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MANAGEMENT SUMMARY 

This case study studies planning hierarchies in a highly uncertain environment. In this 
case study a planning hierarchy was designed for one of the subsets of a production facility of 
pharmaceutical producer MSD in Oss, the Netherlands. For this planning the question was 
whether it was possible to remove uncertainty buffers in the system without worsening the 
service in terms of service while improving the performance in terms of costs. This proves to 
be possible, given the correct design choices and the use of the correct models for the different 
decisions. That means, applying both in such a way that they together effectively reduce the 
risk that comes from uncertainty in an efficient way.  

Central in the planning hierarchy was the uncertainty that exists in a production environment. 
To determine whether this uncertainty should be covered for in design or be incorporated in 
the models a framework was developed that groups uncertainty based on the influence a 
planning can have on this uncertainty. In essence one recognizes uncertainty that can be 
influenced to a certain extend and uncertainty that cannot be influenced. Furthermore, one 
has to assess the impact of the uncertainty to determine the appropriate response in a 
planning hierarchy. Based on these two dimensions a certain action is followed as shown in 
Table 1. 

 Possible to have influence  

on uncertainty 

Not possible to have influence on 

uncertainty 

High impact Stochastic control function 

(modeling) 

Isolate and buffer through smart design 

Low impact Deterministic control function 

(modeling) 

No action 

TABLE 1, DESIGN VS MODEL, WHERE UNCERTAINTY SHOULD BE HANDLED 

The logic is simple, if it is not possible for the planning to influence the uncertainty in any way, 
it makes no sense to control it in a model. Therefore, it should be isolated to its core and be 
buffered for through smart design. If it is possible, one should do it in the way that introduces 
sufficient complexity given the impact of the decision. 

In case it is possible to have influence on the uncertainty, one should strive to use stochastic 
control when there is a high impact on the objective. In case of low impact on the objective 
one still wants to make the appropriate decision, but it is not necessary to take the 
uncertainty into account, hence a deterministic control structure should be sufficient. 

DESIGN 

Smart design, in this case this incorporates isolation of product groups based on 
throughput time/quality type and demand size. By isolating certain groups in the system that 
create high uncertainty, total cost can be reduced and flexibility can be gained over the whole 
process.  

Furthermore, smart design includes prioritizing cases in a production system such that 
possible delays earlier in the production process can be nullified. This again greatly reduces 
the standard deviation of throughput times in the system, making the  performance better.  
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When looking at the impact for uncertainty, one rule should be to apply stochastic control for 
the bottleneck resource in the system. This way one ensures performance in terms of 
throughput times, without making the control model needlessly complex.   

MODELING 

During this study, several models were built. The results that are the most interesting 
is the model that is used for stochastic control of the bottleneck resource and its interaction 
with the model that is used to make the optimal  batch production decision.   

The stochastic control model is used for the bottleneck resource to determine the maximum 
load or minimal number of servers necessary not to exceed the planned lead time for the 
resource. This was done with the quality and efficiency driven regime (QED). This model is 
used for waiting time approximation based on the M/M/C waiting queue and shows a 
surprisingly good fit with the behavior in the actual waiting time, even for very unstable 
utilizations (rho) on the system. 

 

FIGURE 1, QED WAITING TIME VS ACTUAL WAITING TIME 

Based on this QED it is possible to determine the amount of servers that minimizes the cost. 
The current behavior of the IPT WH seems to only minimize the cost (quite effectively) while 
not taking into account the throughput time that is associated with these costs. 

 

FIGURE 2, COST FOR DIFFERENT AMOUNT OF SERVERS 
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Furthermore, it is interesting to see that the optimal costs of the system are approximately 
linear in the load on the system the cost of a server for the optimal 𝛽. This makes the model 
interesting to apply in a deterministic optimization model.  

 

FIGURE 3, COST DIFFERENCE FOR DIFFERENT LOADS ON THE SYSTEM WITH OPTIMAL CAPACITY 

Knowing the cost curve is flat around the optimum and linear in the load, and knowing that 
the waiting time is decreasing in 𝛽 and the load it is possible to determine a maximum load on 
the system given throughput times and an amount of servers, or an amount of servers given a 
load, which can be used as a restriction in a linear model.  

These results can be generalized in case the fraction  
            

           
  is small and also hold for 

small systems with relatively low number of servers.  

For the  production plan a mixed integer linear program (MILP) was constructed. This MILP 
takes into account backorder cost, holding cost and startup cost for the different stages in the 
process. Furthermore it takes into account a capacity restriction or a load restriction for the 
different production units.  

RESULTS 

Applying the smart design and relatively simple control models in the production 
hierarchy proves to be beneficial in terms of throughput time average and standard deviation, 
increasing production plan reliability and ultimately costs in the production process. Having 
all of these in place greatly reduces costs in the system without worsening service 
performance. 
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1. INTRODUCTION ; IPT WOMEN’S HEALTH  

As this masters thesis was conducted in the context of hierarchical planning at MSD at 

Pharmaceutical Operations Oss (POO), it is necessary to introduce this company shortly. This 

chapter introduces both the company and the production process. It is followed by a quick overview 

of relevant literature in the field in chapter 2. Chapter 3 discusses the research contributions. After 

this the thesis continues with the design of the planning hierarchy in chapter 4. Chapter 5 focuses on 

the stochastic control models while chapter 6 introduces the deterministic control models. Chapters 

7 and 8 are used to determine the consequences for IPT WH based on each of these models. After 

this, chapter 9 gives a further detailed explanation of one of the stochastic control models to make 

the findings more general. The thesis is concluded with chapters 10 and 11 which give a conclusion 

and possibilities for further research. 

1.1 MSD PHARMACEUTICAL OPERATIONS OSS 

With US$ 48 billion revenue and US$ 7,3 billion profit in 2012 MSD is one of the world largest 

pharmaceutical companies. Over time it has known both autonomous growth and growth through 

takeovers. One of these more recent takeovers was the takeover of Schering Plough, which at that 

point in time had just acquired Organon, a former Dutch pharmaceutical company. With this 

acquisition, MSD also acquired a large production facility in Oss, the Netherlands. Within this 

production facility, several product groups with similar production characteristics were chosen to 

form integral production teams. One of these production teams is IPT Women’s Health, which 

produces solid medicines (tablets) for use by women. These medicines are mainly anti-conceptives, 

but also have other purposes.  

Like most other pharmaceutical company, MSD is experiencing challenging times as patents are 

expiring, research productivity is declining and market buying power is increasing. This puts 

pressure on production facilities to reduce the costs, reduce the lead time and retain a high service 

level. Furthermore like all other producers, MSD tries to differentiate products based on looks and 

marketing, hence the number of product options is increasing.  

Because of this, there is pressure on costs, lead time and service levels. Therefore the planning 

concept at the IPT WH is open for discussion.  

1.2 IPT WOMEN’S HEALTH PRODUCTION 

The production process of IPT Women’s Health is depicted in  

Figure 4. The production process consists of four steps. It starts with the production of bulk tablets, 

this is a production step where batches of active granulate are pressed into tablets. These tablets are 

then sent to the bulk release, where they are subject to several tests to assure the quality of the 

product. If the quality requirements are met, the products are ready for packaging. If the quality 

requirements are not met, there are two options. Either extra tests are required with possible 

acceptance or rejection of the batch, or the batch is rejected right away. To start the packaging both 

tablets and packaging material have to be available. In the current situation, this is assured by 
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keeping stock between bulk release and packaging. After the products are packaged, there is 

another quality check and there are outbound logistics to assure the right delivery with the client.  

Bulk production Bulk release Packaging

Paca
kging m

ate
ria

l

TabletsTabletsAPI Finished 
product Package release

 
FIGURE 4, IPT WOMEN'S HEALTH PODUCTION PROCESS 

1.2.1 BULK PRODUCTION 

Bulk production consists of five consecutive steps, as is shown in  

Figure 5. The process starts with the weighing of ingredients; here all ingredients necessary for the 

production of batches are weighed. After the weighing of ingredients, the production process starts 

by production of basic granulate, followed by the adding of active material. Thereafter the activated 

granulate is pressed into tablets by presses, after which the batch either leaves the process or the 

tablets are provided with a coating. Throughout the process there are in process quality checks, 

which are reported in forms of deviations if there are problems in production. Furthermore the 

process has fairly lengthy sequence dependent setup times, as machines have to be thoroughly 

cleaned before new products can be produced. 

Bulk production

Weighing of 
ingredients

Production 
of basic 

granulate

Activation of 
granulate

Production 
of tablets

Coating of 
tablets

 
FIGURE 5, DETAILS OF BULK PRODUCTION 

1.2.2 BULK RELEASE 

Bulk release consists of two parallel steps followed by two serial steps, as is shown in  

Figure 6. This process starts with the lab and deviation analysis. The lab analysis consists of a series 

of tests to confirm the quality of the batch. The deviation analysis is only done when the in process 

checks resulted in a reported deviation. When this happens, an expert looks into the documentation 

and if necessary deviations. This expert then determines correctness of the paperwork and if 

necessary the impact of the deviation on the quality of the product. After both lab analysis and 

documentation analysis have been finalized, the quality release officer does an extra check on all 
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paperwork is ok. If this is also true, there is a final check by a quality person, who then releases the 

batch for production. In case any of the analysis in either lab, deviation or in the paperwork shows 

anything extraordinary, further analysis can be done and in the end a batch might even be rejected. 

If that happens, the batch will also be scrapped.  

Lab analysis

Deviation 
analysis

Bulk release

Documentation 
analysis

Final quality 
check

 
FIGURE 6, DETAILS IN BULK RELEASE 

1.2.3 PACKAGING 

Packaging consists of three serial steps, as is shown in Figure 7. The process starts with a 

blistering step, where the released bulk tablets are put into a blister. After this, products that are 

sensitive to moisture get sealed via a vacuum protecting sachet. Finally a cartoning line puts the 

blisters/sachets into a preprinted carton and adds the leaflet to this carton. Again, during this 

production process there are in process checks, to assure the quality of the different production 

steps, which are again documented and reported as deviations if necessary. Each of the steps in the 

process has the input of both the bulk tablets and a type of auxiliary material (foil, leaflet or carton). 

Packaging

Blistering Sachetting Cartoning

 

FIGURE 7, DETAILS OF PACKAGING 

1.2.4 PACKAGE RELEASE 

The final step in the production process is the package release. This step consists of the serial 

steps of a check on the final product and the outbound logistics.  In the first step, possible deviations 

in production are checked on impact for the product. Furthermore all paperwork regarding both 

bulk batch and order is checked for completeness and correctness. Once this is finished, the 

products are released for transportation. This step of outbound logistics is done by another 

department. If the products are not released, rework in production can be required, or the 

production order is rejected as a total. 
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1.2.5 UNIT FLOW 

Throughout the production process there are three different units of measurement that are of 

importance. First of all production starts with production of a campaign. A campaign consists of 

several batches of the same product. Each batch again exists out of a fixed number of tablets of the 

same product. Furthermore demand arrives in orders, which can be anything from a small part of a 

batch to a magnitude of batches.  In bulk production, the unit of measurement that is of importance 

is the number of batches. For quality review this is the number of campaigns. After this, packaging 

starts production based on an allocation of orders per batch. Outbound logistics then operates on an 

order level, where each order has a set throughput time.  

The BOM for the production process can be classified as divergent with product options. This 

implies that there are relatively few starting components which have a high number of end 

products. With MSD the factor of starting active materials versus end products is approximately 

1:60. 

1.2.6 PRODUCTION LEAD TIME 

Figure 8 and Figure 9 show the development of throughput times for 2010, 2011 and 2012 for 

the different production units. As can be seen, the bulk release has the highest average and standard 

deviation in throughput time. This is followed by the bulk production, packaging and the package 

release.   

 

FIGURE 8, AVERAGE THROUGHPUT TIME 

DEVELOPMENT IN WORKING DAYS 

 

FIGURE 9, STANDARD DEVIATION OF 

THROUGHPUT TIME DEVELOPMENT IN WORKING 

DAYS 

 

High throughput times can have several causes, the most important among them are uncertainty in 

available capacity, uncertainty in arrivals and uncertainty in production time per batch/order. All 

different types of uncertainty are present in the aforementioned process. Note that the total 

production process currentl  ta es an a era e of       da s, or    working weeks of five days a week. 
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1.2.7 UTILIZATION OF BOTTLENECK RESOURCES 

Each of the production units has a bottleneck resource that determines the pace of the 
production unit. As can be seen in Figure 10 the utilization for both the bulk production and the bulk 
release is very high, where it is relatively low for packaging. For the final quality check the 
utilization is unknown, as this is one individual person combining several jobs, where packaging 
release has priority if necessary, this is also irrelevant.  

