparent we will therefore 
only use additional raw material constraints in order to preserve raw materials for 
use after the deterministic period. 

4.5.3 Expected costs in the stochastic period 

To determine the expected costs in the stochastic period, two factors must be 
known: the available inventory of raw materials and the quantity ordered per 
product. From these two factors follows (via optimization) the quantity used of raw 
materials. The quantity used per raw material times the cost per unit gives the 
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expected costs. Thus, the result of the optimization (minimum costs for the period 
considered) in some way is a function of the quantity ordered per product and the 
available inventory. If we denote the quantity ordered by a matrix TQ where 
element p,tof the matrix, tqp,t• is the quantity ordered for product pat day t, and if 
we denote the available inventory by the vector aq where element r of the vector, 
aqr, is the available quantity of raw material r, then the multi-blend optimization, 
as described in equations (4.8) to (4.13), can also be written as7 : 

C(TQ, aq) (4.17) 

In the stochastic period, only a few or none customer orders are accepted. We 
assume we only know the probability density function of the demand per product, 
denoted by f(x). The total expected demand in the stochastic period can be 
presented by the following symbolic expression: 

00 

fXf(X)dX=M (4.18) 
0 

where element p,tof matrix X and M, denotes product p on day t. 
In the TOTAL concept, equation (4.17) is solved in which TQ equals the accepted 

customer orders for the part that denotes the deterministic period and in which TQ 
equals the mean values from matrix Min equation (4.18) for the part that denotes 
the stochastic period. The vector aq equals the available inventory. That concept 
negates the uncertainty in the demand in the stochastic period. When demand is 
realized, it will probably differ from M and thus the raw material usage will be 
different which will result in different costs. 

So in order to account for the stochastic demand, the LP-problem must be solved 
for every possible realization of TQ in the stochastic period, which can be done by 
applying equation (4.17) for the stochastic period within the integral of equation 
(4.18): 

<:JO 

f C(TQ, aq) f(TQ) d TQ (4.19) 
0 

As can be seen, equation (4.19) is a cost function in which the variables aqr are 
present in the vector aq. The available inventory in the stochastic period is the 
ending inventory of the deterministic period (plus the (known) scheduled receipts 
that arrive during the stochastic period). The ending inventory can be influenced 
by adding constraints to the optimization over the deterministic period, as was seen 
in the previous subsection. For every possible position of the ending inventory (the 

7 Also a matrix RQ is needed which denotes time-phased deliveries of scheduled receipts for raw 
materials. Since this matrix is given (fixed) for the production planning function, it is left out for sake of 
readability. 
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x-axis in Figure 4.4 on page 69) equation (4.19) is used to determine the expected 
value of the minimal recipe costs in the stochastic period, and the minimal recipe 
costs of the deterministic period follow from the multi-blend optimization over the 
deterministic period. In this way, we can determine the ending inventory position 
that gives the lowest total expected recipe costs. 

There are two problems in calculating the total expected cost function this way: 
1. Since the problem is continuous (variables are not integer) and multi

dimensional (multiple raw materials are used), it is not possible to check all 
possible 'ending inventory-positions'. 
It will be sufficient to vary the ending inventory of only raw materials that can 
be replaced by alternatives. Moreover, these raw materials have to be checked 
only if they are low in inventory. This should reduce the problem to a few raw 
materials. Furthermore, we assume that it is not necessary to check every pos
sible inventory position; checking some (equidistant) 'grid-points' should do. 

2. Within the calculation of the integral in equation ( 4.19) an optimization is 
necessary which is performed by an optimization model. 
For simple models, as we will see in the next subsection, the optimization 
model can be replaced by much simpler (but situation-specific) functions, 
which can be integrated in the demand function. For more complex models, 
sensitivity analysis techniques can be applied to the solution of an optimiza
tion model to determine the point where a new optimization is necessary. 
Between two points, the result of the optimization will remain constant (Taha 
1982). 

4.5.4 Example of calculating the expected costs 

We will demonstrate the balance calculation for the product model that was also 
used as an example in the previous concepts. The product model is repeated in 
Figure 4.7. For simplicity, the inventory of raw materials a and b was supposed to 
be infinite, so in this case, raw material c is the only raw material that must be 
considered. 

products 2 3 4 

\_)\_~\:) 
a b c costa>costb>costc raw materials 

Figure 4.7 Example product model. Four products are produced using three raw materials. Products 1 
and 2 use only one raw material (a respectively b). Products 3 and 4 both use raw material c, but product 
3 can also use raw material a, while product 4 can also use raw material b. The solid lines indicate the 
standard recipes and the dotted lines indicate the alternative recipes. 
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For determining the expected costs in the stochastic period as a function of the 
ending inventory, we have to determine the expected usage of the different raw 
materials. Let Jc denote the inventory position (raw material c), Er(Ic) denote the 
expected usage of raw material r given inventory Jc and c7 denote the cost of raw 
material r, then the expected value of recipe costs is: 

(4.20) 

The expected usage of the different raw materials follows from the combination 
of the optimization and the integral over the demand function (4.18). From an 
'optimization' -view, the demand for products 3 and 4 can be graphically displayed, 
see Figure 4.8. 

i 
demand 

for 
product 4 

(x4) 

00 

IC 

IC 
demand for 
product 3 (x3) ---+ 

00 

Figure 4.8 Graphical presentation of demand for products 3 and 4. 

The complete area displayed in Figure 4.8, can be divided into three areas that 
have a different optimal solution: 

1. Total demand (x3 + x4) is lower than or equal to the inventory position Jc; only 
raw material c will be used. The amount used of c equals x3 + x4• 

2. Demand for product 3 is lower than or equal to the inventory position and 
total demand is larger than the inventory position; product 3 will use raw 
material c and product 4 will first use the remaining inventory of c and some 
raw material b. Raw material c will be used completely Uc ) and the amount 
used of raw material b equals x4-(Ic-x3 ). 

3. Demand for product 3 is larger than the inventory position Jc; product 3 will 
use all available raw material c and some raw material a to fulfill demand. The 
order for product 4 will consist completely of raw material b. Again raw 
material c is used completely, the amount used of raw material b equals 
demand for product 4 (x4) and the amount used of raw material a equals x3 - Jc 
units. 
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We now are able to evaluate expression (4.20): 

le le-X3 

Ec(Jc) = J J(x3 +x4)f3(x3)f4(x4)dx4 dx3 + 
0 0 

l oo 0000 

J J le f3(x3) f4(x4) dx4 dx3 + J J le f3(x3) f4(x4) dx4 dx3 
(4.21) 

0 le-X3 le 0 

l oo 

Eb(Jc) = J J(x4 -(le -x3))f3(x3)f4(x4)dx4 dx3 + 
0 le-X3 

00 00 
(4.22) 

J J X4 f3(x3)f4(x4)dx4 dx3 
le 0 

00 00 

Ea(Jc) = J f{x3 - le) f3(x3) f4(x4)dx4 dx3 (4.23) 
le 0 

The three 'usage' -functions can be plotted for every value of Jc which gives 
Figure 4.9. As can be seen from Figure 4.9, when the inventory of raw material c 

increases (in other words, raw material c becomes less scarce), the expected usage of 
the alternatives decreases, whereby the usage of the most expensive alternative a 

decreases fastest. If the costs per unit are known, the expected costs can be 
calculated by equation (4.20). 

10 
r=c 

8 

i 6 
f,(/C) 

4 

2 

5 10 I _...15 
c 

20 

Figure 4.9 Expected usage of raw materials a,b and c. 

For every value of Jc the recipe costs of the deterministic period must be 
calculated. Suppose that at the first planning day of the example a multi-blend 
optimization is performed over the deterministic period without additional con
straints, then the ending inventory will be zero units of raw material c and the 
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associated costs in the deterministic period are 9cb + 18c, as can be seen in the left 
hand side of Table 4.7. The inventory that is available at the start of the stochastic 
period then equals 4 units (a scheduled receipt arrives at the start of day 3). 

Table 4.7 Optimization over the deterministic period for the first planning day. 

first day optimization first day optimization with additional 
constraint: 1 unit of c is preserved 

day 1 day 2 day 3 day 1 day 2 day 3 

Orders 
prod.3 4 7 4 7 
prod.4 10 6 10 6 

Raw material c 
Repl.ords 4 4 
Inventory 14 0 14 
Calculated usage of raw materials 
a 0 0 0 0 
b 3 6 4 6 
c 11 7 10 7 

Suppose we add a constraint to retain one extra unit of raw material c after the 
deterministic period. Then the optimization result changes, as can be seen in the 
right hand side of Table 4.7. The recipe cost has increased by cb-cc. The constraint 
can be tightened (which means that more units of c are preserved) and the fourth 
column of Table 4.8 shows the increase in recipe costs which is associated with 
preserving different amounts of raw material c for use in the stochastic period. 

For every value of I, the expected costs in the stochastic period follow from 
equation (4.20). These costs are given in the fifth column of Table 4.8. The last 
column shows the sum of the two cost functions. We can see that in this example 
preserving 4 units of raw material c gives the lowest total expected costs. 

Table 4.8 Costs associated with the ending inventory for the first day production plan. The raw materials 
costs for a, b and c are set at respectively 110, 102 and 1 00 per unit. The ending inventory plus the 
arriving replenishment order at day 3 constitute the available inventory for day 3 (le). 

Number of 
units of c 
preserved 

0 (basic) 
1 
2 
3 
4 
s 

4 
5 
6 
7 
8 
9 

Recipe costs 
deterministic 

period 

2,718.00 
2,720.00 
2,722.00 
2,724.00 
2,726.00 
2,728.00 

Production planning concepts 

Additional costs 
deterministic 

period 

0 
2 
4 
6 
8 

10 

Expected value 
of recipe costs 

stochastic period 

1,025.40 
1,019.00 
1,014.03 
1,010.32 
1,007.64 
1,00S.73 

Total expected 
costs 

3,743.40 
3,739.00 
3,736.03 
3,734.32 

~ 3,733.64 
3,733.73 
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This procedure is again applied every day and the final usage scheme is given in 
Table 4.9. If we compare the total usage of the BALANCE concept with the total 
usage of the TOTAL concept (Table 4.4 on page 71), we see that the BALANCE concept 
uses fewer units of raw material a which means that total costs will be lower. This is 
due to preserving more raw material c in the first days. If demand is rather constant, 
no or only minor performance differences are expected between these two concepts. 
If demand is highly variable, then the BALANCE concept accounts for this variability 
by preserving raw material in a more balanced way. Therefore, performance differ
ences between these two concepts are expected in situations with highly variable 
demand. 

Table 4.9 Final usage when using the BALANCE concept. 

day 
2 3 4 5 6 Total 

Inventory of c 14 11 6 8 11 3 
Usage 
a 0 0 0 2 0 0 2 
b 7 4 5 4 4 4 28 
c 7 9 4 8 11 3 42 

4.6 Conclusion 

In this chapter we presented four control concepts for the use of recipe 
flexibility. An example was used to illustrate the functioning of the concepts and 
make some careful comparisons. In Chapter 7, all four concepts will be simulated 
under various circumstances and statistically founded conclusions will be given for 
the differences in performances between the concepts. 
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CHAPTER 5 
The inventory control 

function 
In this chapter we will deal with the inventory control function. We will extend the single-blend concept 
in its inventory control function and show that this extension, which is also embedded in the multi-blend 
concepts, creates a more straightforward comparison of the raw material use in the concepts. Then we 
will derive a formula for the reorder quantity in a lost sales situation. Finally, we will present a heuristic 
for the above mentioned reorder quantity formula. 

5.1 Introduction 

In the previous chapter, we developed four concepts for production planning 
with recipe flexibility. Only one of these concepts uses a single-blend optimization 
and the other three use a multi-blend optimization. Using a multi-blend optimiza
tion has two effects: 

• Raw materials are better distributed over the orders than in a single-blend 
optimization. 

• Since future orders are also included in the optimization, possible inventory 
depletions will be noticed earlier and hence adequate actions for replenish
ment of inventory can be taken earlier. 

Since we are interested in the effect on the performance due to the differences in 
raw material use between the concepts and not in the effect of differences in 
replenishment ordering, we will extend the SINGLE concept such that information 
on future orders is also used in that concept for replenishments. This extension is 
given in Section 5.2. 

The use of recipe flexibility on itself also has an impact on the inventory control 
function. If an alternative raw material is used, demand is lost for the 'standard' raw 
material instead of backordered. Hence demand for the standard raw material acts 
according to a 'lost sales' inventory model. In the literature the difference between 
lost sales and backordering usually is neglected (Silver 1981, Tijms and Groenevelt 
1984). In Section 5.3 we will show that this is not always justified and we will 
develop a new inventory algorithm for the case oflost sales. 

Because the resulting formula is very complex, also a heuristic will be given. The 
heuristic better fits in with the strategies as known in the literature. The heuristic is 
presented in Section 5.4. 
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5.2 Extended SINGLE concept 

In the previous chapter, several control concepts were described. Only one uses a 
single-blend optimization and all the others use a multi-blend optimization. When 
using a multi-blend optimization to support the production planning function, two 
things happen: 

• Since all orders are simultaneously optimized, raw materials will be allocated 
to successive orders such that the overall recipe costs are minimized. 

• If a future order (e.g. planned at day 2 or 3 in the deterministic period) can 
not be completely produced, this will be known just after the planning phase 
of the current day and additional replenishment orders can already be released 
to solve this (future) problem. This has an impact on the inventory control 
activity. 

Both effects do not occur in the single-blend concept as described in the previous 
chapter, since the single-blend concept only optimizes (one by one) the orders that 
are scheduled for the current day. Backorders are noticed only for the orders that 
are scheduled for the current day. In other words, available information about the 
materials requirements for (accepted) future orders is not used. This means that the 
length of the deterministic period has no impact on the performance of the SINGLE 

concept. 
In order to create a more straightforward comparison of the raw material use in 

the single-blend and multi-blend concepts, we should extend the SINGLE concept, 
such that the inventory control activity is also incorporated. The EXTENDED SINGLE 

concept not only calculates the recipes for the orders that are scheduled for the 
current day, as does the SINGLE concept, but performs a single-blend for every 
accepted order (= all orders within the deterministic period). In this way, future 
backorders will be noticed earlier and thus necessary actions (replenishment orders) 
can be taken earlier. This will decrease the frequency and duration of shortage 
occurrences and therefore will increase the performance as the length of the 
deterministic period increases. However, every order is still optimized in a single
blend which means that available inventory is considered per order and not simul
taneously for all orders as is the case in a multi-blend. 

Extending the single-blend concept to include the stochastic period also has no 
further effect, since in all concepts no replenishment orders are released for 
expected backorders in the stochastic period. 

In conclusion, after including the inventory control effect in the single-blend 
concept, the performance differences between the single and multi-blend concepts 
are due to the sequential versus the simultaneous consideration of the orders. 
Whenever in the remainder of this thesis, the SINGLE concept is mentioned, the 
EXTENDED SINGLE concept will be used. 
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5.3 Lost sales inventory control8 

5.3.1 Introduction 

In the simulations in Chapter 3, we used one of the basic product models in 
which two products (1 and 2) are sold (see Figure 5.1). Product 1 is made out of raw 
material a. Product 2 is made out of raw material b, but can also be made out of 
raw material a. Raw material a is slightly more expensive compared to raw material 
b. Both raw materials a and b are stocked. The demand for both products is 
stochastic. As we have seen in the simulations in Chapter 3, in this situation it may 
be worthwhile to limit the amount of inventory for raw material b and to use raw 
material a instead of raw material b if raw material b runs out of stock. If that 
occurs, demand for raw material b is lost since the product will be made out of 
material a. So in order to control this type of situation, methods to determine the 
order quantity are needed for the lost sales model where quite low service levels are 
allowed. 

products 

raw materials cost a > cost b 

Figure 5.1 Two products are produced using two raw materials. Product 1 uses one unit of raw material a 
per unit of demand; product 2 uses one unit of raw material b per unit of demand. However, product 2 
can also use one unit of raw material a per unit of demand. The solid lines indicate the standard recipes 
and the dotted line indicates the alternative recipe. 

Much research has been done on inventory control for situations in which back
ordering is allowed. Much less research has been done on the situation with lost 
sales. In most of this research the difference between lost sales and backordering is 
neglected. This is justified if the service level is high (see for instance Silver 1981, 
Tijms and Groenevelt 1984). 

However, we consider situations where the service level is deliberately kept quite 
low (alternative raw materials are used to produce the orders). Thus it might be that 
for our situation this approach is not justified. To check this we have performed 
some simulations. The simulation results show that the extent of the under
estimation of the a service level of a backorder model depends on the leadtime and 

8 This section is retrieved from Rutten et al. (1992) and it would not have been in the current state 
without the co-authors of that paper. Karel van Donselaar was of great help in the analysis phase and 
Ton de Kok and Gert Regterschot provided formal proof of the two main equations in this section, 
their proofs are given in Appendices 5.3 and 5.4. 
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on the target service level (see Figure 5.2). The larger the leadtime and the lower the 
target service level, the higher the underestimation of the service level will be. 
Nevertheless, even when the target service level is as high as 99°/o, the actual per
formance, in case the leadtime equals 16 days, is 99.5%; this is a 50% reduction of 
the out of stock situations relative to the target. Therefore, using the backorder 
model in case of lost sales as proposed in the literature can give significant devia
tions for the lower service levels and/or long leadtimes. 

target a (%) 

10.00 

absolute 

5 0 
deviation 

· 0 from 
target a 

(%) 

leadtime (days) 

Figure 5.2 Deviation from the target a when using the backorder S-level in case of lost sales. Demand is 
Erlang(l) distributed, run length 500,000 periods, 10 replications. 

Nahmias and Cohen remarked that the periodic review leadtime lost sales 
inventory problem has not received much attention in the literature (Nahmias 1979, 

Cohen et al. 1988). This lack of attention in the literature is due to the complex 
nature of the problem. In the case with backordering, the sum of inventory on 
hand and on order gives sufficient information to calculate the reorder quantity. In 
case of lost sales, not only the sum but the time-phased availability of every 
replenishment order can be of importance. Hence the total vector of inventory on 
hand and all replenishment orders needs to be considered in order to calculate the 
reorder quantity. 

In case backordering is allowed and an 'order-up-to' policy is used, there exist 
well-known formulae to find the order-up-to level (Schneider 1978, Tijms and 
Groenevelt 1984, Silver and Peterson 1985). If we wish to realize a service level a., 
which we define as the probability of no stockout in a period, the order-up-to level 
Scan be calculated (see for instance the formula in Appendix 5.2). This S..value will 
result in a service level of a for the policy with backordering. However, if we are 
dealing with the lost sales model, using the 'backorder' order-up-to level will result 
in a higher a service level than planned, for inventory on hand during the leadtime 
is higher in case oflost sales compared to the case of backordering (see Figure 5.3). 
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Figure 5.3 Mean stock during the leadtime in case of lost sales and in case of backordering. The mean 
stock in case of lost sales is higher, which results in a higher service level. 

For the lost sales case, Karlin and Scarf succeeded in finding an explicit 
expression for the distribution function of the inventory on hand for two specific 
situations (each with deterministic leadtime): (1) situations with a leadtime equal to 
one period and (2) situations with negative exponentially distributed demand and a 
leadtime larger than one period (Karlin and Scarf 1958). The distribution function 
of the inventory on hand enabled them to determine an appropriate reorder 
quantity in these specific situations. 

In this section we give an exact inventory policy for the lost sales case with 
leadtimes larger than one period. For that purpose, we will first develop a general 
formula for the probability of a stockout in case of lost sales. Next in Subsection 
5.3.3, we will show how to calculate the reorder quantity for an Erlang distributed 
demand based on this probability (the Erlang distribution is equal to the Gamma 
distribution with a scaling parameter A. and an integer parameter n). Since the 
resulting formula is very complex and leads to a varying inventory position 
(inventory on hand plus on order) every period, it is difficult to apply in practice. 
Therefore, we develop a heuristic in Section 5.4, that uses a fixed order-up-to level. 
This heuristic is based on the results derived in the next two subsections. 

5.3.2 The probability of stockout in case of lost sales 

We will use the following notations and reorder cycle: 
Notations: 
It inventory on hand at the start of period t, before an order arrivc::s 
R leadtime in periods 
~-t quantity ordered at start of period t-R (which, by definition, will arrive at 

start of period t) 
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Dt demand during period t 
a desired a service level; probability that in a period demand is smaller than 

or equal to available inventory at the start of the period. 

The reorder cycle (see Figure 5.4) in the periodic review inventory model is as 
follows: 

1. starting inventory on hand (equals the resulting inventory on hand in t-1) is 

It 
2. the reorder quantity Qi is determined and the reordered quantity Qi_ l is 

received 
3. the inventory on hand for satisfying demand during period tequals lt+Qi_e 
4. the demand during the period is met as long as inventory is available. 

t 
inventory 
on hand 

days ~ t-l 

leadtime l 

Figure 5.4 Inventory in time. 

In our inventory situation, backordering is not allowed. Moreover, the order-up
to level is dynamic; every period t the order-up-to level is chosen such that after 
reordering the expected service level in period t+ f equals a. In other words, the 
reorder quantity Qi is taken as large as is required to ensure that the probability of a 
stockout occurrence in period t+f is 1 -a. For leadtime /!, this gives the following 
probability: 

(5.1) 

It should be noted that there is no proof available that the form of this reorder 
policy is optimal. The policy is also more complex compared to e.g. the policy of 
the backorder model or the policy suggested by Morton (1969) or Nahmias (1979). 
The advantage of this policy however is that the service level is known in advance. 

Essential with the above probability (5.1) is the determination of the value of 
lt+l· First we wilhhow how this probability can be calculated in case the leadtime 
equals zero periods, one period and two periods. The structure of the calculation 
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scheme for these cases will help to determine a general formula for calculating the 
probability for leadtime f (f > 2). 

CASE f=O 
If the leadtime f =0, then 

Pr{ Dt > It + ~} = 1 - a (5.2) 

It is easy to see that this equation is equivalent to the equation for a backorder-case. 
In other words, if the leadtime equals zero there is no difference between the order
up-to level in case ofbackordering (5) and the level in case oflost sales (It+~=5); 
only the reorder quantity can be different. 

CASE f=l 
If the leadtime f = l, we know the values of It and ~-I· The inventory at the start 

of period t+ 1 is as follows: 

{
0 if Dt 2 It +~-1 

It+I = It +~-1 -Dt if Dt <It +~-1 
The probability of a stockout is (according to equation (5.1)): 

Pr{Dt+I >It+I +~}=1-a 

From (5.3) and (5.4) follows: 

Pr = 1- a { 
[Dt+I > °-1 n Dt 2 It +°-1-iJu } 
[ Dt+I >It+ °-1-1 + °-1 - Dt n Dt <It+ °-1-1] 

This can be written as (see Appendix p): 

Pr = 1- a { 
Dt+I > °-1 n } 
Dt+I + Dt >It+ °-1-1 + °-1 

CASE £=2 

(5.3) 

(5.4) 

(5.5) 

If the leadtime f =2, then It and °-1-z and °-1-I are known. The probability of a 
stockout in case f =2 is (according to equation (5.1)): 

Pr{Dt+z > It+2 +~}=1- a 

Analogous to the case with f = 1 (equation (5.5)) this probability can be rewritten 
as: 

n }=1-a (5.6) 

If we study the equations (5.2), (5.5) and (5.6) we can observe a general structure 
which results in postulating the general probability (5.7) for leadtime f (f 2 O): 
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{ 

[Dt+l > ~]n[Dr+t + Dt+l-1 > ~ +~_i)n ... } 
Pr i-1 £-1 l l = 1- a 

... n [~ Dt+l-i > ~ ~-i] n [L Dt+t-i > It + ~ ~-i] 
t=O t=O t=O t=O 

(5.7) 

The formal proof of the correctness of (5.7) is given by Regterschot et al. (1992) 

and also presented in Appendix 5-3· Here only an intuitive explanation of (S.7) is 
given. Consider the probability that there will be no stockout in period t+f. No 
stockout occurs if either the demand in the last period (Dt+l) is smaller than or 
equal to the last order which arrived at the stock point ( ~ ), or if the demand in 
the last two periods (Dt+t+Dt+t-1) is smaller than or equal to the last two orders 
that arrived at the stock point ( ~ + ~-1), or ... or if the demand in all periods 
('~:f=o Dt+t-i) is smaller than or equal to the contents of the entire system 
Ut + L.f=o ~-;). In formula this yields: 

{ 

[Dt+l S ~]u[D1+e + Dt+l-I S ~ +~_i) u ... } 
Pr [£ l ] =a 

... u L:Dt+l-i s It+ L~-i 
i=O i=O 

The transformation from this equation to equation (5.7) is straightforward. 

