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Abstract 
This study focuses on developing a planning model for a two-stage multi-item batch production 
system. The production system is characterized by the existence of high sequence-dependent 
times, perishability of intermediate components, and a moderate to high complexity in the 
materials & resource relationships. The first production stage is concerned with component 
production and is characterized by a batch production process with a limited storage constraint. 
Next, the second stage is also characterized by a batch production process. As opposed to the 
first stage, the second production stage has significant sequence-dependent setup times relative 
to the production capacity. The first objective is to reduce the total setup costs of the second 
production stage by sequencing the different products on the individual production lines. The 
second objective is to reduce the total setup- and labor costs for the first production stage by 
scheduling the production of components. To this end, individual solutions are developed for 
both objectives. Firstly, the production patterns (i.e. sequences of products) of the second stage 
are done with a Nearest-Neighbor algorithm with additional control rules in order to minimize the 
total setup costs. Secondly, we developed an algorithm to control the component scheduling of 
the first production stage. The core of the algorithm consists of the application of an Earliest 
Due-Date logic with an additional insertion procedure. As a case study, the real-life two-stage 
production system of production unit P6D (chemical anchors) of Hilti AG has been selected. 
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Management summary 
In this master thesis project we present the results of our study on master production scheduling 
in a multi-item two-stage production system with storage constraints. As a case study, the real-
life complex production system of production unit P6D (chemical anchors) of Hilti AG has been 
selected. 
 

Problem statement 
Hilti is engaged in a large transformational project to establish the Hilti Integrated Planning (HIP) 
environment toward integrating its internal end-to-end supply chain. Before the introduction of 
this planning framework, the production environment at P6D was characterized by highly volatile 
production workloads and reduced efficiencies in the production plant. The high volatile workload 
was primarily caused by two elements:  

1. no robust and holistic production planning model in place and  
2. the absence of an official commitment from a market organization to the sales plan.  

For the first root cause, the robustness, is determined by the degree to which a pre-designed 
systematic procedure is followed when the production patterns are created. Secondly, the 
holistic element is determined by the degree to which different factors are taken into account 
(e.g. resources, production stages and cost elements etc.).  
 
The absence of a planning model causes the plant to be highly reactive by following real-time 
replenishment orders from market organizations. On the other side, when this is combined with 
volatile demand this leads to high volatility in the production plant as can be seen in the historical 
data of last year (figure 1).  
 
In addition, the absence of a planning model could also lead to reduced plant efficiency. An 
example of this can be seen in figure 2, in which the total number of performed setups of last 
year is illustrated. In total the number of excess setups was equivalent to a yearly loss of 180 
hours (±0.5 shifts/week). A planning model with a clear total cost minimization objective could 
prevent the occurrence of these types of inefficiencies. 

 
 
The absence of an official commitment to the sales plan will be resolved with the implementation 
of the HIP framework. This is mainly due to the implementation of more dedicated processes 
aimed at establishing single forecasting steering figures.  
 
For the first identified root cause, a proper solution is not so straightforward even after the 
implementation of the HIP workflow. This creates a research need in which the business 
research objective for the case study of P6D can be defined as:  
 

“The design of a robust planning model with a holistic view for the Master Production 
Scheduling process in order to achieve lower operational costs”. 
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Figure 1 – Collective number of setups per week (2015). 

 

Number of setups needed 

Figure 2 – Daily workload in shifts for one of the production 

lines in P6D (2015) 
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Scope 
The focus of the study is primarily on the monthly MPS, but also the different impacts of other 
processes are taken in to consideration (e.g. S&OP, weekly MPS). In scope is the production of 
components on dissolvers, the inventory control of intermediate components and the final stage 
on the production lines. This scope is illustrated in figure 3. 

Dissolvers Production lines

Components
Raw 

materials
Finished

goods

SCOPE

 

Figure 3 - General process flow of production process chemical anchors. 

Analysis 
The analysis in the study is divided into three areas: 

Planning system analysis 
Here, the impacts of the HIP workflow on the development of the planning model are explored. 
Especially, the constraining effects of other HIP processes on the monthly MPS are taken in to 
account. The result of this analysis is: 

1. The shift model from the S&OP process is an important constraint for the MPS process 
2. The weekly production hours per setup group are input for the MPS. 
3. Production plan on MPS level must be feasible on Factory Scheduling. 

Production system analysis 
Here, the results of the analysis of the production system are the fundament of the planning 
model: 

1. The first result is an overview of production rates of different resources. 
2. The second result is the materials- and resource relationships which provides insight in 

to critical materials, bottleneck resources and relations between production resources.  
3. The third result is related to the setup matrices and provides an overview of the dynamic 

in setup times. 
4. The final result is a drill-down of the high-level complex scheduling problem of the plant. 

This makes it possible to deconstruct the total plant into smaller and less complex parts. 

Cost analysis 
Based on the type of resources dissolvers or production lines the cost structure can be 
segmented in: machine costs, labor costs and setup costs.  
 
Due to decisions on S&OP level some of the costs are 
already fixed and cannot be influenced by decisions on 
the MPS level. For the production lines the machine 
costs and the labor costs are fixed. For the dissolvers 
only the machine costs are fixed. The remaining cost 
elements which can be influenced will be considered in 
this project (grey areas, figure 4). 
 
The three analyses described above provide the input for the planning model as depicted in 
figure 5. The planning model itself is still considered as a black-box, which emphasizes the need 
to provide a solution. Additionally, the materials- and resource relationships in figure 5 provides 
the manufacturing context in which the planning model is developed. The outputs of the black-
box are the production patterns on the resources (production lines and dissolvers) and the total 
operating costs for the resources. 

Figure 4 – break-down of total operating 
costs per resource.  
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Figure 5 – Total overview of in- and outputs of the planning model of P6D. 

Solution 
The presented solution will aim to minimize the setup costs for production lines and the labor- 
and setup costs for the dissolvers. The other cost elements are assumed to be fixed as 
illustrated in figure 4. The setup costs of the production lines can be minimized by using a 
nearest neighbor heuristic with additional control rules. These additional control rules will ensure 
that the most preferable schedule can be identified in the event of several equivalent schedules 
(i.e. equivalent in total setup costs).  
 
For the dissolvers this study provides a vessel scheduling 
algorithm to minimize the labor- and setup costs. The algorithm 
starts to minimize the number of setups for the dissolvers by 
creating an efficient demand pattern of the vessel equipment. 
With this new demand pattern, the algorithm optimizes the 
number of shifts that are to be used on the dissolver. The total 
solution is illustrated in figure 6. 
 
In summary, the three main advantages of the solution are: 

1. Execution of the core disaggregation task of the MPS in the HIP workflow. 
2. Ensure feasibility of high-level strategic production plans on lower production levels. 
3. Cost minimization on MPS level and Factory Scheduling level. 

Implementation 
The proposed solution can be implemented as a support to existing processes in the HIP 
workflow to improve the quality of the outcome of MPS and Factory scheduling. An essential 
element of the implementation is the degree to which this solution can be embedded within the 
HIP workflow. The utilization of the solution is clearly defined and can be implemented without 
much effort. Figure 7 illustrates the implementation of the solution. On the other hand, the 
implementation of the vessel scheduling algorithm is not necessarily restricted to a weekly 
frequency. The algorithm is also perfectly suitable for daily calculations in the event for dealing 
with e.g machine breakdowns, maintenance and other disturbances. 
 
Lastly, a prototype for decision support tool is developed in which the vessel scheduling 
algorithm is programmed. This allows for a quick and reliable execution of the vessel scheduling 
algorithm. 

Pieces/day

Production 
lines

Hours/month

Unit Level of detail Frequency HIP workflow

S&OP

MPS-W

FS

MPS-M

Materials

Line sequencing

Vessel scheduling

Setup groups

Monthly
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Figure 7 – Relation between HIP workflow and developed solution in the master thesis project. 

Figure 6 – Core areas of proposed 
solution and cost relations. 
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1. Introduction 
1.1 Company introduction 

Hilti is a Liechtenstein-based company that develops, manufactures, and directly sells products 
for the construction, building maintenance, and mining industries. Hilti is considered as the 
provider of leading-edge technology to the professional construction industry with a corporate 
goal of ‘passionately create enthusiastic customers and build a better future’. The product 
portfolio of Hilti ranges from specialized tools and consumables to chemical products, however 
the concentration is primarily on anchoring systems, firestops, hammer drills, installation 
systems, and range of different tools (e.g. electric drills, laser levels, power saw, and fasteners). 
Hilti was founded as a family company by Martin and Eugene Hilti in 1941 and is currently still 
operating as a family company in more than 120 countries. The company is headquartered in 
Schaan, Liechtenstein, and employs more than 22.000 people worldwide. The company 
provides their products and services through a worldwide direct sales business model which 
leads to controlling a globally dispersed end-to-end supply chain from production plants till retail 
channels. Even though Hilti is operating as a large global company, the distribution of the 
turnover for the year 2015 is still largely concentrated in western European markets (47.5%). 
Furthermore, 23.8% is generated in North America, 3% from Latin America, 14.3% from Asia 
(Pacific) and 11.4% from Eastern Europe, the Middle East and Africa combined.  
 
This master thesis project will be carried out in the Global Logistics department which is based in 
Nendeln, Liechtenstein. The head of Global Logistics is responsible for all logistic regions and is 
part of the Executive Management Team. He is reporting directly to the board member of the 
‘Fastening & Protection’ Business Unit. The Global Logistics department manages three main 
areas: Warehouse Management (WM), Transport Management (TM), and Materials 
Management (MM) (table 1). 
 
Areas Key topics 

WM Network design, capacity management, third-party logistics coordination 

TM Routing optimization, tendering, carrier management and integration 

MM Inventory management, planning & forecasting, order processing, exports & customs 

Table 1 – Key areas in Global Logistics 

Additionally, there is one other area that is rather characterized by ‘a dotted line’ in the 
organizational structure which is Global Logistics Lean. Also, the above areas are carried out on 
a Global Logistics level but also on a regional level.  The Global Logistics department centralizes 
the design of global processes by actively involving plants, Market Organizations, and 
management at headquarters.  Therefore, Global Logistics also engages in supporting on 
issues, exceptions and concept developments for continuous improvement in local logistics for 
regions and markets. Lastly, the mission statement of Global Logistics is to passionately fulfill 
the customer’s needs with the highest efficiency.  

1.1.1 Supply chain 
A rather simplistic overview of Hilti’s supply chain is illustrated in figure 8 in which Hilti has 
(almost) full control over its entire (end-to-end) supply chain. The supply chain starts with nearly 
400 suppliers that are managed by Global Sourcing and provide the flow of raw materials to the 
production plants. Furthermore, the supply chain of Hilti includes 8 production plants that are 
globally dispersed and managed by Global Manufacturing. A part of the products that are offered 
by Hilti are sourced from so-called ‘allied suppliers’ which are made by suppliers without any 
manufacturing intervention by Hilti.  
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Figure 8 - Overview of Hilti’s supply chain 

After the products are manufactured there are a few different possibilities for the subsequent 
distribution of the products. One of the options is to directly ship the products from the plant to a 
regional distribution center (RDC) or central warehouse (CW) of a market organization 
(hereafter, MO). The second option is that the products first go through the headquarters and 
thereafter to the CW or RDC of the MO. At the headquarters – in Liechtenstein – there are three 
different stock points to which the products can be sent to: LCN, JCL, eWH. Moreover, there is 
also the possibility that the products flow through a transshipping point e.g. if the shipping 
volume is too low for a direct shipment. The products that are distributed to the RDC’s and CW’s 
of the market organizations are eventually distributed across the Hilti Centers, Hilti vans or the 
Tool Service Center (TSC).  

1.1.2 Hilti Integrated Planning (HIP) 
Hilti is currently engaging in the design and transformation towards an integrated planning 
environment. Before concrete integrated planning concepts were introduced, the supply chain 
was typically operated on real-time information and ‘unlimited flexibility’ which led to system’s 
nervousness and caused bullwhip effects. There was also a high degree of erroneous planning 
activities which were characterized by conflicting targets and interests, silo optimization, high 
demand volatility, and excess inventories.  
 
The Hilti Integrated Planning (hereafter, HIP) project was started in the early months of 2013 by 
the Global Logistics Materials Management department (GLM) to create an integrated planning 
environment in an ‘end-to-end complex supply chain’. The key objectives for the HIP project 
include: increased service level, inventory reduction, demand volatility reduction, lead-time 
reduction, increase forecast accuracy, and global synchronization.  
 
The HIP concept covers numerous activities, however for the purpose of clarifying the general 
structure of this concept the processes are described in limited detail. Nonetheless, in the 
successive sections the main elements that are of interest in this master thesis project will be 
discussed in more detail. Further, a distinction is made between the periodic HIP processes in 
terms of processes in monthly workflows and weekly workflows.  
 