 

FIGURE 10, UTILIZATION OF BOTTLENECK RESOURCES PER PRODUCTION UNIT 

The bottleneck for different steps is the granulate mixer and some of the presses in bulk production, 
the lab in bulk release and the blistering or cartoning step in packaging (depending on the 
production sequence).  

1.2.8 ARRIVAL OF DEMAND 

Demand for IPT WH can be split in two groups, regular demand and tender demand. Regular 

demand is the demand that comes from the different country organizations. Tender demand is 

demand that is normally sold to governments or for governments via third parties. Both are shown 

in Figure 11, which shows the arrival of the full demand. 

Regular demand is always for internal parties and is generally make to stock demand. It is therefore 

flexible. Both timing and size of the demand are negotiable to some extent. Furthermore the level of 

the demand is relatively stable. Regular demand has a customer order lead time of 12 weeks. 

 

FIGURE 11, REGULAR AND TENDER DEMAND 2012 
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that are not flexible in size due to regulations. Furthermore one either gets awarded a full tender, or 

nothing at all. Hence there is no flexibility in the total size of the order. There is however flexibility 

in the delivery structure of the products. They can be delivered over longer periods of time. 

Furthermore tenders have a high monetary fee for late delivery. Finally, the global funding structure 

drives tender orders to arrive during the last two quarters of the year.  

All demand is forecasted in some way. For the regular demand, forecasts are based on sales data and 

are available for the upcoming two years in monthly buckets. For forecasting the tender demand, all 

tenders that MSD applies for are recorded in terms of size, delivery structure and chance of success.  

1.3 ORGANIZATION AND PLANNING STRUCTURE 

The production of tablets crosses departmental boundaries twice. Both the bulk release and the 

packaging release are executed by a quality department that is strictly separated from the 

production department. Where the production IPT has resources that are virtually always 

exclusively used for the IPT, the quality department is in principal organized to handle the IPTs 

work, but also has a significant part of the load that is not related to the production process (  25 %). 

Examples of this are stability analysis, external lab demands or validation of lab equipment. In case 

of the stability analysis and external lab demands, these analyses can have preference over release 

analysis. 

Looking at the current planning hierarchy, the decisions can be split into time dimensions with the 

long term (1-5 years) the mid-term (3 – 12 months) and the short term (0 – 3 month) as different 

components. The decisions for the long term regarding capacity increase in terms of new machinery 

or plants as well as decisions regarding the division of products over different IPTs are taken 

outside of the IPT.  

For the mid-term, main decisions are capacity availability and stock levels. The scaling of capacity 

has an effectuation time of approximately 3 – 4 months. The decision to scale up or down is taken by 

a planner for the IPT in both bulk and packaging departments. The planner does this with the help 

of a deterministic model that accommodates capacity uncertainty for the bulk and packaging. 

Furthermore the planner takes a decision on the safety stock levels at three different echelons in the 

chain; the API level, the released bulk level and the finished product level. Currently only the API 

and released bulk hold safety stock. The level of this safety stock is determined based on a rule of 

thumb, where the expected throughput time of the quality department is the basis of the safety 

stock.   Furthermore decisions are made for planned capacity constraining activities (PCCAs), based 

on the forecasted demand for a period.  

The quality department determines capacity on a yearly basis, based on the total production that 

year. Furthermore the PCCAs are planned throughout the year, with little to no coordination with 

production between the quality and production department regarding the timing of these PCCAs.  

For the short term production planning, a demand signal arrives in the form of a forecast or actual 

demand from several order hubs around the world. After this demand is received, a person within 

the production department determines the required production of both bulk products and packaged 
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products. This production plan is based on mixed integer linear program, which takes into account 

the bulk production and packaging as full resources, including their capacity, and the bulk and 

package release as offsets in time for the production. The outcome of the system is a production 

plan determining the production based on biweekly production quantities. This is manually checked 

versus the production constraints of bulk production and packaging, hence there is no check with 

either of the quality departments. Afterwards some demand can be shifted or constraints can be 

changed, followed by another run of the integer programming, which gives the final production 

plan. 

After this production plan, planners determine the sequencing and execute the order releases for 

the different products that have to be produced for the two week periods. This is done by different 

planners for the production of bulk and packaging. Furthermore the planner of the quality 

department concurs with the planner of packages on a weekly basis to prioritize the planned work.   

1.3.1 THE OP TOOL 

In the current situation the planning tool that is central to the planning operations is called the 
OP. This tool is an integer programming tool that determines the production planning for the 
upcoming two years based on forecast information. This forecast information is however limited to 
regular demand and is only updated once every month. Forecast regarding tender demand is only 
incorporated as a fixed capacity reservation per time unit. The OP operates with time intervals of 
two weeks and determines production amounts and inventory levels for both the bulk production 
and the packaging steps. It does so based on cost allocation for different points in time. The model is 
purely deterministic; it does however take into account a linearized capacity restriction where the 
expected net capacity is used instead of the gross capacity.  

Based on this model decisions for the mid-term regarding capacity as well as decisions for the mid-
term regarding inventory of bulk and packaging are taken. The safety stocks, demand and capacity 
are external for the model. Hence all three are deterministic, but can be determined in a different 
way.  

1.4 CONCLUDING 

This chapter gave an introduction to the IPT WH, the production process and the planning at the 
IPT. The production process is one with lots of uncertainty. This uncertainty can be seen in both 
demand uncertainty and throughput time uncertainty. Furthermore the resources are utilized to 
quite a high extend, which implies that waiting times play an important role in the process.  
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2. LITERATURE REVIEW ON HIERARCHICAL PLANNING AND 

UNCERTAINTY 

This chapter gives a brief overview of the current positioning in literature regarding uncertainty 

in hierarchical planning concepts. It starts with an introduction of hierarchical production planning, 

followed by the introduction of both effectuation lead time and anticipation, an introduction to 

uncertainty in hierarchical planning and finalized by the gaps that are found in literature. 

2.1 HIERARCHICAL PRODUCTION PLANNING 

The concept of hierarchy in planning was introduced by Anthony (1965) and was later extended 

by Max & Heal (1973) into hierarchical production planning. It was found that the planning problem 

was too complex to solve from a holistic perspective. The problem was not computationally 

tractable. To simplify the decisions, the concept of hierarchy was introduced. The general idea 

consists of a sequence of decisions, where decisions higher in the hierarchy restrict the solution 

space for decisions lower in the hierarchy. Hence, restrictions in solution space can be split into 

hard restrictions that are imposed by the environment, and soft restrictions that are imposed by 

previous decisions in the decision hierarchy. The first dimension that was taken into account for the 

division into hierarchies was a time dimension, splitting decisions in long, mid and short term 

decisions. This framework was later refined into an approach that incorporated the organization of 

a company in the framework. This resulted in a hierarchy with aggregate capacity planning, a supply 

chain operations planning (SCOP) and different production units, where each production unit again 

can consist of a goods flow control and production steps. This framework is shown in Figure 12 

(Bertrand, Wortmann, & Wijngaard, 1990; Kok & Fransoo, 2002; Jansen M. , 2011).  

 

FIGURE 12, EINDHOVEN PRODUCTION FRAMEWORK (JANSEN M. , 2011) 

2.2 EFFECTUATION LEAD TIME AND ANTICIPATION 

The concepts of effectuation time and anticipation are an important addition the hierarchical 

planning. To fully understand these two concepts, it is important to make a distinction between a 

physical flow through a process and an information flow through a process. The physical flow 
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represents goods that are produced and/or transported in the process, while the information flow 

represents the information that influences the physical flow or is received as a consequence of the 

physical flow. The effectuation lead time is the time it takes for a change in the information flow to 

be seen in the behavior of the physical flow. For the pharmaceutical industry, these effectuation lead 

times are typically long. Or to put it differentl , the pharmaceutical industr ’s supply chain has slow 

responsiveness to changing circumstances (Kok & Fransoo, 2002; Altrichter & Caillet, 2005). 

The concept of anticipation looks at the relation between different hierarchy levels. The concept is 

introduced by (Schneewiess, 2003) and makes a distinction between an upper level and a lower 

level. For each decision to be made, the upper level anticipates the behavior of the lower level, hence 

the decisions that the lower level makes. A distinction is made between four different types (Jansen 

M. , 2011; Schneewiess, 2003);  

 explicit exact anticipation; all information at the lower level is available exactly to the higher 

decision level  

 explicit approximate anticipation; all information is available, however some information is 

approximated 

 implicit anticipation; only the relevant information is available 

 no anticipation; there is effectively no information available 

2.3 MODELING OF UNCERTAINTY IN HIERARCHICAL PLANNING 

In a general modeling context uncertainty is referred to as variation or variability and a 

distinction can be made between explained variability and unexplained variability. In a production 

context the explained variation is the variation in a production process that is predicted by a model, 

where unexplained variation is not predicted by the model. This can either be because this variation 

is unknown to a modeler or because a modeler has chosen not to consider the variation in the 

specific model. As modeling is always an exercise to simplify reality, the explained variation in a 

model is almost always lower than the variation that in principle could be explained (Bertrand & 

Fransoo, 2002; Buzacott & Shantikumar, 1993).  

The literature on hierarchical planning is mainly focuses on the different decisions that have to be 

taken in the planning concept. For each of the decisions there are models that have a stochastic 

nature or models that have a deterministic nature.  

For any decision level, the criteria for incorporating any type of uncertainty into the model seems to 

be the existence of uncertainty at the aggregation level of information relevant for the decision. For 

long term decisions, like machine investments or fixed product allocation decisions, this implies that 

demand uncertainty and production lead time uncertainty are not taken into account. This is done 

because at the level of aggregation of information this uncertainty is negligible (Gatica, 

Papageorgiou, & Shah, 2003; Levis & Papageorgiou, 2004).  

For the mid-term decisions, with the SCOP as the main decision, literature has shown that models 

that incorporate uncertainty in decisions for a supply chain planning outperform purely 

deterministic models. Models range from stochastic models that take into account the inventory 
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holding decisions to, more recently, different types of lead time anticipation for the production 

units. The basis in both cases being a model based on fixed lead time between production units and 

stock at certain points in the supply chain (Kok & Fransoo, 2002; Jansen, Kok, & Fransoo, 2013).  

For the very short term, models that are typically used are of a deterministic nature. The reasoning 

here being that the uncertainty is no longer present in the system, as for the short term all 

parameters are known.  

2.4 GAPS IN LITERATURE 

The identified gaps in literature can be split into two components. First, gaps regarding 

hierarchical concepts concerning uncertainty, and second gaps regarding the modeling for 

individual decisions. Regarding the hierarchical concepts there is little literature discussing the 

incorporation of uncertainty in hierarchical concepts at the different levels of uncertainty. Although 

the decomposition of the problem is very useful, the strong focus on the models that look at 

individual decisions fails to take into account the effects that previous decisions have had on the 

current one and the effect that a current decision has on lower hierarchy ones. Or stated differently, 

when looking at the soft constraints that are created at higher hierarchy levels, these are only 

looked from a point of view that does not take into account uncertainty. Although the anticipation of 

lower levels somewhat reduces this problem, there seems to be little literature regarding both the 

anticipation and other interaction effects that exist in the hierarchical planning. Furthermore, it is 

not clear from literature when what type of anticipation is required. 

Regarding the individual decisions, there seem to be ways to improve the SCOP by incorporating 

different types of anticipation that are based on different queueing networks or queueing models. 

The planned lead time that is a part of the SCOP does not take into account the relationship between 

load on resources and throughput time of a resource. This could be covered by using queueing 

models as a ways to determine capacity or load restrictions. Development in queueing theory shows 

interesting progress regarding different types of queueing models. Although these models are still 

quite complex for application in an optimization context, it should be possible to take the general 

behavior that can be deducted from these models into account.   

2.5 CONCLUDING 

Looking at the research and the gaps, they are easily linked to the case study in three ways. The 

planning at IPT WH can be seen as a hierarchical planning with several existing layers. As 

mentioned there is a lot of uncertainty in the production process, but the current planning hierarchy 

only considers limited amounts of this uncertainty. Furthermore, there is limited to no realization of 

lower level interaction in terms of uncertainty buffering in the current situation. Finally, the current 

type of anticipation chosen for the different production units strongly differs per production unit. 

Where the production units that are a part of the production department have a more detailed 

anticipation in the SCOP model, the production units that are part of the quality department have a 

very shallow one. This seems to be done based solely on the existing management structure rather 

than a well-considered decision. 
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3. RESEARCH CONTRIBUTION 

This thesis contributes to research in three different ways;  a complete planning concept for the 

production in a highly uncertain situation, best practices regarding uncertainty when designing a 

hierarchical production concept, and the actual way of modeling of the uncertainty to support 

different decision functions.  