5.3.3 Calculating reorder quantities 

In this subsection we will work out the above mentioned probabilities into 
equations for the reorder quantity. We assume that the demand function per period 
follows an Erlang distribution with parameters "A and n. The Erlang distribution is 
very appropriate for describing demand in inventory control (see for instance, 
Burgin 1975, Tijms and Groenevelt 1984). We assume the parameter n to be integer. 
If n is not integer, a simple interpolation technique can be used (see page 20 in Cox 
1962) to apply the results given in this chapter. The leadtime is taken f periods. 
Demand per period is independent. Equation (5.8) gives the probability density 
function for the demand during the leadtime plus review period. 

"A (l+I)n 
cp(x) = x(l+l)n-1 e-'Ax 

((.e+l)n-1)! 
(5.8) 

In case backordering is allowed and a fixed order-up-to policy is used, it is easy 
to find the optimal order-up-to level. If we wish to realize a service level a, which is 
defined as the probability of no stockout, the order-up-to level Scan be calculated 
with equation (5.9) in case demand follows an Erlang distribution function (Mood 
et al. 1974, see Appendix 5.2). 
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(£+1)n-1 ( A-S)' 
" --e-'AS=l-a £..J ., 
i=O t. 

(5.9) 

As we have seen in Figure 5.2, using this formula in case oflost sales will result in 
an underestimation of the service level a. Therefore, we will develop a specific 
equation for the case of lost sales. 

If the leadtime is less than or equal to two periods it is relatively easy to proof the 
following expressions, which can be used to determine the reorder quantity for the 
lost sales case given a target service level a.. 

If f=O: 

~ A!(It + ~ )i -'A(! +n) 
£..J-----e t '<$ = 1- a 
i=O i! 

(5.10) 

If f =l: 

~ (A-~i 2n~-i A_j(Jt +~-1)j e-'A(l,+Ck-1+Ck) = 1- a 
£..J ., £..J ., 
i=O 1• j=O } • 

(5.11) 

If £=2: 

~,i{A.~ )i Zn~-i ( A,~_i)j 3n-~i-j A_k(Jt + ~-zl 
£..J ., £..J ., £..J k' x 
i=O z. j=O }• k=O • (5.12) 

e-'A(l,+Ck-2 +Ck-1 +Ck) = 1- a 

Equation (5.10) follows from the observation that the lost sales and backorder 
cases are identical for l = 0. Notice that equations (5.10) to (5.12) show a clear 
pattern. This pattern suggests that the general formula for any leadtime f is given 
by: 

l-1 
en-i- r,;1 . "=I ( A~-t'+lr x 

£..J . I 
it=O te · 

(5.13) l 

(e+l)n-1- L;i, . ( t ) 
j=1

1 /Jt+I(f +n_ )tt+I -A l,+_l;Ck-i 
" t '<t l t=O £..J . I e 

ie+1=0 1£+1· 

The formal proof of equation (5.13) is given in Rutten et al. (1992) and also 
presented in Appendix 5+ Since ~can not be separated from equation (5.13), a 
search procedure must be used every time a new ~is determined. The computa
tional burden of such a procedure increases rapidly when the leadtime f and the 
Erlang factor n increase. For practical purposes it would be easier to use a fixed 
reorder level instead of performing these calculations for every replenishment order. 
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In the next section we will therefore develop a heuristic based on equation (5.13) 
that uses a fixed reorder level. 

In conclusion, for small values of the service level a and/or long leadtimes, a 
backorder model is not accurate for calculating order-up-to levels for a situation 
with lost sales. Therefore, we have derived an order-up-to policy with a dynamic 
order-up-to level and we found a general formula, which expresses the service level 
in terms of the inventory on hand and on order. Furthermore we derived a more 
explicit equation (5.13) which can be used to determine the reorder quantity in a 
lost sales model if demand is assumed to be Erlang distributed. 

In order to extend our results to general Gamma distributions, a simple inter
polation technique as indicated by Cox (1962) might be helpful. Further research 
could be devoted to evaluate the resulting approximation for general Gamma 
distributions. 

5.4 A fixed order-up-to level9 

In the previous section we introduced a new replenishment policy, which we will 
refer to as the 'dynamic' lost sales replenishment policy. The dynamic replenish
ment policy determines every period the replenishment quantity such that the 
service level of the system after £ + 1 periods is equal to the target service level. 
Although in a backorder environment such a policy will lead to an inventory 
position (i.e. the inventory on hand plus on order) after reordering that is constant 
in every period, in a lost sales environment this strategy will lead to an inventory 
position that varies every period. 

In this section we will develop a heuristic that is based on the classical 'order-up
to a fixed reorder level' strategy. This 'fixed reorder level' strategy is well known 
from the backorder inventory models in the literature. Therefore we will look for a 
heuristic that will enable us to find the appropriate reorder level, which yields a pre
specified service level in a lost sales situation. Two heuristics will be proposed for 
the determination of this reorder level in a lost sales environment. We will compare 
the best heuristic to the 'dynamic' replenishment policy which is optimal. 

We assume that a replenishment in the lost sales inventory system is determined 
in the classical way: if the inventory position in period t is below a fixed reorder 
leveP0 SLS then a quantity Q., is replenished, with Q., equal to SLs minus the inven-

9 This section was presented at a conference in lgls, Austria (Van Donselaar et al. 1994). 
10 The subscript 'LS' stands for Lost Sales, thus SLs is the order-up-to level S in case of lost sales. 
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Likewise, 'BO' stands for BackOrdering. Formally, four parameters are necessary to characterize a 
value, i.e. the service level a, the Erlang parameters A. and n and the leadtime e. Hence SLs in fact 
must be notated as Sls (a, A., n, i). For ease of notation we will leave out some of the parameters, but 
only when there is no danger of misinterpretation. 
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tory position. k a result the inventory position after replenishment is equal to Srs
The system is reviewed periodically. The leadtime of the system is f, periods and 
demand is assumed to be Erlang distributed with parameters A. and n. 

In order to find a heuristic for the determination of SLs in the fixed reorder level 
replenishment strategy, the following observations are used: 

1. With a dynamic replenishment strategy, the order quantity in period t is 
determined by equation (5.7), which in case of Erlang distributed demand can 
be written as (5.13). 

2. Several simulations with the dynamic replenishment strategy {see Rutten 
1991), in which the target service level a, the Erlang factor n and the leadtime 
were varied, indicate: 
If two systems 

a. have an identical service level a, 
b. have an identical Erlang factor n and 
c. both use equation (5.13) to determine °-1 

then these two systems have the same beta service leveP 1 (even when their 
leadtimes are different). 

3. It is known, that for a leadtime equal to zero the performance of the lost sales 
system is equivalent to the performance of the backorder system. 

4. For systems with large leadtimes and small coefficients of var~ation (that is: 
large n) the number of calculations needed to determine °-1 from equation 
(5.13) becomes very large. 

5. In the long run, the average quantity ordered in a lost sales system is equal to 
the beta service level times average demand per period {'what goes out has to 
come in'): E[ °-1] = P E[ Dt] 

In our heuristic we assume that demand is Erlang distributed. In order to find an 
approximation for the fixed reorder level SL5 we use formula (5.13), despite the fact 
that formula (5.13) is derived for the dynamic replenishment strategy. To be more 
precise: we assume, based on observation 5, that the fixed reorder level SLs can be 
derived from solving equation (5.13) after substituting 

°-1 = P Ls(f) E[ Dt] for all t 
f 

and It+ L°-1-i = SLs 
i=O 

(5.14) 

(5.15) 

Next, based on observation 2, we approximate PLs (f,) by PLS (f, = O). From 
observation 3 we know: PLs(f,=O)=PBo(f,=0). So we approximate PLs(f) as follows: 

PLs(f) = PBo(f = o) for alU;::: 0 (5.16) 

11 Here, and elsewhere in this thesis, the beta service level is defined as the fraction of demand delivered 
from stock for a system in which the reorder level is based on a service level a.. So indirectly ~ is a 
function of a.. 
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From here on PBo(R=O) will be simply abbreviated by PBo- 12 

For n=l, combining equations (5.13) up to (5.16) gives the following equation: 

e-1 ASrs ASLs • 

[ 

( 
A )i ( A )f 1 

1- a= (1- PBo)~ i! + R! e-1..SLs (5.17) 

The level S LS can be solved from this equation by using a golden section method 
(we use the notation S here to indicate that we have applied a heuristic for the 
determination of 5). The above procedure for the determination of S LS is simple 
and quick for n= 1. 

For larger n another approximation is needed. This follows from observation 4. 
Given the fact that equation (5.13) is relatively easy to solve for a system with n 
equal to 1 as well as for a system with a leadtime equal to one period, it seems 
natural to use these results for the more general system with any Erlang factor n and 
any lead time .e. One way to do this is to use the following approximation: 

RatioS(n, R) RatioS(l, R) 
= 

RatioS(n,1) RatioS(l,1) 
(5.18) 

with 

. S( 0 ) S BO ( n, f) - S LS ( n, f) Ratio n,-c: =---A~----
S Ls(n, .e) 

(5.19) 

RatioS(l, 1) and RatioS( 1,R) can be solved easily using the traditional backorder 
formula (to find SBo) together with equation (5.17) to find S LS· RatioS(n, 1) can be 
solved using the backorder formula and equation (5.20), which follows from 
combining equations (5.13) up to (5.16). 

n-1(')..,PBo E[Dt])i 2n-l-i(ASrs - APBo E[Dt])j A 

1- a = " " e-1..SLs L.J ., L.J ., 
i=O t · j=O J · 

(5.20) 

Once RatioS(n,R) is determined from equation (5.18), S Ls(n,R) can be calculated 
straightforward from equation (5.19). 

All combinations of values for the Erlang factor and the leadtime, which are used 
in formula (5.18), constitute a rectangle (see Figure 5.5). Therefore the heuristic 
above is called Reeta and the resulting S-level is called S-Recta. 

12 Note that equation (5.16) also implies a heuristic for the determination of the reorder level S which 
corresponds to a target service level p*. Starting with a 0 =p*, we determine SLS(a0). Next we determine 
the corresponding Po using (5.16). If Po>P* we choose an a 1 <a0, we determine SLs (a1) and P1 and so 
on until the P; is close enough top*. The corresponding SLS(a;) is the reorder level we are looking for. 
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Figure 5.5 The various combinations of values for the Erlang factor n and the leadtime f., which are used 
in Reeta. 

In order to test this heuristic, the S-levd that corresponds with the target service 
level a has to be found first. To achieve this a golden section method is used, where 
in the final iteration step the lost sales system was simulated 500,000 periods. 
Determining the S-level in this way has the advantage that the quality of different 
heuristics can be evaluated quickly (without additional simulations). Table 5.1 gives 
a subset of the S-levels that were determined in this way, together with the 95%
confidence interval on the service level a. Also the S-levels which resulted from the 
heuristic Reeta are reported in Table 5.1. 

Table 5.1 A subset of the simulation results. In the four scenario's the average demand per period was kept 
constant (µ =400). It shows that in a lost sales environment the S-level may increase if the coefficient of 
variation (== 1 /../ n) decreases. This is due to an increase of the beta service level. 

target lead- Erlang 95% confidence 
service level time factor n interval on a. (sim.) 13 (sim.) 5-level (sim.) 5-Recta 

75% 1 1 ±0.14% 75.0 936.4 934.8 
75% 1 16 ±0.13% 94.8 862.0 872.9 
75% 16 1 ± 0.18% 74.9 5,720.2 5,715.7 
75% 16 16 ±0.24% 93.6 6,552.0 6,745.4 

The heuristic has been tested for each combination of the following parameter 
set: o: equals 75%, 85% and 95%, leadtime equals I, 2, 4 and 16 periods and the 
Erlang factor equals I, 2, 4 and 16. The average (absolute) relative error in the 
estimationl3 of S over these 48 parameter settings is equal to I.5%. The maximum 
relative error is equal to 3.8%. This maximum was achieved in case o: =75%, .f =16 
and n=4. Table 5.2 shows the average relative error per parameter. It shows that the 
quality of the heuristic decreases if the leadtime increases and/or if the service level 
o: decreases. 

13 This is equal to ( I s LS -5sim1 I ssim ) where 5sim is the S-level, which corresponds with the target 
service level and which was found by means of the golden section method using simulation. 
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Table 5.2 The average relative error of S LS per parameter, using Reeta. 

a. Erlang factor n Leadtime £ 
0.75 0.85 0.95 2 4 16 2 4 16 

1.82 1.53 1.00 0.20 1.73 2.18 1.69 0.84 1.25 1.62 2.09 

A good way to improve the heuristic is to improve the estimator for S(n, £ = 1). 
To show this potential, we created another estimator for S(n, £). Again we used 
formula (5.19), but now we used the S-levels for £ = 1 and/or n = 1 which were 
found in the simulations, as estimators for SLS(n, f = 1) and SLS(n = 1, £). We then 
used formulas (5.17) and (5.18) again to determine SLS(n,f). This resulted in an 
average and maximum error of 0.1% and o.6% (measured of course only over the 
27 simulations in which neither the Erlang factor nor the leadtime were equal to 1). 
This shows that the concept underlying Reeta, that is: estimating the reorder level 
for a system with any value for n and £ by relating it to the reorder levels of the 
corresponding system with n and/or£ equal to one, is very good. 

In general of course the simulation results for S(n, £)with nor£ equal to one are 
unknown. Since we know the concept of Reeta is very good, we would like to 
improve the determination of S-Recta by finding a better estimator for SLS(n, £) 
with nor£ equal to one. Table 5.2 shows that formula (5.17) already is a good 
estimator for SLS(n = l, £). So the major challenge is to find a better estimator for 
SLS(n, £=1). 

In order to find a better estimator for SLs(n, £=1), the following observations are 
used: 

1. It is known, that for a leadtime equal to zero, the performance of the lost sales 
system is equivalent to the performance of the backorder system. 

2. From equation (5.7) it is clear that in general the following equation holds: 

SLs s Sno· 
3. A limited number of simulations was performed to observe that for large 

values of the leadtime, the fixed reorder level S that corresponds to a target 
service level a can be approximated in a lost sales environment by the S-level 
from the corresponding backorder system multiplied by the beta service level: 
SIS~ PISS no if£~ oo. 

Based on these observations we assume: SBo(n, f =1)2 SLs(n, £=1) 2 PLSSBo(n, £=1). 
Then it is plausible to write SLS (n, £ = 1) as an interpolation between these two 

boundaries: 

S LS(n, £ = 1) i S Bo(n, £ 1) + (1 i)p LS(n)S no(n, £ = 1) (5.21) 

Next we assume that the interpolation factor i is independent of n. Then the easiest 
way to determine i is to solve equation (5.21), for the case with n= I, after substi
tuting SLS(n, £ I) by SLS(n I, £=1) (which can be solved from formula (5.17)) 
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and substituting p LS (n= 1) by a (since from the simulations we observed that a and 
p are equal in case n = 1). This results in (5.22). Now S Ls(n, .e = 1) can be solved 
from combining equations (5.21) and (5.22). 

. SLs(n = 1,.e = 1)/Sso(n = l,.e = 1) 
t = ------~----------

1- a 

a 
(5.22) 

The heuristic described here is an extension of Reeta, using interpolation to find 
a better value for SLS(n, .e = 1). Therefore this heuristic is called Reeta-Interpol 
Considering the logic of Reeta-Interpol new S.levels are calculated for the 48 
parameter settings mentioned above. The results are summarized in Table 5.3. The 
average respectively maximum relative error in the estimation of SLs using Reeta
Interpol is i.oo/o respectively 2.4%. Reeta-Interpol has the disadvantage, that it is 
slightly more complex than Reeta. On the other hand, Reeta-Interpol clearly out
performs Reeta.14 

Table 5.3 The average relative error of S LS per parameter, using Reeta-Interpol(%). 

a Erlang factor n Leadtime P. 
0.75 0.85 0.95 2 4 16 2 4 16 

1.18 1.08 0.68 0.20 1.11 1.45 1.16 0.56 0.84 1.10 1.42 

In summary, we focused on a fixed reorder level replenishment policy. The 
advantage of such a replenishment policy is its simplicity. This simplicity however 
might lead to loss of performance. For that reason we would like to compare the 
performance of such a simple policy with a more advanced replenishment policy. In 
Van Donselaar et al. (1994) this comparison is made between the fixed reorder level 
and the 'dynamic' replenishment policy. In Table 5.4 some results for a specific 
situation are reported. These results are only meant to indicate the type of 
differences between the two replenishment policies. 

Apparently with the fixed reorder level replenishment strategy the order quantity 
~ has a (relatively) very large standard deviation. This is not surprising if we note 
that the 'dynamic' heuristic limits its order quantity when a large demand occurs. 
The only other difference noted between the two basic strategies is the fact that 
when using the fixed reorder level the average inventory on hand is higher than 
with the dynamic strategies. In this case the difference was approximately 15%. The 

14 Yet, it should also be mentioned that the simulation results showed that observation 3 does not hold 
for all systems. For the system with n=l, £=16 and a=95% for example the beta service level is equal 
to 95%, so ~L5S80 is equal to 9,235, whereas SLs is approximately equal to 8,632; a difference of 7%. 
Note that-despite errors like these-the heuristic for estimation of the reorder level in a lost sales 
system showed a maximum relative error of only 2.4%. 
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relative difference in the inventory position (equal to the inventory on hand plus on 
order) is smaller; in this case it was approximately 4%. 

Table 5.4 Simulation results with a target service level a=70%, n=l and t'=4. 

a 
13 
average reorder quantity (Qt) 
standard deviation Qt 
average inventory on hand 
average inventory position 

Fixed heuristic 

70.05 
69.38 

281 
249 
495 

1,757 

Dynamic repl.strategy 

70.04 
69.32 

280 
51 

433 
1,695 

In conclusion, both replenishment strategies are quite capable of achieving the 
target service level. The fixed reorder level replenishment strategy is the simplest 
strategy and the heuristics are rather accurate: the average error of the best heuristic 
is 1.0%. This fixed reorder level replenishment strategy has been compared with the 
dynamic replenishment strategy. This dynamic replenishment strategy aims for the 
same service level every period, which in a lost sales environment leads to an 
inventory position that is not constant over time. Comparing the fixed reorder level 
replenishment strategy and the dynamic replenishment strategy, it appears that with 
the dynamic replenishment strategy: 

• the ordering pattern is relatively smooth. This is especially beneficial to the 
supplier and it may lead, e.g. to a reduction in price or increased supply 
reliability. 

• less inventory is needed to obtain a given service level. 

5 .5 Conclusions 

In this chapter we extended the SINGLE concept in order to avoid differences 
between single-blend and multi-blend concepts due to the inventory control 
function. In the remainder of this thesis, the EXTENDED SINGLE concept will be used 
and hence differences in performance between the concepts will be caused by 
differences in raw material usage only. 

We analyzed the inventory control function for situations in which recipe 
flexibility is used and developed a new algorithm for the lost sales situation. Due to 
complexity of the algorithm, also a heuristic was developed. In the simulations 
performed in the remainder of this thesis, we will assume demand to be Erlang 
distributed and use the heuristic Reeta-Interpol for determining a fixed order-up-to 
level for the 'lost sales - raw materials'. 
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Appendix 5.1 Comparing two equations 

Consider the two equations: 

Pr = 1- a. { 
[ Dt+l > CJ.t n D, ;;:: It + <2.t-1] v } 
[ Dt+I >I,+ <2.t-1 + CJ.t - D, n Dt <I,+ CJ.t_i] 

~ = -a. { 
Dt+I > CJ.t n } l 
Dt+l +Dr > It + <2.t-1 + CJ.t 

The question is: Is equation (5.23) equal to (5.24) ? 

Denote: 
A={ Dt+1 > CJ.t} 
B={ Dr2 It+CJ.t_1 } 

C={ De+Dr+l > Ie+CJ.t-1 +CJ.t} 

(S.23) 

(5.24) 

Then equation (5.23) can be written as: Pr{ [An B] v [ C n --.B] }; and equation 
(5.24) can be written as: Pr{ An C}. The Venn diagrams are given in Figure 5.6. 

( A n B ) u ( C n ..,B ) A r. C 

Figure 5.6 Graphically exhibited probabilities. 

It can be seen that equation (5.23) covers two more areas than equation (5.24): 

AnBn--.C= 

{Dt+I > ~ nDt 2 It +<2.t-1 nD, +Dt+l s I, +~-1+~}=0 
C n--.An--.B = 

{Dt + Dt+l >It +~-I +CJ.t nDt+l s ~ nDt <I, +~-1} = 0 

Since these two areas are empty, equation (5.23) indeed is equal to equation (5.24). 
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Appendix 5.2 Calculation of the order-up-to level 

If demand is Erlang distributed, we can calculate the order-up-to level for an 
(R,S) inventory system with equation (5.25). The order-up-to level is based on a 
stockout probability of 1-a, where a is the desired service level. 

s 
J ft..,n(x)dx = a (5.25) 
0 

The Erlang distribution is characterized by its two parameters, the scaling 
parameter A and an integer parameter n. If there is a leadtime of R, periods for 
reordering raw materials, the integer parameter n becomes (£ + 1) n and the resulting 
distribution for demand during the leadtime of raw materials (plus review period) 
becomes (demand is denoted by x): 

A,(L+l)n 
+. (x) = x(l+l)n-1 e-'A.x (5.26) 
J'A,n ((R+l)n-1)! 

The order-up-to level can then be calculated by replacing the general formula
tion of the Erlang function in equation (5.25) by equation (5.26), and using the 
transformation m=(l + l)n: 

s Am J xm-1 e-'AxtJx =a 
0 (m-1)! 

(5.27) 

Equation (5.27) can be solved by means of partial integration, where fix) =xm-I and 
g(x)dx=e-'Axwhich results in: 

(m 1::'.1)! l x•-1 ,-»Jx = (m 1::'.1)! x•-1 ( ~1 }->{ -
'Am S (m 1) 

---J--xm-2e-AxtJx 
(m-1)! 0 -A 

(5.28) 

The first part of the right-hand side can be calculated exactly and the second part 
can be reworked into: 

Am-I S s 
( -2)'Jxm-2e-'AxtJx= JJJ..,,n-1(x)dx 
m ·o o 

(5.29) 

Continuing this process will finally lead to fJ..,,i ( x), which can be calculated exactly: 

s s 
J JA,1(x)dx = J A. e-hdx = -e-'AS + 1 (5.30) 
0 0 
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Combining equations (5.28), (5.29) and (5.30) results in: 

(5.31) 

Transforming m back into (£ + 1) n gives the equation for the order-up-to level for 
an Erlang distributed demand with leadtime .e for raw materials: 

[
(t+1)n-1(A.S);J-

1 - " -- e 'AS = a L,, ., 
i=O t · 

, n ~ 1 (5.32) 

Since the variable Scan not be separated from equation (5.32), a procedure must 
be used to find the value of S which approximates the exact value. In this thesis, we 
use a golden section method to find the S-value. This iteration process is continued 
until the difference between the target a and the calculated a is smaller than 10-6• 
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Appendix 5.3 Proof of equation (5.7) 

The proof presented in this appendix was given by Gert Regterschot (Regterschot et 
al. 1992). It is presented here for completeness of this thesis. 