Monthly workflow 
The monthly workflow starts with the ‘FCST Definition’, which mainly relates to collect and 
prepare sales history data in order to perform statistical forecasts for the future sales figures. 
Next, the derived forecast is combined with local market intelligence in order to obtain the so-
called ‘materials forecast’. By exception the process ‘MRP Type Changes’ is carried out for the 
purpose of adjusting an inventory control policy for an item.  
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Afterwards, the ‘Sales Forecast Integration’ (SFI) has to be done and takes place between the 
6th and 11th working day of the month. The main target of the SFI is to agree – based on different 
plans and scenarios – to a consensus forecast (i.e. one single number) which steers the supply 
chain.  
 
The consensus forecast is constructed by combining the financial forecast (e.g. based on 
financial targets), the marketing & sales forecast (e.g. based on sales targets), and the materials 
forecast (e.g. based on market intelligence, statistical forecasts). Hence, the consensus forecast 
will act as an agreed figure between Marketing, Logistics and Finance in order to steer the 
supply-chain.  
 
Next, the ‘Allocation’ step is performed which is done by the help of the system. It primarily 
concerns the initial deployment projection for the different stock-points. Besides the allocation, 
different (tactical) parameters are calculated in the ‘Safety Stock, ROP, and Min/Max’ process. In 
this process the calculation of e.g. safety stock levels at different stock points is done, and the 
re-order (and order-up-to) levels of stock-points are (re-)calculated. Hereafter, the ‘Safety Stock, 
ROP, and Min/Max’ process and the SFI are combined to form the net requirements that will be 
input for the subsequent S&OP process. The aim of the S&OP process is to construct a feasible 
supply plan with respect to the net requirements. Additionally, different factors are taken into 
account when the supply plan is developed such as capacity constraints, scalability options, 
economic production, inventory targets, and satisfying customer demand. Hence, the result of 
the S&OP process is a supply plan that is used as input for further specific production planning 
processes. Subsequently, the ‘Distribution Planning’ is executed in which the main elements are 
related to the provision of long-term forecasts and short-term schedules of supply volumes to 
truck & ocean freight carriers. The alignment with allied suppliers by providing the right demand 
information is done in parallel and is defined as ‘Demand preview to Allied Suppliers (FG)’.  
 
One of the last processes in the HIP concept is the ‘MPS’, the Master Production Schedule, in 
which the primary focus is on translating the S&OP output in to (cost-efficient) production 
schedules while respecting all constraining factors. The resulting production patterns and 
schedules are then the basis to inform suppliers on the demand for components and/or raw 
materials, which is the last step in the HIP concept: ‘Demand preview component’s suppliers’ 
 
The monthly workflow sequence is depicted in figure 9.  
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Figure 9 - Monthly workflow HIP 

Weekly workflow 
The weekly workflow starts with the weekly MPS process in which the emphasis lies on 
converting the monthly (aggregated) production plan from setup group level to item level. In 
addition, the planned and actual production output is compared and corrective actions are 
defined for deviations. Further, proposed production quantities are fixed for the next week and 
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an outlook is provided for the demand of components to (short lead-time) suppliers or business 
partners. The ‘Factory Scheduling’ process is done after the production plans from the MPS 
have been confirmed, so that the plant can perform a feasibility check of the planned production. 
In addition, the resource allocation with respect to people, shifts, and machines are performed in 
the Factory Scheduling process. In the last process for the weekly workflow the ‘Distribution 
Planning’ aims at establishing the actual deployment calculation to the different stock-points and 
revising further exceptions management.  
 
The weekly workflow sequence is depicted in figure 10. Further, the red-shaded processes, will 
be described in more detail in §3.1. 
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Figure 10 - Weekly workflow HIP 

1.2 Project introduction 
In this report we present a study on the design of a planning model for the Master Production 
Scheduling (MPS). The focus of this project will be on the chemical segment of Hilti’s product 
portfolio, the so-called chemical anchors.  To this end, a case study is carried out in the chemical 
production plant P6D which is characterized by a two-stage multi-item batch production system. 
The production system is characterized by the existence of high sequence-dependent times, 
perishability of intermediate components, and the moderate to high complexity in the materials & 
resource relationships. 
 
More specifically, the first production stage is concerned with component production carried out 
by dissolvers and is characterized by a batch production process with a limited storage 
constraint. Dissolvers are production resources that weigh and mix different chemical ingredients 
in specialized storage vessels. The limited storage constraint of the components is twofold: (1) 
the components have a limited shelf life of 72 hours, (2) the components have a limited amount 
of storage vessels. Moreover, the setup times in this production step are relatively low and are 
independent of the production sequence of components. Next, the second stage is also 
characterized by a batch production process and is carried out by production lines. A production 
line is a production resource that consumes the content of vessels and discards these vessels 
back to the component production stage. As opposed to the first stage, the second production 
stage has significant sequence-dependent setup times relative to the production capacity. 
 
The remainder of this chapter will be aimed at providing a more detailed specification of the 
research project.  Firstly, the research methodology for this project will be presented in section 
1.3. Secondly, a diagnosis of the problem context of Hilti will be given in section 1.4. We 
conclude this chapter by presenting the scope of the research project and the research definition 
in sections 1.5 and 1.6, respectively.  

1.3 Methodology 
This research study is based on the paradigm of design sciences, which is aimed at developing 
prescriptive knowledge by development of technological rules or solution concepts. More 
specifically, the core mission of a design science is the development of valid knowledge, which 
can be used by professionals in the field in question to design solutions to their field problems 
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The core structure of the master thesis project will be based on the reflective cycle, illustrated in 
figure 11, for design-based problem solving as described in Van Aken et al. (2007).  
 
As already mentioned, the selected problem type is the optimization of production pattern 
development for the MPS in a two-stage, multi-item production process. Further, the selected 
case is the manufacturing environment of production unit P6D of Hilti. 
 
In addition to this framework, the quantitative research model of Mitroff et al. (1974) is used as a 
basis for the quantitative modeling elements in the master thesis project. It involves a systems 
view of problem solving and the approach to problem solving includes conceptualization, 
modelling, model solving and implementation. The described model in Mitroff et al. (1974) is 
aimed at creating a framework by which science could be studied from a holistic and/or systems 
perspective. The authors argue that there are aspects of science for which only a whole systems 
perspective is suitable to identify some of the essential features of science (Mitroff et al., 1974).  
 
The quantitative research model will be used in the ‘Design’ phase of the regulative cycle in 
which the stages of ‘Conceptual model’, Scientific model’ and ‘Solution’ will be handled.  
Furthermore, the ‘Reality, and Problem situation’ phase is left out due to the fact that this 
element is already largely covered in other preceding stages.  

Reality, 
problem 
situation

Conceptual 
model

Scientific 
model

Solution

ModelingConceptualization

Implementation Model solving

Validation

Feedback

Select type of 
problem

Select case

Determine design 
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results

Set of 
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Analyze & 
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Design

 

Figure 11 - Reflective cycle (Van Aken et al., 2007) and the quantitative research model (Mitroff et al., 1974) 

In the quantitative research model, there are different phases identified that serve the problem 
solving objective. The first phase is the conceptualization of the reality and the problem situation 
that is being examined. In broad terms, the conceptual model defines the particular problem that 
is to be solved. Furthermore, the variables that are of interest in the respective concept and the 
level of detail at which these variables will be treated are also considered (Mitroff et al., 1974). 
Hence, this process is comprised of an alternate consideration between the real world problem 
at one hand and feasible conceptual models at the other hand. In this study, the 
conceptualization phase is done in chapter 3. 
 
The next phase is concerned with formulating and developing the conceptual model in to a 
scientific model. More specifically, the scientific model consists of a set of both qualitative and 
quantitative logical relationships, which link the relevant characteristics in which the researcher 
is interested in (Rivett, 1972). For this study, the scientific model will be defined as a 
mathematical optimization model that in chapter 4. The next activity is the third phase of the 
quantitative research model, and this is concerned with deriving a solution from the scientific 
model. After all, the aim of the above framework is to solve a certain real-world problem by 
developing a solution. In this study, the solution will be discussed in chapter 5, by means of 
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development of a scheduling algorithm.  After the model solving process, the study is continued 
in the regulative cycle in which the next phase is concerned with the implementation of the 
solution. The implementation phase is related to the way that the model solution is translated in 
to a practical solution which entails a feedback of the solution to the original problem. Moreover, 
the correspondence between the real-world problem and the defined scientific model is 
evaluated. Although, this comparison also takes place throughout the modeling process and this 
is refined in such detail so that the necessary aspects of reality are reflected in the model. 

1.4 Diagnosis 
In this section the diagnosis step in the reflective cycle (Van Aken et al., 2007) is carried out. In 
section 1.4.1 the identified root causes and symptoms are identified in the context of Hilti and the 
production unit P6D. Next, the research need that arises in the problem context is discussed in 
section 1.4.2. 

1.4.1 Root causes and symptoms 
First, in figure 12 a summary is provided in which the problem tree is presented with two 
essential root causes: no robust and holistic planning model & no official commitment MO’s on 
the sales plan. 
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Figure 12 - Overview of root causes, problems, and symptoms summarized in a problem tree.-  

In the current situation at Hilti, there is no official commitment from a market organization on a 
certain expected delivery quantity in a specific time period (e.g. week or month). The absence of 
such an official commitment leads to high variability in demand planning with respect to both the 
time (i.e. when demand occurs) and quantity (i.e. how much demand occurs) for forecasted 
supply quantities. However, this element is something that cannot be influenced in this master 
thesis project and therefore is left out of scope. Nonetheless, with the implementation of the HIP 
framework, this commitment will most likely increase due to the SFI and S&OP processes. On 
the other hand, there is no robust and holistic production planning model in place in the current 
context of P6D. A robust planning model is a planning model in which a systematic approach is 
followed by which the production planning is done. The robustness of the planning model is 
characterized by a pre-designed decision procedure that is followed in all scenarios and remains 
stable over time. Furthermore, in the current environment there is no clearly defined planning 
model that explicitly considers cost minimization whilst incorporating essential environmental 
factors (e.g. capacity, setup times) for production pattern development. Typically, the production 
patterns are derived by applying general rules of thumb and the personal experiences of the 
individuals who are responsible for the production planning. The absence of such a robust 
planning model with a clear cost minimization objective could lead to non-optimal solutions for 
the production patterns and hence to reduced plant efficiency.  
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The holistic element of the planning model concerns the view that is taken when the planning for 
the production system is carried out. A holistic view is characterized by analyzing the parts of the 
production system collectively as a whole, instead of analyzing the parts individually. If the 
planning logic is not developed from a holistic perspective, the planned production quantities on 
the production lines can negatively affect the component production planning. This is mainly 
caused by the limited capacity of the component production area due to a limited availability of 
vessels which are needed for production on dissolver. Therefore, when the MPS quantities are 
derived this bottleneck (limited availability of vessels) in component production has to be taken 
in to consideration as a constraining factor for future output. In case that the planning logic for 
the MPS is developed without taking the component production into account, this could lead to 
non-optimal alignment between the two production stages and to reduced production efficiency 
(e.g. due to discontinuity in production).  
 
Since there is no robust and holistic production planning model used, the plant is highly reactive 
to following real-time replenishment orders. As a consequence, together with a highly variable 
demand planning from the market organization this could lead to a rather unstable production 
planning. A planning that is continuously changing production quantities according to real-time 
information could lead to high volatility in the workload (e.g. high peaks and dips in the workload) 
of the plant. This can also be seen in the historical data of the previous years for P6D, figure 14 
shows an example of one of the production lines in P6D in which this volatile workload is 
depicted in terms of the used shifts per day. The workload volatility is also analyzed for the other 
lines and the results are depicted in figures 55, 56, 57 and 58 in Appendix A for lines 1,2,4, and 
6 respectively.  
 

 
  

As a consequence, the increased volatility of the workload for a plant directly impacts the need 
for strongly varying workforce and therefore to more unstable workforce management. The need 
of varying with the size and composition of the workforce leads to an increase in the operating 
costs. Furthermore, the instable production planning could also be a driver for reduced 
production efficiency which contributes to obtaining increased operating costs. This can also be 
seen in the historical data (1-1-2015 till 31-12-2015) of the setups that have been performed in 
P6D aggregated over all lines. In figure 14, the grey shaded area depicts the number of setups 
that would have been used if a pure rotation cycle (Elmaghraby, 1978) is used (i.e. only produce 
a setup group once in a week). Further, the sum of the red and grey shaded areas shows the 
actual performed setups in which the red area can be seen as the portion of inefficient setups. 
Thus, figure 14 actually illustrates the reduced plant efficiency which is mentioned in the problem 
tree in figure 12. Moreover, the inefficient setups also consume capacity that could have been 
used for production on the production lines. The loss in capacity is approximately 0.5 shifts a 
week (assuming an average setup of 40 minutes). 
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Figure 13 – Example daily workload in P6D (2015) 

 

Figure 14 – Number of setups per week P6D (2015) 
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In conclusion, the main result of the MPS is a statement of planned output for specific products 
in future periods. It’s essential that production patterns are optimized in terms of the total 
operating costs and that the production stages are carefully aligned. A robust and holistic 
planning logic in which the derived production quantities are planned in such a way that different 
environmental factors are taken into account (e.g. capacity considerations, workload smoothing, 
operational constraints) could lead to a more cost-effective and feasible production from the 
plant’s perspective.  