3.1 THE CASE STUDY 

The pressure on cost and lead time within MSD pushes IPT WH to reduce cost without losing 

reliability of service level performance.  

When analyzing the cost structure of the IPT, one can see that the highest supply chain costs are 

caused by the stock held after bulk release, which can be either released or unreleased bulk tablets. 

These tablets have to be kept in conditioned rooms and represent relatively high value. 

Furthermore, holding these safety stocks represents a risk regarding the expiry date of the product. 

Cost for expired product are generally very high. Therefore finding a way to reduce this stock would 

be very beneficial for the costs in the IPT.  

Besides pressure on costs, there is also pressure on customer order lead time to be reduced from 

twelve to six weeks by the end of 2013. Looking at the current process, this seems feasible, as the 

throughput time of the latter two stages combined is four weeks on average with a standard 

deviation of less than one week. This is achieved however, with the current process and slack.  

Both of the aforementioned points lead to the assignment central to this case study. 

CASE ASSIGNMENT: 

DESIGN A PLANNING CONCEPT WITH WHICH MSD IPT WH CAN ACHIEVE A 

FLEXIBLE CUSTOMER LEAD TIME RANGING FROM 6-12 WEEKS WITH A 

CUSTOMER SERVICE LEVEL OF  98% FOR ALL PRODUCTS AT MINIMAL 

COSTS. 

3.1.1 CASE SCOPE 

The case study is conducted at the level of the production process. The scope of the project is 

therefore the production process within the IPT and the quality department. This implies that 

decisions that are taken outside the IPT WH, at a higher hierarchy level are considered outside of 

the scope of this research. This is done for two reasons. 

First of all, the scope of the project should be restricted, because the time span of the project is 

limited. This case was done as a master’s thesis and should therefore represent a workload of 

approximately six months. 
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Second, the choice is made to ease implementation. By assuring only decisions that are taken at the 

level of the IPT or the quality department, the complexity of implementation is greatly reduced, as 

there is autonomy with regard to these decisions.  

This implies that the capacity decisions that are taken into account are restricted to some aggregate 

capacity, the decisions that are taken at the moment in the IPT. Hence all decisions regarding API 

availability, product allocation, and transportation are assumed to be out of scope. Decisions 

regarding workforce planning, maintenance planning, order release, order allocation, order 

sequence and internal stock level are in scope. 

3.2 RESEARCH QUESTIONS 

Looking at the assignment at hand, both the removal of the stock and the reduction of the lead 

time, have significant consequences for the operation. In essence, both operations remove slack 

from the operational process. In a case with less slack available in the process, it is more difficult to 

act on sudden events, which is bad for both schedule adherence and ultimately service level 

performance. Therefore designing aforementioned planning system implies making a decision 

about the uncertainty that arises with such a system. 

Knowing both the gaps in literature regarding decomposition of hierarchical production planning 

and the assignment given in the case the first research question can be defined as follows.  

RESEARCH QUESTION 1:  

HOW CAN THE DESIGN OF A PRODUCTION PLANNING HIERARCHY 

ASSURE THE CORRECT HANDLING OF UNCERTAINTY 

Handling uncertainty in a design can be achieved by implementing control structures or by 

introducing buffers in the system.  To determine what type of uncertainty should be handled by the 

design, two types of uncertainty are recognized; uncertainty that is influenced by the decision and 

uncertainty that is not influenced by the decision.  

For the uncertainty that can be influenced a control structure is applied. Depending on the impact of 

the uncertainty this is a stochastic or a deterministic control function. Impact has to be seen in 

terms of the optimal decision given the objective (cost or service performance). In case of high 

impact there is a stochastic function, while with lower impact there is deterministic control.  

In case of uncertainty that cannot be influenced one again looks at the impact. This time the impact 

has to be seen solely in terms of the objective and the parameters of the system. If the impact is high 

the first step is to isolate the source of this uncertainty. The next step is to buffer solely for this 

source, hence create a design that has different rules for certain groups of products. In case of low 

impact it makes no sense to buffer, as this will only bring extra cost into the system. 
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 Possible to have influence  

on uncertainty 

Not possible to have influence on 

uncertainty 

High impact Stochastic control function 

(modeling) 

Isolate and buffer through smart design 

Low impact Deterministic control function 

(modeling) 

No action 

TABLE 2, DESIGN VS MODEL, WHERE UNCERTAINTY SHOULD BE HANDLED 

This leads to the design rules as are shown in Table 2, which should ensure a system where all 

uncertainty that can be reduced in any possible way is modeled as control function, while all non-

reducible uncertainty is buffered for by smart design. 

After one has the design, including the way that different uncertainties in the system are covered, 

the next question that should be raised of how different decisions in the planning hierarchy should 

be modeled such that they incorporate the uncertainty sufficiently. 

RESEARCH QUESTION 2: 

HOW CAN MODELING IN A PRODUCTION PLANNING HIERARCHY 

ASSURE CORRECT HANDLING OF UNCERTAINTY 

The main contribution in terms of modeling is made through a stochastic anticipation in the control 

function for the bulk order release. This control function is based on the work of  Borst et al (2004) 

regarding a quality and efficiency driven (QED) control mechanism that exists for queueing systems.  

For this model it is shown that for low holding cost versus capacity cost the optimal cost in the 

system are approximately linear in its load. This makes it possible to apply this control mechanism 

in a general mixed integer linear programming (MILP) such as a planning algorithm.  

Furthermore, the algorithm shows that the cost for different waiting times in a system are 

practically the same given linear holding and server cost. Rewriting this regime one can determine a 

maximum load for a workstation or a minimum number of servers for the system, such that the 

costs are close to minimal and the maximum throughput time will not be exceeded.  

Besides the QED a different decision support model is proposed to make a decision regarding the 

timing of PCCAs. This model takes into account uncertainty of demand to determine the optimal 

timing of these PCCAs. 
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3.3 RESEARCH METHODOLOGY 

To answer both of the research questions a set of design rules, two stochastic and two 

deterministic control models were constructed. The design rules and the stochastic control models 

were tested in a monte carlo simulation to determine the effects of these models on the 

performance of the system in terms of cost and throughput times. The deterministic control models 

were analyzed for different scenarios to determine the effects of these scenarios on the production. 

3.4 CONCLUDING 

This chapter introduced the case assignment, research contribution and research methodology. 
The research contributions can be split in three parts, a planning concept for a highly uncertain 
production environment, best practices concerning design of planning concepts and ways of 
modeling in planning concepts.   

The remainder of the thesis is built around these questions. First the new planning design is 
introduced. After this the different decision models are introduced. It starts with the models that are 
central in correctly handling the uncertainty, the stochastic control models. This is followed by the 
deterministic control models. Ultimately the simulation and scenarios for production were tested to 
determine the effect of the changes. 
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4. DESIGN  OF THE PLANNING CONCEPT OF IPT WH 

This chapter introduces the design and design decisions in the new planning concept of IPT WH. 
It handles the different types of uncertainty that can be faced in the production process and 
determines how these uncertainties should be incorporated in the hierarchical planning. The 
chapter starts with the planning concept as it is proposed, followed by the uncertainty that cannot 
be influenced, uncertainty that can be influenced, and ultimately gives an overview of the decision 
sequence and the decision support models for each of these decisions. 

4.1 OVERALL PLANNING CONCEPT 

Looking at the overall planning concept it is important to distinct the different decisions that 
have to be made in the hierarchy. First of all, a decision regarding the capacity in different 
production units has to be made. Second, decisions have to be made about the goods flow 
throughout the system and the short term capacity (overtime). Finally decisions have to be made 
regarding the sequencing and releases to production.  

For each of these different decisions different information is required. This information changes in 
terms of level of aggregation and in level of uncertainty. Given that these decisions are done at 
different departments in the company, it is likely that not all relevant information is known at the 
same level of detail to all actors in the system.  Therefore the decisions are organized based on the 
information relevant for the decision, the effectuation time of the decision and the actors that have 
to take the decision. 

Aggregate capacity planning

SCOP Regular sales 
forecast

Tender sales 
forecast

Goods flow model

Anticipated bulk 
model

Anticipated bulk 
release model

Anticipated packaging 
model

Anticipated package 
releaase model

Bulk production Bulk release Packaging Package release

API

Auxiliary

Production department Quality department 

 

FIGURE 13, HIERARCHICAL PLANNING CONCEPT IPT WH 
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This results in the structure that is shown in Figure 14. As can be seen a distinction is made between 
an aggregate capacity planning that is made for both the quality and the production department. At 
this level information aggregated to the level of several months is sufficient. Furthermore, the 
effectuation time of this decision is quite long due to training of personnel. As the information is 
taken from and the decisions taken for two different departments, the collaboration is of 
importance. This decision is taken at a higher management level in the organization.  

The next decision level is the SCOP level. At this level the decisions regarding the goods flow, 
overtime and releases are taken for the different production unit. As two of the production units are 
of a different department close collaboration is necessary to assure that all information is available. 
Putting all these decisions at one level assures an overview at this level. Furthermore having all 
these decisions at the same level increases the chance of the correct response given uncertain 
events. All medium to short term decisions regarding planning are taken at this level. Additionally, 
all decisions are taken by lower level of management.  

4.2 UNCERTAINTY THAT CAN NOT BE INFLUENCED 

Looking at the entire process there are four different types of uncertainty that are not 
influenced by the planning decisions. These are uncertainty in demand, uncertainty in production 
deviations, uncertainty in production time, and uncertainty in API delivery.  In general, all of these 
uncertainties are covered to some extend by operating a system with rolling schedules and updated 
information. Because information is not always available in real timeand the rolling schedule 
decisions cannot be taken every instant it is necessary to give extra attention to each of these points. 

4.2.1 UNCERTAINTY IN DEMAND 

First of all there is the uncertainty in demand. No matter how one makes a planning, it does not 
change the uncertainty in demand. As the uncertainty in demand has a very high effect on the 
optimal production plan, it is important to isolate the uncertainty and buffer for the left over 
uncertainty in a way that is as cost efficient as possible 

Analyzing the uncertainty in demand shows that this uncertainty comes mainly from tender orders. 
Therefore, a rule was deducted to create slack in the system for the production of tender orders 
based on this demand, which uses the fact that there are many quotations for tenders, which all 
have a different chance of success and a different delivery plan.  

I. The aggregate capacity should incorporate tender advanced demand information 

II. The sum of the deliveries during the total throughput time of the process must not be greater 
than the expected demand in the tender 

III. The forecast for the production decision should represent all tenders with a single delivery of 
with the expected demand as the size at the moment of the first delivery 

These three rules assure that the system will always produce sufficient slack to provide all short 
term tender demand with adequate capacity, even in the worst (or best) case scenario that all 
tenders are won. If this happens, there is still at least a full production cycle time to produce the 
remainder of the tender orders. This set of rules introduces sufficient buffers to assume 
deterministic demand. 
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4.2.2 UNCERTAINTY IN PRODUCTION DEVIATIONS 

 Another point where there is no influence of the planning decision on the uncertainty is the 
chance of having a deviation in production. Deviations arise with a certain chance, which is 
independent of the different planning decisions.  

Looking at the impact of the uncertainty in deviations, it can be seen that the average throughput 
time for a production batch with deviations is much larger than a production batch without 
deviations. With changing lead times, the reliability and ultimately the performance of the 
production plan is reduced. Hence, the optimal plan changes strongly if this source of uncertainty is 
not isolated. This is covered in the design by a rule in production. 

IV. In case of a deviation during bulk production, one extra batch of that product will be produced  
in the first available campaign. From a planning perspective, this batch can skip the bulk 
release. 

Here the fact that deviations are known early in the process and the possibility to package 
unreleased bulk products is used to isolate the problematic uncertainty. Also realize that the extra 
batch is in fact a buffer, which could also be put in stock in case such a predictor would not be 
available.  

4.2.3 UNCERTAINTY IN PRODUCTION TIME 

Due to various reasons the production times of the different production steps are not 
deterministic. Although this might seem to be a consequence of the planning decision, it is not.  This 
is a matter of definition, here production time is defined as the time a unit starts production at a 
server until the moment the production is finished, hence change over and waiting time are not 
incorporated. The uncertainty in this setting is not caused by the planning.  

The impact of this uncertainty on the optimal decision, it is high. As there is a service criterion, 
delays are problematic for the production. Therefore flexibility or a buffer has to be added to the 
system. This is done in two ways 

V. Hold inventory at the level of bulk products only for low volume products 
 

VI. Produce First Due First Serve in all flexible resources 

Both rules introduce great flexibility to the system. Rule IV earns flexibility at the cost of holding 
inventory for low volume products. As inventory levels scale with volume, this is a relatively cheap 
way to assure that products with delay can be given preference if necessary. Rule number V assures 
that the preference is actually given to the correct product. Together these two rules assure that the 
uncertainty in production time should not be problematic.  