Since for the lost sales model with leadtime £ we have the relation 

lt+f.+I = l:+e +~ -Dt+f. , with x+ = max(O,x) 

We consider the stockout event in period t+f. 

x = {It+e+i < o} = {Dt+e > l:+e + ~} 

For the service level a we need to have Pr{ X} = 1 - a . 

Now there exist two possible cases: 
a) for some i, i=O, ... ,£ we have lt+f.-i< 0 (there is a stockout in period t+f.-i-1) 

Define k =min{i, i=O, ... ,£ I lt+t-i< O} then lt+e-k< 0 and lt+f.-i~ 0 for 
i = O, ... ,k - 1, i.e. the last stockout before period t + £ occurs in period 
t+f.-k-1. Since 1:+£-k = 0 it easily follows for k=O, ... ,£ 

k k 

lt+e = l:+e = L ~-i - L Dt+f-i (5.33) 
i=I i=I 

b) for all i, i = 0, ... ,£ we have lt+f. -i ~ 0 (there is never a stockout in periods 
t-1, ... , t+f.-1). We have 

f. f 

lt+f. = l:+e = li + L~-i - LDt+f.-i (5.34) 
i=I i=I 

Note that for k=f. the expression for case a) coincides with the special case of b) 
where lt<O. We combine these two situations in case b). 

For convenience of notation we define for i=0, ... ,£-1 

Xi= {Dt+f. > li+e + ~; lt+f.-i < 0, lt+R-J ~ 0 for j = 0, ... ,i-1} 

and Y; = {±nt+f-J > f~-J} 
j=O j=O 

Further define 

Xe= {Dt+f. > It+e +~; lt+f.-J ~o for j =0, ... ,£-1} 

and Y, ~ {t,v .. ,_; >I;'+ t,Q,-;} 
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Note that X; (i=O, ... ,f-1) represents the event that a stockout occurs in period t+ .e 
and that the last stockout before period t + .e occurred in period t + .e - i - 1. This 
enables us to write X as follows: 

f 

X= LJX; 
i=O 

Next introduce the event of having a stockout in period t+f-i- I: 

R; = {Dt+f-i-1 > It~f-i-1 + ~-;-1} = {It+R-i < o} for i = o, ... ,.e-1 

The following lemma states the first part of the identity for the stockout event in 
period t+f. 

LEMMA 

For the stockout event in period t+f we have the following identity 

{It+f+l < 0} = 

tJ{±nt+f-J > ±,~_1 ;1t+c-; <O,/t+R-J ;::::o forj=O, ... ,i-1} 
i=O j=O j=O 

u{±nt+f-J >Ii+ ±~-J,Jt+f-J ;::::o forj=O, ... ,.e-1} 
j=O j=O 

PROOF 

First we restate the Lemma as follows 

i-1 

For i=O, ... ,f-1, if n.RJ nR; holds, we have 
j=O 

1:+£-J = It+f-J = It+f-J-1 + ~-J-1 - Dt+f-J-l for j=O, ... ,i-1 and It+c-;=0, so it 

follows from repeated substitution in (5.33) that 
. . 

' ' 
'L.Dt+f-j > L~-j 
j=O j=O 

Thm the even" { D,.1 > I i+i + Q,} and { to D,+ 1-j > jt Q,_ j } a<e identical, 

i.e. X;=Yj. 
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£-1 £ £ 
Similarly if n R.j holds, we get from equation (5.34) 

j=O 
'f.Dt+f-j >Ii+ L~-j 
j=O j=O 

and { ±Dt+f-j >Ii+ ±~-j} are identical, 
j=O j=O 

so the events { Dt+f > Ii + ~} 

i.e. Xf=Ye. 

Further we have by definition 

X 0 =X0 11Ro 

X 1 =X1 11/?o 11R1 

X 2 =X2 11Ro11R1 11R2 

£ £-1 ( [ i-1 ) J ( [£-1 )J Now X = LJ Xi = W Yi 11 nR.j 11 R; u Ye 11 (l Rj 
z=O z=O 1=0 1=0 

follows, which proves 

the lemma. Note that the events X; in this lemma are mutually disjoint. 

Now we can prove the fundamental identity in which the union of the disjoint 
events X; can be written as the intersection of the (non-disjoint) events }j. 

THEOREM 

For the event of a stockout in period t+f we have the identity 

{Jt+f+l < 0} = {Dt+f > I:i_p + ~} 
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~l{i i } 
=LJ L,Dt+t-i> L~-i;It+t-i<OJt+t-i~o forj=O, ... ,i-1 

i=O j=O j=O 

u{±Dt+£-j >It+ ±<J.t-i,It+l-j ~o for j =O, ... ,f-1} 
j=O j=O 

e-1{ i i } { e e } 
= J] ~Dt+t-j > ~<J.t-j r. ~Dt+t-j >It+ i~~-j 

PROOF 

The second equality in this Theorem is identical to the Lemma. 
First we prove the following equality 

(5.35) 

For i=f, equation (5.35) follows directly from the definition of Xt, lf and ~for j= 
0, ... ,£-1, and (5.34). If (5.35) holds for i, then it also holds for i-1: 

e £ 

U X· = LJX·UX· 1 1 1 t-
j=i-1 j=i 

= ((Ptj J {QRj J) u(Y;-1 n('.QRi Jn R;-1) 

= (;QRj ]n((Ptj "~-1 Ju(Y;_l "~-1)) 
= (inRjJ r.(( .n yjJ u (n.Yj r. r.R.;_1] u (n.yj r. Yi-1 r.Ri-1]] 

1=0 1=1-l ;=z ;=z 

= (in.RjJ r. ( . n yjJ 
;=0 ;=z-1 

l f, 

because nY· r.Y: 1 r. TS. l = 0 and ny. r.Y Ir. D. 1=0 J z- .1."i- J z- '"i- • 
j=i j=i 

The result LJ Xi = ( fl Ri) r. ( n Yi) follows from applying a reverse induction 
1=0 ;=0 ;=0 

-1 

argument for i=O, using the convention that nRj = n where n denotes the uni
i"'·O 

versal set. This yields X = X0 u ... uXe = Y0r. ... r.Ye which proves the Theorem. 
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REMARK 
Note that in our definition we distinguish the virtual inventory It and the real 
inventory It. In many literature the real (physical) inventory is denoted by It. In 
this appendix we use this alternative notation since the event I:+R. +Qi - Dt+R. ~ 0 
implies a stockout in the (<)-case and no stockout in the (=)-case. To avoid 
difficulties in our proofs we have chosen for the definitions above. 
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Appendix 5.4 Proof of equation (5.13) 

The proof presented in this appendix was given by Ton de Kok (Rutten et al. 1992). 
It is presented here for completeness of this thesis. 

LEMMA 1 
For n2. l, n integer: 

B · n+i-j B 
i n-I -xl(a-x) . 

Jxn-I(a-x)dx-=L ., . 
1 

t!(n-1)! 
A j=O J · + t . 

A 

PROOF 

(by means of complete induction) 
For n= 1 the result is trivial. Suppose Lemma 1 holds for a certain n. We want to 
prove Lemma 1 for n+ 1. By means of partial integration we get: 

B I( )i+l B B · -xn+ a x n+I ·+1 f xn+l(a- xr .ix-= . + -. -f xn(a- x}' dx-
A t+l t+IA 

A 

-xn+l(a-xi+I 
=------

i+l + 
·( )n+i+2-j B 

n+l ~ -xJ a-x (' I)' 1 
L. ( ) t + .n. +1 j=O j! n+i+2- j ! 

A 

n+I 1·( )n+i+2-j -x a-x 
= L i!(n+1)! 

j=O j!(n+i+2- j)! 

B 

A 

q.e.d. 

PROPOSITION 1 
For a lost sales system with leadtime ,f, and Erlang distributed demand (with 
parameters A. and n), the stockout probability is equal to: 

l-1 
Rn-1- I;ij . 

j=I (~ n )'l 
" /\,'<t-£+1 x 
L,, . I 

ie=O 1e· 

After substitution this can be written as: 
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(5.36) 

where 
Y.e+1 =It+ <i-.e and Jj = <i+i-j for j = l, ... , .e 
Xj = Dt+.f+I-j for j = I, .. .,.e + 1 

PROOF 

Using the same substitution as above, equation (5.7) can be written as: 

{ 

.f+l .f+l } 
1 a = 1 - Pr x1 ::; y1 u x1 + x 2 ::; y1 + y2 u ... u ~ x; ::; ~ y; 

This can be written as: 

I a= I 

Pr{ [ [ ( ... ((Yt+l -Xt+1r + Yt -x, f..J + Y2 -x, r +YI -·T > o} (5·
3
7l 

with (a-b )+ =max( 0, a-b) 

Proposition 1 is proved by means of complete induction: For .e = 0 the lost sales 
model and the backorder model are the same. So the service level is equal to 

11-l '),j(f + n)i 11-l('J.. )i1 
1- "°' t '<J e-A.(I,+~) = 1- "°' Yi e-A.JI 

£.., ·1 £.., . I 
i=O 1 • i1=0 t1. 

0 

This is equal to (5.36) since Lij = 0 by definition. 
j=l 

In order to prove Proposition 1 for leadtime .e, we assume Proposition 1 holds for 
leadtime f -1. For a system with leadtime .e equation (5.37) applies. We may 
transform equation (5.37) into: 

I a 1-T p1(( ... (Y1+1 - •1+1 +Yi - .,r .. r + Y1 •1 r > o}dF.,., (•t+1l 

-I p1 ( ( ... (y, - ., r .. r + Y1 - •1 r > 0 }a'F,,., (•t+1l (5.38) 
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The first probability in equation (5.38) is equal to the service level of a lost sales 
system with leadtime £-1 and with inventory on hand equal to Je+I +Ye Xf+l . 

The second probability in equation (5.38) is equal to the service level of a lost sales 
system with leadtime £ -1 and with inventory on hand equal to Ye· Since we assume 
that Proposition 1 holds for leadtime £-1, equation (5.36) may be used to rewrite 
equation (5.38) as follows: 

with 

1-a 

n-1 

=L: 

ll+I n-l(A.Ji)~ 2n-l-~ (A.y2)iz 
JI-.,- I ., 
O ~=O 11· iz=O 12· 

e-2 
(e-J)n-1- "f.i1 

J=I 

L: U1+12) 
i1 =0 ie-I =O 

e-1 

(5.39) 

ln-1- "f.i· . (f+l ) 
- LJ=I1 YfJ+1 A!t(Je+1 -xl'+I + yg)'e -A. ~y;-xt+I A.nx;~/e-A.x1+1 

f1 - e t-1 _ _.::...;-=----tfxn I 
. I ( 1) I <+ ie =O 0 te. n - • 

and 

= 

Using Lemma l, Ii can be rewritten as follows: 
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l-1 

ln-1- "f)j 1· { )n+i•-l 
j=l n-1 + < = L L _-_x_l+_1_c_Y_t_+_1 _-_x_e+_l __ Ye-'---

it=O j=O j!(n+ie - j)! 

Jt+l t+I 
. -A. L;y; 

'}.ft+n e i=I 

0 

( )j( )n+it-j] t+l n-l AJe+1 lvyt -A. LJ1 L e 1=1 

J=O j!(n+ie - j)! 

After subtracting the second sum from the first sum and after using the trans
formation k = n + i1 - j this can be written as: 

t-1 
ln-1-L;i· 

j=IJ 

2: 
k=O 

k t+I 
( AJt) -A. LJ1 
---e t=I 

k! 

(using the transformation it+I =it + n - k :) 

= 
k t+I 

(lvye) -A. L;y; 
--e 1=1 

k! 

This result together with equation (5.39) yields: 

q.e.d. 
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CHAPTER 6 
REBUS: a simulation model 

to test the concepts 
In this chapter, we present the simulation system that has been built for testing the different concepts. A 
description of the system is given with its input and output. Also the different tests performed for model 
verification will be presented. 

6.1 Introduction 

To compare the performance of the different concepts, a simulation model 
named REBUS (REcipe BUilding Simulation) is defined and built in Turbo Pascal®. 
REBUS has been built to simulate the use of recipe flexibility and to measure per
formance indicators in a dynamic (time dependent and stochastic) situation. The 
situation studied with REBUS is a business that manufactures products by blending 
raw materials, e.g. feed production. The program has the following characteristics: 

• We accept orders for products that are defined by their recipe definition. A 
recipe for a product can be built out of any combination of raw materials as 
long as the required properties are met and the agreed quantity is made. We 
assume no material losses during production. Every time period one order is 
generated for every product. The size of the order obeys an Erlang distribution 
function with integer parameter n and scaling parameter A.. Thus mean demand 
equals n/A. and the variance of demand equals n/A.2• 

• Orders are numbered at generation, and all orders (including backorders) are 
sorted on their number and will be considered for production in that order. 
Every time period, the order for product 1 is generated first and so on. 

• If due to lack of raw materials, an order for a product can not be completely 
produced, the rest of the order is backlogged and has priority in the next 
period when competing for materials (this creates a situation that can be com
pared with a situation in which only fixed recipes are used. If recipes are 
defined such that only one combination of raw materials is possible {fixed 
recipe), we actually have a 'fixed recipe' system). There are no capacity limita
tions, only materials availability limitations. 

• Every time period (day) raw materials are reordered, according to an (R,S) 
inventory system. The order-up-to level S is calculated using the standard 
formula for the fixed recipe situation (see Appendix 5.2) or using the lost sales 
heuristic (derived in the previous chapter). 
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In the simulations, the deterministic period is completely filled with customer 
orders and no orders are accepted for the stochastic period, see Figure 6.1. Every 
day the deterministic period is extended with one day and new customer orders 
arrive which will be scheduled at the last day of the deterministic period, hence the 
leadtime to the customers is equal to the length of the deterministic period. 

In this chapter we will discuss the REBUS system. We give the input parameters 
which can be varied in order to change the output (performance parameters). The 
concepts which were given in the previous chapters are incorporated in the REBUS 

system, and more general, the use of LP in the simulation program will be 
explained. 

leadtime of 
----------raw materials----------• 

100% 

i 
percentage 
of accepted 

orders 

0% 

+- leadtime of -+ 
customer orders 

deterministic stochastic time--+ 
+-period ----------period------

Figure 6.1 Accepted orders in time, as approximated in the simulations. 

6.2 The REBUS system 

6.2.1 Overview of the activities 

If REBUS is executed, it performs a discrete-event simulation of a plant which 
receives accepted customer orders, makes a production plan for these orders and 
produces them. Raw materials inventory is controlled and raw materials are re
ordered when necessary (according to the reorder policy). An output file is created 
wherein the performance indicators are given. It is also possible to record the per
formed actions per day for detailed analysis. The total program has been subdivided 
into separate modules in order to be able to use different policies, concepts, opti
mization programs et cetera. Diagrams of related modules will be used to explain 
the construction and working of the REBUS system. 

On the highest level of the system we have a company which receives orders 
from customers, reorders raw materials and produces the customer orders with the 
available raw materials. Figure 6.2 gives the scheme of the highest level. 
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simulation 
results 

Figure 6.2 Information scheme of 'the company' REBUS at the highest level (lsAC symbols are used; see 
Bemelmans 1984, page 187). 

The customer orders are generated in the REBUS program by an initial pseudo 
random number seed in the input file. This creates the possibility to use the same 
customer order sequence in the simulation of several concepts or situations (com
mon random numbers). The supplier is also incorporated because the reordered 
quantities depend on the used control concept and reorder policy. Within 'the 
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company', we distinguish four additional activities: order acceptance, production 
planning, purchasing and production. Each activity is worked out below: 

• The customer order generator receives the following parameters per product: the 
type of probability distribution function (e.g. Erlang), the mean quantity and 
standard deviation of demand and a starting seed for the random generator. 
So every product type has an independent sequence of order quantities. The 
random generator we use is taken from Marse and Roberts, as described by 
Law and Kelton (1991). The generator creates one order per product per day. 

• The supplier receives replenishment orders from the company and creates, 
according to its system parameters a delivery. It is possible to vary the quantity 
and quality (properties) per raw material according to a distribution function. 
The replenishment orders are delivered after the leadtime has elapsed. 

• The purchasing department performs two activities. First it produces replenish
ment orders according to the used reorder policy (system parameters). Second, 
it receives delivered raw materials from the supplier and puts them into stock. 

• Every day order acceptance receives the customer orders which arrive that day, 
adds a planned production date (last day of deterministic period) and puts 
them into the queue called 'accepted orders'. 

• Production planning takes as input the accepted orders and the time-phased 
availability of raw materials. The accepted orders are optimized according to 
one of the concepts (which are worked out in Chapter 4). The optimized 
orders of the current day are transferred into planned orders with their recipe. 
Orders that could not be produced completely are (partially) backordered. 

• The production department takes the planned orders and the allocated 
materials and produces the planned orders, that are scheduled for the current 
day. We assume no material losses. There are no capacity limitations, only 
materials availability limitations. 

6.2.2 Input and output 

In the simulations in Chapter 3, we already used the REBUS system. A number of 
parameters was varied, and the simulation results showed that the leadtime of raw 
materials and the target performance level are the main parameters that determine 
the attractiveness of using recipe flexibility. The changes in parameters were made 
by changing the input parameters of the REBUS system. 

To simulate a range of situations, several input parameters have been defined: 
• general parameters 
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- control concept to be used (SINGLE, TOTAL, MARGINS, BALANCE) 

length of the deterministic and stochastic period 
length of the transient phase and simulation phase in days 
the number of products and the number of raw material types 
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• parameters per product type: 
probability distribution function with its parameters (Erlang, Normal or 
Uniform) and a starting seed of the quantity of customer orders 
recipe definition of the product (minimum and maximum values of 
properties and/or minimum and maximum values of raw materials in the 
product) 

• parameters per raw material type: 
- cost per unit 
- reorder-level and starting inventory 
- properties of the raw material 
- leadtime of the raw material. 

These parameters result from the analysis in Chapter 2, where we derived general 
characteristics of the situation studied in this thesis. If the input parameters change 
(for instance if the leadtime of raw materials increases), then the output will also 
change. 

During the simulation we measure the number of times a (part of an) order is 
rescheduled and the amount of that order. With these numbers we can calculate the 
a. and 13 service levels (performance parameters). The a. service level is defined as the 
probability of no stockout in a day and the 13 service level is defined as the fill rate, 
the fraction of all orders filled directly from stock. Furthermore, we calculate each 
period the cost of a recipe. This can be used for calculating the fraction of the 
recipe that consists of non-standard raw materials. Finally, the mean stock on hand 
per raw material is measured. 

The REBUS system can be used to simulate the use of recipe flexibility. Therefore, 
several concepts can be used by the program. We built one production planning 
module per concept. In this way each concept can be tested with the same set of 
environmental parameters. 

6.3 Model verification 

6.3.1 General verification 

We performed several tests to verify the correctness of the REBUS system. Since 
the system consists of modules, some of these modules (e.g. random generator, 
optimization program) have been tested separately. 

RANDOM GENERATOR 

The random generator we use is taken from Marse and Roberts, given in Law 
and Kelton (1991). The random generator was only tested for programming errors 
since Law and Kelton already showed the statistical superiority of this generator. 
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CUSTOMER ORDER GENERATOR 

The customer order generator that is used in the simulations, generates order 
quantities according to an Erlang distribution function. This order generator uses 
the random generator mentioned before. Frequency histograms of the generated 
quantities for several values of µ and cr demonstrated correctness of the order 
generator. 

INVENTORY CONTROL 

The lost sales reorder policy and the heuristic were tested extensively in separate 
programs (see Rutten 1991 and Van Donselaar et al. 1994). In the final simulations, 
an order-up-to policy is used whereby the order-up-to level was computed exter
nally by these programs and given as input parameter to the REBUS system. 

OPTIMIZATION PROGRAMS 

The optimization programs have been tested by optimizing a number of test
cases of which the optimal solution was known beforehand. From these tests it was 
observed that the revised simplex method we used at first, not always noticed an 
infeasible solution when it occurred. In the next two subsections a more detailed 
description of the optimization programs is given. 

COMPLETE SYSTEM 

After these module tests, the complete system was also tested to identify and 
correct errors that occurred by combining the modules and to test if the output was 
correct. For instance, a run was performed in which a 'fixed recipe' situation was 
used. In that way the performance that should result from the simulation was 
known beforehand and could be used as a reference. 

6.3.2 Infeasibility prevention 

If we use the optimization models described in Chapter 4, the following problem 
will occur. If it is not possible to fulfill all requirements in the model (quantities to 
be produced, property constraints), the problem does not have a feasible solution. 
The LP-programs we know only mention the infeasibility and point out the 
restrictions that possibly caused the infeasibility. Thus, we can only produce every
thing (feasible solution) or nothing (infeasible solution). Since during the simula
tion, each day we wish to produce as much as possible of the orders and backorder 
the rest, we have to adjust the optimization models in order to avoid infeasibilities. 

The easiest way to prevent infeasibility is to add fictitious raw material deliveries 
of every raw material type at the start of the planning period. The amount of the 
fictitious deliveries should be chosen very large and the cost of these fictitious raw 
materials should be a (large) multiple of the actual cost of the raw material type. In 
this way, the fictitious raw materials are only used if there are no other 'real' raw 
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materials available. Since the amount of the fictitious raw materials is infinite, a 
feasible solution can always be found. 

We can determine which part of an order is made of the fictitious raw materials. 
This is the part of the order that must be backordered. However, if we blindly 
backorder the fictitious part of an order, the resulting 'real' part does not necessarily 
fulfill the requirements (properties) of the product type. For example, a product is 
produced out of two raw materials, a and b. Raw material a contains 10% of a 
property p and raw material b contains 20% of property p. Suppose, an optimal 
solution for an order consists of 60% of raw material a and 40% of fictitious raw 
material b, due to shortness of b. If we produce the real part of the order (60%), the 
product will consist of 100% raw material a and property p will decrease from the 
optimized 14% to 10%. If the minimum of property pin the product is 12%, then 
the produced quantity will not satisfy the product requirements. 

To prevent infeasibility and to be able to backorder a part of an order without 
disturbing the properties, we use pre-emptive goal programming (Winston 1991). 
We define an additional variable ft that denotes the fraction of an order which can 
be made. The most important goal is to produce as much as possible of the 
quantity ordered. Within that goal the recipe costs are minimized. For instance, the 
single-blend model becomes: 

Maximize {BigMft~Q Lr Cr qr} (6.1) 

subject to: 
Lrqr = ftTQ 
Lr qr pr,i ~ ft TQ LPi 
Lr 1r Pr,i ~ ft TQ UP; 
q, ~ AQ, 

where: 
C, cost of raw material r (per unit) 

for every i 
for every i 
for every r 

qr the (variable) quantity of raw material rthat is used in the current order 
(units) 

TQ total quantity to be produced in the current order (units) 

ft the (variable) fraction of the total quantity which is produced 

Pr,; fraction of property i in raw material r 

LP; lower bound on the fraction of property i in the recipe definition 

UP; upper bound on the fraction of property i in the recipe definition 

AQ, available quantity of raw material r (units) 

BigM large number; necessary for arranging the two goals in the objective 

function. 
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(6.5) 
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The objective (6.1) intends to make the maximum possible part of an order (the 
multiplication of ft by TQ!TQ is used here for consistency with the multi-blend 
model, see equation (6.6)). The part that is made, is still produced with minimum 
costs of raw materials. Since we only produce a fraction of the total ordered 
quantity, the value TQ must be replaced by ft TQ For the multi-blend model, a set 
of variables (fr,) can be used in a similar way, where u denotes customer order u. 
The objective then becomes: 

(6.6) 

The resulting values of the fraction variables show which parts of orders can be 
produced and how much must be backordered, while the quantities used of raw 
materials will meet the product requirements. 