1.4.2 Research need 
There were two main root causes identified in the section 1.4.1 that are of interest in the 
research area of this master thesis project, namely: 
 

1. No official commitment on the sales plan 
2. No robust and holistic planning model  
 

Even though both identified root causes are of importance in this master thesis, the first root 
cause will most likely already be eliminated by the proposed organizational changes in the HIP. 
Due to the different periodic activities within the HIP, i.e. SFI and S&OP processes, the official 
commitment on the sales plan can be substantially improved. By extensive communication on 
forecasted demand quantities with market organizations in the HIP landscape, a part of the 
demand variability could possibly be reduced. Furthermore, the commitment from the market 
organization to the sales plan can also be improved by the collective development of a suitable 
supply plan.  
 
For the second identified cause in the diagnosis, ‘no robust and holistic planning model’, the 
potential direct improvements by the as-designed HIP process are not so straightforward. 
Nevertheless, the design of the MPS workflow provides a structured process which obviously 
could be of support to the production planning processes. However, the current designed MPS 
workflow is not very detailed on the specific planning model and is rather treated as a black box. 
In the current situation, the mechanisms in this black box are mainly in the ‘heads’ of people and 
typically represent general rules of thumb and personal experiences. Hence, the absence of a 
robust and holistic planning model provides the opportunity to fill in an important gap in the 
current as-designed MPS process in the HIP. Moreover, the translation from a high-level supply 
plan from S&OP in to a detailed optimized production pattern is an important function that has to 
be evaluated. 
 
The holistic element of the planning model deals with maintaining a clear total cost minimization 
objective when developing production patterns. In the current context of the as-designed 
workflow of the MPS in HIP, there is no reference model included with a holistic perspective on 
total cost minimization.  Second, the robust element of the planning model is concerned with the 
methods and techniques that are used to derive the actual production quantities. The as-
designed MPS workflow in the HIP does not contain robust and consequent methods of deriving 
optimal production quantities and rather rely on general rules of thumb and personal 
experiences. 
 
In conclusion, the most important problem in the diagnosis is the absence of a robust and 
holistic planning model. The main reason behind this is the fact that after implementation of the 
HIP, the planning model with respect to production pattern development would not change. 
Moreover, in figure 12 the importance and the symptoms of this problem are also very evident. 
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1.5. Project scope 
The project scope gives more insight in to the background of this master thesis project. Further, 
it delivers more detailed information on the content of the deliverables in this master project 
thesis. Additionally, the project scope is also highlighted in an illustrative manner by 
incorporating the preceding sections concerning the HIP environment in section 1.1.2. As 
clarified earlier, the manufacturing process at P6D consists of various stages and activities. The 
scope for this master thesis project is concerned with a subset of these production stages, which 
is specified in table 2. Secondly, as we’ve seen in section 1.1.2 the MPS process is defined for a 
monthly and weekly basis. In this master thesis project the monthly MPS will primarily be of 
interest, mainly due to the fact that this part contains the most important decisions and trade-offs 
regarding the set-up of production patterns. Moreover, Appendix B aims to provide a full 
overview of the scope combining both the manufacturing environment and the planning 
environment. In the figure the scope is illustrated by combining both the production process and 
(parts of) the HIP processes. More specifically, the direct process effects (blue lines) of the HIP 
activities are related to specific production control steps in the manufacturing process. For the 
monthly MPS process, the development of production patterns for setup groups for the 
production lines is of main interest in this project. Second, the production scheduling for the 
component pre-production stage is also considered as an important factor due to the fact that it 
can act as a bottleneck process step.  

Manufacturing stage Description Scope 

Inventory control raw 
materials 

The procurement and inventory control of raw 
materials for the production of components A and B. 

OUT 

Production control 
dissolvers 

The control of the dissolver manufacturing resource for 
production of components A and B. 

IN 

Inventory control chemical 
components 

The inventory control of the buffer inventory of 
components A and B for the second stage. 

IN 

Production control 
production lines 

The production decisions that are under consideration 
in the last step for finalizing the product. 

IN 

Inventory control end-items 
The inventory control of end items in the in-house 
stock point of the plant. 

OUT 

Table 2 - Scope in terms of manufacturing stages 

Further, the material requirements planning for the raw materials are left out of scope as can be 
seen in Appendix B. According to anecdotal evidence, the availability of raw materials is typically 
a non-issue due to the fact that procurement is mainly carried out in large bulk quantities in order 
to obtain a low cost price. As a consequence, this part of the production process is left out of the 
scope of the master thesis project and is assumed to have no constraining effect on the 
subsequent production stages.  
 
Lastly, the distribution planning on both the monthly (i.e. deployment projection) and weekly level 
(i.e. actual deployment) are per definition out of scope of this project and are assumed to be 
non-influencing and non-constraining on this master thesis project.  

1.6 Research definition 
The purpose of this chapter is to provide information on what the master thesis project should 
deliver. In this section the research need – as described in section 1.4.2 – is translated in to a 
research problem in section 1.6.1. Next, the research objectives and the research questions are 
defined in order to provide the appropriate input for adequate recommendations. Lastly, the key 
deliverables of the master thesis project are discussed for both Hilti and the TU/e in section 
1.6.3. 
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1.6.1 Research problem 
This master thesis project will address the current planning logic with respect to production 
pattern development in the as-designed MPS process. It should complement the MPS process 
in providing a scientifically based decision support model for production pattern generation and 
contribute to the decision making process in the MPS. It fills the gap that currently resides in the 
MPS workflow of a production scheduling model with a clear total cost minimization objective. 
Furthermore, it should improve the quality of the output for the MPS process which serves as 
input for the subsequent HIP processes.  

1.6.2 Research questions 
In this paragraph the direction of the research is specified in more detailed research objectives 
and research questions. For the research objective, a first distinction is made between a 
business research objective and a scientific research objective. The business research objective 
can be directly derived from the research need in section 1.4.2: 

Business research objective || The design of a robust planning model with a holistic view for 
the Master Production Schedule (MPS) in order to achieve lower operational costs. 

With the above objective the following main research question throughout this master thesis 
project can be derived, which yields: 

Research question || How should the planning model be designed for the Master Production 
Scheduling process in order to minimize the total relevant operating costs? 

In order to provide a sufficient basis for treating the research question, a set of sub-questions is 
defined in order to constructively come towards a conclusive answer for the research question.  

Sub-question 1 || What are the main objectives of the planning model for the MPS and how can 
these objectives be formally defined?  

Secondly, the important elements in this context are the objectives of the planning model for the 
MPS, which has a central role in the development of a planning logic. In this master thesis, the 
objectives will be specified in terms of cost measures. Besides, the direct relationships between 
the decision variables and the identified objectives are to be explored and clarified.  
 

Sub-question 2 || What decision variables can be used for generating a Master Production 
Schedule and how are these decision variables related to the objective of the planning model? 

In order to be able to influence the outcome of a process it has to be known what decision 
variables can be adjusted. In this case the emphasis relies on identifying the main decision 
variables within the MPS and more specifically the decision variables for the production pattern 
building. A first distinction has to be made in decision variables that can be adjusted within the 
scope of this project and decision variables that are already pre-defined on a on a higher level. 
Additionally, the link between the relevant decision variables and the design of the production 
pattern building process should serve as a valuable informational element.  
 

Sub-question 3 || Which input parameters have impact on the MPS and what is the effect on 
the planning model? 

As opposed to decision variables, input-parameters represent a class of variables that cannot be 
influenced or adjusted. It is also possible that certain input-parameters are initially decision 
variables, but due to decisions made on a higher level (e.g. tactical parameter settings) or other 
reasons are now considered as fixed elements. The input-parameters are the given variables 
and shape a large part of the design space for developing a planning model for the MPS and are 
therefore of essential importance. For instance, the preceding and succeeding activities such as 
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respectively S&OP and Weekly MPS can also affect the way that the design space of the 
planning logic will look like. 

 

Sub-question 4 || What are the main trade-offs and criteria for adequate production pattern 
building? 

The main trade-offs with the optimization of the construction of production patterns have to be 
identified in order to grasp the dynamic between different decision variables and the objective 
function. Furthermore, the trade-offs can be accompanied by certain criteria that constrain the 
decision variables or other solution possibilities. These criteria are equally important due to the 
fact that it can substantially shape the solution space of the production patterns.  
 

Sub-question 5 || How should the relevant manufacturing plant (production unit P6D) be 
modelled with respect to the HIP processes? 

Before the planning model can be used for the construction of production patterns of P6D it is of 
importance to (mathematically) model the production plant. More specifically, a lot of different 
elements should be clarified like e.g. the production processes, resource characteristics, and the 
relationships between materials and resources. This modelling of the production plant creates 
the fundaments for development of a solution. 

 

Sub-question 5a || How should the planning model be developed for an individual production 
stage? 

As mentioned in section 1.2, the manufacturing environment under consideration can roughly be 
described as a two-step production process with two fairly independent production stages. Due 
to this independence the idealized design of the planning model for an individual production unit 
could differ from one another and requires exploration.  
 

Sub-question 5b || How should the planning model be developed to maintain an optimal 
alignment between individual production stages? 

As for the total production system, the two production stages are both different in terms of their 
manufacturing characteristics. Also, the dynamic and objectives in both production stages are 
totally different from each other. However, even though the production stages are rather 
independent, an adequate alignment between the two production stages is of importance for the 
performance of the production system as a whole. 

1.6.3 Key deliverables 
The key deliverable is a set of scientifically-based recommendations for the design of a robust 
and holistic planning logic with a clear cost minimizing objective. However, there is a rather 
specific differentiation between key deliverables for the TU/e and for Hilti.  
 
The key deliverables of the TU/e are mostly related to the detailed design of the planning model 
for the MPS. More specifically, the (mathematical) modeling behind the planning model and the 
translation of the model to a solution is of interest for this side of the deliverables. Hence, this 
part will most likely be related to the actual derivation and design of the conceptual- and 
scientific model.  
 
The most important deliverables for Hilti are more towards the recommendations for the design 
of a planning model for the MPS based on scientific evidence. Hence, it is more related to the 
end result of the master thesis project which could consist of planning policies, operational 
planning rules which aim more towards the pragmatic side of the master thesis project.  
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2. Literature review 
In this section, a brief literature review is presented in order to explore the relevant academic 
aspects in the field of this study. Furthermore, the relevant literature could be used as an input in 
the conceptualization phase. First, in section 2.1 the HIP processes (in particular the MPS) are 
compared to a production planning framework presented in Berry et al. (2011). This is done in 
order to examine the degree of similarity between the role of the MPS at Hilti and the general 
role of MPS as described in literature. Secondly, the literature concerning the analysis of 
production systems is briefly explored in section 2.2.  

2.1 Planning and control system 
We start by a look at the fundamentals of the MPS as discussed in Berry et al. (2011), in which 
the MPS is considered as the central module in the Manufacturing Planning and Control System 
(hereafter, MPCS). The authors argue that the fundamental role of the MPS is the conversion of 
the disaggregated sales and operations plan (hereafter, S&OP) into a specific manufacturing 
schedule. More specifically, the MPS is a statement of the specific products with their quantities 
and timing determined. Additionally, it is argued that an effective master production schedule 
provides the basis for: 

 making good use of manufacturing resources, 
 making customer delivery promises, 
 resolving trade-offs between sales and manufacturing, 
 attaining the firm’s strategic objectives as reflected in the sales and operations plan.  

Furthermore, the authors identify different links between other modules within the MPCS and 
other company activities:  

1. Sales and operations planning 
As mentioned previously, the MPS converts the S&OP of the company into a plan for 
producing specific products in the future. Where the sales and operations plan is defined 
to reach company objectives and is stated in terms of aggregated output, the MPS is 
defined in more specific products or product groups that make up that output. 
 

2. Demand management 
The demand management represents all the activities related to management of all 
sources of demand for manufacturing capacity: e.g. customer orders, forecast of future 
customer orders, warehouse replenishments, interplant transfers, spare parts 
requirements. Here, the MPS forms the basic communication link between the market 
and manufacturing. Hence, the MPS must be able to provide information on product 
availability in the future, thereby providing the basis for to promise delivery to customers. 
 

3. Rough-cut-capacity planning 
The schedule derived in the MPS contains production quantities and production dates 
which is important input for capacity load calculations. Rough-cut capacity planning 
involves analyzing the MPS in order to identify resources that represent potential 
bottlenecks in the production flow. Hence, it provides a rough evaluation of potential 
capacity problems with a particular MPS and consequently these potential problems 
should be resolved before execution of the respective MPS. 
 

4. Materials requirement planning 
The disaggregation from the sales and operations planning is done in the MPS, and in 
turn, the MPS provides the input data to the materials requirements planning process. 
Hence, the MPS will be the driver of all the detailed manufacturing activities needed to 
meet the output objectives of the firm. 
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Figure 15 - Overview of manufacturing planning and control system (MPCS) from Berry et al. (2011). 

Typically, there will be pressure to re-plan the MPS due to different operational circumstances. 
According to Berry et al. (2011), there are two main sources of re-planning the MPS. First, the 
fact that a rolling horizon is employed extends the planning period on which the MPS is based, 
thereby changing the input values. Second, there is always a certain degree of uncertainty in 
demand which lead to forecast errors, in order to adapt to these changing circumstances the 
MPS has to be modified to keep production cost low and service levels high.  
 