4.2.4 UNCERTAINTY IN API 

 The final type of uncertainty that cannot be influenced is the uncertainty in API. As the 
delivery of API is done by an external partner and is not always reliable, there is no influence on this 
decision. Therefore, one should buffer against this uncertainty.  
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VII. Hold API on stock for all products 

It is easily seen that VII buffers against uncertainty of the API supply, in the most classical way 
possible, namely by holding stock at this level. 

4.3 UNCERTAINTY THAT CAN BE INFLUENCED 

The second type of uncertainty identified is the uncertainty that can be influenced by the 
decisions in the planning model. The only uncertainty that can be influenced by the planning 
decision is the throughput time uncertainty. At all different levels in the production sequence, the 
throughput time of different products depends on the net capacity available, the load on the system 
and in some cases the production sequence. All of these are decisions that are made by the planner. 

Looking in terms of impact, the impact on the optimal decision given throughput time is strongest 
for the bottleneck resource in the process. This is true because of the strong relationship between 
waiting time and utilization of a resource.  Hence, given the possibilities to influence uncertainty 
and the high impact for the bottleneck resource, this resource should be represented and controlled 
in a stochastic matter in the modeling.  

Furthermore, the impact is strong when there are strong temporary capacity restrictions on a 
production unit, as this will make any production resource the bottleneck production unit during 
that period of time. 

Looking at all other resources, assuring that the bottleneck will not be problematic assures that the 
load on these resources will be lower as well. Furthermore, the buffers that apply for production 
time also apply for general throughput time, assuring sufficient slack for a deterministic control of 
the throughput time.  

4.4 DECISION SEQUENCE IN THE PLANNING HIERARCHY FOR IPT WH 

Having determined the structure of the planning, the different rules in the planning hierarchy, 
the final part of the design is the decision sequence in the hierarchy. This decision sequence, 
including the type of decision support model that will be used for this decision is shown in  Table 2. 

# Decision level Decision Model type 

1 Aggregate 
capacity 

Aggregate capacity scaling decision MILP with ADI for tender 
demand 

2 Aggregate 
capacity 

Planned Capacity Constraining Activities 
(PCCAs) 

Stochastic model 

3 SCOP Order release decision bulk (ORDB) MILP 
3.1  ORDB Production anticipation Linear representation with 

capacity buffer 
3.2  ORDB Bulk Release anticipation 

(bottleneck resource) 
QED approximation  
(stochastic) 

3.3  ORDB Packaging anticipation Linear representation with 
capacity buffer 

3.4  ORDB Packaging release anticipation Offset in time 
4 SCOP Sequencing decision bulk production Fixed order 
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5 SCOP Sequencing decision bulk release FDFS 
6 SCOP Allocation of sales orders to bulk batches Greedy algorithm 
7 SCOP Order release packaging Greedy algorithm 
TABLE 3, DECISION STRUCTURE IPT WH 

As can be seen, the model incorporates one stochastic decision support model for the PCCA (model 
2) and a stochastic decision support model for the bottleneck resource (model 3.2). Furthermore 
there are two deterministic models (models 1 and 3). Hence it can be seen that with relatively few 
stochastic model the largest impact in the production process will be covered. 

As the greedy algorithms have little added value from a research perspective, these two (6 and 7) 
will not receive further attention in this thesis. The focus will be on the two decisions at the level of 
aggregate capacity and the one decision regarding the order releases at the bulk level.  

4.5 CONCLUDING 

This chapter introduced the design decisions of the planning hierarchy in the IPT WH. The 
process of determining whether demand can be influenced has led to a set of VII production rules 
that isolate and buffer against all impactful uncertainties that cannot be influenced by the decisions 
made by the planner. Furthermore, for the demand that can be influenced a clear guideline has been 
determined which requires a stochastic representation for the bottleneck resource in the planning 
and a deterministic representation of the other resources in the planning. Finally the different 
decisions and their support models were determined.  
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5. STOCHASTIC MODELS IN DECISION SUPPORT 

As stochastic decision support models are used for the places where the uncertainty has the 
highest impact they play a central role in the handling of uncertainty in the planning hierarchy.  The 
two models of this type are the timing of PCCAs and the control of the bottleneck resource. This 
chapter introduces both models, tests whether the model is applicable for the given situation and 
prescribes how the models should be used in the planning context.  

5.1 TIMING OF PLANNED CAPACITY CONSTRAINING ACTIVITIES 

The first stochastic model is the model that is used for the determination of the timing of PCCAs. 
The second decision that has high impact is the timing of high capacity constraining activities. As 
these activities shift the bottleneck resource in the system, it is important to plan to ensure the 
timing of PCCAs is optimal and assure the impact of these PCCAs given the uncertainty is minimal. 
Hence, the decision should determine when a large capacity restriction has the least impact on the 
optimal performance. 

5.1.1 MODEL REQUIREMENTS 

Looking at the uncertainty the relevant uncertainty for this decision is the uncertainty in 
demand. As PCCAs reduce the capacity buffer that is instated for the demand, it is necessary to 
determine when this demand is placed.  

Regarding the PCCAs there are a couple of things that are important to know. 

1. PCCAs take a predefined amount of time for different resources, differing per PCCA and per 
resource 

2. During PCCAs the resource is not available for other activities  
3. There is a minimal amount of times the PCCAs should be done, but these can be planned 

throughout the year 

5.1.2 PCCAS MODEL 

To determine the ideal moment to have these PCCAs, a distinction is made between high 
uncertainty demand and low uncertainty demand. Recognize that for this case this is the distinction 
between tender demand and regular demand. This distinction also implies that forecasts for the 
high uncertainty demand will be less accurate than those for low uncertainty demand. Hence the 
forecast for each demand type is an indicator for the uncertainty in demand that is to be expected in 
a time period.  

Based on advanced demand information (ADI) the uncertainty in the demand can be 
predetermined. This ADI takes into account the size of tender orders, the timing of the tender order 
and the success chance of the tender order. With this the uncertainty in demand and ultimately the 
uncertainty in capacity requirement can be determined.  

Define: 
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Variable Definition 

 ̂  Demand during time t 

 ̂     Regular demand during t 

   ̂    Gross planned capacity available over t 
        Planned capacity constraining activities at over t 
    Set of tender forecasts tef 
       Demand for tender forecast tef at time t 

    
                   

Success chance for tender forecast tef  

       Sum of        

      Capacity required during time t at machine m 

 

 (      )  ∑             
       

 

   (      )   ∑ (                   )

       

 

 

For the regular demand it can be assumed the forecasts are reliable and are therefore deterministic. 
Hence by having the expected and standard deviation in demand, it is easy to calculate the 
confidence interval covered during a period if that period would incorporate the capacity below. 
Approximating the tender demand distribution by a normal distribution gives: 

       (        (         )    (         )) 

The ideal moment for planning of the PCCAs is when  (                          ) is as 

small as possible, assuring maximum capacity buffer is available when it is needed the most.  Having 
a stochastic decision support model ensures that the capacity reduction arrives at the moment in 
time when it has the least possible impact.  

5.2 STOCHASTIC BOTTLENECK PRODUCTION UNIT CONTROL 

The second type of stochastic control in the planning hierarchy is the control of the bottleneck 
production unit. For IPT WH, the bottleneck resource in the system is the lab, a part of the bulk 
release production unit. Control over this production unit can be exerted through the load released 
into or the capacity available in the production. The control should strive to minimize the cost while 
assuring the delivery performance criteria are met.  

5.2.1 MODEL REQUIREMENTS 

Looking at the uncertainty that one wants to influence by the model, the most important 
behavior that one has to capture is the non-linear growth of waiting time when utilization of the 
production unit grows. As explained before, this is more important when there is high utilization in 
the production unit. Besides this there is also a cost aspect to waiting time in the lab, with inventory 
cost being high for this resource. Hence this behavior has to be captured via the anticipation that is 
present in the ORDB model.  
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Looking at the bottleneck resource in the quality release, this is the lab. There are a couple of 
important characteristics of this lab.  

1. The lab operates with analysts where each analyst handles one job at a time; hence it can be 
seen as a multiserver parallel production system 

2. Due to vacations, PCCAs and load balancing with different IPTs, the number of analysts 
available for the job is unstable over time, it is however relatively plannable; hence there is 
some control opportunity for the capacity, in which case the cost per analyst can be seen as 
linear 

3. There are several streams of work for the lab, including rework on batches with quality 
problems, external analysis requests and validation projects. All of these have uncertain 
arrivals and uncertain production times at the resource. Priority in this context is not given 
to bulk releases; hence there is little control over use of buffers in place 

4. Like any other production unit, there is a fixed planned lead time 

Based on these four characteristics, the model that should be applied has to take the waiting time 
into account given the capacity. Furthermore it should be able to translate a certain capacity to a 
maximum load, or the other way around a certain load to a required capacity. This also implies that 
it should take into account the scaling behavior of multiserver parallel networks.  Finally, the model 
should be able to be used in a context of control where cost exist for servers and work in process. 

5.2.2 THE QUALITY AND EFFICIENCY DRIVEN REGIME 

A model that can do this is used in the telecommunication for the scaling of networks. This is an 
approximation method developed in 1981 (Halfin & Whitt, 1981) which approximates the M/M/C 
waiting chance and expected waiting time, based on an amount of servers. Hence it looks at a 
system with exponential inter arrival times, exponential processing times and C servers. This model 
therefore covers uncertainty in arrivals at the resource and uncertainty in production times at the 
resource. This regime is later referred as the quality and efficiency driven (QED) regime and is used 
in telephone networks for the approximation of several probabilities. This regime is used in an 
optimization context to determine the number of servers necessary in a call station, or to determine 
the chance of delay given a completely stochastic system with higher number of servers, places that 
typically have large amounts of servers (Janssen & Van Leeuwaarden, 2011). 

Using this method therefore implies doing two checks.  

1. Is the QED an accurate approximation of the M/M/C for low amount of servers 
2. Is the labs waiting time behavior approximated by an M/M/C model 

If 1 and 2 are both true, this implies that the QED is a good approximation of the labs waiting time 
behavior as well. If this is the case the an optimization method for linear costs for waiting time and 
fixed cost per server can be utilized.  

5.2.3 COMPARISON OF QED WITH M/M/C FOR LOW NUMBER OF SERVERS 

As mentioned, the first comparison is that between the M/M/C and the QED model for low 
number of servers. To test this the approximation is checked versus an analytical M/M/8 model to 
see if the approximation also works for lower numbers of servers. This is done by comparing the 
expected waiting time via both methods. Note that for the analytical waiting time the discrete 
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version of the formulas for waiting time were used. Later on in this thesis the continuous variant of 
these formulas are used. 

Variable Definition 
   Waiting time in queue 

  Production rate per server 
  Arrival rate 
  Number of servers 

  
 

  
 

Utilization of the system 

 

 (    )    𝛽   

  𝛽  
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Figure 16 and Figure 17 graphically show the relationship between the QED and the analytical 
model for the region of interest. As can be seen in Figure 16, the scaling of the waiting time as a 
consequence of the utilization is correctly captured in by the QED regime. 
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FIGURE 14, RELATIONSHIP WAITING TIME - 
UTILIZATION QED AND M/M/C MODEL 

 

 

FIGURE 15, RELATIONSHIP WAITING TIME - 
NUMBER OF SERVERS QED AND M/M/C MODEL 

 
Looking at Figure 17, it can be seen that the QED overestimates the waiting time of the analytical 
model slightly. This happens because both the chance of waiting and the conditional waiting time 

( (    ) and  (  |    )) are upper bounds that converge to the actual number when n  ∞. 

To isolate the scaling effects (the behavior that is relevant for the anticipation), one looks at the 

relation 
 (  |       )

               
. This relation is shown in Figure 18. As can be seen, the QED now 

underestimates the reduction in waiting time and underestimates the effects of scaling. The size of 
the underestimation is limited (0.5%), and will turn out to be negligible in comparison to further 
assumptions.  

 

FIGURE 16, REDUCE IN WAITING TIME WHEN ADDING AN EXTRA SERVER FOR ANALYTICAL MODEL AND 
QED 

Hence both the non-linear relationship between throughput time and utilization and the non-linear 
decrease in effectiveness of adding one extra server is represented correctly for small numbers of 
servers.  From a theoretical perspective, the approximation has sufficient accuracy for the 
approximation of an M/M/c queue and captures all the behavior that is necessary to make the right 
decision regarding the uncertainty that one wants to control. 