6.3.3 Optimization programs 

The program REBUS consists of modules, which means that part of the program 
(e.g. the production planning module) can be replaced relatively easily. For the 
optimization part in the program we used three different LP-programs. At first we 
started to integrate an LP-module in the program which performed an optimization 
according to the revised simplex method. This method was adopted from Press et 
al. (1989). Since their method consists only of the revised simplex method, no 
necessary checks were performed for, for instance, feasible starting matrices. This 
caused many problems and we therefore changed to a commercial package which 
could be used in a batch mode by our simulation program. Because commercial 
packages perform all necessary checks on input, the results turned out to be more 
reliable. However, the computer time consumed for switching from REBUS to the 
LP-package and back and the model translation time was very substantial and hence 
the simulation became prohibitively inefficient. 

To increase the efficiency of the simulation, we decided to build an LP-imitator. 
In our final experimental design, we only simulate the relatively simple product 
models that were developed in the basic analysis in Chapter 3. Since the principles 
of recipe flexibility are included in these models, they will comprise all effects that 
may appear in realistic simulations. Nevertheless, due to the simplicity of these 
models, the optimization becomes relatively simple. For instance, the optimal 
solution of an order with the SINGLE optimization concept can be found directly 
without using an optimization tool. So, to increase the simulation speed, we built 
an LP-imitator for these specific product models (in the simulations in Chapter 3 
the model with two products and two raw materials is used; in the simulations in 
Chapter 7 the model with four products and three raw materials is used; see 
Chapter 3). The complete LP-imitator description can be found in Appendix 6.L 
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A disadvantage of the LP-imitator is that it can only be used for one specific product 
model, while a commercial LP-package can solve all kinds of problems. The main 
advantage (and the only purpose) of the imitator is that since the LP-imitator is 
incorporated in REBUS and since it does not really perform an optimization but 
evaluates order quantities in relation to available inventory, calculation speed 
increased up to 250 times the speed that was possible with the commercial package. 

Nevertheless, since we do not really perform an optimization in the imitator, we 
had to check the outcomes of the imitator with the outcomes of the commercial 
package. We found the results to be identical but for one thing. If there was more 
than one order for a certain product scheduled on one day and a shortness in the 
raw materials for these orders occurred, then the LP-package picked (randomly) one 
of the orders and backordered the rest. In our LP-imitator, we always pick the 
orders that arrive first. In Table 6.1 a simple example is given. Three orders for the 
same product are scheduled on a single day. Both solutions use all available raw 
material (132.94 units), but the LP-imitator produces the first order (lowest order 
number) and the commercial package produces (randomly) one of the subsequent 
orders. 

Table 6.1 Backorder-decisions in the LP-imitator and the commercial package. 

customer orders 

Planned orders 

New backorders 

Order 
number 

51 
53 
54 

Order 
number 

51 

51 
53 
54 

order quantity 

464.95 
216.77 

1,330.68 

planned quantity Order 
LP-imitator number 

132.94 53 

332.01 51 
216.77 53 

1,330.68 54 

planned quantity 
commercial package 

132.94 

464.95 
83.83 

1,330.68 

After a complete simulation run this can result in minor differences in the 
output. However, we produce orders in FIFO sequence as mentioned before. Since 
the LP-imitator always picks the oldest order first, the performance of the imitator 
corresponds best to the FIFO sequence. 

The simulation model with a commercial LP-package can be adjusted to avoid 
this random sequence as follows: we do not optimize each individual order, but we 
aggregate all order quantities such that we have one aggregate order per product 
type per day. Then we optimize the aggregate orders. After optimization, the plan
ned aggregate quantities can be (re-)allocated to customer orders thereby following 
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the FIFO sequence. In this way, any LP-package can be forced to produce orders in 
FIFO sequence. An additional advantage is that, due to the smaller number of 
(aggregate) orders, the LP-model will become smaller. 

6.4 Conclusion 

In this chapter we defined a simulation model, named REBUS. This simulation 
model can be used to test several concepts for using recipe flexibility. The 
environmental parameters can be changed in order to test several situations. The 
model can use an external commercial LP-package for optimization or an LP
imitator, that was created for some specific product models. 
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Appendix 6.1 The LP-imitator 

The LP-imitator is based on one specific product model. Since in the simulations 
in Chapter 3 another product model is used than in Chapter 7, we need two 
imitators. In Chapter 7 several concepts are used in which single-blend and multi
blend optimizations are used. The multi-blend optimization of the TOTAL and 
BAIANCE concept are the same, except for the period that is covered by the optimi
zation. The MARGINS concept uses a multi-blend with raw material constraints and 
is therefore more complex. In conclusion, we have to develop four different LP
imitators; one for the single-blend optimization of the product model that is used 
in Chapter 3 and three for the optimization of the product model that is used in 
Chapter 7 (a single-blend imitator, a multi-blend imitator and an imitator for a 
multi-blend with raw material constraints). 

6.1 .1 Single-blend imitator for two products 

In Chapter 3, we used a product model in which two products were produced, 
using two raw materials, see Figure 6.3. Product I was produced out of raw material 
a and product 2 was produced out of raw material b. If available inventory of raw 
material b was insufficient, product 2 could also be produced using raw material a. 

products 

raw materials cost a > cost b 

Figure 6.3 Two products are produced using two raw materials. Product 1 uses raw material a; product 2 
uses raw material b. However, product 2 can also use raw material a as an alternative. The solid lines 
indicate the standard recipes and the dotted line indicates the alternative recipe. 

Since the SINGLE concept is used in the simulations in Chapter 3, customer 
orders are optimized one-at-a-time. The LP-imitator is therefore very straight
forward. Denote the available inventory of raw material r by AQ(r), the quantity 
used by q(r) (this variable is denoted by qr in the LP-models; here the notation q(r) 
is used because of the pseudo programming language) and the quantity of the order 
to be produced by TQ then the (pseudo-) Pascal program of the LP-imitator is as 
follows: 
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Case Order(u) of 
Type 1: 

Begin 
If Order.TO<- AO{a) 
then Order.q(a) :- Order.TO 
else Order.q(a) :- AOCa): 

AO(a) :- AOCal - Order.qlal: 
End 

Type 2: 
Begin 

If Order.TO <- AQ(b) 
then Order.q(b) :- Order.TO 
else begin 

Order.q(b) :- AQ(b): 
If Order.TO - Order.q(b) <- AOCal 
then Order.q(a) :- Order.TO Order.q(b) 
else Order.q(a) :- AQ(a); 

end 
AQ(a) :- AO(a) Order.q(a): 
AQ(b) :- AQ(b) - Order.q(b); 

End 
End Case 

The values of the q(r) variables give the quantities that are normally calculated by 
a 'real' LP program. The expression TQ- Lr q(r) gives the amount of the order that 
is backordered. 

6.1.2 Single-blend imitator for four products 

In Chapter 7, a product model is used in which four products are manufactured 
from three raw materials, as is depicted in Figure 6.4. Products 1 and 2 can only use 
raw material a respectively b, and products 3 and 4 use raw material c as much as 
possible. If available raw material c is insufficient, product 3 can also be made of 
raw material a and product 4 can also be made of raw material b. The cost of raw 
material a is always highest, the cost of raw material c is always lowest. In Chapter 
7, the different concepts are compared. Therefore, this imitator must include 
single-blend optimization as well as multi-blend optimization {without and with 
raw material constraints). In this and the next subsections these three imitators will 
be given. 

products 2 3 4 

\_)():/ 
raw materials a b c cost a > cost b > cost c 

Figure 6.4 Product model; standard and alternative recipes. The solid lines denote the standard recipes, 
the dotted lines denote the alternative recipes. 
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The LP-imitator of the SINGLE concept again is very straightforward. Denote the 
available inventory of raw material r by AQ(r), the quantity used by q(r) and the 
quantity of the order to be produced by TQ, then the (pseudo-) Pascal program of 
the LP-imitator is as follows: 

Case Order(u) of 
Type 1: 

Begin 
If Order.TO<- AQ(a) 
then Order.q(a) :- Order.TO 
else Order.q(a) :- AQ(a): 

AQ(a) :- AO(a) - Order.q(a): 
End 

Type 2: 
Begin 

If Order.TO<- AO(b) 
then Order.q(b) :- Order.TO 
else Order.q(b) :- AO(bl; 

AOCbl :- AO(bl - Order.q(b); 
End 

Type 3: 
Begin 

If Order.TO <- AO(c) 
then Order.q(c) :- Order.TO 
else begin 

Order.q(c) :- AOCcl; 
If Order.TO - Order.q(c) <- AQ(a) 
then Order.q(a) :- Order.TO Order.q(c) 
else Order.q(al :- AO(a); 

end 
AQ(a) :- AO(al - Order.q(a); 
AQ(cl :- AO(c) - Order.q(cJ; 

End 
Type 4: 

Begin 
If Order.TO<- AOCcl 
then Order.q(cl :- Order.TO 
else begin 

Order.q(c) :- AOCcl: 
If Order.TO - Order.q(c) <- AQ(b) 
then Order.q(b) :- Order.TO - Order.q(c) 
else Order.q(bl :- AO(bl; 

end 
AQ(b) :- AO(b) - Order.q(b); 
AQ(c) :- AO(c) - Order.q(cl: 

End 
End Case 

Again, the values of the q(r) variables give the quant1t1es that are normally 
calculated by a 'real' LP program. The expression TQ- i:r q(,r) gives the amount of 
the order that is backordered. 
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6.1.3 Multi-blend imitator for four products 

The other three concepts use a multi-blend over at least the deterministic period. 
The MARGINS concept adds material constraints and the TOTAL concept optimizes 
over the leadtime of raw materials. The BALANCE concept changes the multi-blend 
solution over the deterministic period, but first performs the multi-blend. Since the 
LP-imitator of the MARGINS optimization is very complex, due to the material 
constraints, we will first give the LP-imitator of a multi-blend over several periods 
without materials constraints, as used in the TOTAL and BALANCE concept. In the 
next subsection the multi-blend optimization with raw material constraints is given. 

Before starting the optimization procedure, some variables must be known. 
Denote the available inventory of raw material rat day t by AQ<.r,t). The available 
inventory at day t + 1 equals the available inventory at day t plus the scheduled 
receipt that arrives at the start of day t+ 1 (before any order is produced). The 
maximum number of days that is covered by the optimization can either be the 
length of the deterministic period or the leadtime of raw materials; it is denoted by 
T. Furthermore, we need a record per order, Ord(u), where u denotes the order 
number (remember that orders are sorted by this number). This record has the 
following fields: 

• Date; day on which the order has to be produced 
• Type; product type ordered 
• TQ total quantity ordered 
• q(r); usage of raw material r, as calculated by the optimization. 
First a feasible solution is calculated for every order using a single-blend model. 

Next adaptations are made in order to obtain a multi-blend solution. The single
blend calculation first calculates the recipes for orders of product 1, then all orders 
for product 2 are calculated and so on. Figure 6.5 gives the general scheme for 
calculating all orders for one product type. 

t := 1 

Find order with 
date= tand 

type= p 

t:= t+ 1 

Figure 6.5 Single-blend solution scheme for all orders of one product type. 
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Determine 
q(.r) 

Update 
available 
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The difference between the product types is the determination of q(r)15: 

Product 1: 
Product 2: 
Product 3: 

Product 4: 

Ord(u).q(a) :- min[ Ord(u).TQ • AQ(a,t) ]; 
Ord(u).q(b) :- min[ Ord(u).TQ • AOCb,t) ]; 
Ord(u).q(c) :- min[ Ord(u).TQ • AQ(c,t) ]; 
If Ord(u).TQ - Ord(u).q(c) > 0 
then Ord(u).q(a) :- min[ Ord(u).TQ - Ord(u).q(c) • AQ(a,t) ] 
else Ord(u).q(a) :- 0; 

Ord(u).q(c) :- min[ Ord(u).TQ • AOCc.t) J: 
If Ord(u).TQ - Ord(u).q(c) > 0 
then Ord(u).q(b) :- min[ Ord(u).TQ - Ord(u).q(c) AQCb.t) J 
else Ord(u) .q(b) :- 0: 

After using this scheme for all four product types, the maximum possible 
quantity of orders for products I, 2 and 3 is made. However, it is possible that if 
orders for product 3 had used more alternative raw material a and hence less raw 
material c, a larger quantity of orders for product 4 could have been made. There
fore, we have to make some adaptations to the solution which results from the 
sequential single-blend calculations. For every order of product 4 which is 
(partially) backordered, we try to find an order of product 3 that is scheduled earlier 
and that can use more raw material a instead of raw material c. We change the 
usage of that order for product 3 and hence more raw material c will become 
available which is used by the order for product 4. In this way, the total quantity 
produced will increase. Figure 6.6 gives the scheme of this adaptation, which must 
be executed for every (backordered} order of product 4. After this correction, the 
solution is equal to the multi-blend solution of a commercial LP-package. 

[ Order u Cneeded:= Find order x with 
type= 4 TQ date<= t and 
date= t - q(b) - q(c) type= 3 

no 

no 

Update Adapt ExtraC:= min[ 
Cpossible:= 

min[ 
available q(r) (of u and x) (needed, Ord(x).q(c), 
inventory and Cneeded Cpossible] AQ(a, Ord(x).Date) 

I 

Figure 6.6 Scheme for correction of the single-blend solution for a backorder of product type 4. The 
quantity that is backordered is denoted by Cneeded; the quantity that can be taken from the order for 
product 3 is denoted by Cpossible; ExtraC denotes the quantity that is transferred from product 3 to 
product 4. The scheme starts in the upper left corner with a 'status' -rectangle. 

l 5 The function min[a,b] returns the lowest value of a and b. 
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We will give an example to show how these schemes function. In Table 6.2, a set 
of order quantities is given for four products during three days. Also the available 
inventory and outstanding replenishment orders of raw materials are given. We can 
solve this production planning problem by generating an LP-formulation as 
described in Chapter 4 (and corrected for infeasibility as described in Section 6+2): 

j 
t ± fru,t T~,t 

Maximize BigM""-t=-=-1-=;-'=1""4---

L l:T~,t 
t=l u=I 

subject to: 
c 

"""' n - .t;,. T(l for every u, t £.., 7r,u,t - J'u,t '<n,t 
r=a 

c 

L qr,u,t P,.,i ~ LJ!,i fiu,t T~,t for every u, t, i 

r=a 
4 

"""' q < aq for every r, t £.., r,u,t - r,t 
u=I 

4 

aqr,t aqr,t-1 + RQ.,t - Lqr,u,t-1 for every r,t > 1 
u=I 

aqr,I = RQ.,1 for every r 

where: 

(6.7) 

Cr cost of raw material r (per unit; in this example respectively C11 I Cb I Cc= 
no/rn2/100) 

T<Ju,1 total amount to be produced for order u at day t (units); see Table 6.2 

RQ,,t quantity delivered of raw material rat day t(quantity 'delivered' at day one 
is in fact the available inventory) (units); see Table 6.2 

Pr,i fraction of property i in raw material r 

LPu,i lower bound on the fraction of property i in the recipe definition of order u 

UPu.i upper bound on the fraction of property i in the recipe definition of order u 

BigM large number; necessary for ordering the two goals in the objective function 
qr,u,t the (variable) quantity of raw material r that is used in order u at day t 

(units) 

fru,t fraction produced of product u at day t 
aqr,t available quantity of raw material rat day t(units). The available quantity is 

denoted in lowercase because only the available inventory of day 1 is known 

beforehand. 
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Table 6.2 Data for example. 

Order quantities (TQu 1) 

Product type day 1 ' day 2 day 3 

1 400 150 600 
2 230 550 340 
3 600 400 150 
4 170 320 580 

Raw materials RQ,,t 

a 700 400 300 
b 500 500 300 
c 800 500 250 

The optimal multi-blend solution, calculated by the LP-model in equation (6.7) 
is given in the first part of Table 6.5 on page 128. When using the LP-imitator, we 
create a feasible solution by performing twelve single-blends, as given in Table 6.3. 

Table 6.3 Single-blend solutions of the twelve customer orders. 

Quantity Day q(r) resulting AQ(r,t) 

Orders of type 1 
400 1 400 a AQ(a,.)= 300 700 1,000 
150 2 150 a AQ(a,.) = 300 550 850 
600 3 600 a AQ(a,.) = 250 250 250 

Orders of type 2 
230 1 230 b AQ(b,.) = 270 770 1,070 
550 2 550 b AQ(b,.) = 220 220 520 
340 3 340 b AQ(b,.) = 180 180 180 

Orders of type 3 
600 1 600 c AQ(c,.) = 200 700 950 
400 2 400 c AQ(c,.) = 200 300 550 
150 3 150 c AQ(c,.) = 200 300 400 

Orders of type 4 
170 1 170 c AQ(c,.) = 30 130 230 
320 2 180 b AQ(b,.) = 0 0 0 

130 c AQ(c,.) = 0 0 100 
1 0 backordered 

580 3 100 c AQ(c,.) = 0 0 0 
480 backordered 

Final resulting AQ(r,t) 

AQ(a,.) = 250 250 250 
AQ(b,.) = 0 0 0 
AQ(c,.) = 0 0 0 

Since there are some orders for product 4 that are partially backordered, some 
adaptations to this solution can be made. We apply the scheme that was given in 
Figure 6.6 to the last two orders for product 4; the result is shown in Table 6.4. 
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Table 6.4 Adapt the single-blend solutions in order to create a multi-blend solution. 

Order type 4 Order 3 found Adapt order 3 Adapt order 4 
Cneeded Day Cpossible Day q(r) q(r) 

1 O 2 250 2 + 10 a -1 0 c + 10 c 
480 3 1 50 3 + 1 SO a -1 50 c + 1 SO c 
330 3 90 2 +90 a -90 c +90 c 
240 3 not found; backordered 

AQl.r,t) 

AQl.a,.) 
AQl.a,.) = 
AQl.a,.) = 

240 240 240 
90 90 90 
0 0 0 

After this correction, the solution is optimal in raw material usage. The final 
usage as calculated by the LP-imitator is given in the second part of Table 6.5. As 
can be seen in Table 6.5, both solutions use the same amount of raw materials and 
both solutions backorder 240 units. Some differences in the allocation do occur, 
but these differences can also appear if we use different formulations of the problem 
in a commercial LP-package. We compared the solutions of the LP-imitator for 
several test-cases {like this example) with the solutions of an LP-model in order to 
check correctness of the LP-imitator. 

Table 6.5 Multi-blend solution, according to the LP-model and according to the LP-imitator. 

Day 1 Day 2 Day 3 

Product type 
Raw 1 2 3 4 1 2 3 4 1 2 3 4 

Results (q(r) ) with an LP-model 
a 400 0 190 0 lSO 0 0 0 600 0 60 0 
b 0 230 0 0 0 sso 0 0 0 340 0 180 
c 0 0 410 170 0 0 400 320 0 0 90 160 

Results (q(r)) with the LP-imitator 
a 400 0 0 0 150 0 100 0 600 0 150 0 
b 0 230 0 0 0 550 0 180 0 340 0 0 
c 0 0 600 170 0 0 300 140 0 0 0 340 

6.1.4 Multi-blend with raw material constraints 

When raw materials constraints are added, then the first solution which results 
from the sequential single-blends {Figure 6.5) is identical for products I and 2, but 
the determination of the q(.r) variables of products 3 and 4 is more complex. Denote 
the maximum and minimum fraction of the alternative raw material in the product 
by Maxf respectively Minf and denote the quantity that will be produced by fr TQ 
Figure 6.7 gives the calculation scheme for the determination of the q(.r) variables. 
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[ Order u 
type= 3 
Date= t 

frTQ:=min [ 
AQ(a,t)/Minf, 

TQJ 

yes 

frTQ:=min[ 
AQ(a,t)+AQ(c,t), 

TQ] 

yes 

frTQ:= min[ 
AQ(a,t), 

TQ] 

frTQ:= min[ 
AQ(c,t)/(1-Maxf), 

TQ] 

qkl := min[ 
AQ(c1t)1 

frTQ(1-Minf) 
I 

q(a) := 
frTQ 

- q(c) 

Figure 6.7 Scheme for determining the single-blend solution of product 3 in case raw material constraints 
are added. The scheme starts in the upper left corner with a 'status'-rectangle. The scheme for product 4 
is identical, except for raw material a that must be replaced by raw material b. 

With raw material constraints, the single-blend solutions make the maximum 
possible quantity of orders for products I and 2. But now the solution of both other 
products can be improved. For instance, if an order for product 3 could not be 
made completely due to a shortage in the alternative raw material a, then it is 
preferable to backorder a small part of an (earlier scheduled) order for product I 

and use the raw material a in combination with the available inventory of raw 
material c to produce a larger part of the order for product 3. In this way, the total 
quantity produced will increase (which is the objective of the optimization). In 
Figure 6.8 the possible situations for improvements after the single-blend solutions 
are given. The contents of an improvement procedure sometimes differs per 
product type (3 or 4) and will therefore be worked out separately when necessary. 

Impossible! 
Improve 

yes Alternative 
no Standard 

Improve 
no Alternative 
yes Standard 

Improve 
no Alternative 
no Standard 

Figure 6.8 Possible situations for improvement of the single-blend solutions of products 3 and 4. 
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IMPROVE: YES ALTERNATIVE - NO STANDARD 

If there is inventory available of the alternative raw material and no inventory left 
of the standard raw material, then the recipe calculated by the single-blend solution 
will use maximum alternative raw material. Therefore, a backorder can only use 
more alternative raw material if at the same time also more of the standard raw 
material is used. The standard raw material is however out of stock, which means 
that the standard raw material must be released from an order that is scheduled 
earlier and which can use more alternative raw material. Figure 6.9 gives the scheme 
for product type 3. The scheme for backorders of product type 4 is the same, except 
that raw material a must be replaced by raw material b. 

Cneeded:= 
(1-MaxtJTQ 

- q(c) 

Update 
available 
inventory 

Adapt 
q(r) and 

Cneeded 

Find order x with 
date<= tand 

equal producttype 

ExtraA:= 
Maxf 

(ExtraC/(1-Maxf)) 

no 

ExtraC := min[ 
Cneeded, 
Cpossible 

J 

I Cpossible:= min[ I 
Maxf Ord(x).q(a+c) 

-Ord(x).q(a), 
AQ(a, Ord(x).Date) 

J 

ExtraA:= min[ 
Maxf Cneeded/(1-MaxtJ, 
MaxfCpossible/(1-Maxf) 

l 

ExtraA:= 
Maxf AQ(a,t) 

ExtraC:= 
AQ(a,t) - ExtraA 

Figure 6.9 Improvement procedure for backorders of product type 3 in case the alternative raw material 
is available and the standard raw material is out of stock. The quantity that is backordered is denoted by 
Cneeded; the quantity that can be taken from the other order for product 3 is denoted by Cpossible; 
ExtraC denotes the quantity that is transferred from product 3 to product 4. The scheme starts in the upper 
left corner. The scheme for backorders of product type 4 is the same, except that raw material a must be 
replaced by raw material b. 

In case of an order for product type 3, the additional quantity of the standard 
raw material can (at first) only be taken from earlier orders for the same product as 
is depicted in Figure 6.9. Decreasing backorders of product type 3 by changing the 
recipe for orders of product type 4 may only be done after all improvements to 
backorders of product type 4 are made. Later in this appendix, an overview will be 
given of the sequence of steps to be taken in the LP-imitator of the MARGINS 

concept. However, a backorder for product type 4 can already take standard raw 

130 Chapter Six 



material from orders of product 3 and therefore the scheme of Figure 6.10 must be 
applied as a second improvement procedure. 