As mentioned previously, the MPS is further used for materials requirement planning, which 
implies that frequently re-planning the MPS to schedule adjustments in the materials 
requirement planning. This is often referred to as system nervousness. On the other hand, a 
stable MPS leads to stable component schedules, which mean improved performance in plant 
operations. Too many changes in the MPS are costly in terms of reduced productivity. On the 
other hand, insufficient amount of changes can lead to poor customer service levels and 
increased inventory. Thus, the main objective here is to maintain a balance where stability is 
managed. 
 
A comparison of the MPCS as described in Berry et al. (2011) and the HIP shows a certain 
degree of overlap between the core processes. First, the S&OP process as described in the HIP 
landscape shows a strong similarity with the described sales and operations planning process in 
the theoretical framework of Berry et al. (2011). Further, the demand management process in 
the MPCS shows a lot of resemblance with some of the HIP processes. It is first seen with the 
‘FCST definition’ process, which is concerned with the collection and preparation of data for all 
sources of demand. Secondly, it can be related to the ‘Sales Forecast Integration’ (SFI), due to 
the fact that this process is concerned with communication with different departments within the 
company on a single consensus forecast to steer the supply chain. Hence, it aims to be the 
basic communication link with the main stakeholders in terms of supply, which is very much a 
like the demand management process. 
 
The monthly MPS process in the HIP framework covers a large part of the framework of Berry et 
al. (2011). First, it covers the master production scheduling process due to the disaggregation 
task of the S&OP output. It is also concerned with generating the most efficient and effective 
production schedules for the subsequent more detailed factory scheduling tasks. On the other 
hand, the monthly MPS process in HIP is also aimed at covering the rough-cut-capacity planning 
process by performing a more detailed capacity and feasibility analysis compared to the S&OP 
process. Lastly, the monthly MPS derives a material requirements planning for long lead-time 
components and raw materials which also relates to the detailed material requirements planning 
task in the framework of Berry et al. (2011). The monthly MPS in HIP is exclusively aimed at the 
setup group level, and the actual planning of the end-items within the setup groups will be done 
in the weekly MPS. In addition, the weekly MPS will also be the main process which delivers a 
detailed material requirements plan. Hence, the weekly MPS partially covers the same general 
areas in the MPCS framework. 



14 
 

Weekly MPSMonthly MPS

S&OP

Sales and operations
planning

SFI FCST def.

Demand
management

Rough-cut capacity
planning

Master production
scheduling (MPS)

Detailed material
planning (MRP)

 

Figure 16 - Resemblance between HIP framework and MPCS framework. 

As depicted in figure 16, the HIP framework shows a lot of resemblance to the MPCS 
framework. On the other hand, the role of the (monthly) MPS is larger in the HIP framework than 
in the MPCS framework, which makes the MPS more complex to analyze. To this end, the MPS 
process in HIP will be analyzed in greater detail in section 3.1.  

2.2 Production systems 
One of the closest topics in existing literature to the current case study is the problem of short 
term scheduling of batch plants. For this problem the general objective is to determine the 
optimal production policy for satisfying the demands of different products. These demands often 
have specific due dates within a given time horizon (Grossmann & Pinto, 1995). Moreover, 
within these scheduling problems relevant topics are e.g. the allocation of equipment, resources, 
sequencing of orders and the control of material flow. 
 
In Reklaitis (1996), different operating strategies for 
scheduling of batch plants are classified according to two 
metrics. The first metric is the ‘degree of recipe similarity’ 
which indicates the extent to which the products are stable in 
terms of their bills-of-material. The second metric is the 
‘relative campaign length’ of the products, which gives an 
indication of the regularity of the product demand. The total 
segmentation is depicted in table 3.  
 
For the case study in this report the ‘Relative campaign length’ is categorized as ‘long’ due to 
fixed nature of the product portfolio and regular demand. The ‘Degree of Recipe Similarity’ is 
considered to be ‘high’ due to the fact that all products have a fixed bill-of-material. Hence, the 
most relative literature in the field of short term scheduling of batch plants is in the category of 
‘multi-product’ plants. The scheduling activities in such a multi-product plant are thoroughly 
discussed in Kondili et al. (1993). Here, the authors argue that the majority of research in the 
field of batch operations is involved with a sequential hierarchy in planning tasks. According to 
the authors, these planning tasks can be classified as follows: 

 Higher-level sequencing problem 
The higher-level sequencing problem determines the aggregate number of batches of 
different products that need to be manufactured to satisfy a certain requirement.  

 Lower-level scheduling problem 
The lower-level scheduling problem concerns the detailed timing of the material that 
flows through the production system.  

This hierarchy is especially adequate for planning rather simple batch operations such as plants 
that produce a number of similar products in a small number of tasks (Kondili et al., 1993). In 
addition, these kinds of scheduling hierarchies are intrinsically more complex due to the need of 
mutual coordination between different operations (Egli and Rippin, 1986). 

Table 3 - Operating strategy scenarios 
(Reklaitis, 1996). 
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3. Conceptualization 
In this section, the conceptualization phase is carried out as part of the quantitative research 
model as described in Mitroff et al. (1974). This section will be devoted to creating the 
fundamental concept that will be used as a basis to create the scientific model in chapter 5. We 
will first start with an in-depth analysis on the planning system (HIP framework) in order to derive 
the main influencing factors and aspects to be used in the construction of a conceptual model 
(section 3.1).  Second, the production system of P6D will be analyzed and explored in order to 
create a conceptual model of the production plant (section 3.2).  
 

Conceptual 
model

Planning system 
analysis

Production 
system analysis

Scientific model

 
 

Figure 17 - Fundamental elements of the conceptual model for this study. 

3.1 Planning system analysis 
In section 1.1.2, the general structure of the HIP landscape has been discussed and the main 
processes of interest for this master thesis have been mentioned. In this paragraph, these main 
processes will be discussed in more detail and the implications on the design of a planning 
model for the MPS will be explored.  
 
First, we start with the S&OP process and the main parameters that are fixed in this process and 
influence the MPS process (3.1.1). Second, the monthly MPS is clarified and the different 
processes and sub-processes are identified and prioritized according to their relative importance 
(3.1.2 and 3.1.3).  

3.1.1 Sales & Operations Planning 
As depicted in figure 9, the Sales & Operations planning (hereafter, S&OP) process is the 6th 
task that is carried out in the HIP planning process. The aim of S&OP is to translate the net 
requirements that are obtained from the SFI, into capacity requirements for feasible supply 
plans. The design of the S&OP process at Hilti is divided in three sub-processes: ’capacity 
preview’, ‘pre-S&OP’ and ‘S&OP meeting’. 
 
Capacity preview 
The first step of the S&OP process deals with the preview of the current available capacity and 
the exploration of scalability options for the capacity. In essence, this is done in order to derive 
monthly capacity bandwidths for the production capacity while taking scalability options into 
consideration. The scalability options are also examined with respect to the response times 
which are associated with scaling up and down in capacity. The result of this process is a 
monthly capacity bandwidth per production line and the current planned capacity with a horizon 
of 18 months.  
 
Pre-S&OP 
Subsequently, a ‘pre-S&OP’ meeting is conducted in order to check the net requirements for 
production with the obtained capacity bandwidths. Before this is done, the net requirements are 
also translated from production quantities to hours in order to adequately compare the 
bandwidths of the capacity (which are also done in hours). Additionally, stock projections are 
made in order to conduct a comparison with the overall company’s objective with respect to 
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target stock levels. Moreover, the most important KPI’s (e.g. net productivity, target inventory) 
are also calculated in order to adequately assess the production plan. Thereafter, a monthly 
production plan per production line is proposed which is used as a basis in the actual S&OP 
meeting.  
 
S&OP meeting 
The S&OP meeting will mainly be related to finalizing the monthly supply plan per production line 
by also considering different supply scenarios. The final adjustments in the production plan per 
production line are made and communicated to all the relevant stakeholders.  
 
In conclusion, the most important effect of the designed S&OP process on this master thesis 
project deals with constraining the total production hours for a production line. Hence, the S&OP 
to-be process will deliver a production plan which contains monthly production hours aggregated 
per production line. Second, the shift model for the month is also decided on in the S&OP 
process and therefore the daily capacity is fixed for a specific month. Lastly, the main discussed 
steps of the S&OP to-be process are summarized in figure 60 in Appendix C. 

3.1.2 Master Production Scheduling (monthly) 
After the S&OP, the planned production quantities per production line will serve as input for the 
monthly MPS. First, in the monthly MPS the aggregated monthly hours per production line are 
split into weekly hours per setup group automatically by APO. The design of the MPS monthly 
process in the HIP program is divided in three sub-processes: ‘Monthly production planning’, 
‘Set-up of production pattern’, and ‘Feedback round & MRP’. An overview of the 
interrelationships between these sub-processes within the monthly MPS is depicted in figure 62 
in Appendix C. 
 
Monthly production planning 
The main objective of the monthly MPS is to disaggregate the monthly production hours into 
weekly buckets for at least the next three months (depending on the plant). Additionally, these 
weekly hours per production line are disaggregated for the different setup groups in order to 
define the capacity load per setup group. This action is carried out automatically in the APO 
system; hence this implies that the hours per setup group per week are fixed. 
 
Set-up production pattern 
The next stage in the monthly MPS process is concerned with building the production pattern 
according to the defined capacity load per setup group for the different weeks. The main 
objective of this process is to setup the production pattern in the most ideal manner (e.g. most 
cost-efficient production sequences, maintain workload stability). The production pattern is 
derived by sequencing the production hours within a week to fit the ideal production pattern per 
production line while also considering cross line optimization and sequence-dependent setups. 
Furthermore, the focus of this master thesis project is aimed on this part of the monthly MPS 
process. 
 
Feedback round and MRP 
After the production patterns are derived for the next month, a feedback round to the main 
stakeholders is conducted in order to communicate the main issues and highlights. After this 
step is completed and the most important elements of the monthly MPS have been 
communicated the material requirements planning is carried out according to the MPS. Hence, 
the planned production quantities of the setup groups are translated in to component 
requirements and the associated suppliers get a demand preview for the components. 
Furthermore, components with a relative long lead-time are ordered at the suppliers.  
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3.1.3 Master Production Scheduling (weekly) 
After the monthly MPS has been carried out the weekly MPS is done based on the derived 
production pattern in the monthly MPS. The weekly MPS process is depicted in figure 63 in 
Appendix C. 
 
Check of actual production previous week 
First, a comparison is made between the actual production quantities and the planned 
production quantities in the previous week, in order to identify possible causes for inequalities in 
these values. Further, potential production delays are identified and other troubling issues 
surrounding the availability of the supply stream are considered. 
 
Check of net requirements development 
As next step, the demand is analyzed in the weekly MPS process. In this case the development 
of the actual net requirements is compared with the planned net requirements and root cause 
analysis is done when differences are identified. Further potential issues are communicated to 
relevant stakeholders in order to identify adequate action plans.  
 
Weekly production planning & MRP feed 
As last and core step of the weekly process, the weekly production planning is performed 
starting from the current planned orders on item level within a setup-group. Target of the weekly 
planning is to define the mix of items and quantities within a setup group, without violating the 
amount of hours assigned to this setup group in the monthly planning.  
 
After the weekly production planning is made on item level the production orders are defined and 
reflected in the system. Afterwards, the ordering of short lead-time components is done. 
Moreover, the weekly production planning is communicated to the plant in order to serve as 
input for the scheduling processes of the plant (e.g. capacity, shift planning). 
 

It is clear that the quality of the production pattern that is developed in the monthly process will 
also influence the quality of the output for weekly MPS. Due to the operational nature of the 
weekly MPS, it is mainly of importance that the production pattern is feasible when it is carried 
out in practice. Hence, the evaluation of feasibility on a component or pre-production stage is 
necessary at this point. 

3.1.4 Shift models 
As discussed in section 3.1.2, the main inputs for the production pattern building process are the 
weekly production hours per setup group. After these weekly hours are assigned to the different 
setup groups, there is a part of the capacity reserved for the setups (typically assumed to be 10-
15% of capacity). Hence, this means that adding all the setup group hours and the reserved time 
for setups together will yield the total available capacity as depicted figure 18.  
 

Total capacity

A

0% 100%

B DC E reserved setup time

C E DA B

10-15%

idle time
S&OP output

MPS output

setup time

 

Figure 18 - Example of production line sequences 



18 
 

Hence, every sequence that generates less setup time than initially planned on S&OP level will 
create an idle time in the available capacity for production which is assumed to be minimal. On 
the other hand, this also implies that there is very little to no flexibility in the starting and ending 
times of setup groups on a particular line. Therefore, it is assumed that the starting and ending 
times of setup groups are fixed and can be derived from the deployed sequence on the 
production line.  
 