5.2.4 MODEL FIT ON REAL DATA  

Knowing that the model is a good theoretical representation of the M/M/c behavior, the 
question becomes whether the behavior of the production unit is captured by the behavior of the 
M/M/C.  Again, when talking about behavior, we are interested in the non-linear relationships 
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between waiting time, utilization and number of servers available.  To determine this fit a 
comparison is made between the average waiting time given the arrival rate, production speed and 

capacity over periods of three months. This model is than compared to the  (  ) and the 

continuous version of the  (             ). 

For the QED approximation rewriting 2.3 obtains the 𝛽 for the period. 

  
 

 
 𝛽√

 

 
    𝛽  

  
 
 

√
 
 

 

Based on this beta we determine the expected waiting time per period by combining equation 2.1 
and 2.2 to obtain. 

 (  )   (  |    ) (    )  
 

√  

 

 𝛽

 

  
𝛽

   𝛽 

 

Figure 19 shows the measured, the QED approximation, the analytical M/M/C value of the waiting 
times and the load on the system. As can be seen the QED approximation overestimates the average 
waiting time for the lab. It does however represent the behavior of the waiting time at the lab. As 
can be seen the QED and M/M/C are practically identical, supporting the previous section. As can be 
seen there seems to be a remarkable good fit to the expected waiting time behavior, even though the 
rho is relatively instable over time. Based on the spread of waiting times and rho over time it is clear 
that there is currently no control function that correctly captures the behavior in this system.  

 

FIGURE 17, MEASURED WAITING TIME VS QED APPROXIMATION 

Figure 20 compares the ratio of measured waiting time and QED approximation. It can be seen that 
this is relatively stable over time. There is however a strong shift in the data gap. This is caused by a 
restructuring of both lab and bulk production. This restructuring caused the variability in arrivals 
for the lab to increase strongly. Furthermore, the lab analysis was structured for smaller workloads, 
reducing the pooling effects that were present in the lab. Therefore the QED becomes more accurate 
after 2011, with an accuracy of approximately 0.88.  
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Figure 18, ratio of measured waiting time/expected waiting time based on QED 

5.2.5 CONTROL THROUGH THE QED 

Having determined that the QED approximation shows an accurate prediction of the waiting 
time behavior in the lab resource, the question becomes how this can be changed into a control 
function for the resource. Looking at the resource, the two things that are controlled by the planner 
are the load on the system and the capacity in the system. The aim of the control function is to 
minimize the cost given a certain load (1), while assuring the service performance by not exceeding 
the planned lead time (2).  

The cost function of the lab resource can be seen as one with fixed cost per capacity server added 
and fixed cost (holding cost) per unit time spent in the system. As has been shown by Borst (2004) 
and later by Janssen and Van Leeuwaarden (2011) the optimal number of servers based on 𝛽 can be 
determined. Define the cost function as is shown in (2.6). With fixed cost per server and linear cost 
over time for waiting. 

Variable Definition 

     Cost function of Beta 
  Cost of holding inventory for one time unit in QED model 
  Cost of adding one server 
     Optimal 𝛽 that minimizes the cost 
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Based on the two conditions one is interested in the cost in the system and the waiting time in the 
system. Figure 21 depicts the costs and waiting time as a function of 𝛽 for the IPT WH. Besides this  
𝛽    and the historical range of 𝛽 of IPT WH are displayed. Recall that the E(W(𝛽)) is an 

overestimation of the actual waiting time.  

 

FIGURE 19, COST AND E(W) AS FUNCTION OF 𝛽 

Looking at this figure there are a couple of interesting findings. First of all, concerning at the 𝛽  
range in the cost function, the IPT manages to operate a cost level that is close to the optimal cost. 
This implies that the current lab mechanism manages the cost aspect of the target well. Looking at 
the range of      , it can be seen that this is way bigger. This is not surprising, given that there is 

currently no management control structure for throughput times. Even though this is the 
uncertainty that one wants to capture by this control function. 

Figure 22 shows the relationship between   and       given 𝛽   . As can be seen, the optimal costs 

seem to be linear in a with  
 

 
, while the      is decreasing in a. This linearity can be seen as a 

surprising result and will be explained in more depth in chapter 8. Having this linear cost result 
makes it possible to apply the stochastic model in combination with a linear optimization model, the 

type of model that is often used in planning control. In which case the choice for  
 

 
 as the cost factor 

for the load for this production unit is a logical one. will ensure the minimal total cost in this 

production unit. Hence the      = 
 

 
 for all i.  

 

FIGURE 20, COST AND E(W) AS FUNCTION OF A 
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Knowing that the cost curve is flat and the costs are linear in a, the minimization of costs can be 
done in a broader context by a linear optimization model. This leaves the control of the throughput 

time for the production unit. Recall that the QED overestimates the       by 
 

    
 the target 

 (   )           . Realize furthermore that knowing 𝛽    and   means knowing   through 

  
 

 
 𝛽   √

 

 
. Figure 23 shows the decision sequence for the limitations on the MILP.  

Take solution MILP 
run

E(W_q) > 
E(TW_q)

Yes

Possible to 
increase B?

Increase B until 
E(W_q) = E(TW_q)

Yes

Determine 
maximum load 
given capacity

No

Increase a until 
E(W_q) = E(TW_q) 

or c = c_max
No

 

FIGURE 21, DECISION SEQUENCE 

To determine the maximum load acceptable  

1. Use  (   )  
 

√  

 

  

 

  
 

    

 to numerically determine 𝛽 given c1 

2. Rewrite   
 

 
 𝛽√

 

 
 as    𝛽           such that      

     √            

 
 

The resulting arrival rate multiplied by the time bucket is the maximum input rate for the Bulk 
production quantity decision, taking into account the non-linear relationship. Calculating this for 
each period of time gives a restriction to the load, such that the required waiting time is not 
exceeded.  

5.3 CONCLUDING 

This chapter introduces both the stochastic decision support models that are used in the 
planning hierarchy. These two relatively simple models assure the correct control decision such that 
the impact of the uncertainty in the system is minimized or kept at an acceptable level. The first 
model for PCCAs does so by determining the moment in time when the impact of the capacity 
reduction is lowest, while the second model does so by controlling the load or the capacity in the 
bottleneck resource in the system. 

  

 

  

                                                             
1 Note that this is not 𝛽     here the flat cost curve is applied to assure approximately minimal cost 
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6. DETERMINISTIC DECISION SUPPORT 

Besides the stochastic models, there are two important deterministic decision support models. 
These are the models that take a decision for the aggregate capacity, and the order releases for the 
bulk production. For these models, there are still uncertainties in the system. This chapter 
introduces both models, explains how in each of the models the uncertainty is incorporated, and 
why this has little impact on the optimal decision. Both of these models should support control of 
either capacity or load that is released into the system in such a way that costs are minimal while 
performance is assured.  

6.1 AGGREGATE CAPACITY SCALING  

The first of these decisions is the aggregate capacity decision. This model should support in 
making a decision whether to scale up or down the workforce. The decision is taken for long periods 
of time due to the long effectuation time. For this decision there are two uncertainty types of 
importance. First of all there is uncertainty concerning demand, second there is uncertainty 
concerning the availability of planned capacity.  

6.1.1 UNCERTAINTY IN DEMAND 

To make the decision whether to expand capacity the current tool is used to determine the 
costs and is determined with the different available scenarios. Recall that this tool only has a limited 
representation of tender demand. This should be adjusted by adding the tender demand to the 
model by ways of ADI such as defined in the previous section regarding the size of this tender 
demand.  

As at the moment ADI as such is not accurate yet a first approximation based on historical data is 
already sufficient to show that the current handling of this capacity is open for improvement. Figure 
15 shows the demand pattern of tender demand with the current method of equal demand per 
quarter and using the demand pattern of 2011 on the expected demand for tenders in 2012 versus 
the actual demand in 2012. This demand will translate to capacity restrictions in the OP, which can 
help the planner to better determine the ideal moment for scaling up demand. 

 

FIGURE 22, USE OF HISTORIC INFORMATION 
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Hence, now the quotations are used as a predictor of the demand by taking the number of 
quotations and their expected size to determine the expected tender sales. By applying the rules 
regarding tender delivery structure and tender demand that were set in the design, sufficient slack 
should be in the system to consider the demand deterministic.  

6.1.2 UNCERTAINTY IN PLANNED CAPACITY AVAILABLE 

The second type of uncertainty is uncertainty in the availability of planned capacity. It is 
beforehand not known when machines will be available. To incorporate this the capacity should be 
translated from the planned available to the expected available capacity in the model.  

Variable  Definition 
      Operational availability of the machines at time 

t of machine m 
  ̂    Gross capacity at time t of machine me 

  

   ̂           ̂    

Here the       is the expected availability of the resource. By having the flexibility and options in 

the design it is sufficient to only use the expected available capacity instead of incorporating a buffer 
through this variable.  

6.2 ORDER RELEASE DECISION BULK 

The second deterministic control model is the model that makes a decision of the order releases 
at the bulk. This decision should incorporate the stochastic control that was determined for the 
bottleneck production unit. The decision at hand is a decision regarding the load on the system, 
given the capacity in the system. Hence, the decision support model should determine the releases 
into bulk production such that (1) the costs are minimal and (2) the performance rate of the system 
is at least 98 %.   

To achieve this an mixed integer linear program (MILP) is applied which determines the production 
decision based on fixed time intervals and with a planned lead time per production unit. There will 
however be some stochastically determined constraints based on the QED in this MILP. Please recall 
that the OP tool (the current planning tool) is also an MILP that makes the same decision.  

In this context there are two different sets of uncertainty. First of all, the demand is uncertain, in a 
similar way to the previous decision. Second, the throughput times for the different production 
units are uncertain and finally the available capacity in the different production units is uncertain. 
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6.2.1 MIXED INTEGER LINEAR PROGRAM 

By making a decision about the order releases in bulk, a decision is effectively taken about the 
different startup, inventory holding and backorder costs in the system. Therefore, if the objective is 
to minimize the costs, these three types of costs should be represented in the objective function. 

Furthermore it is known that each of the production units has a planned lead time. After this time a 
release becomes available for a next production unit. Additionally, there is a maximum number of 
batches that can be produced in a campaign. Define: 

Variable Definition 

  Set of controlled items 
  Set of PUs 
   Planned lead time for PU e 
T Planning horizon 
  Bills of materials 
    ̂ Planned order release quantity time   in number of batches 

   Set of lead time feasible order release schedules 
    
  Planned surplus of item i at time t in batches 

    
  Planned shortage of item i at time t in batches 

 ̂    Planned order release of item i at time t in campaigns 

    Campaign size of product i 
    ̂ Binary variable of production of item i at time t 

   Holding cost for product i for time period 
   Backorder cost for product i for time period t 
     Startup cost production 

t Time 
  ̂    Planned (cumulative) capacity (quantity that can be processed) 

over the lead time of machine m 
      Operational availability of the machines at time t of machine m 
      Capacity requirement of product I at machine m 

 

   ∑∑(      
        

      ̂         ̂
 

 
)

      

 

   

 
(1.1) 

S.T.  

 ̂       ̂     ̂     ⃗    ̂     ̂    (1.2) 
 

 ̂     
 
  ̂   

   ̂    (1.3) 

  ̂         ̂     ̂    (1.4) 

( ̂     )      ̂
̂

      ̂       (1.5) 

 ̂     
   ̂     

    ̂     
  (1.6) 
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     (1.7) 

            (1.8) 

    (1.9) 

∑ ̂        
    

    
̂

         
(1.10) 

               (1.11) 

TABLE 4, BULK RELEASE MODEL 

Recognize the two different cost types of the objective function, the inventory costs       
        

  and 

the startup costs     ̂         ̂
 

 
. Recognize furthermore the two elements that are a part of the 

objective function (1.1) and the set of restrictions (1.4), (1.5) and (1.6) that ensure the correct 
relationship between batches and campaigns.  Also note that restriction (1.3) assures that items that 
do not have external demand are not allowed to have negative stock.  

Furthermore, note that the decision is restricted to the production of batches, largely reducing the 
amount of variables and reducing the computational complexity. 

6.2.2 UNCERTAINTY IN DEMAND 

Similar to the decision regarding capacity the demand in the system can again be determined via 

the ADI and the forecast for regular demand. Recall that  ̂     (        )         , assuming full 

delivery at the initial tender for uncertain demand. This assures that at any moment there is at least 
sufficient bulk released to cover the first delivery. While in case of all tenders sold, there is no 
uncertainty anymore regarding the size and timing of these orders and the design assures sufficient 
time to react to these orders. 