ExtraB:= 0 

Adapt 
q(r) and 

Cneeded 

Cneeded:= 
(1-Maxf)TQ 

- q(c) 

ExtraC :=min[ 
Cneeded, 
Cpossible 

I 

ExtraB:= AQ(b,t) 
ExtraC:= 
(1-Maxf) 

(AQ(b,t)/ Maxf) 

Update 
available 
inventory 

Find order x with 
date<= tand 

type= 3 

I Cneeded:= min[ I 
(1-MintJ(ExtraB/Minf) 

-q(cl, 
TQ-q(b)-q(cl I 

ExtraB:= 
Maxf 

(ExtraC/(1-Maxtl) 

Cpossible:= min[ 
Maxf Ord(x).q{a+c) 

-Ord(x).q{a), 
AQ(a, Ord(x).Date) 

l 

ExtraB:= min[ 
MaxfCneeded/(1-Maxf), 
Maxf Cpossible/(1-Maxfl 

I 

ExtraC :=min[ 
Cneeded, 
Cpossible 

I 

Figure 6.10 Additional improvement of a backorder for product type 4. The scheme starts in the upper 
left corner. The scheme for backorders of product type 3 is the same, except that raw material b must be 
replaced by a and order xis of type 4 instead of type 3. 

IMPROVE: NO ALTERNATIVE - YES STANDARD 

If inventory of the standard raw material is available and inventory of the alter
native raw material is not available, then the single-blend solution backordered an 
order because the minimum fraction of alternative raw material could not be met. 
In this case, it is better to backorder a part of an earlier scheduled order for product 
types 1 or 2. The raw material (a or b) that is released this way can be used together 
with some of the (available) standard raw material. In this way the total quantity 
produced will increase. Figure 6.11 gives the improvement scheme for orders of 
product type 3. The scheme for backorders of product type 4 is the same, except 
that the alternative raw material now becomes b instead of a and that the additional 
alternative raw material is taken from an order of product type 2 instead of type 1. 
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Aneeded:= 
MinfTQ 

-q(a) 

Aneeded:= Min(( 
( AQ(c,t)+q(c) ) 

/(1-Minf)) 
-q(.a) 

Find order x with 
date<= tand 

type= 1 

Adapt 
qfr) and 

A needed 

no 

Update 
available 
inventory 

Apossible:= 
Ord(x).q(a) 

ExtraA:= min[ 
A needed, 
Apossible 

I 

ExtraC:= 11-Minf) 
( ( ExtraA+q(.a) ) 

/Min() 
-q(.cl 

Figure 6.11 Improvement scheme for backorders of product type 3. The scheme starts in the upper left 
corner. The scheme for backorders of product type 4 is the same, except that raw material a must be 
replaced by raw material band order x must be of product type 2 instead of type 1. 

IMPROVE: NO ALTERNATIVE - NO STANDARD 

If there is no inventory left of both the standard and the alternative raw material, 
then the single-blend solution still can be improved. Both product types 3 and 4 use 
raw material c as the standard raw material. Thus a backorder of product type 4 can 
be decreased if there are orders of product type 3 that can use more of their 
alternative raw material a. If at the same time more of the alternative raw material b 
is needed in that backorder of product type 4, it can simply be taken from an earlier 
scheduled order of product type 2 (as described above). Figure 6.12 shows the 
scheme for improvement of a backorder of product type 4 in case no standard and 
alternative raw materials are available. 

The improvement of backorders of product type 3 in this case is not applied until 
all improvements to backorders of product type 4 are made. The scheme, however, 
is the same as Figure 6.12. 
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Cneeded:= min[ 
(1-MinfJ (q(b)/MinfJ 

- q{c), 
TQ-q(.b)- q(,d ] 

Find order x with 
date<= tand 

type= 3 

Cpossible:= min[ 
MaxfOrd(x).q(,a+c) 

-Ord(x).q(a), 
AQ(a,Ord(x).Date)] 

ExtraC := min[ 
Cneeded, 
Cpossible 

I 

Cneeded:= 
(1-Minf) (TQ 
-q(,b)- q(,c)) 

no 

Adapt 
q{r) and 

Cneeded 

Update 
available 
inventory 

ExtraB := 
Bpossible 
ExtraC:= 

(1-MinfJ (ExtraB/Minl) 

Find order x with 
date<= t and 

type= 3 

Adapt 
q(r) and 

Cneeded 

Update 
available 
inventory 

ExtraB := 
Bneeded 

Find order y with 
date<= tand 

type= 2 

Cpossible:= min[ 
Maxf Ord(x).q(,a+c) 

-Ord(x).q(a), 
AQ(a,Ord(x).Date) ] 

Bpossible := 
Ord(y).q(,b) 

ExtraC := min[ 
Cneeded, 
Cpossible 

l 

Bneeded:= 
Minf 

(ExtraC/(1-Minl)) 

Figure 6.12 Improvement of backorders of product type 4 in case no inventory is left. The scheme starts 
in the upper left corner. The scheme for backorders of product type 3 is the same, except that raw 
material b must be replaced by raw material a, the order x is of type 4 and the order y is of type 1 . 

OVERVIEW OF THE LP-IMITATOR OF THE MARGINS CONCEPT 

By now we have seen all separate steps that must be taken in the LP-imitator for 
the MARGINS concept. Figure 6.13 gives an overview of the sequence of steps to be 
taken. If the scheme in Figure 6.13 is applied to a set of orders, the solution will be 
optimal. 
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Figure 6.13 Overview of the steps in the LP-imitator of the MARGINS concept. The scheme starts in the 
upper left corner. 
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CHAPTER 7 
Numerical comparison 

of the concepts 

In this chapter simulation results will be given that are used to compare the performance of the control 
concepts that were developed in Chapter 4. The results indicate that switching from a single-blend model 
to a multi-blend model can give a significant improvement of the performance. Although there exist 
statistically significant differences in performance between the multi-blend concepts, these differences 
are of limited practical relevance. 

7 .1 Experimental design 

7 .1.1 Product model 

In Chapter 3, several product models were analyzed for the effects of using recipe 
flexibility. The two main effects of using recipe flexibility are: 

• there exists a trade-off between the inventory level for standard recipes and the 
use of alternative recipes. 

• there exists a trade-off between two alternative recipes if they both replace the 
same standard recipe. 

In order to be able to understand the effects, it is important to use the most 
simple product model. We therefore developed the product model defined in Table 
7.1. Each product demands a minimum and/or maximum amount of three 
properties. The three raw materials each contain one or two of the properties. The 
cost per unit of raw material a is highest, next in cost is raw material b and raw 
material c is the cheapest raw material. Due to this definition, the recipes of 
products I and 2 are fixed (raw material a respectively b) and products 3 and 4 both 
use raw material c as the standard recipe, but the alternative recipes of these two 
products differ (raw material a respectively b), see Figure 7.1. There are no explicit 
raw material requirements in this product model. 

Table 7.1 Product and raw material definitions. 

Minimum amount of Maximum amount of Amount of property 
Property property in product(%) property in product (%) in raw material (%) 

1 2 3 4 1 2 3 4 a b c 

1 10 0 0 0 100 100 100 0 10 0 0 
2 0 10 0 0 100 100 0 100 0 10 0 
3 0 0 10 10 100 100 100 100 10 10 10 
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In the remainder of this section, the experimental design will be given and the 
parameters that will be varied in the simulations are explained. Also the deter
mination of the transient phase will be illustrated and the t-test value that is 
calculated for comparing the concepts is explained. In the next section the results of 
the simulations will be presented. 

products 2 3 4 

\_)\-~-V 
raw materials a b c cost a > cost b > cost c 

Figure 7.1 Four products are produced using three raw materials. Products 1 respectively 2 use only raw 
material a respectively b. Products 3 and 4 both use raw material c, but product 3 can also use raw 
material a, while product 4 can also use raw material b. The solid lines indicate the standard recipes and 
the dotted lines indicate the alternative recipes. 

7.1.2 Parameters 

In Chapter 3, we determined under what conditions the use of recipe flexibility is 
beneficial. The SINGLE concept was used to find the boundaries of the domain 
within which the use of recipe flexibility can be profitable. A long leadtime of raw 
materials and a high target service level are the two significant factors that allow for 
the large differences in raw material costs and still using recipe flexibility. However, 
it might be that using one of the other more advanced control concepts may change 
the boundaries of the domain. Since the SINGLE concept is the simplest concept, we 
may expect that the domain that was determined in Chapter 3 is a 'minimum' 
domain. In this chapter we investigate the differences between the concepts. We 
will therefore not reconsider the boundaries of the domain, but we will concentrate 
on the performances of the concepts at several 'points' within the minimum 
domain. 

One additional factor that was not tested in Chapter 3, is the length of the 
deterministic period. Since in Chapter 3 the SINGLE concept was used, the length of 
the deterministic period was not important. In this chapter we will also use the 
multi-blend concepts and thus the length of the deterministic period must be 
included in the simulations. Including the length of the deterministic period in the 
simulations of the multi-blend concepts means that scheduled receipts due to 

replenishment orders will be used for production planning. If variation in raw 
materials quality occurs, then scheduled receipts due to the replenishment orders as 
used in the production planning, may deviate from the actual future deliveries. 
Therefore the factor 'variation in raw materials quality' also should be included in 
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the investigation. The results in Chapter 3 showed that the factor 'variation in raw 
materials quality' should be switched 'on' for the strongest effect16 • 

Furthermore, the difference between the TOTAL concept and the BAIANCE 

concept is the way demand is forecasted; the TOTAL concept takes the expected 
value of demand and treats this as certain, while the BAIANCE concept uses the 
complete probability density function of demand. Including the factor 'coefficient 
of variation' of demand for products 3 and 4 should enable us to identify a 
difference between using these two concepts. In Chapter 3 the factor 'coefficient of 
variation' had almost no effect. Since we expect the largest difference between 
TOTAL and BAIANCE to occur for large values of the coefficient of variation, the base 
case will be based on a large coefficient of variation. 

Summarizing, we have three parameters in the simulations in this chapter, 
namely the length of the deterministic period, the coefficient of variation in 
demand and the variation in raw materials quality. The experimental design we 
used is depicted in Table 7.2. For each parameter we use at least two values. For the 
point in the domain where we expect the largest differences between concepts, 
simulations are also performed for a length of the deterministic period of 3 and 4 
days. The other parameters in the simulation model will be fixed during the 
simulations (leadtime of raw materials is 16 days, mean demand for each product is 
400 units, coefficient of variation {cr/µ) in demand for products I and 2 is 1.0). 

Table 7.2 Design matrix for comparing the performance of the concepts. Using these runs results in 10 
points within the domain to be tested. 

Variation in raw Coefficient of variation 
materials quality in demand for Length of the 

Run (= prob. of right quality) products 3 and 4 deterministic period 

1 0.90 1.00 1 
2 0.90 1.00 2 
3 0.90 1.00 3 
4 0.90 1.00 4 
5 1.00 1.00 1 
6 1.00 1.00 2 
7 0.90 0.50 1 
8 0.90 0.50 2 
9 1.00 0.50 1 
10 1.00 0.50 2 

RAW MATERIAL COSTS 

In Chapter 3, we determined the maximum price increase (the Pm.iXvalue) for 
which using alternative recipes is beneficial. In the current product model we have 

16 In Chapter 3, variation in raw materials quality was operationalized by a probability q that the raw 
material received equals the raw material ordered. When in the current product model not the 
ordered raw material is received, it will be one of the other two raw materials with probability (1-q)/2. 
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two alternative raw materials (a, b) to replace one standard raw material (c}. The 
total cost increase therefore depends on the relation in costs of raw materials and 
the use of alternatives in both products. As long as the order of costs remains the 
same (cost a> cost b >cost c), the usage of alternative recipes in the SINGLE, TOTAL 

and MARGINS concepts will remain the same. However, since the BALANCE concept 
uses the actual costs in the calculations for the stochastic period, the use of alter
natives will change when the relations between raw material costs change. To 
account for this effect, we use three different settings for the relation in raw 
material costs. In Table 7.3 the set of three raw material costs is given that 
corresponds to each setting. The 10 runs of the design are simulated for the 
BALANCE concept in every setting (high, medium and low). In Appendix 7.1 we 
explain how the costs in Table 7.3 are determined. 

Table 7.3 Settings of raw material costs (per unit) as used in the simulations. In the high, medium resp. 
low setting, the relation (c., - cc ) I (cb - cc) equals 100, 10 resp. 2. 

Setting high 

cost of raw material a 1 .2206 
cost of raw material b 1 .0022 
cost of raw material c 1 .0000 

7 .1.3 One performance measure 

medium 

1.1791 
1.0178 
1.0000 

low 

1.0861 
1.0426 
1.0000 

In order to be able to uniquely order the concepts, we need one single perform
ance measure. The simulation model will give several measures; the a service level 
per product, the usage of alternative raw materials and the mean inventory levels. 
To order the concepts, we have to aggregate these measures into one measure. 

The use of alternative recipes and the inventory levels can be expressed in annual 
costs, as we have seen in Chapter 3. However, it is difficult (or impossible) to trans
late the a service level into costs. To avoid this problem we decided to increase the 
target service level to woo/o. After all, a high target performance level is a necessary 
condition for justifying the use of recipe flexibility (see Chapter 3). Furthermore, 
we are interested in the effects of differences in alternative recipe use per concept. 
Therefore, we made the available inventory of raw materials a and b infinite. This 
results in an a service level of 100% for each product, because there will be always 
inventory available (standard or alternative) for each product. In that case, the a 
service level is no longer an interesting output value. The inventory of raw material 
cwill be limited (the order-up-to level is calculated to achieve a service level of 90% 
under the fixed recipe regime}. In this way, recipe flexibility will still be used and 
the outputs of the simulation can be translated into one output, the annual costs 
needed to realize the target service. 
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7.1.4 Steady state measurements 

In many simulations, an event occurs after some time which logically stops the 
simulation. For instance, a simulation study of queuing times for a bank starts at 9 
A.M. and stops at 4 P.M. These kinds of models are called terminating models. The 
simulation study in this thesis however, is non-terminating; no dear start or stop 
moment can be defined. We are therefore interested in the steady state (Kleijnen 
and Groenendaal 1992). Before a steady state is reached, a 'warm-up' or so-called 
transient phase must be run. The length of the transient phase can be determined 
graphically according to Welch, as described by Law and Kelton (1991, page 546). 
This procedure was pursued for several situations (fixed recipe system, simple 
situation with flexible recipes, et cetera) with a minimum of ten replications. A 
transient period of 2,500 days was found to be sufficient, as is shown in Figure 7.2. 
Therefore we used a transient period of 2,500 days in the simulations. 

t 
performance 

1000 2000 3000 4000 5000 6000 
number of days --+ 

Figure 7.2 Determination of the transient phase, according to Welch (1983). 

To determine the differences between two concepts, each run is simulated for 
250,000 days and is divided into 25 subruns of 10,000 days each. The independence 
of subruns can be tested with the Von Neumann statistic, as described by Kleijnen 
and Van Groenendaal (1992, page 192). We found subruns of 100 days already to be 
independent. Kleijnen advises to use Schmeiser' s (1982) recommendation to com
bine those subruns into fewer, but longer subruns. Since we used subruns of 10,000 

days, these subruns can be considered to be independent and hence we have 25 
replications of each run. We use common random numbers for the simulations of 
the concepts, hence each concept deals with the same sequence of customer orders. 
We can test whether a difference in performance between two concepts exists by 
determining a new sample that exists of the differences between the 25 observations 
and next we can use the Student's t statistic to test whether this new sample is 
significantly different from zero: 
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(7.1) 

where xji denotes observation i of concept j and xki denotes observation i of concept 
k. We wish to test at a significance level of 90%, 95% and 99%; the experimentwise 
error rate equals 10%, 5% and 1%. Since we compare 4 concepts, we make 6 
comparisons (multiple comparison, see Kleijnen 1987) and therefore have to use a 
per comparison error rate which is the experimentwise error rate divided by 6 
(Bonferroni inequality). The resulting per comparison error rates can not be found 
in the available tables. We therefore used linear interpolation to determine the t-test 
value per comparison; they were determined at respectively 2.60, 2.90 and 3.56. The 
calculated t24-value according to equation (7.1) must be larger than these values to 
be significant. 

7 .2 Simulation results 

7.2.1 Results per concept 

We simulated each of the tens runs of the design for each concept. The a service 
level was 100% in every run, due to the unlimited availability of raw materials a and 
b. The order-up-to level of raw material c was the same in all concepts for each run, 
thus the inventory costs are the same for all concepts. The use of alternative recipes 
for products 3 and 4, however, differs per concept and is given in Table 7.4 for the 
highest cost setting (the complete simulation results are given in Appendix 7.2). 

As can be seen in Table 7.4, the performance of the SINGLE concept in runs 1 to 4 
remains constant, whereas the multi-blend concepts decrease the use of alternative 
in product 3 (the most expensive alternative) meanwhile increasing the use of 
alternative in product 4. The resulting use of alternative recipes was aggregated into 
one output 'the additional recipe costs', which is given in equation (7.2): 

kz cc)fo.3 (cb - cc)fo.4 D 
100% D3 + 100% 4 (7.2) 

where c,. denotes the cost of raw material r, fa; denotes the fraction alternative (%) 
used in product i and D; denotes annual demand for product i (D;=400 x250 days). 
The additional recipe costs are given in Table 7.5 for every concept. 

In general, a multi-blend concept performs better if a larger number of customer 
orders is accepted {length deterministic period; compare runs 1 to 4), whereas the 
performance of the SINGLE concept is not affected by the length of the deterministic 
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period. The marginal increase in performance (=decrease of additional recipe costs) 
of the multi-blend concepts compared to the SINGLE concept becomes smaller as 
the length of the deterministic period increases, as is depicted in Figure 7.3. Never
theless, the change in costs per concept is statistically significant for all runs given, 
but decreases every time the deterministic period becomes larger. Baker (1977) 
already observed that the value of extra information at the end of the planning 
horizon decreases. This means that for a situation in which many customer orders 
are accepted in advance (large deterministic period), it may not always be necessary 
to include all these orders in the optimization. 

Table 7.4 Mean fraction alternative recipe use, as measured in the simulations. The results ofthe BALANCE 

concept are presented for the highest cost setting (see Table 7.3). 

Fraction alternative in product 3 (%) Fraction alternative in product 4 (%) 
Run SINGLE TOTAL MARGINS BALANCE SINGLE TOTAL MARGINS BALANCE 

1 3.3218 3.0050 3.3218 2.3407 7.1125 7.5317 7.1125 10.6922 
2 3.3218 2.2493 2.3593 1.7181 7.1125 8.4072 8.2766 10.3870 
3 3.3218 1.7850 1.9086 1.5500 7.1125 8.6026 8.6297 9.9956 
4 3.3218 1.6143 1.6352 1.3540 7 .1125 8.8768 8.8519 9.5905 
5 1.4209 1.2815 1.4209 0.8305 3.7863 3.9440 3.7863 7.1569 
6 1.4208 0.6944 0.7386 0.4815 3.7863 4.5146 4.4691 6.5377 
7 2.4319 2.2293 2.4319 1.4905 7.7708 8.0324 7.7708 10.7809 
8 2.4319 1.9017 1.9379 1.3968 7.7708 8.4849 8.3929 9.6679 
9 0.2064 0.1980 0.2064 0.0674 2.4362 2.4450 2.4362 4.8084 
10 0.2064 0.0411 0.0425 0.0195 2.4362 2.6017 2.6004 3.3156 

Table 7.5 Mean additional recipe costs for the highest cost setting. Costs of raw materials a, b resp. care 
1.2206, 1.0022 resp. 1.0000 per unit. 

SINGLE TOTAL MARGINS BALANCE 

Run mean std.dev mean std.dev mean std.dev mean std.dev 

1 748.44 70.89 679.47 47.67 748.44 70.89 539.88 63.95 
2 748.44 70.89 514.69 51.77 538.68 59.01 401.87 51.41 
3 748.44 70.89 412.70 41.91 440.02 55.69 363.92 49.35 
4 748.44 70.89 375.64 53.87 380.19 47.59 319.78 35.42 
5 321.77 49.98 291.37 46.36 321.77 49.98 198.96 42.30 
6 321.77 49.98 163.11 30.54 172.76 31.53 120.60 28.61 
7 553.58 35.66 509.46 39.29 553.58 35.66 352.53 35.41 
8 553.58 35.66 438.19 44.69 445.97 39.78 329.41 24.82 
9 50.90 8.47 49.07 8.47 50.90 8.47 25.44 4.85 
10 50.90 8.47 14.79 4.44 1 S.09 4.59 11.60 2.79 

If the uncertainty in replenishment orders is low (variation in raw materials; 
compare runs 1 & 5 and 2 & 6), the performance of all concepts increases. Further
more, a lower coefficient of variation in demand for products with alternative 
recipes (compare runs I & 7 and 2 & 8) also increases the performance of all 
concepts. Combining the latter two factors (compare runs I & 9 and 2 & 10) results 
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in a situation in which recipe flexibility is hardly used. For the medium and low 
cost settings (see Table 7.13 in Appendix 7.2) the same conclusion holds. 

700 

t 600 

additional 
recipe 
costs 

500 

400 

2 3 4 
length deterministic period -+ 

Figure 7.3 Mean additional recipe costs of the four concepts for several lengths of the deterministic 
period (runs 1 to 4), for the highest cost setting. 

7.2.2 Material bounds in the MARGINS concept 

The characteristic aspect of the MARGINS concept is that lower and upper bounds 
are defined for the use of alternative raw materials. By using these bounds, the plan
ned usage of the standard raw material in the deterministic period can be 
controlled. In the previous simulation results no bounds were used. This results in a 
specific type of concept, named MULTI, which performs a multi-blend of all 
accepted orders (deterministic period) without material bounds. The question is 
whether or not the (simulation) results will improve when bounds are used. 

In the example used in Chapter 4, we already noticed that the bounds limit the 
flexibility of the recipes. However, that conclusion was limited to the example used. 
In this subsection we will give simulation results that confirm the conclusion from 
the example in Chapter 4. 

Using lower bounds will force the simulation to use always a minimum amount 
of alternative raw material. This can be useful if a push in raw materials occurs that 
fills up available inventory capacity. In the current simulation design no push is 
present. We therefore expect a decrease in performance, which is confirmed by the 
simulation results shown in Table 7.6. The fraction alternative increases for both 
products and hence the recipe costs increase. 

Using an upper bound will limit the use of alternative recipes to a maximum part 
of an order. This bound will only be active in case no sufficient standard raw 
material is available. This means that the performance is negatively affected by the 
bound. In the simulations as conducted in this chapter, this means that the u 
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service level no longer will be automatically 100%, as can be seen in Table 7.7. The 
magnitude of the change in service level depends on the parameter settings. In case 
almost no variation occurs (runs 9 and 10), the impact on the performance is much 
smaller than in the opposite case (runs 1 and 2). The results also show that when the 
upper bound becomes stronger (compare in Table 7.7 the left-hand side with the 
right-hand side), the performance of both products decreases. The recipe costs in
crease in all runs, which is due to an increase of the fraction alternative for product 
3. This means that using an upper bound not only negatively affects the service 
level, but also results in higher recipe costs. 

Table 7.6 Simulation results of the MARGINS concept with lower bounds. These results can be compared 
with the results of the unbounded MARGINS concept, given in Tables 7.4 and 7.5. 