In figure 19, the construction of a schedule for two hypothetical lines resp.   and   is depicted. 
Here the setup groups are numbered 1 to 9 and are scheduled in a certain specific sequence. 
The grey areas are the setup times between successive setup groups and in the case of the first 
setup group of a week it is the setup time relative to the last setup group from the previous week.  
The planning of the setup groups is bounded by the total time that is made available for the 
respective production line which is given by the working days of the week and the employed shift 
model. Hence, all the setup groups have to be scheduled while ensuring that the total planned 
capacity is maintained.  

x

y

1

0% 100%

2 43 5

6 7 98

 
Figure 19 - Example of production line sequences 

The total schedule for the plant (i.e. all production lines) can be depicted in terms of the 

deployed shift models.  For example, in figure 20 the production lines   and   are scheduled 
with a 1-shift model (morning) and a 2-shift model (morning and afternoon), respectively. Hence, 
this would yield the following production schedule: 
 

x

y

monday tuesday wednesday thursday friday

1 2 43

6 7 8

1 3 5

8 9 9

 
Figure 20 – Combining the setup groups sequence and the shift model in to a total schedule. 

This schedule represents the time interval of the whole week with the planned setup groups on 
the planned shift models. It is important to note that the shift models are already decided on 
before the monthly MPS planning is done. In theory there are six possible shifts that can be used 
for a production line, which are listed in appendix D. This means that in most cases when a 
certain shift model is used, there still remains some flexibility in choosing what ‘version’ it will be, 
which will be referred to as the shift configuration. Moreover, the construction of production shifts 
is also done with the same logic for the dissolver resource. 

3.1.5 Implications of planning system analysis 
In the analysis of the relevant processes in the HIP landscape a set of important findings and 
implications can be defined per process. First, the S&OP process implies a fixed capacity per 
month in terms of a specific shift model. Second, the monthly production planning process 
implies a fixed amount of hours per setup group per week which needs to be scheduled in a 
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cost-efficient production pattern. Third, the weekly MPS process is typically more involved with 
the operational execution of the production patterns. This means that at this stage it is of 
importance to ensure that the feasibility of production patterns on lower production levels (e.g. 
pre-production, components) has been evaluated. Lastly, these implications can be added to the 
construction of the conceptual model as depicted in figure 21. 
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Evaluation of components feasibility

1

2
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Figure 21 – Specification of first input fundament of conceptual model. 

3.2 Production system analysis 
In this section, the second part of the conceptual model will be explored by means of analyzing 
the product portfolio, production process, resources, materials- and resource relations, and the 
costs of the production system. 
 
3.2.1 Product portfolio 
The product portfolio of P6D consists of 244 finished goods which are either ‘Chemical anchor’ 
products or ‘Firestop’ products. The unit P6D has an own logistics department within the 
manufacturing facility that is located in Kaufering, Germany. The chemical products in the 
portfolio of P6D are perishable (with a 9-24 months shelf life) and are produced in batches with 
high set-up times (relative to available capacity). The chemical anchor products are already in 
the portfolio for a relative long time as opposed to the Firestop products. As a consequence the 
yearly growth rate of the sales volume for Firestop products is relatively (4-5 times) higher 
compared with the yearly sales volume growth of the chemical anchors.  
 
The chemical anchors are divided into three coaching areas: HIT, HVU & ‘Specials’ (figure 23). 
The chemical anchors in the ‘HIT’ area can be further subdivided into the RE area and the HY 
area. The products in the HVU group are much smaller chemical anchors in terms of SKU size 
of the anchors. The so-called ‘specials’ group consists of other products in the portfolio (e.g. 
cartridges). Lastly, the Firestop, HVU, and Specials are left out of scope of this project and this 
study will primarily be focused on the HY group which is the source of approximately 70% of the 
total production output for the chemical anchors. 
 

FirestopsChemical Anchors

P6D

HVU SpecialsHY RE
             

Setup groups

End-items

Series

Coaching area

 

 

The SKU’s in the HY group are split in to so-called setup groups. A setup group is defined as a 
group of ‘different’ SKU’s with almost identical bills-of-material. The bill-of-material is identical 
with respect to the raw materials that make up the chemical anchor. However, the only 

Figure 23 – Product scope of P6D Figure 22 – Unit scope of study 
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differences between the SKU’s within a setup group can be found in the labeling and specific 
custom packaging (e.g. country-specific manuals). Typically, an individual SKU is used to supply 
certain specific regions and markets. Nonetheless, due to the strong similarities within a setup 
group (in terms of used components), the unit of analysis will be on the level of setup groups. 
Also, setup groups can be grouped together in series if the only difference is the product volume 
of the end-item (e.g. HY100/330ml and HY100/500ml), as depicted in figure 22. Lastly, the RE 
area is not included in the scope of the project even though it is almost identical in terms of the 
production process. The main reasons behind this, is the fact that essential information and data 
is unknown (e.g. undefined setup matrices, unknown assignments of setup groups to production 
lines, unknown production rates due to new setup groups). Nonetheless, the same logic and 
production process applies to the RE area which makes it possible to generalize the end results 
obtained from the HY area to the RE area. Additionally, there are no interferences between the 
two areas due to the use of mutually differing components and production resources as will be 
shown in section 3.2.4.  

3.2.2 Production process 
The production of chemical anchors can roughly be separated in two parts: weighting & mixing 
(hereafter, component production) and filling & packaging (hereafter, final production). The 
component production area is concerned with the conversion of different chemical raw materials 
into the basic components that will be used in the final production stage. Typically, the 
components that are made can be classified as either an ‘A’ component or as a ‘B’ component. 
As for the manufacturing resources, the component production is carried out by three dissolvers 
and the final production is done by four production lines. An overview of this process and the 
identification of the resources is depicted in figure 24.  

Component production Final production

Components
Raw 

materials

DL10

DL11

DL20(2) L1

L2

L4

L6

Finished
goods

SCOPE

 

Figure 24 - General process flow of production process chemical anchors. 

Before the production of components can start, different raw materials have to be available as 
input for this production step. These raw materials are procured externally and typically ordered 
in relatively high volumes. The raw materials are then stored in large silo’s that are situated both 
in- and outside the factory and transported through a pipeline system to the designated area for 
component production.  
 
In order to produce a certain type of component a specific set of raw materials is weighted, 
mixed and subsequently stored in an intermediate buffer for the final production step. 
Additionally, for quality reasons the produced component has to be used in the final production 
stage within a restricted amount of time (approx. 72 hours). The actual finished product consists 
of both components A and B packaged separately and combined together on a plastic connector 
as depicted in figure 25. 
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Component A Component B Connector

 

Figure 25 – Example bill-of-material for a chemical anchor 

On a side note, there are also products that have a single component instead of two 
components A and B. Hence, these products only consist of one component tube and a plastic 
connector.  

3.2.3 Manufacturing resources 
As illustrated in figure 24, the manufacturing resources are either dissolvers or production lines. 
Both of these manufacturing resources have different characteristics and implications for the 
design of a planning model.  
 
Production lines 
For a production line it is relatively more complex to analyze the production rates and the effect 
of the setup times on the capacity compared to other resources. The reason behind this is 
twofold: (1) a production line consists of several interconnected workstations with varying 
processing speeds, and (2) the setup times between setup groups on a production line are 
dependent on the sequence that is employed.  
 
In general, a production line consists of several sequential workstations which are all assigned to 
a specific step in the manufacturing process. As well, there is a small intermediate buffer in the 
production line. The intermediate buffer is a very small amount of inventory that is kept to cover 
minor break-downs, internally balance the line, and to ensure synchronization between different 
processing steps. In figure 26, the most important production steps and workstations are 
illustrated. 
 

Line feeding Component gluing Product packaging

Buffer
 

Figure 26 – Production stages and intermediate buffer inventory of production lines 

As mentioned before, the maximum processing rates of these consecutive steps are not the 
same and can vary for a single setup group. Figure 27, provides an overview of the maximum 
processing rates per production step and setup group. In this graph, it is easily seen that mostly 
the component gluing production step is the bottleneck of the line. Therefore, in practice the 
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speed of the other ‘non-bottleneck’ production steps are automatically adjusted downwards to 
maintain the same rate as the bottleneck production rate.  
As opposed to the dissolvers the production lines are relatively more influenced by setup times 
and these setup times also depend on the setup group sequence that is employed. The fraction 
of the setup time for the total production time is on average 10%, which is significantly higher 
than the case with dissolvers. 
 
Dissolvers 
For the production of vessels with a dissolver, the calculation of the production rate is fairly 
straightforward and typically not significantly affected by setup times. The fraction of setup time 
relative to the total production time of a full vessel is on average 4-5% across the different types 
of components. Moreover, the sequence of produced components does not have an effect on 
the setup time for a vessel; hence the setup time is independent of the sequence.  

 
Additionally, the production rate of the dissolvers is relatively high compared to the production 
rate of the production lines (figure 28).  More specifically, the dissolvers have higher throughputs 
for 96% of the setup groups (26 out of 27) and on average have a throughput which is 110% 
higher Nevertheless, the dissolvers can often be the bottleneck resource because of the 
constraining effect of the limited availability of vessels. The limited availability of vessels is 
caused by the fact that a produced vessel will be occupied for the feeding of a production line. 
Moreover, the amount of vessels is limited to a certain specific number per component; hence 
this creates the effect that dissolvers can only produce if empty vessels become available.  
 
In conclusion, the dissolvers are relative fast resources; however they are constrained by a 
limited number of vessels. The setup times are a relative small part of the production capacity 
and are assumed to be sequence independent constant value per component. 
 

 
Figure 28 - Dissolver production rate vs production line production rate 

3.2.4 Material- and resource analysis 
The different types of manufacturing resources within the scope of this master thesis project are 
discussed in the previous section and we can now turn to the relationship between the materials 
and these resources.  
 
The component production is carried out by five dissolvers who are all assigned to produce a 
specific set of components. Hence, every single component is produced by exactly one 
dissolver. The production on dissolvers is always done with vessels, which are filled with 
different raw materials and mixed accordingly. Every filled vessel is transported to the 
intermediate storage area and subsequently to a production line. When a vessel is used in a 
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production line it is unavailable and hence this impacts the availability of vessels for production 
on dissolvers. As mentioned before, for every individual component there are a limited pre-
defined number of vessels assigned. 
 
Next, the production lines consume different components in order to produce certain setup 
groups. The allocation of these setup groups to production lines has been changing in the past 
and a setup group could sometimes have been produced on multiple lines. Moreover, after an 
extensive data analysis of the historical production planning (01-2013 till 06-2016), there were 
four setup groups identified which have been produced on multiple lines as depicted in figures 
64, 65, 66, and 67 in Appendix E. In these figures it is clear that most of these setup groups 
have been produced on a main production line and in some cases (for smaller amounts) on 
another production line. Nonetheless, these kinds of patterns are occurrences that will not be 
present in the future HIP planning landscape. Hence, a valid assumption is that a setup group 
will always be assigned to a specific production line and it will not be produced on multiple lines. 
The relationship between the components and dissolvers and on the other hand the setup 
groups and production lines is depicted in the overview in figure 53 in Appendix F. 
 

In the material- and resource overview in Appendix F, the vessel consumption of the different 
lines is also given. The vessel consumption is the pace in which the vessels at the production 
lines are consumed and this is an important input-parameter for the modelling of the production 
plant. The average consumption of vessels for the two types of components individually (i.e. 
components A and B) are rather close to each other across the setup groups.  On the other 
hand, the consumption rates between the two types of components A and B are very different for 
the same setup group as depicted in Appendix G. These consumption rates will be essential in 
the calculation of the vessel movements for a production line. When a vessel of a component is 
consumed in a production line it is not available for the dissolver until the vessel becomes empty 
again. Since the components have a very limited amount of vessels, in some cases the dissolver 
cannot produce anything of a certain component because the vessels are either feeding the 
production line(s) or are already filled with the component. Hence, the dissolvers have a relative 
high production rate but at the same time they are highly constrained by the number of vessels. 
This can be depicted in the following two examples in figures 29 and 30 in which a vessel is 
needed for a production line at time periods 1,2,3 and 4. In figure 30, the number of vessels is 
equal to 4 and in figure 29 the number of vessels is equal to 2.  
 

1 2 3 4

1
2

3
4

1 2 3 4

1
2

1
2  

 
  
 

In the case with four vessels, the four vessels will be produced right after each other and will be 
kept in inventory until the vessels are needed at the respective time periods. In this case the 
dissolver can produce all the ‘orders’ in one run without delay. On the other hand, in the case 
with two vessels only the first two vessels can be produced right after each other. Next, the third 
vessel can only be produced when the first vessel is empty and released from the production 
line at time 2. The fourth vessel can only be produced when the second vessel is empty and 
released from the production line at time 3. It is clear that a limited number of vessels can delay 
a dissolver up until the moment that an empty becomes available again. This example only 
considers one single component; however in reality multiple components are produced. 

Figure 30 - Production with 4 vessels. Figure 29 - Production with 2 vessels. 



24 
 

Nonetheless, this provides a good example of the dynamics and the nature of the constraining 
effect of limited vessels.   
 