6.2.3 UNCERTAINTY IN THROUGHPUT TIME 

The uncertainty in throughput time has to be covered through anticipation of the production 
units in the MILP.  Recognize that the     prescribes a fixed throughput time per production unit. To 
assure the actual throughput times do not exceed the prescribed throughput times the MILP 
controls the load on each of the production units through constraints (1.10) and (1.11). 

As can be seen (1.11) incorporates the maximal load that is allowed through the stochastic control 
that was introduced in section 5.2. 

For the other production units, the load in the system is controlled through (1.10). As can be seen 
the model again uses an approximation for the for the expected net capacity available, similar to  the 
aggregate capacity decision.  

Note furthermore that this restriction relies on a deterministic model of the whole production 
process, that makes an assumption for available capacity on the expected capacity available. Hence, 
there is a buffer against the uncertainty that cannot be influenced.  
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Taking this deterministic view does not take into account the relationship between the load on the 
resource and the throughput time that is to be expected. This is in accordance with the earlier 
defined anticipation for throughput time in this production unit and is acceptable for three main 
reasons.   

First of all the production unit does not incorporate the bottleneck resource. This implies that the 
production unit will be operating under relatively low utilization in comparison to other production 
units. Therefore, the effects of not incorporating this uncertainty are limited. 

Second, the production unit is under direct control of the planner, implying that all future decisions 
can be taken to both minimize uncertainty and assure successful use of the buffers that are in place 
in the deterministic model.  Hence the impact of not taking the uncertainty into account is 
minimized.  

Third, the main problem with uncertainty is uncertainty regarding the throughput time. When the 
product is late out of planning, this implies that there is higher variation in arrivals in the next 
production unit. Looking at the next production unit, this has explicitly modeled high uncertainty in 
arrivals through the QED control. Therefore increased variation that is a consequence of the first 
production step, will be handled by the next production step and should not be incorporated in the 
modeling. 

6.2.4 USE OF THE ORDB  

Actually using the ORDB to its fullest is somewhat more complex than simply running the model. 
The planning of the Bulk production quantity has to be done in several steps. Like any MILP, solving 
the MILP implies not knowing what decisions the model made. As decisions regarding capacity are 
not made at this decision level, short term capacity changes could be possible, while only running 
the MILP would not tolerate that. The same is true for possible shifting in demand timing or demand 
size. Therefore, planning consists of four steps, which are shown in Figure 24. 

Solve Bulk order release  problem without capacity 
restrictions

Analyze solution and look at possible problems 

Shift demand with minimal changes

Solve master Bulk order release problem with 
capacity restrictions

 

FIGURE 23, PLANNING STEPS 

As can be seen, the first solution is one that does not take into account capacity restrictions. This 
solution basically determines a capacity requirement for the model. Having this capacity 
requirement makes it the planner´s job to then determine the feasibility of this requirement, by 
comparison to actual capacity or QED determined capacity.  
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If it is not possible to fulfill the capacity requirements, it becomes necessary to check whether there 
is flexibility in the delivery of demand. If this is true, the demand should be shifted such that the 
costs can be minimized as much as possible. In case this happens one or a combination of the 
actions in Table 8 have to be executed. 

Situation Action 

Bulk production has capacity 
shortage 

Shift  production for product on safety stock forward or 
backward and fixate this 

Bulk release has capacity shortage Shift production for product on safety stock forward or 
backward and fixate this 

Packaging has capacity shortage Shift demand forward or backward 
TABLE 5, PLANNING ACTIONS 

Although the MILP will also shift the demand with the lowest impact on the optimal cost, the MILP 
does not know whether there is flexibility in the delivery and will therefore only deliver late when 
the backorder costs are lower. As the backorder cost are a general parameter to the MILP, this will 
not assure that the right demand is shifted. This can be assured by the planner, who is assumed to 
have access to the information necessary to make this decision. 

After this is done, rerunning the Bulk production quantity model to determine the final production 
plan is necessary. This plan will assure production plan that is both reliable and assures a minimal 
cost. 

6.3 CONCLUDING 

This chapter introduces the two deterministic decision support models of the planning 
hierarchy. In these decision support models, there are uncertainties regarding the demand and the 
actual available capacity. Because the design assures sufficient buffering of demand a deterministic 
representation of this demand is sufficient for these models. Furthermore, because the capacity 
availability is not an issue for the non-bottleneck production units, it is sufficient to incorporate the 
expected value to be accurate in the deterministic representation.  
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7. TESTING THE NEW UNCERAINTY HANDLING 

To determine the planned lead times and the effect of the new rules and bottleneck control of 
uncertainty handling, a simulation model was build using excel VBA. This chapter introduces this 
simulation model and the results of this model. This simulation model was built as a monte carlo 
simulation and incorporates behavior of the different production units. A distinction is made 
between the current model for validation (A), a model implementing the new production rules (B). 
This final model is used to support the case assignment. 

The chapter is organized as follows; it starts with a short description of the detail and assumptions 
per production unit. After that other relevant assumptions are covered. Next is an explanation of the 
simulation period. Finally the results of the first validation model are shown.  

7.1 PRODUCTION UNITS 

The simulation model covers the bulk production, bulk release and packaging with different 
amount of detail. The packaging release is only represented as a throughput time, as this is the most 
reliable resource in the production process. 

For the bulk production (Figure 5) all workstations are modeled, including a net availability of these 
workstations per time unit. Hence, capacity for the unit is the maximum capacity available 
multiplied by a stochastic variable. Next, all production orders are produced based on their bill of 
materials. Once they are in the system they are produced first come first served at the next 
workstation. Production time for each workstation is equal to the planned production time for the 
workstation. Changeovers have been divided into two groups, large and small changeovers. Large 
changeovers take place between batches of different products, while small changeovers take place 
between batches of the same product.  

Bulk release (Figure 6) is modeled in two steps, a first step for the lab and deviation check and a 
second step for the QP. A distinction is made between batches with deviations (possible quality 
issues) and without deviations. For products with deviations, the first step consists of both the 
deviation check and the lab, while for products without deviations only the lab is used.  

Production times for the lab are drawn from two production time distributions, one for regular and 
one for problematic cases. Net capacity in the lab  is modeled as a variable, but deterministic 
amount per week. Throughput times for the deviation check are drawn from a throughput time 
distribution while the throughput times for the QP are drawn from two distributions (problematic 
and regular cases) for the validation while they work under a different rule for the new situation.  

The packaging (Figure 7) is modeled as two parallel production lines with stochastically drawn net 
capacity per workstation per time unit. Again, all production orders are produced first come first 
served once they have entered the production unit. Changeovers are again split in large changeovers 
and small changeovers and take the amount of time that is planned per type. Production times are 
determined based on order size and production speed of the different machines.   
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7.2 ADDITIONAL ASSUMPTIONS 

Besides the behavior of the production units, assumptions were made regarding the demand 
arrival and some secondary processes in the production system. Some of these processes have not 
been discussed in the thesis, because they are out of scope. It is nonetheless important to mention 
the assumptions done with regard to these products.  The additional assumptions and their impact 
are listed in Table 9. 

Subject Assumption Implication 

Tender 
demand 
delivery 
plan 

All tender demand has a first 
delivery of 50% of the goods 
in 10 weeks and a second 
delivery of 50% of the goods 
after 20 weeks 

Tender demand is split differently over time, 
therefore capacity problems could arise at 
different points in time, as this is true for both 
the validation and the new situation, this is 
not problematic. 

Artwork 
changes 

Artwork changes are 
handled in time and do not 
affect production planning as 
such 

There is a possibility that artwork changes 
interrupt the production plan and packaging 
has to be re planned, as artwork changes have 
to be announced 10 weeks before final 
delivery and most artwork has 4 weeks 
delivery time, this is not problematic 

API and raw 
material 
inventory 

All API and raw materials are 
kept on inventory and are 
available for use in all 
products  

In line with the design, the API and raw 
material will be available from inventory 

Country 
specific 
quality 
checks 

All released batches are 
released for production in all 
countries 

Some products have specific quality issues 
per country, this is however relatively rare 
and assumed to be solved in the assignment 
of orders to batches 

Packaging 
materials 

Packaging materials are 
available for production 
when needed 

It can happen that there is no stock and 
delivery of packaging materials is late, due to 
the stock on packaging materials this is 
however quite rare 

Load 
leveling 

Load leveling products are in 
place for both bulk and 
packaging 

Load leveling options ensure the correct use 
of the capacity buffers in place for all 
products, not having these in place would 
work beneficial for some groups and not 
beneficial for others 

TABLE 6, ADDITIONAL ASSUMPTIONS SIMULATION 

Furthermore, for the validation of the model, production and release data for 2012 was 
simulated. All orders and releases during the period were replicated. For the planned lead time 
determination, the again the release decisions of 2012 were used to determine a first insight of the 
behavior based on the new rules.    

7.3 VALIDATION OF THE SIMULATION MODEL 

Validation of the model has to be done to assure that the model captures the changes necessary. 
For this particular simulation, this implies determining the throughput times of the different 
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production units. Furthermore, as there is a large expected change in the waiting time before the lab 
resource in the bulk release production unit, this waiting time is measured explicitly as well.  

One could argue that the performance of the simulation in terms of service level should also be 
validated. The problem that arises is that there is no detailed information about the requested 
delivery date of orders, nor planned finishing date of batches or batch release. Therefore this check 
could not be done.  

To determine the throughput times the arrivals at the production units were kept to the known 
level, while the rest was drawn from the distribution. Figure 25 and Figure 26 show the results for 
both the standard deviation and the average, including the 5% confidence interval of the monte 
carlo simulation after extensive parameterization. 

 

FIGURE 24, AVERAGE THROUGHPUT AND 
WAITING TIMES IN WORKING DAYS 

 

 

FIGURE 25, STANDARD DEVIATIONS OF 
THROUGHPUT AND WAITING TIMES IN 
WORKING DAYS 

As can be seen the simulation in general approximates the behavior of the production units well. 
The most surprising result is the bad real life performance of the bulk production department. Even 
when extensively changing the available capacity for this production unit, the behavior does not 
approximate the standard deviation well.  

This can be explained by observations. First of all, the simulation takes into account the sharing of 
resources, which is not fully operational yet. Second the simulation takes into account machine 
failure as a percentage each day, while real failures are quite lengthy. Please note that both points 
amplify each other.  

Please note that therefore the results in the new situation might also underestimate the new 
standard deviation in the bulk production step.  

7.4 PLANNED LEAD TIMES BULK PRODUCTION QUANTITY MODEL 

Knowing that the simulation model represents the production process well, the next step is to 
determine the planned lead times and the behavior of the production process given the new way of 
handling uncertainty. To do this, the following behavior has been adjusted in the simulation. 

1. Bulk release is processed via first due first served  
2. Quality Person works with a maximum throughput time of 2 days 
3. Isolation of possible problematic quality batches 
4. Adjust the capacity of quality to the required capacity based on QED 

0
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As the goal is to find the planned lead times that are feasible for the bulk release planning, the 
throughput time of interest is not the throughput times of individual production units anymore. At 
this point the interest lies in the throughput time until a given production unit. To be specific, the 
throughput time until packaging. Hence the time that is of interest is the average time until the 
batch is available  for packaging.  

Three different product groups are distinguished, first of all the regular batches, second the 
“isolation batches” that are released as a consequence of rule 3 and last the problematic batches. 
Where the regular and isolation batches are the ones that are of importance to determine the 
planned lead time.   

Figure 27 and Figure 28 show the results for the different groups. A at first glance surprising result 
is that the isolated production group shows a higher standard deviation than the regular group. This 
is caused by the first due first served rule which reduces the variability strongly.  

 

FIGURE 26, AVERAGE PRODUCTION TIME BULK 
PRODUCTION + BULK RELEASE IN WORKING 
DAYS 

 

FIGURE 27, STDEV PRODUCTION TIME BULK 
PRODUCTION + BULK RELEASE IN WORKING 
DAYS 

 
Besides, it can be seen that the negative effect of adding extra load on both the bulk production and  
bulk release by creating extra batches in terms of extra load and therefore extra waiting time is 
smaller than the positive effects of the isolation and the other rules.   

Hence based on the information at hand the planned production time should be anywhere between 
6,8 weeks (average) and 9,5 weeks (98% confidence). Based on the information out of the 
simulation and the biweekly planning intervals for the ORDB, this leads to the following 
configuration for the planned lead times in the ORDB.  

Production unit Planned lead time Explanation 

Bulk production 4 weeks Because the next production step actively 
buffers the uncertainty, it is acceptable to have 
some late deliveries from the bulk production 

Bulk release 4 - 6 weeks Dependent on the safety buffer one wants to 
have this should be either 4 or 6 weeks 
throughput time.   