Lower bound: 2% Lower bound: 5% 
Run fa(%) fa(%) fa(%) fa(%) 

product 3 product4 Recipe cost product 3 product 4 Recipe cost 

1 4.82 8.02 1,080.09 7.11 9.47 1,589.53 
2 3.96 8.91 892.33 6.48 10.21 1,451.78 
3 3.59 9.33 811.77 6.19 10.53 1,389.71 
4 3.38 9.52 766.47 5.99 10.66 1,345.84 
5 3.12 5.03 699.34 5.76 7.09 1,286.05 
6 2.58 5.57 581.03 5.39 7.46 1,206.33 
7 3.93 8.29 885.87 6.36 9.39 1,423.81 
8 3.53 8.80 798.56 6.08 9.71 1,362.08 
9 2.13 3.58 478.40 5.06 5.74 1, 128.38 
10 2.03 3.69 454.84 5.01 5.79 1, 118.28 

Table 7.7 Simulation results for the MARGINS concept with upper bounds. These results can be compared 
with the results of the unbounded MARGINS concept, given in Tables 7.4 and 7.5. 

Upper bound 75% Upper bound 50% 
a a fa(%) fa(%) Recipe a a fa(%) fa(%) Recipe 

Run prod.3 prod.4 prod.3 prod.4 cost prod.3 prod.4 prod.3 prod.4 cost 

1 98.71 98.07 3.70 6.13 829.53 97.55 95.20 4.05 4.94 904.08 
2 99.19 98.54 2.99 7.27 675.41 98.69 96.21 3.83 5.75 857.12 
3 99.32 98.74 2.46 7.78 560.59 99.00 96.74 3.51 6.40 788.23 
4 99.33 98.80 2.17 8.14 496.52 99.11 97.14 3.22 6.77 725.19 
5 99.86 99.59 1.77 3.31 397.58 99.47 98.40 2.00 2.65 447.69 
6 99.99 99.85 1.15 4.05 261.80 99.94 99.07 1.71 3.31 383.49 
7 98.45 97.99 2.72 7.23 615.17 97.76 95.21 3.71 5.77 830.83 
8 98.76 98.31 2.14 7.82 490.35 98.27 96.11 3.18 6.54 715.01 
9 100.00 99.99 0.41 2.24 94.56 99.97 99.64 0.74 1.85 167.93 
10 100.00 100.00 0.14 2.50 36.13 100.00 99.93 0.41 2.23 95.44 

In conclusion, bounds on alternative raw materials use will decrease the 
performance of the MARGINS concept. The use of lower bounds automatically 
increases the recipe costs, but in case of a push of raw materials a lower bound can 
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be used to free inventory capacity. The use of an upper bound will always limit the 
use of alternative raw material in case of shortness of the standard raw material. 
Therefore, it will always lead to a decrease in performance. 

In the simulations performed in the remainder of this chapter we will use the 
MULTI concept, which is the MARGINS concept without material bounds. 

7 .2.3 Comparison of the control concepts 

By combining the additional recipe cost values of two concepts, we can calculate 
a t-test value for measuring the difference between the concepts as described in 
Section 7.1.4. In Table 7.8, the t-test values are given per run for each combination 
of two concepts. 

Table 7.8 Calculated t-test values for each concept combination and the highest cost setting. Concepts 
are abbreviated by their first character; e.g. S-T is the combination of the SINGLE and TOTAL concepts (M 
denotes MULTI, B denotes BALANCE). At-test value larger than 2.60, 2.90 resp. 3.56 can be considered 
significant at a 90%, 95% resp. 99%-level. 

Concept combination 
run S-T S-M S-B T-M T-B M-B 

1 5.45 0.00 15.62 5.45 12.18 15.62 
2 20.18 22.01 28.10 2.52 10.93 15.07 
3 30.01 29.38 31.57 2.91 6.11 7.75 
4 34.06 37.17 32.54 0.53 6.75 5.85 
5 19.02 0.00 29.75 19.02 23.67 29.75 
6 28.41 27.89 32.22 18.16 13.25 16.43 
7 5.28 0.00 27.45 5.28 17.34 27.45 
8 12.76 13.02 34.48 1.01 14.19 15.84 
9 9.48 0.00 20.19 9.48 18.01 20.19 
10 29.01 28.73 28.42 3.73 6.66 7.18 

Significance in the first three columns means that switching from the SINGLE 

concept to one of the other three concepts will give a significant improvement 
(decrease) in additional recipe costs. For a deterministic period of one day, there is 
no difference between the SINGLE and MULTI concepts (column 2, runs I, 5, 7 and 
9). This has been caused by the target service level of 100%. After all, when 
inventory of alternative raw materials is unlimited available, the optimal solution 
for one day will use a maximum of standard raw material in the customer order for 
product 3 and will fill the remainder of the orders for products 3 and 4 with alter
native raw materials. Since in the SINGLE concept customers orders are optimized in 
FIFO order, which means that an order for product 3 is generated first, the SINGLE 

concept will automatically use as much standard raw material in the order for 
product 3 and use alternatives, if necessary, for subsequent orders. If we therefore 
exclude these runs, we can conclude that the results confirm our expectation that a 
multi-blend concept outperforms a single-blend concept. 
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The TOTAL and MULTI concepts (column 4) do not show substantial differences 
in their performance for every run (especially when the length of the deterministic 
period increases, the difference decreases). Since the MULTI concept is a multi-blend 
of all accepted orders (deterministic period), this means that adding pseudo-orders 
(TOTAL) has no significant effect on the performance for these situations. 

The BALANCE concept outperforms the TOTAL and MULTI concepts in all runs 
(last two columns). However, as mentioned before, when raw material costs change, 
the performance of the BALANCE concept will also change. Table 7.9 gives the t-test 
values of the BALANCE concept with the two other multi-blend concepts for all three 
cost settings. As can be seen in Table 7.9, the magnitude oft decreases as the differ
ences in raw material costs become smaller. This is in line with our expectation, 
because the importance of preserving raw materials becomes less as the financial 
consequences of not preserving raw materials decrease. For the lowest cost setting a 
significant difference between BALANCE and the two other concepts can only be 
found in runs 5, 9 and IO (at 99%-level). In conclusion, a relatively simple multi
blend model will be adequate in most cases. 

Table 7.9 The t-test values for the BALANCE concept with the other two multi-blend concepts for all three 
cost settings. Concepts are abbreviated by their first character; e.g. M-B is the combination of the MULTI 

and BALANCE concepts. At-test value larger than 2.60, 2.90 resp. 3.56 can be considered significant at a 
90%, 95% resp. 99%-level. 

low cost medium cost high cost 
run T-B M-B T-B M-B T-B M-B 

1 0.20 1.45 5.35 11.07 12.18 15.62 
2 1.48 2.47 3.17 5.59 10.93 15.07 
3 1.11 1.30 1.14 5.04 6.11 7.75 
4 0.99 0.82 2.31 2.26 6.75 5.85 
5 5.48 14.07 14.57 22.79 23.67 29.75 
6 3.27 15.25 10.88 16.00 13.25 16.43 
7 0.24 1.63 7.70 14.97 17.34 27.45 
8 3.37 3.02 4.56 5.89 14.19 15.84 
9 11.51 13.65 8.37 11.02 18.01 20.19 
10 6.96 7.70 4.66 5.13 6.66 7.18 

7 .3 Relevance of using recipe flexibility 

We are aware that the product model we used is too simple to be realistic and 
that larger, more realistic models have to be investigated. However, simulation with 
larger models was not possible because of technical and time constraints. As we 
have seen, very large runs are required for statistical significance (in this chapter a 
runlength of 250,000 days was used). Additionally, the calculation time per day 
increases rapidly as the size of the LP-model increases. And last but not least, the LP-
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imitator can no longer be used. We used the commercial LP-program {see Chapter 
6) to estimate the calculation time for larger models, which includes loading of the 
program in batch-mode, model translation, optimization of the model and saving 
the results to a file. The complete calculation time varied from 30 seconds {the 
product model used in this chapter; the LP-imitator requires approximately 0.1 

seconds) to about 3 minutes for a more realistic model. This means that a complete 
run for the latter case will take approximately 520 days! 

A large part of this calculation time is caused by loading of the LP-program and 
model translation; the actual optimization in the realistic case takes approximately 
20 seconds. This means that the simulation can become much faster by including 
the LP-solver in the simulation program and by offering the model in a 'ready-to
run' format. This may decrease the duration of the simulation to approximately 58 
days (20 seconds per simulation day). In Chapter 8 we will elaborate on this issue 
for further research. At this point we are not able to test larger models than the one 
used in this chapter, but based on the direction of the analysis in Chapter 3, we 
expect no essential differences in effects for larger, more realistic models. After all, 
the principles of recipe flexibility are included in the model. Thus, we will show the 
relevance of using recipe flexibility assuming that the results of the simple model 
also apply to realistic models. 

From the simulation results given in this chapter, we can conclude that the use 
of a multi-blend concept for the deterministic period gives a better performance 
than the use of a single-blend concept. Generally it is known that a multi-blend 
optimization gives a better overall result than a series of single-blends. Therefore, 
this conclusion will not only apply to the small scale model, hut also to larger and 
realistic models. 

The additional increase in performance, that we observed by adding pseudo
orders after the deterministic period or by balancing inventory, is not for all 
parameter values statistically significant. The differences between the multi-blend 
concepts were largest for a high cost difference between raw materials. But what is 
the practical relevance of this difference? 

Suppose that raw material costs constitute 80% of the product cost and that the 
company uses a profit margin of 2% on the product cost (this is not unusual in feed 
industries). The standard recipe costs per year equal 200,000 guilders (800 (mean 
demand) x 250 (days) x 1.000 (cost per unit)) in each run. After adding the 
additional recipe costs of the SINGLE concept, we can calculate the annual profit for 
a specific run as follows: 

,.r; Total recipe costs 
pro1 .t = 

80 
x 2 (7.3) 

The change in profit due to using a more advanced concept can then he deter
mined by dividing the difference in additional recipe costs between two concepts by 
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the profit as given in equation (7.3). Table 7.10 gives the results of this calculation 
for each run of the design. As the length of the deterministic period increases (runs 
1 to 4), the differences in 'profit increase' between the multi-blend concepts become 
far less than the increase in profit that is caused by switching from the SINGLE 

concept to one of the multi-blend concepts. 
The differences between the multi-blend concepts are largest for a short deter

ministic period. For the highest cost setting these differences are significant. Never
theless, the effort that is needed for implementing the sophisticated and complex 
BALANCE concept with the highest performance must be weighted against the effort 
that is needed for implementing the much simpler TOTAL or even the MULTI 

concept with a lower performance. For instance, in the first run the difference in 
profit increase between the MULTI and BALANCE concept is 4.16% (for the highest 
cost setting; for the lowest cost setting the difference is not significant). If the 
length of the deterministic period increases by one day (run 2), this difference 
decreases to 2.73%. One day further (run 3), the difference becomes 1.51%. Since in 
practice most companies will have a customer leadtime that is at least two days, the 
differences between the multi-blend concepts will be relatively small in practice. 

Table 7.10 Increase in profit(%) due to used concept (for the highest cost setting). 

Calculated profit for Increase in profit(%) due to using: 
run the SINGLE concept TOTAL MULTI BALANCE 

1 5,018.71 1.37% 0.00% 4.16% 
2 5,018.71 4.66% 4.18% 6.91% 
3 5,018.71 6.69% 6.15% 7.66% 
4 5,018.71 7.43% 7.34% 8.54% 
5 5,008.04 0.61% 0.00% 2.45% 
6 5,008.04 3.17% 2.98% 4.02% 
7 5,013.84 0.88% 0.00% 4.01% 
8 5,013.84 2.30% 2.15% 4.47% 
9 5,001.27 0.04% 0.00% 0.51% 
10 5,001.27 0.72% 0.72% 0.79% 

The possible increase of profit, of course, depends on the profit margins used 
and on the fraction of product costs that is constituted by the raw materials costs. 
Figure 7.4 shows the increase of profit for run 4 (the run with the largest changes in 
profit) due to the use of the MULTI and the BALANCE concepts for several values of 
these two cost parameters. As can be seen, for companies with very high raw 
material costs and very low profit margins, the use of a multi-blend concept can 
increase profit considerably. Nevertheless, the differences between the multi-blend 
concepts (compare the left and right part of Figure 7.4) are relatively small. 
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Figure 7.4 Increase in profit for the MULTI and the BALANCE concept in run 4, for several values of the 
profit margin and of the fraction of raw material costs in the product costs. 

7 .4 Conclusions 

In conclusion, the use of a multi-blend concept for the deterministic period gives 
a better performance than the use of a single-blend concept. The difference in per
formance between a single-blend and a multi-blend increases as the length of the 
deterministic period increases. 

Furthermore, if inventory of standard raw materials after the deterministic 
period is low, it can be advantageous to preserve some raw materials for expected 
use in the stochastic period. Three concepts were tested. The MULTI concept only 
optimizes the accepted customer orders; the TOTAL concept also includes expected 
customer orders and the BALANCE concept balances the inventory after the deter
ministic period based on the probability distribution function of demand. We 
measured a statistically significant difference in the performance of the concepts. 
However, this difference is of limited practical relevance. Therefore for practical 
purposes the use of a relatively simple multi-blend optimization for all accepted 
orders will be sufficient. 
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Appendix 7 .1 Costs of raw materials 

In Chapter 3, we determined the maximum cost increase for using alternative 
recipes (the Pmax-value). In the current product model we have two alternative raw 
materials to replace one standard raw material. The total cost increase therefore 
depends on the relation in costs of raw materials and the use of alternatives in both 
products, as given by the following equation: 

(7.4) 

where: 
foi fraction alternative used in product i 
µi mean demand for product i 
er cost of raw material r 
Pmax the maximum price increase value (from Chapter 3). 

In the simulations performed in this chapter, mean demand for both products 
equals 400 units and hence equation (7.4) can be reworked into: 

(7.5) 

Every point in the domain at which we compare the concepts is related to one or 
more runs in Chapter 3. This relation is determined by the number of parameters 
that are comparable. For instance, for the first run in Table 7.2 (on page 137), we 
need a simulation from Chapter 3 that has a long leadtime, a high target a, 
variation in raw materials quality and a large coefficient of variation in demand. 
Runs land 13 are the two runs that are the most similar. Using the approximation 
functions found for these runs, we can determine the Pmax-value for which the 
function, developed in Chapter 3, crosses the x-axis at an S-level of 90%. Figure 7.5 
shows the function for run 13 of Chapter 3 for several Pmax-values. The Pmax-value 
we want is 1.0683 for this case (for run I of Chapter 3, the corresponding Pmax-value 
is 1.0765). 

The value of Pmax we use in this chapter is the mean value of the runs from 
Chapter 3 that compare best to the runs in the current chapter. Thus, for the first 
run of Table 7.2 (on page 137), the Pmax-value we use is (1.0683 +1.0765)'2 =r.0724. 
The last column in Table 7.11 gives the new Pmax-values as determined for the runs 
in the current chapter. 
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Figure 7.5 The function from run 13 of Chapter 3, that balances inventory costs and recipe costs for 
several values of the Pmax parameter. 

i 
Total 

expected 
costs 
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(=inventory of raw material c) 

Ca increases 

Inventory balance --+ 
(=inventory of raw material c) 

Figure 7.6 Function of total expected cost in the BALANCE concept, for several values of the raw material 
costs. In the left figure, the relation ( ca - cc) I ( cb - cc) is constant. In the right figure, the cost of raw 
material a increases and therefore the value of the relation increases. 

Since the usage of alternative recipes in the SINGLE, TOTAL and MARGINS concepts 
will remain constant as long as the order of costs remains constant (cost a> cost b> 
cost c), the fa3 and fa4 values can be determined by a simulation of the ten runs 
with the SINGLE concept, as is given in Table 7.11. Thereafter we use equation (7.5) 
to determine the costs of raw materials a and b such that we stay within the Pmax
value of the domain. 

Nevertheless, many combinations of ca and cb exist that satisfy equation (7.5). 
We will use three different cost settings (high, medium and low cost differences 
between the alternative raw materials) because the use of alternatives in the BALANCE 

concept changes as the raw material costs change. As can be seen in Figure 7.6, the 
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minimum of the total expected cost function of the BALANCE concept depends on 
the relation (ca - cJl(cb - cc). The three cost settings are named according to the 
value of this relation. 

Table 7 .11 shows the fa3 and fa4 values that result from the simulation with the 
SINGLE concept and also the values of total cost increase that result from using 
different costs for raw materials a and b (the cost of raw material c is constantly 
assumed to be i.ooo per unit). As can be seen, the costs of raw materials are 
determined such that for every run the resulting total cost increase value is lower 
than or equal to the new Pma.i"values. 

Table 7.11 Resulting fa3 and fa4 values and the different costs of raw materials used. The resulting total 
cost increase is lower than or equal to the Pmax·value. 

Cost medium (10) low(2) 

1.2206 1.1791 1.0861 
1.0022 1.0178 1.0426 

Runs fa3 (%) Resulting total cost increase New Pmax 

1 - 4 3.3218 7.1125 1.0717 1.0692 1.0564 1.0724 
5-6 1.4209 3.7863 1.0618 1.0618 1.0545 1.0618 
7-8 2.4319 7.7708 1.0543 1.0562 1.0530 1.0608 
9 - 10 0.2064 2.4362 1.0193 1.0304 1.0460 1.0460 
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Appendix 7 .2 Simulation results 

In this appendix the tables of the complete simulation results are given. Table 7.12 
gives the fraction of alternative raw materials used in the recipes for products 3 and 
4, as measured in the simulations. The additional recipe costs that can be calculated 
from the use of alternatives is given in Table 7.13. The last two tables give the Mest 
values, calculated according to equation (7.1). 

Table 7.12 Mean fraction alternative measured. Since the fraction alternative in the BALANCE concept 
changes when the costs of raw materials change, three values are given for the BALANCE concept 

Fraction alternative in product 3 (%) 
cost high medium low 

run SINGLE TOTAL MULTI BALANCE 

1 3.3218 3.0050 3.3218 2.3407 2.5785 3.1005 
2 3.3218 2.2493 2.3593 1.7181 2.0298 2.3048 
3 3.3218 1.7850 1.9086 1.5500 1.7061 1.8478 
4 3.3218 1.6143 1.6352 1.3540 1.5044 1.6104 
5 1.4209 1.2815 1.4209 0.8305 0.9556 1.2956 
6 1.4208 0.6944 0.7386 0.4815 0.5733 0.7017 
7 2.4319 2.2293 2.4319 1.4905 1.7052 2.1290 
8 2.4319 1.9017 1.9379 1.3968 1.7086 1.8015 
9 0.2064 0.1980 0.2064 0.0674 0.0834 0.1406 
10 0.2064 0.0411 0.0425 0.0195 0.0240 0.0346 

Fraction alternative in product 4 (%) 
cost high medium low 

run SINGLE TOTAL MULTI BALANCE 

1 7.1125 7.5317 7.1125 10.6922 8.6495 7.3667 
2 7.1125 8.4072 8.2766 10.3870 8.7509 8.0816 
3 7.1125 8.6026 8.6297 9.9956 8.8487 8.6180 
4 7.1125 8.8768 8.8519 9.5905 8.9963 9.0125 
5 3.7863 3.9440 3.7863 7.1569 4.9615 3.9356 
6 3.7863 4.5146 4.4691 6.5377 4.8531 4.5075 
7 7.7708 8.0324 7.7708 10.7809 9.2829 8.2014 
8 7.7708 8.4849 8.3929 9.6679 8.6541 8.3226 
9 2.4362 2.4450 2.4362 4.8084 3.2330 2.5338 
10 2.4362 2.6017 2.6004 3.3156 2.6686 2.6083 
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Table 7.13 Mean and standard deviation of the additional recipe costs. 

SINGLE TOTAL MULTI BALANCE 

run cost mean std.dev mean std.dev mean std.dev mean std.dev 

1 high 748.44 70.89 679.47 47.67 748.44 70.89 539.88 63.95 
2 748.44 70.89 514.69 51.77 538.68 59.01 401.87 51.41 
3 748.44 70.89 412.70 41.91 440.02 55.69 363.92 49.35 
4 748.44 70.89 375.64 53.87 380.19 47.59 319.78 35.42 
5 321.77 49.98 291.37 46.36 321.77 49.98 198.96 42.30 
6 321.77 49.98 163.11 30.54 172.76 31.53 120.60 28.61 
7 553.58 35.66 509.46 39.29 553.58 35.66 352.53 35.41 
8 553.58 35.66 438.19 44.69 445.97 39.78 329.41 24.82 
9 50.90 8.47 49.07 8.47 50.90 8.47 25.44 4.85 
10 50.90 8.47 14.79 4.44 15.09 4.59 11.60 2.79 

1 med. 721.54 61.09 672.26 43.04 721.54 61.09 615.77 61.02 
2 721.54 61.09 552.50 45.67 569.88 53.21 519.30 51.37 
3 721.54 61.09 472.82 36.48 495.44 50.19 463.07 51.52 
4 721.54 61.09 447.12 50.77 450.42 42.42 429.57 43.96 
5 321.87 46.08 299.71 43.33 321.87 46.08 259.46 37.69 
6 321.87 46.08 204.72 30.68 211.83 31.50 l89.06 29.53 
7 573.88 33.50 542.25 35.68 573.88 33.50 470.64 29.41 
8 573.88 33.50 491.63 41.38 496.48 37.01 460.06 34.00 
9 80.34 8.24 78.99 8.24 80.34 8.24 72.48 6.37 
10 80.34 8.24 53.67 4.97 53.89 5.03 51.80 3.70 

1 low 589.00 39.64 579.58 35.49 589.00 39.64 580.77 35.72 
2 589.00 39.64 551.81 36.32 555.72 40.13 542.72 42.08 
3 589.00 39.64 520.16 31.86 531.96 39.27 526.22 37.08 
4 589.00 39.64 517.14 43.66 517.88 36.25 522.59 42.28 
5 283.63 35.47 278.35 34.78 283.63 35.47 279.21 34.69 
6 283.63 35.47 252.11 31.22 253.97 31.45 252.44 31.28 
7 540.43 27.29 534.12 27.83 540.43 27.29 532.69 34.14 
8 540.43 27.29 525.19 32.48 524.39 29.91 509.65 24.62 
9 121.56 9.36 121.21 9.35 121.56 9.36 120.04 9.15 
10 121.56 9.36 114.37 8.66 114.43 8.65 114.09 8.67 

Table 7.14 The t-test value for the increase in performance of a concept when the length of the 
deterministic period increases. A t-test value larger than 2.60, 2.90 resp. 3.56 can be considered 
significant at a 90%, 95% resp. 99%-level. 

Runs compared (no. is equal to the length of the deterministic period) 
Concept cost 1-2 2-3 3-4 

SINGLE high 0.00 0.00 0.00 
TOTAL 19.07 13.36 3.85 
MULTI 22.01 9.71 6.84 
BALANCE 9.24 4.32 5.29 

SINGLE medium 0.00 0.00 0.00 
TOTAL 16.95 12.23 3.10 
MULTI 18.25 8.70 6.41 
BALANCE 8.79 6.02 4.32 

SINGLE low 0.00 0.00 0.00 
TOTAL 6.29 6.39 0.51 
MULTI 5.61 4.37 3.15 
BALANCE 7.33 3.29 0.61 
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Table 7.15 The t-test values for comparing the concepts per run. Concepts are abbreviated by their first 
character; e.g. 5-T is the combination of the SINGLE and TOTAL concepts (M denotes MULTI and B denotes 
BALANCE). A t-test value larger than 2.60, 2.90 resp. 3.56 can be considered significant at a 90%, 95% 
resp. 99%-level. 