Lastly, we can distinguish the illustrated components in the materials- and resource relationships 
from figure 53 in Appendix F in two types of components: (1) ‘line dedicated’ components and 
(2) ‘cross-line components’. A line dedicated component is only used with setup groups on a 
single specific production line. On the contrary, a cross-line component is used in setup groups 
from several different production lines. Naturally, this implies that production lines that share 
such a cross-line component should be mutually coordinated in order to control the effect of the 
production line sequences. These effects and occurrences will be examined in section 5.1. 
3.2.5 Production system costs  
This section is primarily focused on identifying the cost structure of the production system and 
specifying the relevant costs for this study. Moreover, we will explore the relationships between 
the main decision variables on the different cost elements. Thereby, we identify which cost 
elements are assumed to be given and which cost elements can still be influenced in the 
monthly MPS. The total relevant costs of the plant can be divided into three segments: machine 
costs, labor costs, and setup costs.  
 
Machine costs 

The machine costs (  ) can be divided into a variable and a fixed part. The variable machine 

costs (  
 ) are the machine costs incurred per hour for actual usage of the machine. The fixed 

machine costs (  
 
)  are allocated to the manufacturing resource independent of the total 

production time. Hence, the total machine costs can be expressed as:      
 
   

      In 

which    is equal to the total production time in hours. For a production line, the machine costs 

are already implied by the number of production hours from S&OP, thereby it is not possible to 
influence these costs. Additionally, the production hours on the production lines can be 
translated into a net required production time for the dissolver, which also implies pre-defined 
machine costs for the dissolvers. In conclusion, the machine costs are assumed to be fixed and 
cannot be influenced by decisions made on the level of the MPS. 
 
Labor costs 

The labor costs are variable and related to the wage costs (  ) that are incurred per hour for the 
needed plant workers. The main driver of the labor costs is the number of shifts that are used on 
the production lines and dissolvers. A shift model implies that the number of hours is assumed to 
be fixed at a certain level (see table 5, Appendix D). Thus, the total labor costs are fixed when 
the production line shift model is given from the S&OP process; thereby it is not possible to 
influence these costs for a production line. However, on the MPS level the shifts on the dissolver 
resources are not yet decided on, which creates an incentive to improve the labor costs for the 
dissolvers. In conclusion, we can define the total labor costs for any arbitrary resource as 
             with        {         }. 

 
Setup costs 

The setup costs (  ) are a combination of variable and fixed costs. The fixed part of the total 
setup costs are equal to the fixed rate of the machine costs. On the other hand, the variable part 

of the setup costs is equal to the labor rate, this yields for any arbitrary resource:      
 
 

(  
    )    . In which    is equal to the total setup time in hours. As opposed to the fixed 

portion of the setup costs the variable part is directly influenced by the total time spent on 
setups. In brief, this implies that for both the production lines and dissolvers, this cost portion can 
be influenced on the level of the MPS.  
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In conclusion, it is clear that several cost aspects are fixed and cannot be influenced by the 
decisions made on the MPS level (see dark grey areas in figure 31). On the other hand, there 
still remain cost aspects that can be influenced by activities in the MPS level which will be 
described in more detail (see light grey areas in figure 31).  
 
First, the sequencing of setup groups directly impacts the setup costs of the production lines 
through the variable portion of the setup costs. The variable part of the setup costs is a linear 
function of the total setup time that is used on the production line. Consequently, the fact that the 
setup times are sequence-dependent creates an opportunity to influence the setup costs for a 
production line by line sequencing activities on the line.  
Second, the schedules on the production lines cause a demand of components which requires a 
scheduling activity to satisfy this demand. This demand of components is expressed in terms of 
vessels that are needed at the various time periods during the production interval of the 
production line. The vessel scheduling activity is then concerned with planning how the vessels 
will be scheduled across time. This activity has an impact on the labor costs and the setup costs 
of the dissolvers.  

Production lines

Machine costs Labor costs

Line sequencing Vessel scheduling

Setup costs

S&OP

Dissolvers

Machine costs Labor costs Setup costs

Planning activities  

Figure 31 – Impact of different planning activities on costs per manufacturing resource. 

The effect on the setup costs can be explained by an illustrative example in figure 32 in which 
two setup groups ‘A’ and ‘B’ are produced. These two setup groups consume the same 
component and are produced in sequence. We first start by individually calculating the exact 
vessel needs of the two setup groups which results in a sequence of vessel input moments per 
setup group (left hand side in figure 32). This serial consumption of the same component on a 
production line is a very common characteristic of the production system. Moreover, this creates 
the opportunity to reduce dissolver setup times by combining the demands of the different setup 
groups (right hand side figure 32). Hence, the vessel scheduling can positively impact the 
number of setups on the dissolvers by emphasizing the usage of full vessels as much as 
possible. 

A B

setup time

A B

setup time

11 setups 10 setups

 
Figure 32 – Difference in vessel efficiency between two alternative vessel schedules.  

The effect of the vessel scheduling on the labor costs is also an important costs factor for the 
dissolvers. Since the shift options are only limited to 8, 16, or 24 hours the last production 
activity on any arbitrary day implies what shift model will be used. Hence, this creates the 
incentive to utilize the used shifts as much as possible and avoid unnecessary (more expensive) 
night shifts. Thus, the extent to which this can be done depends on the performance of the 
vessel scheduling process. Figures 33 and 34 represent single-day hypothetical schedules of a 
dissolver in which a more efficient vessel schedule is found in figure 33 by a ‘better’ scheduling 
procedure.  
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When we look at the sequence of the identified planning activities in figure 1.1.2, the S&OP 
process is the first process that is executed in the HIP framework. Afterwards, the setup group 
sequencing is done in the monthly MPS and the vessel scheduling is mainly related to the 
Factory Scheduling (section 1.1.2). The nature of this planning hierarchy introduces several 
distinct serial objectives that have to be attained. The first objective is to minimize the total setup 
time on the production lines. Afterwards when this has been done, the objective is to generate a 
feasible and efficient production plan for the dissolvers. This has to be done by means of 
generating a vessel production plan in which the aim is to reduce setup costs and labor costs as 
explained above. Hence we can define the objectives with respect to the total operating costs as 
follows:  

Objective 1

Objective 2

Objective 3

Minimize total setup costs of production lines

Minimize total setup costs for dissolvers

Minimize total labor costs for dissolvers

Line sequencing

Vessel scheduling

 

Figure 35 – Hierarchy of operating cost objectives and relation to planning activity 

3.2.6 Implications of production system analysis 
First, the different production resources have been analyzed in terms of their production steps, 
production rates and setup times. Additionally, a bottleneck analysis is carried out for the 
production lines such that the accurate processing rates can be obtained.  Second, the material 
and resource relationships of the production system have been identified in order to create more 
insight in to the nature of the scheduling problem. This also clarified the existence of setup 
groups that have been produced cross-line and components that are consumed cross-line. It 
also shows that certain areas are mutually independent from each other from a components 
point of view. Besides, an important operational constraint for the dissolvers has been identified 
which is the limited number of vessels. Lastly, a cost analysis of the production system is carried 
out which led to the identification of the main costs that have to be considered in the planning 
model. Combining all this information in the construction of the conceptual model, we yield the 
following overview of the fundaments for the conceptual model: 

Conceptual 
model

Planning system 
analysis

Production 
system analysis

Scientific model

Fixed shift model per month

Fixed hours per setup group per week

Evaluation of components feasibility

1

2

3

Resource characteristics (e.g. rates, setups)

Material and resource relations

1

2

Cost analysis (e.g. cost structure, objectives)3

 

Figure 36 – Completion of the fundamentals of the conceptual model. 

Figure 34- Potential schedule with a 3-shift model.              Figure  33 - Potential schedule with a 2-shift model. 
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3.3 Conceptual model 
In this section a synthesis is performed in which the presented fundamentals of the conceptual 
model (sections 3.1 and 3.2) are combined to form a connected whole. This conceptual model 
will be used as a basis to construct the scientific model in chapter 4. Based on the previous 
analyses, we start by defining the two main valid assumptions of the conceptual model: 

 The shift model and the configuration of the shift model are assumed to be given per 
production line per week. 

 The number of hours per setup group per week is assumed to be fixed and given per 
production line. 

In addition, the following other statements are also assumed to be valid: 

 A production line has a single constant bottleneck rate per setup group which leads to a 
constant consumption rate of vessels on the production line. 

 The setup times of a production line are constant and sequence-dependent. 
 The sets of setup groups that are produced by production lines are mutually exclusive. 
 The production line schedule must be feasible on a components level. 
 A dissolver can only produce if an empty vessel is available. 
 The processing- and setup time of a dissolver are constant.  
 The sets of components that are produced by dissolvers are mutually exclusive. 
 Every component has a limited number of vessels assigned. 

Hence, the above listed assumptions shape the starting point of the conceptual model and we 
can now turn to the core of the planning model. One of the main dimensions for classifying 
production scheduling problems deals with the scheduling criteria. In most environments, the 
schedule evaluation is based on a mixture of both cost and performance criteria (Graves, 1981). 
This is also the case for the current design of a planning model in this master thesis project, this 
leads to the (serial) objectives of the planning model:  

1. Schedule sequences of setup groups such that the total setup time is minimized (cost 
criterion). 
 

2. Minimize setup costs of dissolvers by creating more efficient demand pattern of vessels 
(cost criterion). 
 

3. Minimize labor costs of dissolvers by minimization of employed shifts (cost criterion) and 
maintain feasibility (performance criterion). 

The above hierarchy of scheduling objectives is a direct result of the characteristics of the 
production system and the implications of the HIP workflow. Hence, this hierarchy in planning 
activities is not directly derived from existing literature in the research area of this case study. 
Nonetheless, there is a remarkable resemblance between the proposed planning hierarchy in 
existing literature and the (independently) derived objectives in this study. As discussed in 
section 2.2, Kondili et al. (1993) propose serial planning activities for batch operations in a multi-
product plant. Here, the classification is made between higher- and lower level planning 
problems. In a similar way, the first objective from figure 35 resembles the higher-level 
sequencing problem. The two remaining objectives are aimed at detailed timing of component 
production to satisfy the high-level production plan in a cost-efficient way. Hence, this also 
provides a form of scientific confirmation on the application of these hierarchical objectives in 
this study. 
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Figure 37 – Definition of conceptual model including: input variables, decision variables and output variables. 

To conclude, the previous paragraphs were mainly devoted to the inputs and outputs of the 
planning model which. Besides, the materials- and resource relationships (Appendix F) are also 
used by means of a contextual input. The conceptual model that arises now is depicted in figure 
37, which represents the main inputs that go in to the planning model together with the decision 
variables and the relevant results that are of interest for this project.  
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4. Scientific model 
This chapter will be devoted to the conversion of the conceptual model into a scientific model. 
Hence, in the next phase the quantitative model will be build, thus defining causal relationships 
between the previously defined variables. First, in section 4.1 the line sequencing objective will 
be analyzed by introducing a mathematical formulation of the problem. Secondly, in section 4.2 
the vessel scheduling model will be presented in which the second objective of the conceptual 
model is treated. Lastly, as presented in the conceptual model, the starting point of the scientific 
model will be in a specific shift scenario with a specific shift configuration per production line.  

4.1 Production pattern model 
The sequencing of the setup groups with sequence-dependent setup times is equivalent to the 
Travelling Salesman Problem (TSP). The TSP describes the problem of a salesman that has to 
travel to a set of cities with a single route that covers all the locations. The objective is to find the 
least distance round-trip route that visits each city exactly once and return to the starting point of 
the travel. The TSP is equivalent for production sequencing with products that have sequence-
dependent setup times. Consequently, the cities are then represented by the different products 
that all have to be produced exactly once. In addition, the setup times between the products are 
the equivalent of the distances between cities for which the total travel distance (i.e. total setup 
time) has to be minimized.  
 
In the context of scheduling the setup groups the, starting ‘location’ is the current setup state of 
the production line, in other words: the last produced setup group. In this scheduling problem, 
this is equivalent to the last produced setup group of the previous week. Moreover, since the 
setup groups are only produced on a certain pre-assigned production line, the problem is 
defined per production line individually (see section 3.2.4). Moreover, due to the fixed 
assignment of the weekly production hours, it is assumed that the monthly scheduling problem is 
decomposed in to multiple weekly scheduling problems. The TSP can be formulated as an 
integer linear program as presented in Dantzig et al. (1963), in which the exact formulation of the 
optimization model and other details can also be found. 

4.2 Vessel scheduling model  
In recent decades the scheduling of batch plants has received wide attention as reported in 
Reklaitis (1991) and Zentner and Pekny (1994).  A large part of the operations research 
literature provides mathematical programming formulations to the problem. Typically, many of 
these problems can be defined as mixed integer optimization problems, due to the use of 
discrete and continuous variables with multiple equality and inequality constraints (Grossmann 
et al., 1992). 
 
One of the main considerations in the development of models for short term scheduling of batch 
plants is the representation of time (Kondili et al., 1993).  The vast majority of the models in the 
operations research literature are based on continuous time representation (Blazewicz et al., 
1991). In Floudas et al., (1998), the main arguments for using a continuous time view for the 
scheduling of batch plants are given: 

 The discrete-time view corresponds to an approximation of the real time horizon. 
 The discrete-time view results in an unnecessary increase of binary variables and overall 

size of the mathematical model. 
 In addition, the continuous-time view is especially of interest in chemical batch operations 

due to the nature of materials being handled (Baker, 1974).  