Packaging 2 weeks With no changes to the production this can stay 
the same 

Packaging release 2 weeks With no changes to production, this can stay the 
same 

TABLE 7, PLANNED LEAD TIME PER PRODUCTION UNIT 
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7.5 NEW VS OLD UNCERTAINTY HANDLING 

Besides determining the planned lead time, the simulation was also built to compare the old 
uncertainty handling design to the new uncertainty handling design. Figure 28 shows the average 
and standard deviation of the average and standard deviation of the throughput times of all regular 
products until they become available for packaging. As can be seen the new way of handling 
uncertainty in the system outperforms the old method in both average and standard deviation.  

 

FIGURE 28, OLD VS NEW UNCERTAINTY HANDLING 

Realizing that the average throughput time in the system determines the work in progress in the 
system makes one realize the reduction in costs that is eminent with this reduction. Taking into 
account that the average throughput time is reduced by almost one third of its original value implies 
an important decrease in cost. 

Furthermore, the strong reduction in standard deviation makes it possible to make reliable 
production plans until the packaging step, removing an important part of the necessity for the 
stocks after the bulk release. Again this results in a significant reduction in costs.  

7.6 CONCLUDING 

This chapter introduced the simulation model and determines the planned lead time for the 
production unit. Based on this simulation model, it can be concluded that the new production rules 
show a large reduction in standard deviation until packaging. Making this step more reliable makes 
it possible to remove the stock that is currently kept after the bulk release without compromising 
the performance criteria that is at stake. Furthermore, the strong reduction in average throughput 
time reduces the work in process costs of both bulk production and bulk release. 
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8. NEW BULK PRODUCTION PLAN 

This chapter examines the production plans that are a result of the MILP including the QED 
control function. The chapter consists of two parts. First of all a comparison is made between the 
production decision for the current decision and the current production plan and the production 
decision of the new ORDB. Second a comparison was made to see the impact of making campaign 
and possible batch size variable.  Finally sensitivity analysis was done to see the robustness of the 
production plan for changing costs in the objective function. All production plans that are used for 
this analysis can be found in the appendix.  

8.1 PRODUCTION PLANS 

The first comparison to be made is a comparison regarding the four different products that are in 
scope for the production decision. Figure 29 shows the planned production amount in number of 
batches for these different products.  

  

FIGURE 29. PRODUCTION PLANS, OLD - NEW - DEMAND 

As can be seen the production amounts in the new case follow the actual demand better and 
therefore reduce inventory cost. Furthermore, it can be seen that the production quantity in batches 
is not as constant as it was with the former production plan. This indicates that it is beneficial to 
produce different be more flexible in the number of batches in a campaign. 

8.2 DIFFERENT SCENARIOS 

The second analysis was done with regard to the freedom in production in bulk, which makes a 

comparison between total freedom in production quantity ( ̂     
   ̂     

 ), only multiples of 

batches as production quantity ( ̂     
   ̂     

 ) and third only multiples of campaigns as 

production quantity ( ̂     
   ̂     

 ).  This is done to determine the impact of relaxing the 

campaign decision on the production plan and the cost in the system. One would expect the costs to 
be lower with more freedom in the system.  
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This expectation is confirmed by the outcome of the model, as can be seen in Figure 30. It is clear 
that the step from fixed campaign size to free campaign size incorporates the most benefit in the 
optimal cost. Given the complexity of changing the batch sizes it should be sufficient to make the 
campaign sizes variable. 

 

FIGURE 30, COMPARISON OF FIXED PRODUCTION QUANTITIES 

Looking at the structural changes in the campaign sizes it can be seen that the flexibility is mostly 
used for the products the larger volume products. It is however not true for the largest volume 
product. As these are the products that are mostly shifted when flexibility has to be achieved, the 
advantage of the added flexibility becomes clearer.  

8.3 SENSITIVITY ANALYSIS 

Looking at the sensitivity to the different costs in the system there are two ratios that are of 
special interest. First of all the ratio between backorder cost and holding/production cost. If the 
backorder cost are too low, there is no incentive in the system to produce. The second ratio that is of 
importance is the ratio between holding cost and startup cost. If the startup cost get higher the 
optimal behavior regarding campaign sizes could change.  

For the backorder costs a range from 8 – 12 % of the batch value was considered to determine the 
critical value of the backorder costs2. The production plan shows to be robust in the backorder 
costs. This can be explained by the structure of the MILP. Because the order release decision is not 
directly part of the objective function, the model becomes more robust. 

Looking at the startup costs, for the bulk production startup a range of 2,5 – 10 % was considered, 
while a range 50% - 150% of current costs was considered for the server cost per campaign in bulk 
release. For the bulk production costs there are small changes in the structure. It turns out to be 
more beneficial to make larger orders, although the effect can only be seen with one product. For 
the quality the plans are identical for the different costs. Larger changes than the ones mentioned 
are unrealistic given the nature of these costs. 

8.4 CONCLUDING 

This chapter looks at the newly found production plans for the IPT WH. In comparison to the 
previous production plan, there is a stronger connection to the demand forecast. Furthermore the 
planning shows clear cost advantages in flexible campaign sizes. Besides that, the plan is robust 
against changes in relevant cost parameters.   

                                                             
2 Based on ~5% startup cost for production and , ~1% holding cost per month and  ~2% server cost per 
campaign 
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9.  GENERALIZATION OF THE QED MODEL 

One of the things that is new in this case is the use of the QED to determine a maximum load or a 
minimum capacity for the production decision. This chapter tries to generalize the findings in this 
model and tries to find different places for application of it. Recall that the model is used for multi-
server parallel production system, has linear server and holding cost and has a fixed planned lead 
time. This chapter first handles the cost function, followed by an analysis in combination with the 
planned lead time concept. The chapter ends with a brief discussion on implications and 
possibilities of the model. Although this chapter might be somewhat out of tone in the remainder of 
the report, the findings from it are interesting. Therefore the chapter has been included in the thesis. 

9.1 MINIMIZING THE COST IN QED 

Recall the cost function with server cost   and linear holding cost   from paragraph 5.2.2: 

  𝛽     √ ( 𝛽  
 

𝛽
   𝛽 ) 

(2.6) 

 

Rewriting (2.6) like   𝛽   (  √ 𝛽)   (√ 
 

 
   𝛽 ) shows the two parts in the cost function. 

First of all there are the costs that are necessary for the severs, where   can be interpreted as the 

minimal number of servers necessary to have a stable system, while √ 𝛽 can be seen as the capacity 
buffer. Second, there are costs for the expected number of units per time unit in the system, which 

can be approximated by √ 
 

 
   𝛽 . Note that the costs for holding inventory   are linear, which is 

in line with the MILP. 

This function neglects the error term as it was introduced by Janssen and van Leeuwaarden (2011), 
which makes the function reliable for systems with high server cost and low inventory cost (the 

efficiency driven regime). For large values of  
 

 
 this correction term should be incorporated in the 

function3.  This results in an underestimation of the optimal server amount by less than 0.1 for any  
 

 
  .  

Note furthermore that this optimization does not have a restriction on an expected waiting time, 
hence it only determines the optimal time that a product should stay in the system given the 
different cost aspects. The waiting time that results from that is a result of this function. As there is a 
planned lead time in the deterministic model, this waiting time is of relevance. This aspect will be 
regarded in section 9.2. 

Looking at the function please note that 𝛽    is insensitive to the load on the system. This can be 

seen by setting    𝛽   𝛽  
 

 
   𝛽  and therefore   𝛽     √ ( 𝛽  

 

 
   𝛽 ). This function 

will be optimal if     𝛽    and is therefore insensitive to  . This implies that the only relevant 

                                                             
3 An example of this could be a setting with capital goods 
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parameter for the determination of the 𝛽    is 
 

 
.  Keep in mind that although there is no relationship 

between 𝛽    and    there is a relationship between  (  ) and  .  

As can be seen in Figure 31 𝛽    is increasing in 
 

 
 for the region that is approximated to an 

acceptable range by the QED. Furthermore,  𝛽    is decreasingly sensitive to 
 

 
 as 

 

 
 gets larger.  

 

FIGURE 31, RELATIONSHIP BETWEEN 𝛽     AND   
 

 
 

As the main point of interest is the load that can be offered to the system, and it is known that 𝛽    is 

insensitive to this load given 
 

 
  , it is interesting to look at the derivative towards load for 

 (  𝛽   ). As can be seen this derivative becomes    
 

√ 
( 𝛽    

 

 
  (𝛽   )). Hence, for any 

value with 𝛽       or     , the minimal cost act approximately linear in its load. It is easy to see 

the linearity is approximately  .  As has been shown in the Figure 31, low values of 
 

 
 imply low 

values of 𝛽   . Therefore systems with relatively low holding versus capacity cost can be 

approximated neatly with a linear optimal cost function. This was also confirmed for the cost 
function for IPT WH. 

Besides the change in 𝛽     for  
 

 
  it is also interesting to look at the shape of the cost function to 

understand the criticality of the optimum. Figure 32 to Figure 34 show   𝛽 , furthermore Figure 35 
zooms in on the optimal region of each of these functions. 

 

FIGURE 32, COST FUNCTION WITH 
 

 
= 0.1 

 

FIGURE 33, COST FUNCTION WITH 
 

 
= 0,5 
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FIGURE 34, COST FUNCTION WITH 
 

 
 = 1 

 

FIGURE 35, COST FUNCTION FOR OPTIMAL REGION + 
AND – 0.2 

  
Based on these four graphs and their underlying functions three things can be concluded:  

1) for any value of 
 

 
 the case with the highest cost is the case with too little capacity in the 

system 

2) with increasing 
 

 
 the decision for the optimal point becomes less critical 

3) relatively large changes in 
 

 
 have a very limited effect on the optimal cost 

Hence, as long as one does not have too little servers in the system, optimal or near optimal costs 

will be achieved. As the costs vary relatively little around 𝛽 given     
 

 
    the linear cost 

approximation also holds for 𝛽     . It is easy to see that such a linear relationship can be used in 
the MILP. 

9.2 PLANNED LEAD TIME 

Just like the model that was used for the IPT WH most planning models assume a planned lead 
time per production unit. Therefore use of the QED in a planning context implies taking a maximum 
lead time into account.  

Working with a planned lead time has consequences on the generic outcome of the model. The most 
important consequence is the change of the time a unit spends in the system and therefore the   
portion of the cost. As one is typically looking to include a safety buffer in the planned lead time, 

 (   (    )) can be seen as the cost of having this buffer. Furthermore, the size of this buffer 

should be a predetermined value and is considered to be known. 

Recall from section 5.4.3.2 that   (  )  
 

√   √   

 
 

  
 

 

  
 

     

 which implies that there are two 

options to change  (  ), either changing the load   or changing 𝛽. A distinction is made into two 

options; 

A.   (  )                           ; Increase buffer capacity  𝛽   √  or decrease load   

B.   (  )                          ; Decrease buffer capacity 𝛽   √  or increase load    
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As was clear from the previous section, as long as the changes are somewhat restricted, the changes 
should not change the optimality of the solution.  

On a side note, the representation of the time buffer implies a fixed time buffer, while this could be 
influenced by the number of servers in the system as well. Although this is a likely effect, this effect 
has not been investigated throughout this case and will therefore not be taken into account. This 
might however be an interesting further extension. 

9.3 IMPLICATIONS OF RESULTS 

There are several interesting implications of the results. These are split in the flatness of the cost 
curve in 𝛽, the linearity of optimal and near optimal cost in the load, and the stability of the result in 
 

 
.   

Starting with the flatness of the cost curve in 𝛽, this basically implies that one can choose any 
waiting time, given the conditions for this flatness are met.  As was shown in section 8.1, the cost do 
not change drastically with increasing 𝛽. Furthermore, as the amount of servers determines the 
waiting time in the system, reduction of waiting time is relatively cheap by increasing the amount of 
servers. This makes it possible to determine the waiting time to some extent.  

Looking at the linearity of both the optimum and the region around the optimum (due to the flat 
cost curve) in the load on the system also brings some interesting opportunities. First of all, 
incorporation in a linear model as is presented in this thesis becomes a possibility. Second, knowing 
that this linearity exists supports the decoupling of the decisions into an aggregate capacity and a 
SCOP level. As long as the capacity has a small buffer in place, the decision at the capacity will not 
remove the optimal decision from the SCOP level.  

Besides the support for the split in the two levels, the linear costs in the load and the reduction of 
waiting time in the load could also be used to support a scaling decision. As the costs for different 
systems are linear, it must be true that costs are linear for two smaller systems of the same type as 
well. Knowing what the load would be on each of these smaller systems, the waiting time given 
these systems would also be known. Therefore the decision on whether to scale is solely a decision 
on what waiting time one wants to achieve. The QED can give a first approximation of this waiting 
time based on the loads that could be achieved.  