Concept combination 
run cost S-T S-M S-B T-M T-B M-B 

1 high 5.45 0.00 15.62 5.45 12.18 15.62 
2 20.18 22.01 28.10 2.52 10.93 15.07 
3 30.01 29.38 31.57 2.91 6.11 7.75 
4 34.06 37.17 32.54 0.53 6.75 5.85 
5 19.02 0.00 29.75 19.02 23.67 29.75 
6 28.41 27.89 32.22 18.16 13.25 16.43 
7 5.28 0.00 27.45 5.28 17.34 27.45 
8 12.76 13.02 34.48 1.01 14.19 15.84 
9 9.48 0.00 20.19 9.48 18.01 20.19 
10 29.01 28.73 28.42 3.73 6.66 7.18 

1 medium 4.76 0.00 11.07 4.76 5.35 11.07 
2 17.48 18.25 25.01 2.16 3.17 5.59 
3 26.48 26.06 28.56 2.80 1.14 5.04 
4 29.07 33.49 27.63 0.47 2.31 2.26 
5 18.74 0.00 22.79 18.74 14.57 22.79 
6 28.48 27.97 29.87 18.04 10.88 16.00 
7 4.33 0.00 14.97 4.33 7.70 14.97 
8 10.45 10.46 19.13 0.71 4.56 5.89 
9 9.47 0.00 11.02 9.47 8.37 11.02 
10 28.98 28.68 25.01 3.73 4.66 5.13 

1 low 1.57 0.00 1.45 1.57 0.20 1.45 
2 6.17 5.61 10.46 0.72 1.48 2.47 
3 10.99 10.71 10.56 2.15 1.11 1.30 
4 11.04 12.98 9.71 0.17 0.99 0.82 
5 15.99 0.00 14.07 15.99 5.48 14.07 
6 29.00 28.58 29.64 16.64 3.27 15.25 
7 1.22 0.00 1.63 1.22 0.24 1.63 
8 2.90 2.87 6.04 0.16 3.37 3.02 
9 9.13 0.00 13.65 9.13 11.51 13.65 
10 28.60 28.29 29.33 3.79 6.96 7.70 
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CHAPTER 8 

Conclusions 
and future research 

Finally, this last chapter will give a short overview of the main conclusions presented in this thesis and 
will indicate some interesting fields for future research. 

8.1 Conclusions 

In the first chapter, we started the research by discussing the concept of recipe 
flexibility and formulating the following research questions: 

1. When to use recipe flexibility? 
2. How to calculate the recipe for a specific order? 
3. How to control the inventory of raw materials? 
4. How to operate an optimization model in a dynamic environment? 

In this last chapter we will give a short overview of the main findings reported in 
this thesis. 

8.1.1 When to use recipe flexibility 

An overview of the literature concerning the problem field was presented. Also a 
typology of process industries was presented in which the industries with recipe 
flexibility can be positioned. In Table 8.1 the characteristics of the two extreme 
types in the typology are repeated. 

Table 8.1 Characteristics of process/flow versus batch/mix businesses. 

Process/flow characteristics 

- high production speed, short throughput time 

- clear determination of capacity, one routing 
for all products, no volume flexibility 

- low product complexity 

low added value 

strong impact of change-over time 

small number of production steps 

- limited number of products 

Conclusions and future research 

Batch/mix characteristics 

- long leadtime, much work in process 

- capacity is not wel I defined (different 
configurations, complex routings) 

- more complex products 

- high added value 

less impact of change-over time 

- large number of production/process steps 

- large number of products 
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When positioning industries with recipe flexibility in this typology, it turns out 
that some of the characteristics of the production process tend towards the process/ 
flow type of industry; throughput time is short, routing is simple and consists of 
only a small number of production steps, some divergence of the product flow 
appears at the end of the production process, low added value. Nevertheless, the 
one main difference between the industry studied and the process/flow extreme is 
the impact of change-over times and consequently the focus on capacity. Change
over times were not mentioned and the focus in industries with recipe flexibility is 
much more on materials than on capacity. This focus on materials is also found in 
the batch/mix extreme. Therefore, the type of industry studied in this thesis will be 
somewhere in the center of the typology, with characteristics of both extremes. 

Next, an analysis of basic product models was given that resulted in the two 
principles of recipe flexibility use: 

1. there exists a trade-off between the inventory level for standard recipes and the 
use of alternative recipes. 
Fixed recipes and safety stocks can be used to avoid the use of recipe flexi
bility. Under certain circumstances, this may lead to excessive stock levels 
needed for keeping up a certain customer performance. If we assume that 
alternative recipes are more expensive, the cost of using alternative recipes 
must be balanced with the cost of holding more (safety) stock. 

2. there exists a trade-off between two alternative recipes if they both replace the 
same standard recipe. 
If two alternative recipes with different costs exist, the least expensive alter
native can be used even when inventory for the standard recipe is available in 
order to prevent use of the most expensive alternative in the near future. 

The trade-off between using fixed recipes and holding high safety stocks versus 
the usage of recipe flexibility was investigated by means of simulation experiments. 
It was indicated in which cases it is favorable to use variable recipes instead of 
holding safety stock. Eight factors were examined of which only two have a signifi
cant effect. These are the leadtime of raw materials and the target service level. The 
use of recipe flexibility can he most beneficial when the leadtime of raw materials is 
large and the target service level is high. It will be clear that the use of recipe flexi
bility is beneficial if the cost differences between the materials are very small. 
However, the cost differences between standard and alternative raw materials can he 
as large as 15.y!Yo and still the use of recipe flexibility can be more profitable than 
holding safety stocks. 

8.1.2 Production planning with optimization 

Analysis of the horizon in the production planning function resulted in distin
guishing two periods within the planning horizon, as is depicted in Figure 8.1. In 
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the deterministic period all customer orders are accepted and in the stochastic 
period only a few customer orders are accepted. For the deterministic period a 
multi-blend optimization model can be applied. 

100% 

t 
percentage 
of accepted 

orders 

0% 

leadtime 
raw materials 

expected 
orders 

deterministic stochastic time -II> 
+-period_,..-------- period-------• 

Figure 8.1 The deterministic and stochastic periods. 

The stochastic situation, as encountered in practice, may be dealt with by: 
• using pseudo orders and act as if the situation is deterministic. This means 

that forecasts are made of expected orders, which are added to the real orders 
and this complete set of orders is optimized by a multi-blend optimization 
model, considering raw materials inventories and time-phased deliveries. 

• forecasting future raw materials requirements. This means that for the sto
chastic period, a forecast is made of expected raw materials requirements 
(which depend on the demand distribution function) and these requirements 
are translated into constraints on the optimization over the deterministic 
horizon (preserving raw materials from being used). 

In this thesis, we developed three new material coordination concepts, which all 
use a multi-blend optimization. Each concept accounts for the stochastic environ
ment in a different way. In the MARGINS concept, constraints are generated on the 
raw materials to be used in a product. In the optimization of the MARGINS concept 
only accepted customer orders are optimized (deterministic period). In the TOTAL 

concept, forecasts are made for the expected orders, which are added as pseudo
orders as described above. In the BALANCE concept, first the accepted customer 
orders are optimized in a multi-blend optimization and next we determine if the 
resulting inventory pattern must be adjusted to account for future expected usage. 
The expected future usage is calculated by using the demand distribution function 
in combination with the range of solutions that occur if a certain demand quantity 
is realized in the future. 
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8.1.3 Inventory control with lost sales 

Next to the production planning function, the inventory control function was 
studied. The usage of recipe flexibility causes the demand for raw materials to act 
according to a lost sales model. In that case, using a 'normal' backorder inventory 
model can give a significant deviation for the service levels. Therefore, we derived a 
policy that guarantees a prespecified service level for the lost sales inventory model. 
Also a heuristic is developed which determines a 'classical' fixed order-up-to level. 
The performance of the heuristic is within 2.4°/o of the above mentioned policy. 

8.1.4 Comparing the performance of the concepts 

A simulation model was built to compare the performance of the concepts. Since 
the raw material margins in the MARGINS concept were set to a minimum of 0% 

and a maximum of 100%, the MARGINS concept in fact is a multi-blend of all accep
ted orders (deterministic period). The use of bounds on alternative raw materials 
decreases the performance of the MARGINS concept. 

We observed that switching from the SINGLE concept, currently used in practice, 
to one of the three multi-blend concepts gives a significant improvement of the 
performance. The difference in performance between a single-blend and a multi
blend increases as the length of the deterministic period increases. 

Analysis of the performance of the multi-blend concepts showed that statistically 
significant differences between the multi-blend models do occur, but the differ
ences for most cases are of limited practical relevance. In conclusion, for practical 
purposes the use of a relatively simple multi-blend optimization for all accepted 
orders will be sufficient. 

8.2 Future research 

To conclude this thesis, some potentially relevant directions for future research 
will be indicated. In Chapter 2 (page 32), we identified five reasons for using recipe 
flexibility, of which the first three were studied in this research. The two other 
reasons (variation in the price of raw materials and limited shelf life) may indicate 
directions for further research on the use of recipe flexibility. Finally, we mentioned 
in the previous chapter that larger, more realistic models have to be investigated. 

8.2.1 Simulation of realistic models 

In the previous chapter we examined the relevance of using recipe flexibility 
assuming that the results of the simple model also apply to realistic models. This 
assumption was made because of technical and computing time constraints, but it 
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should be investigated. We expect that the differences between the concepts will 
decrease as the complexity of the situation increases and hence that the conclusions 
from Chapter 7 will be confirmed. Nevertheless, this expectation must be investi
gated by simulating larger, more realistic models. 

Since simulating larger problems in the current program will take a very long 
time, some adaptations must be made. First we can try to minimize the runlength 
such that the remaining results still are statistically significant. This determination 
of the minimum runlength can be started with the simple model, but must eventu
ally be tested with the larger models. Secondly, the implementation of an 
optimization program can be reconsidered. In Chapter 6 we presented the argu
ments to switch from an internal procedure to an external program. As a result the 
calculation time increased dramatically, which urged us to build an LP-imitator for 
the specific product models used in the simulations. However, for larger models the 
complexity becomes to large to build a fast LP-imitator. Therefore, we must use an 
LP-based optimization procedure. An internal solver (within the simulation 
program) will give the best (fastest) performance, but in that case the feasibility of 
given solutions must be guaranteed. Consequently the development of such an 
optimization procedure within the simulation program REBUS will take a long time. 

Assuming that these adaptations can be realized, the experimental design of 
Chapter 7 can be used for simulating the larger models. Considering the current 
results of Chapter 7, we suggest that at first only the MULTI and BAIANCE concepts 
should be simulated. 

8.2.2 Limited shelf life of raw materials 

Natural raw materials often have a limited lifetime within which they can be 
used for manufacturing products. Perishability has been studied in many papers for 
many years. Nahmias (1982) gives a review of the theory of perishable inventories. 
Many models assume a certain (fixed or variable) lifetime in which the product is 
adequate and thereafter the product must be scrapped. However, all papers concen
trate on inventory control. 

If recipe flexibility can be used, perishability is not only important for the inven
tory control function but also for the production planning function. The materials 
that must be discarded directly influence the available inventory for the production 
function and hence perishability has consequences for the recipes that are used. 
Moreover, if a certain raw material decays from high quality into low quality, it 
probably can still be used in other final products (e.g. a degradation from human 
consumption to animal consumption). This creates a multi-stage perishability, 
whereby the products in which the material can be used (and hence demand) varies 
per stage. In the literature usually only two-stage perishability is studied (e.g. Goh, 
Greenberg and Matsuo 1993). 
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Perishability of raw materials can also create a push for the production planning 
function to purposely change the recipes and use the materials before they perish. 
In conclusion, the use of recipe flexibility with perishable raw materials can be 
considered as an interesting field of future research. 

8.2.3 Variations in the procurement of raw materials 

The procurement function in a company can have a significant impact on the 
revenues of a company. This impact is often underestimated. Especially in the 
process industries, the part of the raw material costs in the costs of a final product 
can be substantial (up to 80%, for instance, animal food, meat or the non-ferro 
industries). Many papers have been published in which the supply of assembled 
products or semi-finished products is discussed. The number of papers that deal 
with the procurement of raw materials where very large profits or losses can be 
realized due to uncertain and large variations in future prices, is however far less. 
The book of Kingsman (1985) is one of the limited number of references concerning 
this problem area. 

In the literature concerning production control, usually raw materials are 
supposed to be available in unlimited quantities that have a fixed price. Many 
heuristics, algorithms and control concepts have been developed based on these 
assumptions. In process industries however, often random variations occur in the 
quantity and quality of the procured raw materials, which is called a stochastic 
supply market. The influence of a stochastic supply market on the production 
control function has not been studied yet. 

In this thesis we studied the use of recipe flexibility in production control. We 
considered variations in quality and quantity of raw material supply. The objective 
was to minimize the costs of inventory and the costs of raw material usage. This 
resulted in fundamental knowledge in how and when to use recipe flexibility, given 
the autonomous stochasticity in the supply function. Nevertheless, the procure
ment of raw materials can often be controlled up to a certain level by the procure
ment function. Especially in a situation in which recipe flexibility can be used, the 
control of the procurement of raw materials can have a significant effect on the per
formance of the production function. Therefore, it is important co coordinate both 
functions, procurement and production, in case raw material supply is uncertain. 

The complexity of the combined supply-production area resulted in two separate 
scientific paths being followed. Also the functional boundaries that often exist in 
practice have contributed to this separation. Therefore, an interesting question for 
future research is how to coordinate both functions in an environment that is 
characterized by a stochastic supply market and the ability to use recipe flexibility. 
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Summary 

In the last three decades, many material control concepts have been developed 
for discrete manufacturing industries. Many papers and books have been published 
on implementations of MRP and alike concepts in discrete manufacturing industries. 
At the same time in process industries, developments mainly focused on process 
automation, which resulted in very advanced process control systems. However, the 
development of production and inventory control concepts did not grow at an 
equal pace. Significant differences between discrete and process manufacturing 
environments cause that the existing control concepts for discrete manufacturing 
can not always be applied in process industries. 

Process industries often obtain their raw materials from mining or agricultural 
industries which results in variations in the qualities of raw materials used for 
manufacturing. This variation in the quality can only be handled if large variations 
in the product quality are accepted or, if this is not accepted, the product is not 
stated in terms of fixed quantities of raw materials. For discrete manufacturing 
industries, MRP is often used as a tool for material coordination. The central 
element in MRP is the product definition (or bill of materials). The demand for final 
products is exploded via the bill of materials to know the demand for raw materials. 
In process industries, the bill of materials is called a recipe. Often, a recipe is not 
stated in terms of (fixed) quantities of raw materials to be used (like a bill of 
materials), but the recipe is stated in terms of requirements that the final product 
should fulfill. For example, an animal food may have specifications for the mini
mum amount of protein, carbohydrates and fat per pound of animal food. 
However, the proportions of various raw materials may be varied, depending on 
their current availability or quality as long as the product requirements are met. 
This creates flexibility in the choice of raw materials to be used. If the availability 
and quality of raw materials vary over time, there is a need for decision rules or 
strategies to determine which recipe to choose in a certain state. 

ANALYSIS OF RECIPE FLEXIBILI1Y 

Analysis of different product models yields two principles of recipe flexibility: 
• There exists a trade-off between the inventory level for standard recipes and 

the use of recipe flexibility. Fixed recipes and safety stocks can be used to 
avoid the use of recipe flexibility. Under certain circumstances however, this 
may lead to excessive stock levels needed for keeping up a certain customer 
performance. If we assume that alternative recipes are more expensive, the 
extra cost of using alternative recipes must be balanced with the cost of 
holding more (safety) stock. 
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• There exists a trade-off between two alternative recipes if they both replace the 
same standard recipe. If two alternative recipes with different costs exist, the 
least expensive alternative can be used even when inventory for the standard 
recipe is available in order to prevent use of the most expensive alternative in 
the near future. 

The simplest situation in which the two principles of recipe flexibility can be 
demonstrated is the following (see Figure 1): Four products are produced; the first 
product is made with raw material a, product 2 is made with raw material b, 
products 3 and 4 are both made with raw material c, but product 3 can use also raw 
material a and product 4 can also use raw material b. Raw material a is the most 
expensive, raw material c is the least expensive. This situation requires that a trade
off is made between inventory of the standard raw material c versus the use of 
alternatives. Also there is a trade-off between the use of the two alternatives (a and 
b). One can choose not to use all available inventory of c (and thus use some b) in 
order to prevent the use of a in the near future. 

raw materials 

2 3 4 

\,,">(,~-\/ 
a b c costa>costb>costc 

products 

Figure 1 Four products are produced using three raw materials. Products 1 respectively 2 use only raw 
material a respectively b. Products 3 and 4 both use raw material c, but product 3 can also use raw 
material a, while product 4 can also use raw material b. The solid lines indicate the standard recipes and 
the dotted lines indicate the alternative recipes. 

The first principle determines when the use of recipe flexibility can be profitable. 
This trade-off between using fixed recipes and holding high safety stocks versus the 
use of recipe flexibility (resulting in higher costs but less inventories) is analyzed by 
means of simulation experiments. It is indicated in which cases it is favorable to use 
variable recipes instead of holding safety stock. Eight parameters are tested of which 
two have a statistically significant effect. These are the leadtime of raw materials 
and the target service level. The use of recipe flexibility can be most beneficial when 
the leadtime of raw materials is large and the target service level is high (97% -
99%). In that case cost differences between standard and alternative raw materials 
can be as large as 15.iYo and still the occasional use of variable recipes may be more 
profitable than holding high safety stocks. 

INVENTORY CONTROL 

If recipe flexibility is used, the requirements for some of the raw materials in the 
standard recipe are lost. This means that for the replenishment of raw materials a 
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lost sales inventory model is needed. There are many papers devoted to inventory 
policies in which backordering is allowed. The number of papers dealing with lost 
sales, however, is much smaller. The majoriry of authors neglect the difference 
between lost sales and backordering stating that the difference is negligible if the 
service level is high. But in our situation, we may deliberately choose a low service 
level, because part of the performance is intended to be realized by using other raw 
materials. As a result we can no longer apply the available backorder formulae for 
determining the appropriate reorder levels. We define an order-up-to policy with a 
dynamic (time varying) order-up-to level and derive a general formula for the lost 
sales case that expresses the service level in terms of the inventory on hand and on 
order. Furthermore we derive an expression that can be used to determine the 
reorder quantity in a lost sales environment if demand is assumed to be Erlang 
distributed. Because of the complexity and the computational burden of the 
formulae, we also develop a heuristic that uses a 'classical' fixed order-up-to level for 
the case of lost sales. The worst-case performance of the heuristic is within 2.4% of 
the above mentioned policy. 

PRODUCTION PLANNING 

In addition to this inventory policy, a strategy is needed which controls the use 
of recipe flexibility (and thus the deviations in raw materials use) on the short term, 
while considering a long term optimal inventory plan. In practice, the recipe for a 
production order often is determined just before manufacturing starts. A modeling 
technique that usually is used for recipe calculation is mathematical programming, 
mainly linear programming. There are two extreme ways of using linear program
mmg: 

1. Every customer order is optimized as if it were the only order (single-blend). 
This approach neglects the dependence between orders, which exists because 
the raw materials used by one order will no longer be available for other 
orders. Consequently, when using a single-blend, the total production costs 
for a set of orders may become very expensive, or it may even be impossible to 
manufacture all orders. 

2. The recipes for all orders are optimized simultaneously (multi-blend) which 
avoids the above mentioned deficiency. In general however, this will create a 
very large (possibly mixed integer) linear programming problem which needs 
much computation time to solve. Moreover, not all orders may be accepted 
over the complete planning horizon. 

Three examples from practice are presented. These show that within the plan
ning horizon (which covers the leadtime of raw materials) only for a few days the 
customer orders are accepted. In addition, the exact quality of replenishment orders 
is not known until they arrive at the factory. Because linear programming is not 
appropriate to handle uncertainty, another drawback of a multi-blend is that all 
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orders within the planning horizon should be accepted beforehand. Since this is not 
the case, many companies use the optimization technique only for the first order, 
which implicitly makes them use a single-blend optimization and achieve a sub
optimal overall performance (we will call this the SINGLE concept). 

Developments in computer speed are fast and nowadays very large linear 
programming models can be optimized within a reasonable amount of time. This 
again poses the question whether to switch from single- to multi-blend and 
moreover, how to place the optimization model in a dynamic environment. This 
thesis considers the problem of controlling the use of recipe flexibility from a 
logistical point of view. We develop three concepts that use a multi-blend approach 
for recipe calculation and that deal with stochastic variations in demand and 
supply. This will result in the use of linear programming for recipe calculation 
embedded in a total control concept. 

Due to the complex nature of the blending problem, linear programming is 
needed for calculating recipes. We need to develop a constraint on the usage of the 
available inventory to prevent that long term objectives are infringed by short term 
optimal solutions. There are two ways to take into account the stochasticity in the 
production environment: 

1. Act as if the situation is deterministic and make forecasts for expected orders, 
which are used as pseudo-orders. The total set of orders is optimized by a 
multi-blend optimization model, considering availability of raw materials 
inventories and deliveries in time (we call this the TOTAL concept). 

2. Use statistical techniques to forecast the raw material requirements. This 
means that for the uncertain period within the planning horizon, a forecast is 
made for the expected raw materials requirements. These requirements can be 
preserved from the multi-blend optimization of the accepted (deterministic) 
orders. This second way is worked out in two concepts: 

172 

- At first, the long term uncertainty is translated into minimum and 
maximum allowable quantities of raw materials in a recipe. This creates a 
concept with nearly fixed recipes and thus approaches the MRP-concept 
(we call this the MARGINS concept). 
Secondly, the expected costs in the uncertain part of the planning period 
are balanced with the costs made in the multi-blend optimization of the 
accepted orders (we call this the BALANCE concept). The BALANCE 

concept first optimizes with a multi-blend the accepted customer orders 
over the certain period and next determines if the resulting ending 
inventory (and thus the optimization result) must be adjusted to account 
for future loss in the uncertain period. The calculation of the expected 
use of raw materials in the uncertain period is based on the demand 
distribution function of products in combination with raw material 
availability. 



COMPARISON OF THE CONCEPTS 

The four concepts (SINGLE, TOTAL, MARGINS and BALANCE) are operationalized 
and simulated in order to compare their performances. Due to sensitivity, very long 
simulation times were needed, which would have increased considerable if a model 
of realistic size (stemming from practice) would have been used. So we were not 
able to test large models due to technical and time constraints and hence the small 
scale model (Figure 1) was used for achieving statistically supported conclusions. 
We are aware that the small scale model is too simple to be realistic, and that larger 
models should be investigated. Nevertheless, we expect that the differences between 
the concepts will decrease as the complexity of the situation increases and hence 
that the conclusions from the small scale model will be confirmed. Thus, we will 
assume that the results of the simple model also apply to realistic models. 

The simulation results show that all three multi-blend concepts perform better 
than the single-blend concept. The differences in performance increase as the 
length of the period over which customer orders are accepted increases. 

The use of bounds on alternative raw materials, as is applied in the MARGINS 

concept, decreases the performance. The use of lower bounds (minimum quantity 
to be used) automatically increases the recipe costs, but in case of a push of raw 
materials a lower bound could be used to free inventoty capacity. The use of an 
upper bound (maximum quantity to be used) will always limit the use of alternative 
raw material in case of shortness of the standard raw material. Therefore, it will 
always lead to a decrease in performance. 

When the MARGINS concept is used without material bounds, it performs a 
multi-blend of all accepted orders. Comparing the performance of the 'unbounded 
MARGINS' concept with the performance of the TOTAL concept not always shows a 
substantial difference (especially when the period over which customer orders are 
accepted increases, the difference between the concepts decreases}. This means that, 
for those cases, the use of pseudo-orders is no longer necessary. 

Under certain circumstances, the BALANCE concept shows statistically significant 
improvements compared to the other two multi-blend concepts. However, when 
we interpret the simulation results for practical consequences, then for instance the 
increase in profit due to the BALANCE concept equals 8.5% whereas in the same 
example the increase in profit due to the unbounded MARGINS concept equals 7.3%. 
Since implementation of the unbounded MARGINS concept is much simpler than 
applying the BALANCE concept, the statistically significant difference is of limited 
practical relevance. 