Considering both the production analysis (3.2) and the existing literature, the continuous-time 
representation seems the most suitable view for the development of the vessel scheduling 
model.  
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Before the variables and parameters of the vessel scheduling model are defined, we take the 

hypothetical line   from figure 30 as an example. As we have seen in the previous chapter 
(section 3.2.4), the setup groups consume vessels of their respective components with a 
constant consumption rate. Hence, for all the setup groups we can define the moments in which 
a vessel is needed for the production lines by simply using these consumption rates. 
 

x

monday tuesday wednesday thursday friday

1 2 431 3 5

 
Figure 38 - Combining the setup groups sequence and the shift model in to a total schedule. 

However, before we go in to more detail in calculating the input moments of vessels we first 
introduce some initial notation: 
 
  Set of runs with    , 

  Set of components used in system with    , 
    Matrix of   by   which specifies whether component   is used in run  , 
    Consumption rate in vessels per hour of component   for run  . 
 
In the scientific model, it is assumed that a run is always linked to one specific setup group and a 
setup group can have multiple runs. The concept of a run is only of interest if the number of 
shifts of a line is less than 3, it is introduced to indicate whether a setup group is produced 
across different days. Thus, in the case of ‘setup group 1’ in figure 30 the production interval on 
Monday will be indicated with run 1. On the next day, the production of setup group 1 is resumed 
and this run will be identified as run 2. Afterwards, setup group 2 is produced and this run is 
called run 3, and so on. The same overview as figure 31 is now adjusted and the setup group 
numbers are now replaced by the runs. 
 

x

monday tuesday wednesday thursday friday

1 3 642 5 7

 
Figure 39 – Conversion of setup groups into runs on the respective shift models. 

Hence, every run is related to a single unique setup group which implies that every run is also 
related to a specific set of components. We now turn to modeling the supply of vessels for the 

runs that are carried out on the production lines. As mentioned before, any arbitrary run   on a 
production line consumes two components (except setup group CP660, which consumes no 
components). When a vessel is filled and subsequently used on a production line, the vessel will 
be physically occupied by the respective line. When the vessel is empty it is discarded and 
transported back to a dissolver, after which the vessel is ready for the dissolver to be filled. In 
figure 40, an example of the time periods in which a produced vessel is needed for a run is 
depicted (red lines). On the other side, the moments that empty vessels are retrieved from a 
production line can also be visualized (green lines) as seen in figure 41. These two figures 
represent the most important events in the production of a run from the perspective of producing 
a component. 
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With the above information it is possible to calculate the moments in which vessels are needed 
for any particular run by the use of the consumption rates and materials relationships. Moreover, 
we can also define the time moments in which empty vessels are discarded from the production 
line after they are consumed. When calculating the vessel need for the production lines it is 
important to note that the vessels are not necessarily full and can also be fractionally filled. Thus, 
this yields the specification of additional variables for the scientific model:  
 
   Number of production line hours in run    
 

   
    Net number of vessels needed of component   for production for run  . Hence, this 

means that this variable is defined as    
          , 

   
    

 Total number of full vessels needed of component   for production for run  . Hence, this 

implies that    
    

 ⌊   
   ⌋. 

 

   
      Total rounded up vessels (i.e. full and fractional) needed of component   for run  . 

Hence, this means that    
      ⌈   

   ⌉. 
 
Now that the above parameters are specified, several sets are defined in order to carry on with 
the analysis of the system. This yields the following sets: 
 

   
   Set of time periods in which input of a vessel is needed of component   for run  . Thus, 

these time periods relate to the time periods in figure 32 and represent the input 
moments of a vessel to a certain run    

 

   
    Set of time periods in which an empty vessel is retrieved of component   from run  . 

These time periods are concerned with the periods that are depicted in figure 29. Hence, 
these periods represent the outflow of empty vessel over time for every run   related to 

component   
 

As an example, we take run 1 from the example of figure 27 for calculating the sets    
   and 

   
   . Let    be defined as the starting time period of run 1, this yields for    

  : 

 
 

   
   {   

 

   
    

 

   
      

   
    

   
} 

  
In a similar fashion we can calculate the set of time periods that are concerned with discarding a 

vessel from the production line, this yields the definition of    
   : 

Figure 40 - Vessel consumption moments. Figure 41 - Vessel output moments. 
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   {   

 

   
    

 

   
      

   
    

   
} 

 

Note that for    
   and    

    the values of   are restricted to the condition      .  

 
Next, it is clear from the materials- and resource relationship (Appendix F) that several runs can 
consume a single component. Thus, in order to control the production for a single component   it 

is of importance to define the following sets for any arbitrary component    
 

  
   Set of time periods in which input of a vessel is needed of component   across all related 

runs. Hence, this set represents all the ‘input moments’ across several runs for the same 

component  , which means that every    
   is a subset of   

  . Hence, this yields the 
definition: 

 

  
   {   

         } 
 

  
    Set of time periods in which an empty vessel is retrieved of component   across all 

related runs. Hence, this set represents all the ‘output moments’ across several runs for 

the same component  , which means that every    
    is a subset of   

   . Hence, this 
implies: 

 

  
    {   

          } 
 

Subsequently, combining both sets    
   and   

    yields a set which is defined as     
 

   Set of all relevant time periods for production of component  . Hence this is the set of all 
input- and output moments of a certain component caused by all relevant runs. 

 
Lastly, the set of all needed vessels of component   that are used in any run   can be ordered 
according to their ‘due date’. From now on, these needed vessels will be referred to as ‘jobs’ and 

we can define the jobs for component   from run   as    , which yields:  
 

    {         
     } 

 
Now the above sets are defined, the production system constraints can be further specified. We 
first start with a definition of the output of empty vessels from the production line. In an arbitrary 

run  , vessels are consumed of a component   which eventually causes an outflow of empty 
vessels after consumption at certain time periods. We define the outflow of empty vessels of 

component   from run   as follows: 
 

   
 ( )  {

                 
   

              
       

 
This is a step-wise function that moves between 1 and 0, and the defined function is still related 
to a single run   for a certain component  . If we aggregate on the different runs that are related 
to a specific component  , we get the following expression: 
 

  
 ( )  ∑   

 ( )     
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Hence, with the function   
 ( ) we can now define what the outflow of empty vessels will be at all 

the different time periods as defined in the set   
    for an arbitrary component  . Furthermore, 

  
 ( ) is also a step-wise function, which in theory can take any non-negative value. Lastly, in 

order to correctly model the production constraints, we need to obtain the cumulative number of 
empty vessels at certain moments in time. This can be defined as   ( ), which yields: 
 

  ( )  ∑   
 ( )

           
   

     
       

 
Next, we turn to the production of jobs for a certain component. In this case, we need to define 
some additional variables and sets: 
 
     Start time of the production for the  th job of component   for run  , 

     End time of the production for the  th job of component   for run  , 

     Total production time of the  th job of component   for run  . 

 
Hence, it follows that for both the starting and ending times of every job it should hold that: 
 

                        

 
With these variables we can define     ( ) as an indication whether the  th job for production of 

component   in run   has ended before time  . More specifically, this yields the following 
definition: 
 

    ( )  {
        

                      
            

         

 
In parallel, we also define the variable     ( ) which indicated whether the  th job has started 

production before or on time  , this yields: 
 

    ( )  {
        

                      
            

         

 
For both     ( ) and     ( ) the functions can be aggregated across the different jobs for a single 

run, which gives: 
 

   ( )   ∑     ( )

     

      
         

 

   ( )   ∑     ( )

     

      
         

 
If we aggregate these functions across the different runs we get the following functions for a 
component  : 
 

  ( )  ∑   ( )     
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  ( )  ∑   ( )     
   

     
      

 

The function   ( ) will be used later on in the analysis of the model. However, the function   ( ) 
represents the cumulative production of component   up till time period  . Hence, this means 
that the supply of vessels is modelled through this function; however the consumption of vessels 
also needs to be modelled. This can be specified with the following function: 
 

   
 ( )  {

       
  

                    
       

 
The function    

 ( ) is a step-wise function which jumps between 0 and 1. The cumulative 

function over time of    
 ( ) can be defined as    ( ), which leads to the following definition: 

 

   ( )  ∑    
 

           
  

( )           
         

 
In this case we can also aggregate the need of vessels across different runs and obtain the 
following equation: 
 

  
 ( )  ∑   

 

   

( )          
      

 

Now the function   
 ( ) gives the need for vessels for every relevant time unit     

  . 

Additionally, we define   ( ) as the cumulative need of vessels up to a certain point in time for a 
component    We define this function as: 
 

  ( )  ∑   
 ( )

           
  

     
      

 
Hence, we have defined the three most important functions that are needed for every 

component  , namely:   ( ),   ( ) and   ( ). These functions can now be used to model the 
constraints in the production system.  
 
Satisfy vessel demand 
The first constraint we look at is concerned with the cumulative need of vessels and the 
cumulative production of vessels for a certain component in a run over time. The cumulative 
production of vessels has to be greater than or equal to the cumulative need of vessels, which 
results in the following equation: 
 

  ( )    ( )     
      

 
Moreover, at the end of every individual run   for a specific component  , the cumulative need 
and the cumulative production have to be exactly equal to each other (i.e. the demand has to be 
exactly satisfied without excess or shortages). This constraint can be formulated as: 
 

   (   
   

    

   
)     (   

   
    

   
)        
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Limited number of vessels 
Next, we turn to second constraint which is concerned with the limited number of vessels and 
thus the constraining effect on the production output for a component. In this constraint, the 

function   ( ) will be used to define the number of vessels that have their starting time set to a 
value lower than or equal to    By definition this is different from   ( ), which represents the 

number of vessels that have an ending time set to a value lower than or equal to  . The logic of 
this constraint starts with the basic number of vessels that are assigned to a certain component 
 . Hence, if a production week has started, the maximum number of vessels that can initially be 
produced (i.e. before any consumption) is always equal to the number of vessels that are 
available for a component  , which we define as   . Hence, initially the following relation should 
hold: 
 

  ( )     
 
Now, let    be the moment that the first vessel of   is discarded from the production line and that 

this vessel is now empty. This means that right after    the following equation should be true: 
 

  (  )        
 
After all, you can only start the production of a single vessel due to the fact that there is only a 
single empty vessel available. Following this logic, the limited vessel constraint is defined as: 
 

  ( )     ∑   
 ( )

           

      
       

 
Dissolver constraint 

We start by defining the input parameter     which indicates whether component   is produced 
on dissolver  , with     {   }  Next, the different jobs have to be scheduled across time without 
mutual interferences  such as overlapping production intervals. Therefore we have to define 
additional variables. The nature of this problem is similar to the constraints for scheduling a tour 
in the Traveling Salesman Problem as discussed in Dantzig et al. (1963). Parallel to this problem 
we define the following variable: 
 

    
      

 {
              
      

 

 
This decision variable indicates whether the job   for run   of component   is scheduled before 

job    for run    of component   . With this decision variable we can define several constraints in 
order to adequately model the behavior of a dissolver. Additionally, we introduce a ‘dummy’ job 
which has the following characteristics:            ,                and         . 
This job is equivalent to the starting- and ending point of a tour in the Traveling Salesman 
Problem in Dantzig et al. (1963).  The constraints are formulated individually per dissolver. First, 
every job must have exactly one preceding job, which yields: 
 

∑∑∑ ∑ ∑ ∑     
      

               

               

 
For the values of       and   it must hold that       ,       and        Second, ever job 
must have exactly one succeeding job, which gives: 
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∑∑∑ ∑ ∑ ∑     
      

                  

                  

 
For the values of         and    it must hold that         ,         and          The last 
constraint ensures that there is only a single ‘tour’ covering all jobs, without two or more 
disjointed schedules that only collectively cover all jobs. For this constraint we need to introduce 
an additional dummy variable       . Hence, this yields: 

 

             [∑∑∑    

   

]      
      

 ∑∑∑    

   

                     

 
Here, ∑ ∑ ∑         is the total number of jobs (excluding the dummy job). In addition, it must 

hold that           and       
 
Objective function 
In order to define the objective function, we introduce some additional notation: 
 
  Set of possible shifts, with   {     } as defined in table 5 in Appendix D. 

  Set of weekdays in the current planning week, with a maximum size of {             }.  

   
  Decision variable indicating if shift   is used on weekday   for dissolver   with     and 

    . 
 

The value of    
  is 1 if there is at least a single job that is started and/or ended in the respective 

shift. Hence, we can define the following constraints for any job   of component   for run   on 

dissolver  : 
 

   
  [(   )     (   )   ]          

  [        ]                   

 

   
  [(   )     (   )   ]          

  [        ]                   

 

Additionally, for the values of   and   it must hold that      . 
 