9.4 CONCLUDING 

In this chapter it is tried to generalize the results of the QED model. The QED control function 
can be used in general planning context with is relatively insensitive to 𝛽. This makes the cost stable 
even if the amount of servers differs slightly. Furthermore it becomes possible to pick a desired 
throughput time at stable cost. Second, the costs of the system are approximately linear in the load 
on the system. This supports the choice for an aggregate capacity level and a SCOP level in the 
planning hierarchy, and makes it possible to answer scaling decisions. And finally the cost are 

relatively insensitive to 
 

 
, making the aforementioned statements hold in situations where 

    
 

 
   and making it possible to apply the QED stochastic control for situations where this 

statement holds  
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10. CONCLUSION  

Based on the case study conclusions can be drawn in terms of the case assignment and the two 
research questions as they were defined in chapter 3.  

10.1 CASE ASSIGNMENT 

The simulation shows the new planning concept is strongly beneficial in terms of throughput 
time average and variability to introduce the proposed set of design rules and uncertainty 
incorporating models that were used in this study. Having this set of rules reduces the average 
throughput time until packaging by 33 %. Furthermore it greatly increases reliability of this 
throughput time, making it possible to package based on these orders. This impliest it becomes 
possible to remove the stock after the packaging for the large products. 

Furthermore, introducing the cost for the bulk release in the ORDB and relaxing the campaign size 
restriction results in a significant reduction in costs for the production unit. This increases the 
flexibility in the system without rendering higher total cost in the system.  

To achieve this new situation IPT WH should incorporate the VII rules that were introduced in 
chapter 4 and incorporate the stochastic decision support models that were introduced in chapter 5. 

10.2 HOW CAN THE DESIGN OF A PRODUCTION PLANNING HIERARCHY 
ASSURE THE CORRECT HANDLING OF UNCERTAINTY 

Regarding the design of the system there are two main learning from the study. First, a decision 
model to determine whether to incorporate uncertainty in the design of a planning structure or in 
the modeling of the structure. Second, different ways of smart design in the system can have strong 
positive effects on the outcome. 

10.2.1 WHERE TO HANDLE UNCERTAINTY 

The first learning in the design is a set of design rules regarding the handling of uncertainty in 
production planning. To determine whether the uncertainty should be handled via models or via the 
design one should answer two questions; does the planning decision influence the uncertainty, and, 
what is the impact of said uncertainty on the optimal solution. Based on the answers to these two 
questions different actions should be taken, as is shown in  

 Possible to have influence on 

uncertainty 

Not possible to have influence 

on uncertainty 

High impact Stochastic control function (model) Isolate and buffer through smart 

design 

Low impact Deterministic control function 

(model) 

No action 

TABLE 8, DESIGN VS MODEL, WHERE UNCERTAINTY SHOULD BE HANDLED 

Based on these rules one can choose whether to incorporate the uncertainty in the design or in the 

modeling in the system. As can be seen it is necessary to buffer through smart design in the case of 
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high impact and no influence uncertainty. This can be done via smart production rules and smart 

incorporation of advanced demand information.  

10.2.2 SMART DESIGN 

In this case study there are several ways of smart design that turn out to be beneficial. These are 
split in two groups, design that isolates uncertainty sources and design that assures buffer existence 
and optimal buffer use. 

Looking at the isolation, it is clear that there are two types of isolation in this case. First, the 
isolation of a demand group that is  highly uncertain based on demand type. Second, the isolation of 
a product group with throughput times based on quality. This shows that one never knows 
beforehand what type of isolation is necessary to effectively isolate the groups that should be 
buffered and advocates a strong understanding of the behavior of a particular production process 
before making the design. Hence although the type of isolation is not known, the use of isolation 
itself is very effective. 

As for the rules that assure buffer existence and buffer use, the rules include a rule that restricts the 
delivery plan, a rule that dictates the order handling in production unit and a rule that determines 
buffer for low volume product to ensure flexibility in the system. This shows that the rules can be 
relatively simple without it being necessary to impose large restrictions on the surroundings and 
still be very effective.  Again this advocates understanding of consequences to the exterior world 
when choosing these design rules, and taking these consequences into account when choosing one. 

10.3 HOW CAN MODELING IN A PRODUCTION PLANNING HIERARCHY 
ASSURE CORRECT HANDLING OF UNCERTAINTY 

As for the modeling, the case study shows that relatively simple stochastic control models at the 
right place can have a large effect on the performance of the system. By incorporating stochastic 
control on load for the bottleneck resource there it becomes possible to have deterministic control 
for the remainder of the production units. 

From the specific perspective, the extent to which the M/M/C queue predicts the behavior of the 
waiting time in the lab was surprising. It is fully realized that this might not be a result that can be 
copied to other situations under any given circumstances. It is however likely that the behavior of 
the waiting time in terms of scaling with high utilization in a multi-server context can be captured 
by an M/G/C queue and thus by the QED regime.  

Knowing this, the QED regime can be used to determine the upper bound of a production load for a 
production unit. As there is the assumption of exponential inter arrival times, it can also take into 
account part of the uncertainty in arrivals from previous steps in the production process. Especially 
when looking at larger time intervals, as is the case with IPT WH, the capacity buffer based on the 
QED proofs to perform as intended. This leads to suspect that the same will be true for a load 
restriction.  

Furthermore, by acquiring an upper bound for a load, the deterministic optimization model can still 
be utilized to determine the optimal solution, while the lead time feasibility of the plan is assured.  
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Besides this it was shown that the QED optimal cost are approximately linear in its load and are 
relatively insensitive to the 𝛽. This ma es it possible to “choose” a required waitin  time when 
designing the system by choosing the right number of servers without having high changes in cost.  
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11. FURTHER RESEARCH AND LIMITATIONS 

 Based on this case studies there are opportunities for further research that could be interesting 

from a theoretical perspective and for IPT WH. 

11.1 FURTHER RESEARCH 

From a theoretical perspective there are many options for additional research regarding 

uncertainty in a hierarchical planning environment.  

A starter of this would be further extension and testing of the framework for handling uncertainty. 

Although this is a first step, there are still questions to be asked with this framework. One of the 

main questions is the positioning of the dimension time in the framework. It could be argued that 

time in general is not something that can be influenced and should therefore be buffered against.   

Besides the design framework the QED results show interesting opportunities. If one would be able 

to replace the cost function in the QED with any other function, different types of decisions would 

become possible. Also an extension to determine a model for a scaling decision would be interesting.  

11.2 IPT WH 

For the IPT WH there are several interesting opportunities that for various reasons were left out 

of this masters thesis.  

First of all, there is the bulk production. This production step seems to have a lot of planning and re 

planning done at the production unit. It is not exactly clear why this is done, but it is surprising that 

the actual throughput time is almost three times the production time in this production unit.  

Second, there seems to be an interesting opportunity to determine a decision model whether to sign 

in on a tender. Right now, one only takes into account the possible value that the tender can bring, 

while any quote that the tender department signs into also brings extra cost to the production 

department. First thing that comes to mind in such a setting would be to see this quote as an option 

on the tender volume, where the value and cost of such an option could be determined.  
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APPENDIX I BULK ORDER PRODUCTION MODEL, PRODUCTION 
PLANS 

All large products are yellow. All other products are not considered to be large products. 

PRODUCTION PLAN FREE BATCH SIZE; # OF BULK BATCHES TO BE PRODUCED  

Product\time 
period 

1 2 3 4 5 6 

1 2,811299 0 3,124216 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 0,853876 0 0 0 0 

5 0 0 0 0 0 0 

6 0 1,486514 6 0 0 0 

7 0 0 0 0 0 0 

8 0 2,310327 0 0 0 0 

9 0 0 0 0 0 0 

10 9,676791 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 0,066778 0 0 0 

13 0 0 0,066778 0 0 0 

14 4,672933 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 7,645685 0 0 0 0 0 

19 0 0 0,018563 0 0 0 

20 5,733761 0 0 0 0 0 

TABLE 9, PRODUCTION PLAN BATCH SIZES FREE 

PRODUCTION PLAN FREE CAMPAIGN SIZE; # OF BULK BATCHES TO BE PRODUCED  

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 3 0 0 0 0 

9 0 0 0 0 0 0 
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10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 3 5 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 10, PRODUCTION PLAN CAMPAIGN SIZES FREE 

PRODUCTION PLAN FIXED CAMPAIGN SIZE; # OF BULK BATCHES TO BE PRODUCED  

Product\time 
period 

1 2 3 4 5 6 

1 6 0 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 2 0 0 0 0 

5 0 0 0 0 0 0 

6 0 3 6 0 0 0 

7 0 0 0 0 0 0 

8 0 5 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 5 0 0 0 

13 0 0 5 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 10 0 0 0 0 0 

19 0 0 2 0 0 0 

20 6 0 0 0 0 0 

TABLE 11, PRODUCTION PLAN CAMPAIGN SIZES FIXED 
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SENSISTIVITY ANALYSIS; BACKORDER COSTS 

Product\time 
period 

1 2 3 4 5 6 

1 0 6 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 0 3 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 3 5 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 12, PRODUCTION PLAN FREE CAMPAIGNS BACKORDER COSTS 6 % 

Product\time 
period 

1 2 3 4 5 6 

1 0 6 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 0 3 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 
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17 0 0 0 0 0 0 

18 8 0 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 13, PRODUCTION PLAN FREE CAMPAIGN BACKORDER COSTS 8 % 

Product\time 
period 

1 2 3 4 5 6 

1 0 6 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 0 3 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 8 0 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 14, PRODUCTION PLAN FREE CAMPAIGN BACKORDER COSTS 10 % 

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 3 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 
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13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 3 5 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 15, PRODUCTION PLAN FREE CAMPAIGN BACKORDER COSTS 12 % 
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SENSITIVITY ANALYSIS; SERVER COSTS LAB 

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 3 0 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 1 0 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 8 0 0 0 0 0 

19 0 1 0 0 0 0 

20 6 0 0 0 0 0 

TABLE 16, PRODUCTION PLAN FREE CAMPAIGN SERVER COSTS AT 50 % 

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 3 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 
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17 0 0 0 0 0 0 

18 3 5 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 17, PRODUCTION PLAN FREE CAMPAIGN SERVER COSTS AT 100% 

 

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 3 0 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 1 0 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 8 0 0 0 0 0 

19 0 1 0 0 0 0 

20 6 0 0 0 0 0 

TABLE 18, PRODUCTION PLAN FREE CAMPAIGN SERVER COSTS AT 200 % 
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SENSITIVITY ANALYSIS; STARTUP BULK PRODUCTION 

Product\time 
period 

1 2 3 4 5 

1 3 0 3 0 0 

2 0 0 0 0 0 

3 0 0 0 0 0 

4 0 1 0 0 0 

5 0 0 0 0 0 

6 0 2 6 0 0 

7 0 0 0 0 0 

8 3 0 0 0 0 

9 0 0 0 0 0 

10 10 10 20 0 0 

11 0 0 0 0 0 

12 0 1 0 0 0 

13 0 0 1 0 0 

14 5 0 0 0 0 

15 0 0 0 0 0 

16 0 0 0 0 0 

17 0 0 0 0 0 

18 3 5 0 0 0 

19 1 0 0 0 0 

20 6 0 0 0 0 

TABLE 19, PRODUCTION PLAN FREE CAMPAIGN STARTUP COST BULK 2,5 % 

Product\time 
period 

1 2 3 4 5 6 

1 3 0 3 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 2 6 0 0 0 

7 0 0 0 0 0 0 

8 0 3 0 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 
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17 0 0 0 0 0 0 

18 3 5 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 20, PRODUCTION PLAN FREE CAMPAIGN STARTUP COST BULK 5 % 

Product\time 
period 

1 2 3 4 5 6 

1 6 0 0 0 0 0 

2 0 0 0 0 0 0 

3 0 0 0 0 0 0 

4 0 1 0 0 0 0 

5 0 0 0 0 0 0 

6 0 8 0 0 0 0 

7 0 0 0 0 0 0 

8 0 0 3 0 0 0 

9 0 0 0 0 0 0 

10 10 10 20 0 0 0 

11 0 0 0 0 0 0 

12 0 0 1 0 0 0 

13 0 0 1 0 0 0 

14 5 0 0 0 0 0 

15 0 0 0 0 0 0 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 8 0 0 0 0 0 

19 0 0 1 0 0 0 

20 6 0 0 0 0 0 

TABLE 21, PRODUCTION PLAN FREE CAMPAIGN STARTUP COST BULK 10 % 