CONCLUSIONS 

In conclusion, using variable recipes gives more flexibility to react to distur
bances in customer demand or raw material supply. Recipe flexibility can be used 
profitable in a situation with a long leadtime for raw materials and a high target 

Summary 173 



service level. The performance that results from using a single-blend optimization 
can be improved by using a multi-blend optimization. The performance of more 
advanced concepts gives no relevant improvements for practice. Therefore, for 
practical purposes the use of a relatively simple multi-blend optimization for all 
accepted customer orders will be sufficient. 
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Samenvatting 

In de laatste dertig jaar hebben produktieplanning en -beheersing een storm
achtige ontwikkeling doorgemaakt. Er zijn vele beheersingsmethoden en software 
ontwikkeld die het mogelijk maken om steeds complexere produktiesituaties te 
besturen. De aandacht is daarbij vooral gericht geweest op de fabricage- en 
assemblageindustrie; zaken als Manufacturing Resources Planning (MRP n) en Just 
In Time (JIT) zijn met name hiervoor ontwikkeld. In de procesmatige industrie 
hebben ontwikkelingen vooral plaatsgevonden op het terrein van de proces
automatisering. Dit heeft geleid tot geavanceerde systemen voor procescontrole. De 
ontwikkeling van plannings- en beheersingsmethoden is hier echter duidelijk bij 
achtergebleven. In toenemende mate wordt deze achterstand echter binnen de 
industrie onderkend. De procesmatige industrie vertoont duidelijke verschillen met 
de fabricage- en assemblageindustrie; voor de produktiebeheersing betekent dit dat 
bestaande concepten niet geheel voldoen aan de belangrijkste eisen die vanuit de 
procesindustrie warden gesteld. 

Vaak warden in de procesmatige industrie uit natuurlijke grondstoffen produk
ten vervaardigd via mengen, distilleren, raffineren e.d. De samenstelling van de 
grondstoffen kan varieren, terwijl de kwaliteit van het eindprodukt sterk afhangt 
van de gehruikte grondstoffen en het daarop afgestemde fabricageprocede. In de 
fabricage- en assemblageindustrie wordt veel gebruik gemaakt van MRP voor de 
materiaalcoordinatie. Het centrale element van MRP is de produktdefinitie (of bill of 
materials). De vraag naar eindprodukten wordt via de bill of materials omgerekend 
naar vraag naar grondstoffen. In de procesindustrie wordt de bill of materials 
gewoonlijk aangeduid met de term recept. Meestal is een recept echter niet ge
definieerd in termen van (vaste) hoeveelheden grondstoffen (zoals een bill of 
materials), maar in termen van eisen waaraan het eindprodukt moet voldoen. Een 
diervoeder kan bijvoorbeeld specificaties hebben voor de hoeveelheid eiwit, kool
hydraten en vet per kilo voer; de verhouding van gebruikte grondstoffen mag echter 
varieren, afhankelijk van de beschikbaarheid en kwaliteit, zolang aan de produkt
eisen wordt voldaan. Dit creeert flexibiliteit in de keuze van de te gebruiken grond
stoffen. Als de beschikbaarheid en kwaliteit van grondstoffen in de tijd varieert, 
ontstaat er een behoefte aan beslisregels of strategieen waarmee bepaald kan warden 
welk recept het beste gebruikt kan worden in een bepaalde situatie. 

ANALYSE VAN RECEPTFLEXIBILITEIT 

Beschouwing van verschillende produktsituaties leidt tot twee prindpes voor het 
gebruik van receptflexibiliteit: 
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• Er bestaat een afweging tussen het grondstofvoorraadniveau voor standaard
recepten en het gebruik van receptflexibiliteit. V aste recepten en veiligheids
voorraad kunnen aangewend worden om het gebruik van receptflexibiliteit te 
vermijden. Onder bepaalde omstandigheden kan dit echter leiden tot zeer 
hoge voorraadniveaus, die nodig zijn om een bepaalde servicegraad te behalen. 
Als we veronderstellen dat alternatieve recepten duurder zijn dan standaard
recepten, dan kunnen we de extra kosten van het gebruik van alternatieve 
recepten afwegen tegen het houden van meer voorraad. 

• Er bestaat een afweging tussen twee alternatieve recepten indien beide recepten 
hetzelfde standaardrecept kunnen vervangen. Indien er twee alternatieve 
recepten bestaan met verschillende prijzen, dan kan het goedkoopste alter
natief gebruikt worden op het moment dat er nog voorraad voor het 
standaardrecept aanwezig is, met als doel het gebruik van het duurste alter
natief in de nabije toekomst te vermijden. 

De eenvoudigste situatie waarin de twee principes van receptflexibiliteit kunnen 
worden toegepast is de volgende (zie figuur 1): Vier produkten worden gemaakt; 
het eerste produkt wordt gemaakt van grondstof a; produkt 2 wordt gemaakt van 
grondstof b, produkten 3 en 4 worden gemaakt uit grondstof c, maar produkt 3 kan 
ook uit grondstof a worden gemaakt en produkt 4 kan ook uit grondstof b worden 
gemaakt. Grondstof a kost het meest, grondstof c kost het minst. In deze situatie is 
een afweging vereist tussen het voorraadniveau van grondstof c versus het gebruik 
van beide alternatieven. Verder is er een afureging nodig tussen het gebruik van 
beide alternatieven (a en b). Men kan besluiten niet alle voorraad van grondstof c te 
gebruiken (en dus wat van grondstof b te gebruiken), zodat het gebruik van 
grondstof a in de nabije toekomst vermeden kan worden. 

produkten 2 3 4 

\_)<-~-\! 
a ' \ c prijs a> prijs b > prijs c grondstoffen 

Figuur 1 Vier produkten warden gemaakt uit drie grondstoffen. Produkten 1 respectievelijk 2 gebruiken 
alleen grondstof a respectievelijk b. Produkten 3 en 4 gebruiken beide grondstof c, maar produkt 3 kan 
ook uit grondstof a gemaakt worden, terwijl produkt 4 ook uit grondstof b gemaakt kan worden. De lijnen 
geven de standaardrecepten aan, de stippellijnen tonen de alternatieve recepten. 

Het eerste principe bepaalt wanneer het gebruik van receptflexibiliteit aan
trekkelijk kan zijn. Deze afureging tussen het gebruik van vaste recepten met hoge 
voorraden versus het gebruik van receptflexibiliteit (met hogere kosten maar lagere 
voorraden) is onderzocht door middel van simulatie-experimenten. We duiden aan 
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in welke situaties het gebruik van receptflexibiliteit aantrekkelijker is dan het aan
houden van hoge veiligheidsvoorraden. Meerdere factoren zijn getest, waarvan er 
twee een statistisch significant effect hebben. Deze twee factoren zijn de levertijd 
van grondstoffen en de gewenste servicegraad. Het gebruik van receptflexibiliteit 
kan het meest voordelig zijn bij een lange levertijd van grondstoffen en een hoge 
servicegraad (97% - 99%). In die situatie kan het prijsverschil tussen de standaard
en alternatieve grondstoffen oplopen tot ongeveer 15,iYo, terwijl het incidenteel 
gebruik van receptflexibiliteit clan nog steeds meer oplevert clan het aanhouden van 
hoge veiligheidsvoorraden. 

V OORRAADBEHEERSING 

Indien receptflexibiliteit wordt gebruikt, zal de vraag naar grondstoffen in het 
standaardrecept verloren gaan. Dit betekent dat voor de aanvulling van de 
grondstoffen een zogenaamd 'lost sales' voorraadmodel gebruikt moet worden. Er 
bestaan vele artikelen over voorraadbeheersing voor situaties waarin wordt na
geleverd. Het aantal artikelen dat ingaat op de 'lost sales' -situatie is echter veel 
kleiner. Omdat de meeste auteurs uitgaan van een hoge servicegraad, verwaarlozen 
zij het verschil tussen lost sales en naleveren. Maar in onze siruatie kiezen we bewust 
voor een lage servicegraad omdat we een deel van de vraag realiseren door het 
gebruik van andere grondstoffen. Hierdoor kunnen we de beschikbare formules, 
voor situaties waarin naleveren wordt verondersteld, niet langer gebruiken. We 
hebben een nieuw voorraadmodel gedefinieerd met een varierend economisch 
voorraadniveau. Hiervoor hebben we een algemene formule afgeleid die de service
graad uitdrukt als functie van de beschikbare voorraad en lopende bestellingen. Een 
expliciete formule is ontwikkeld voor de bestelhoeveelheid indien de vraag Erlang 
verdeeld is. Omdat de ontwikkelde formules nogal complex zijn en veel rekentijd 
vergen is er ook een heuristiek ontwikkeld die uitgaat van een 'klassiek' vast econo
misch voorraadniveau. De prestatie van deze heuristiek wijkt in het slechtste geval 
slechts 2.4% af van de eerder genoemde expliciete formule. 

PRODUKTIEPLANNING 

N aast dit voorraadbeheersingsmodel, moeten we ook een strategic ontwikkelen 
die het gebruik van receptflexibiliteit op de korte termijn beheerst, terwijl hierbij 
niet teveel wordt afgeweken van een lange termijn voorraadplan. In de praktijk 
wordt een recept voor een produktieorder meestal bepaald vlak voordat de daad
werkelijke produktie start. De berekening van her recept wordt meestal uitgevoerd 
met behulp van mathematische programmering, hoofdzakelijk lineaire program
mering. Er bestaan twee uitersten in het gebruik van lineaire programmering: 

1. Iedere order wordt geoptimaliseerd alsof het de enige order is (single-blend). 
Deze benadering verwaarloost de afhankelijkheid russen orders. Het is immers 
zo dat grondstoffen die door de ene order worden gebruikt niet meer door 
andere orders kunnen worden gebruikt. Door het gebruik van een single-
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blend kunnen daaram de tatale produktiekosten vaor een verzameling orders 
zeer haog blijken te zijn, of het kan zelfs gebeuren dat niet eens alle orders 
gemaakt kunnen worden. 

2. De recepten van alle orders worden tegelijkertijd geoptimaliseerd (multi
blend). Deze methode onderkent de afhankelijkheid tussen orders. In het 
algemeen ontstaat hierbij echter een zeer groot (mogelijk gemengd geheel
tallig) lineair programmeringsprobleem dat veel rekentijd nodig heeft voor het 
bepalen van een oplossing. Bovendien kan het zijn dat niet alle orders binnen 
de planningshorizon bekend zijn. 

Drie praktijkvoorbeelden warden in het proefschrift gepresenteerd. Deze voor
beelden tonen aan dat binnen de planningshorizon slechts voor een klein deel van 
de tijd (enkele dagen) de orders bekend zijn. Hier komt nog bij dat de exacte 
kwaliteit van grondstoffen over het algemeen niet bekend is totdat de grondstoffen 
daadwerkelijk aanwezig zijn. Omdat lineaire programmering niet goed kan omgaan 
met onzekerheid, is een nadeel van een multi-blend dat alle orders binnen de 
planningshorizon bekend zouden moeten zijn. Aangezien dit niet het geval is, 
gebruiken veel bedrijven een single-blend optimalisatie, hetgeen leidt tot een sub
optimale prestatie (we zullen dit het SINGLE concept noemen). 

De rekensnelheid van computers ontwikkelt zich snel en tegenwoordig kunnen 
zeer grote lineaire programmeringsproblemen in een redelijke tijdsduur warden op
gelost. Hierdoor ontstaat opnieuw de vraag of er niet van een single- naar een 
multi-blend moet worden omgeschakeld, en bovendien hoe een aptimalisatiemadel 
gebruikt moet worden in een dynamische omgeving. Dit praefschrift onderzoekt 
het gebruik van receptflexibiliteit vanuit een logistieke invalshoek. We ontwikkelen 
drie besturingsconcepten die gebruik maken van een multi-blend model voor 
receptberekeningen en die op een of andere wijze omgaan met de stochastische 
variaties in de klantvraag en materiaalaanvoer. Dit resulteert in het gebruik van 
lineaire programmering voor receptberekening binnen een logistiek raamwerk. 

Door de complexiteit van het receptprobleem is lineaire programmering nodig 
voor het berekenen van recepten. We moeten een beheersingsconcept antwikkelen 
voor het gebruik van de beschikbare vaorraad, wdanig dat lange termijn doelen 
niet warden ondermijnd door korte termijn optimale oplossingen. Er zijn twee 
manieren om de stochasticiteit van de produktieomgeving te verwerken: 

1. Doe alsof de hele situatie deterministisch is en maak vaorspellingen voor 
verwachte orders, die dan worden gebruikt als pseudo-orders. De gehele porte
feuille van orders wordt geoptimaliseerd middels een multi-blend, waarbij de 
beschikbaarheid van grondstoffen en lopende bestellingen worden mee
genomen (dit noemen we het TOTAL concept). 

2. Gebruik statistische technieken voor het voorspellen van de grondstof
behoefte. Dit betekent dat voor de onzekere periode in de planningshorizon 
voorspellingen worden gegenereerd voor de verwachte grandstofbehoefte. 
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Deze behoefte kan gebruikt worden als restnct1e voor een multi-blend 
optimalisatie van de bekende orders. Dit is uitgewerkt in twee concepten: 

In het eerste concept wordt de lange termijn onzekerheid vertaald in 
minimum en maximum eisen aan toegelaten grondstoffen in een recept. 
Hierdoor ontstaat een concept met bijna vaste recepten dat daarmee het 
meeste lijkt op het MRP-concept (we noemen dit het MARGINS concept). 
In het tweede concept worden de verwachte kosten voor de onzekere 
periode gebalanceerd met de kosten die volgen uit de multi-blend over 
de bekende orders (dit noemen we het BALANCE concept). In het 
BALANCE concept wordt allereerst een multi-blend optimalisatie uit
gevoerd over de bekende orders in de zekere periode en vervolgens wordt 
bepaald of de voorraad die hierna overblijft (en daarmee het opti
malisatieresultaat) moet worden aangepast in verband met de verwachte 
kosten in de onzekere periode. De berekening van de verwachte kosten in 
de onzekere periode is gebaseerd op de verdelingsfunctie van de vraag in 
combinatie met de grondstofbeschikbaarheid. 

VERGELIJKING VAN DE CONCEPTEN 

De vier concepten (SINGLE, TOTAL, MARGINS en BALANCE) zijn geoperatio
naliseerd en gesimuleerd ter vergelijking van hun prestaties. Door gevoeligheid van 
de simulatie waren zeer lange simulatieruns nodig die nog aanzienlijk verlengd 
zouden zijn indien een model van realistische omvang was gebruikt. Door deze 
technische en tijdbeperkingen was het niet mogelijk om grote modellen te 
simuleren en daarom is het kleinschalige model (figuur 1) gebruikt om statistisch 
onderbouwde resultaten te verkrijgen. We zijn ons ervan bewust dat het klein
schalige model te eenvoudig is om realistisch te zijn en dat grotere modellen onder
zocht moeten worden. Daartegenover staat dat wij verwachten dat de verschillen 
tussen de concepten alleen nog maar kleiner worden als de complexiteit van de 
situatie groter wordt en dat daarmee de conclusies van het kleinschalige model 
bevestigd zullen worden. Daarom zullen we aannemen dat de resultaten van het 
kleinschalige model representatief zijn voor grotere, meer realistische modellen. 

De simulatieresultaten tonen aan dat alledrie de multi-blend concepten beter 
presteren dan het single-blend concept. Het verschil in prestatie neemt bovendien 
toe als de lengte van de periode waarover orders bekend zijn toeneemt. 

Het gebruik van beperkingen op het gebruik van alternatieve grondstoffen, zoals 
dat in het MARGINS concept is ge1mplementeerd, vermindert de prestatie. Het 
gebruik van ondergrenzen (minimum hoeveelheid moet gebruikt worden) leidt 
automatisch tot een toename van de receptkosten, hoewel dat in een situatie met 
een gedwongen aanvoer van grondstoffen gebruikt kan warden om opslagcapaciteit 
vrij te krijgen. Het gebruik van bovengrenzen (maximum te gebruiken hoeveelheid) 
beperkt in alle gevallen het gehruik van alternatieven op het moment dat er een 
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tekort is aan standaardgrondstoffen. Dit zal daarom altijd leiden tot een verslech
tering van de prestatie. 

lndien het MARGINS concept wordt gebruikt zonder beperkingen op grond
stoffen, is het in feite een multi-blend van alle bekende orders. Vergelijking van de 
prestatie van het 'onbeperkte MARGINS' concept met de prestatie van het TOTAL 

concept toont aan dat er niet altijd substantiele verschillen zijn (met name wanneer 
de periode waarover klantorders bekend zijn groter wordt, wordt het verschil tussen 
beide concepten kleiner). Dit betekent dat in die situaties het gebruik van pseudo
orders geen extra voordeel oplevert. 

Onder bepaalde omstandigheden resulteert het BALANCE concept in statistisch 
significante verbeteringen ten opzichte van de twee andere multi-blend concepten. 
Indien we de simulatieresultaten echter vertalen naar gevolgen in de praktijk, dan 
zien we dat bijvoorbeeld de toename van de winst door gebruik van het BALANCE 

concept 8,5% is, terwijl in hetzelfde voorbeeld de toename van de winst door 
gebruik van het onbeperkte MARGINS concept al 7,3% is. Omdat her onbeperkte 
MARGINS concept vele malen eenvoudiger te implementeren is dan het BALANCE 

concept, betekent dit dat de (weliswaar statistisch significante) verschillen in 
prestatie voor de praktijk weinig waarde hebben. 

CoNcLusrns 
Samenvattend kunnen we opmerken dat het gebruik van variabele recepten meer 

flexibiliteit geeft om op verstoringen in klantvraag en materiaalaanvoer te reageren. 
Receptflexibiliteit kan echter ook winstgevend gebruikt worden in situaties met een 
lange levertijd van grondstoffen en een hoge servicegraad. De prestatie die resulteert 
bij gehruik van een single-blend optimalisatie kan aanzienlijk worden verheterd 
door een multi-blend optimalisatie te gebruiken. De verbetering in prestatie die kan 
worden bereikt door gebruik van meer geavanceerde multi-blend concepten heeft 
weinig waarde voor de praktijk. Dus voor de meeste praktische toepassingen zal het 
gebruik van een relatief simpele multi-blend optimalisatie voldoen. 
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I 
Het gebruik van receptflexibiliteit heeft tot gevolg dat de bestaande logistieke 
besturingsconcepten (zoals MRP) slechts beperkt bruikbaar zijn. 

Dit proefichrift; hoofdstuk 2 

II 
Bij iedere gewenste servicegraad is wel een levertijd van grondstoffen en prijs
gevoeligheid (pmax) van recepten te vinden waarbij het gebruik van receptflexibiliteit 
aantrekkelijk is. 

Dit proefichrift; hoofdstuk 3 

III 
Het gebruik van 'backorder' -voorraadregels als benadering in een lost sales situatie 
leidt bij een lange levertijd en lage servicegraad tot een te hoge voorraad en daarmee 
gepaard gaande kosten. Het is daarom van belang om in een dergelijke situatie de 
juiste regels te gebruiken. 

Dit proefichrift; hoofdstuk 5 

IV 
In principe levert de dynamische wijze van voorspellen van de vraag in de 
stochastische periode in het BALANCE concept een betere prestatie dan de statische 
wijze in het TOTAL concept. Binnen de bestudeerde probleemcontext wordt echter 
het merendeel van de gewenste servicegraad gerealiseerd door het gebruik van 
veiligheidsvoorraad en wordt slechts voor een klein deel gebruik gemaakt van 
receptflexibiliteit. Hierdoor heeft het uiteindelijke verschil tussen beide concepten 
weinig waarde voor de praktijk. 

Dit proefichrift; hoofdstuk 7 

v 
Als een doctor in spe zelf zijn onderwerp formuleert, is de kans groot dat hij in de 
loop van het promotie-traject constateert dat hij gehandeld heeft als een hongerig 
persoon die bij het opscheppen van zijn bord alleen heeft gelet op de hoeveelheid 
eten op tafel en niet op de grootte van zijn maag. 

VI 
Het feit dat opleidingen worden gefinancierd op basis van het aantal afgestudeerden 
kan ertoe leiden dat een studierichting met teruglopende studentenaantallen de 
examennormen aanpast om zo voldoende financiering te behouden. Het zou beter 
zijn om opleidingen te financieren op basis van de kwaliteit van de opleiding en de 
maatschappelijke behoefte aan afgestudeerden. 



VII 
Onderhandelingsvaardigheid is een belangrijke eigenschap voor (toekomstige) 
Bedrijfskundig ingenieurs. De mogelijkheid tot inzage van het werk na de tenta
mens nodigt uit om te onderhandelen over het resultaat, en wordt door Bedrijfs
kunde-studenten dan ook vaak met succes daarvoor gebruikt. Kennelijk mag een 
student gebrek aan vakkennis gedeeltelijk compenseren met vaardigheid in 
onderhandelen. 

VIII 
De vraag 'kan dit niet wat optimaler' die in [I] als taalfout wordt bestempeld, 
wordt veroorzaakt door een communicatiestoring tussen de modelbouwer en de 
gebruiker. De optimale oplossing die de modelbouwer aanbiedt (die optimaal is 
binnen de veronderstellingen van zijn model), kan door de gebruiker worden 
gei:nterpreteerd als zijnde de optimale oplossing voor zijn praktijk-probleem, 
waarvoor echter de gegeven oplossing meestal niet optimaal zal zijn. De gebruiker 
vraagt daarom om een betere oplossing, zich daarbij conformerend naar het taal
gebruik van de modelbouwer: 'kan dit niet wat optimaler?' 

[I] P. van Beek, 'Operationele Research, kan dit niet wat optima/er?: 
Intermediair, jrg. I4, no. 8, r978. 

IX 
'Als ik me sociaal gedraag door me in te zetten voor de vereniging, gedraag ik me op 
datzelfde moment vaak asociaal tegenover mijn gezin' [2]. Als de mate van sociaal 
gedrag gedefinieerd wordt door het aantal mensen dat met dat gedrag gediend is, en 
omgekeerd de mate van asociaal gedrag gedefinieerd wordt door het aantal mensen 
dat van dat gedrag de dupe is, dan zijn mensen die zich actief inzetten voor 
verenigingen nog steeds sociaal omdat het aantal mensen dat lid is van een 
vereniging meestal grocer is dan het aantal gezinsleden van de actieve persoon. 

[2) Uitspraak Jo van Oorschot, voorzitter harmonie Phileutonia, 30 april r994. 

x 
De fysieke mogelijkheden van een persoon worden meestal bepaald door de 
mentale verwachting van die persoon van zijn fysieke mogelijkheden. Daarom is het 
van belang bij zogenaamde 'solo-sporten' niet alleen te trainen. De persoon die 
traint moet mentaal worden opgeladen door een tweede persoon die de trainende 
persoon in de veronderstelling brengt dat hij of zij fysiek net iets meer kan. 



XI 
Het risico dat een motorrijder loopt in het verkeer wordt niet zozeer veroorzaakt 
door zijn eigen gedrag, maar veel meer door de agressieve reactie van veel auto
mobilisten wanneer zij de motorrijder zien. 

XII 
Linkshandigheid komt relatief veel voor op de twee extreme polen van de 
intelligentieschaal en het aantal linkshandige genieen is dan ook relatief groot [3]. 
Aangezien iemand die promoveert zich niet aan de lage kant van de inte1ligentie
schaal zal bevinden, is er bij een linkshandige promovendus dus een gerede kans dat 
hij of zij uiteindelijk een genie zal blijken te zijn. 

[3] 'De linkshandige minderheid: lntermediair, jrg. 27, no. r8, r99r. 