Hence, the above equations ensure that the starting- and ending times are always scheduled in 
shifts that are enabled. Further, we define the ‘weight’ of the labor cost as    and the values for 
the different shifts can be defined as: 
 

     
     
        

 
Thus, we can define the objective function which has to be minimized as: 
 

∑ ∑ ∑    
    

         

 

 
It is clear that there is no exact cost calculation in the objective function, however with the usage 
of ‘weights’ of the different shifts we can still emphasize the minimization of the labor costs.  
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5. Solution 
In this chapter we focus on solving the previously defined scientific model and provide a solution 
to the original problem faced in reality. In section 5.1, an algorithm is presented for the 
sequencing of setup groups on the production lines. Moreover, other (operational) 
considerations, other than total setup time, are considered when the sequences are derived. 
Next, in section 5.2, an algorithm for scheduling the vessels on dissolvers is developed. We 
present a new algorithm due to the absence of suitable solutions in existing literature. The main 
gaps between the requirements for the solution for the scientific model in section 4.2 and 
existing research are: 

i. Algorithms for both sequencing and scheduling of multi-product batch plants are rather 
scarce in this research area (Kondili et al., 1993).  

ii. The explicit consideration of complex storage constraints for intermediates (e.g. 
components) are often ignored as concluded in Egli and Rippin (1986) and Kondili et al. 
(1993). 

Hence, this chapter will also add to the scientific research objective of the study, which can now 
be defined as: ‘Filing the gap that resides in the research area of scheduling continuous-time 
two-stage multi-item production systems with limited storage constraints’. 
 

5.1 Line sequencing  
As seen in section 4.1, the problem that is faced here can be defined as a Traveling Salesman 
Problem (TSP), which is a classic problem in the field of operations research. A well-known 
method in literature to find a solution is the nearest neighbor algorithm. With the nearest 
neighbor heuristic the method computes the distances between the current location relative to all 
other (unvisited) locations and picks the next location which yields the smallest increase in 
covered distance. Afterwards, when the next location is picked, the process repeats itself until all 
other locations are visited. When the nearest neighbor heuristic is applied to a production line, 
the sequences of the setup groups are determined with the aim of total setup time minimization. 
Besides that, the starting point of the problem is the last setup group that has been produced in 
the previous week.  
 
In some cases the sequencing of the lines with the nearest neighbor procedure can yield several 
equivalent schedules in terms of setup time. In these situations, other (operational) aspects will 
be considered while the sequences are generated: 

 Cross-line component consumption 
This refers to situations where multiple lines can consume a certain component in 
parallel time intervals. However, by shuffling between equivalent sequences (i.e. with 
respect to setup time) these occurrences can be avoided or reduced.   
 

 Volume consumption 
The different volumes of setup groups have a different effect on the workload of 
dissolvers due to differing consumption rates of vessels. Hence, with the aim of reducing 
the volatility in vessel consumption, this characteristic could be taken in to account. 
 

 Vessel efficiency  
Due to the fact that certain setup groups consume similar components, there exists an 
opportunity to create a more efficient production pattern for vessels (see section 3.2.5). 
From this point of view, within the equivalent schedules we can incentivize certain 
production sequences. 
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Production lines 2 and 4 
As seen in the materials- and resource overview (Appendix F), production line 2 has three 
assigned setup groups. According to historical data of this line (figure 72, Appendix I), the CT1 
series (both 330ml and 500ml) are produced once every four weeks and the other setup groups 
are produced every week. Hence, this implies that in total for this production line there are two 
possible situations with two and four equivalent solutions respectively (in terms of the total setup 
times). These schedules are illustrated in figures 73 and 74 in Appendix I. It is clear that the CT1 
series can be either scheduled at the beginning or at the end of the production week. However, 
the production time of the components for this series is one of the highest. This could negatively 
affect the workload of a dissolver due to the fact that these resources are typically tight in 
capacity at the beginning of the week (see section 5.2). On the contrary, at the end of a 
production week the dissolvers tend to have relatively more production capacity (see section 
5.2). Hence, when the CT1 series are scheduled at the end of the week, the dissolver can take 
advantage of the relatively lower workload. On the other hand, for production line 4 there are 
only two schedules possible because there are simply just two setup groups on the production 
line. These two schedules are also equivalent in terms of the total setup time and are also 
produced every week (see figure 75, Appendix I).  
 
Now that the potential production sequences are presented for these two production lines, there 
remain several equivalent solutions in terms of total setup time. Thus, between these equivalent 
solutions there is still some flexibility in sequencing the setup groups on the production lines. 
Within the boundaries of this flexibility, the schedules can be adjusted to improve the balance of 
the workload on the dissolver resources. More specifically, the possible schedules for production 
lines 2 and 4 have to be mutually evaluated due to the fact that there can be interferences on 
consumption of components. Hence, there exist schedules in which there are significant 
intervals with consumption of the same components by both lines. These significant 
consumption intervals are mainly caused by the fact that these two production lines are more 
likely to have relatively high demand (i.e. produced every week and high number of shifts). 
Consequently, the HY200-B component is used continuously irrespective of the selected 
schedules, which implies there is nothing that could be done to control the consumption for this 
component. On the contrary, the consumption of components HY200A-A and HY200R-A could 
be influenced by minor changes in the production schedules. In table 4, the result of scheduling 
any arbitrary setup group from line 2 and 4 in parallel is listed. It can be seen that in some cases 
two components are simultaneously consumed and in other cases there is only one component 
consumed.  
 
 

HY200-A/500ml HY200-R/500ml 

HY200-A/330ml HY200-B & HY200A-A HY200-B 

HY200-R/330ml HY200-B HY200-B & HY200A-R 

Table 4 – Cross-line consumption of production lines 2 and 4 

From the perspective of managing the availability of components (i.e. limited vessels) it would be 
a more preferable option to make sure that either setup groups HY200-R/330ml & HY200-
A/500ml are produced in parallel or setup groups HY200-R/330ml & HY200-A/500ml are 
produced in parallel. This implies that the total number of sequences is reduced to two combined 
schedules for lines 2 and 4, as depicted in figure 76 (appendix I).  
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Production lines 1 and 6 
Production line 6 consists of setup groups with relatively low demand of components compared 
to other lines and typically very short weekly shifts (e.g. 1 shift). Furthermore, the setup groups 
can be segmented in to two parts, namely: HY70/330ml, HY70/500ml, HY270/330ml, 
HY270/500ml on one side and HY100/330ml, HY100/500ml on the other side. The reason 
behind this distinction can be seen in figure 42, in which the setup times are indicated on the 
arrows between setup groups.  
 

HY270/330mlHY70/330ml 20

40 HY100/500mlHY100/330ml 20

HY270/500mlHY70/500ml

20 2025

20

25

 

Figure 42 – Visual representation of setup matrix of line 1 

Applying a nearest neighbor heuristic always results in the ‘grey’ setup groups being in 
sequence and followed (or preceded) by the ‘red’ setup groups. From the perspective of 
minimizing the total setup time this makes logical sense when the setup matrix is examined. For 
the grey setup groups it is also clear to see that there is a strict least setup time path that can be 
followed with all the demand scenarios.  
 
Next, production line 1 produces the highest number of unique setup groups with on average a 
rather medium amount of shifts. Typically, this production line is employed with a 2-shift model in 
which the production of the different setup groups is distributed in an 80/20 rule (appendix I). 
The most optimal sequence according to the setup matrix of this production line is to maintain a 
sequence between the setup groups with identical series between (Appendix F, table 6) Hence, 
this implies that the setup groups in the series HY110, HY170, HY10, and MM will always be 
produced after each other. Between these series the setup time is always constant and equal to 
40 minutes, which also means that there is a high degree of flexibility with shifting around with 
different equivalent combinations. This flexibility can be used to create more efficiency in the 
production of vessels and reduce the workload volatility. First, the production of the MM series 
and the HY170 series should be carried out in sequence because these series consume the 
same ‘A’ component (MM-Inhouse-A). Thereby, we can ensure that for this component the 
production is done in full vessels as much as possible. Afterwards, the series HY10 and HY110 
are produced which can be sequenced in two equivalent ways with no other implications on the 
workload or components.  
 
Hence, we still have a lot of freedom in the schedule in the sequence within a series with respect 
to the volumes. To this end, an extra rule is applied to enhance the workload volatility of the 
dissolver. As mentioned before, the different volumes of setup groups have a different effect on 
the workload of dissolvers due to fluctuating consumption rates of vessels. More specifically, the 
consumption rates of the 500ml volumes are on average 30% higher than the 330ml volumes 
(see Appendix G). Hence, in order to maintain uniformity and to avoid large differences in the 
vessel consumption we propose an alternating rule between setup group volumes. Thus, the 
flexibility within series of setup groups is also being used to enhance the workload smoothing on 
the dissolvers. This is especially relevant for production line 1 due to the relatively high degree of 
scheduling flexibility compared to the other production lines.  
 
Next, we look at the cross-line component consumption of components for production lines 6 
and 1. From the materials- and resource overview it is clear that component HY150-B is used 
heavily for both production lines for approximately 90% of the setup groups. However, we cannot 
improve the sequencing to offset the workload on this component like the case with HY200-B for 
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production lines 2 and 4. On the other hand, the consumption rate for this ‘B’ component for 
every setup group has a high positive correlation with the consumption rates of the respective ‘A’ 
component. This means that the previously introduced alternating volume rule also positively 
impacts the consumption smoothing of the component HY150-B. 
 
Lastly, the setup group CP660 is a special setup group which does not consume any 
components; nonetheless it has a very high setup time relative to other changeovers. Further, it 
is only produced 1 time in every 4 weeks which lowers the impact of these high changeovers. In 
theory, this setup group could be scheduled on any place due to the same high setup times 
relative to all other setup groups. On the other hand, a special characteristic of this setup group 
is the fact that there is no consumption of components from this production unit. This implies that 
this setup group can be used to offset the workload on dissolvers.  

5.2 Vessel scheduling 
As seen in previous sections, the aim for the scheduling of vessels is two-fold. The first objective 
is to optimize the operating costs of vessels and the capacity (i.e. cost-efficiency). The second 
objective of the vessel scheduling algorithm is to satisfy the need of components on the 
production lines (i.e. feasibility). This section is devoted to the solution that treats these two 
objectives. We first start by introducing the basic scheduling algorithm in section 5.2.1; 
afterwards an extended algorithm will be presented in 5.2.2. 

5.2.1 Basic algorithm 
We start by looking at the first objective which is satisfying the need of components on the 
production line. One of the characteristics of this production system is the fact that the 
production lines and dissolvers have the same options for the shift models that can be used. 
Hence, the starting point of a production week is the same for both resources. This also means 
that the first vessel that is needed in a production line at the beginning of the week (i.e. at ‘time 
0’) has to be produced already in advance. This leads to the following implication: the first jobs 
for the next week have to be produced in advance at the end of the current week. This implies 
that these vessels are filled on e.g. a Friday and stored until they are needed for the next week, 
which also does not violate the maximum storage time of 72 hours. Thus, the production week is 
assumed to start with empty vessels except for the filled vessels which are needed at the start of 
the week. 
 
At the beginning of the production week, the dissolver resource will fill the available vessels 
while the production lines gradually consume these vessels. Initially, the dissolvers can fill 
vessels right after each other due to the relative high availability of empty vessels. Hereafter, 
what you typically see is that at some point the availability of empty vessels starts to decrease 
due to a lower processing rate on the production lines. Consequently, all vessels will then be 
either filled or in use by a production line. If we then continue with scheduling the next jobs, the 
intervals between production moments of jobs will increase due to the fact that a job can only be 
started when an empty vessel is discarded. This decrease in vessel availability is illustrated in 
figure 43 and 44 for two components assuming a single production resource for both 
components. 
 

Jobs

Time
    

Jobs

Time
 

 Figure 44  – Production pattern with 2 vessels. Figure 43 - Production pattern with 4 vessels. 
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In figures 43 and 44, we can clearly see that the intervals between successive production 
moments increase over time. Hence, at a certain point in time the utilization of the production 
capacity is rather inefficient due to the relatively longer idle times between production moments. 
Nonetheless, in reality the dissolver produces multiple components instead of a single 
component. If we would assume an Earliest Due-Date (EDD) logic for the scheduling of jobs of 
different components, the idle times between successive production moments increases 
relatively slow as can be seen in figure 45. This is caused by the variety of jobs for different 
components, which leads to partially filling up idle times which are caused by other jobs. 
Anyhow, at a certain point in time the intervals between jobs will still increase even though the 
effect is ‘damped’ by the existence of multiple components.  

Jobs

Time
 

Figure 45 - Combined schedule of components from figures 43 and 44 with an EDD logic. 

This implies that as we look further in time the production of vessels becomes more inefficient in 
terms of the utilization of the capacity. Hence, these effects impact the decision regarding which 
jobs to schedule on a specific day. In this study, we suggest a rather short horizon for scheduling 
the jobs on an arbitrary production day. The main reasons behind this are: 

 The described time inefficiencies typically occur in a rather early stage even with multiple 
components. This incentivizes the usage of rather short runs over long runs on the 
dissolver resources.  

 The application of longer runs (i.e. more jobs on a day) increases the likelihood of having 
to run on more expensive night shifts which also creates a cost incentive to aim for short 
runs on the dissolvers.  

 The usage of shorter runs allows the production system to ‘breathe’ by means of 
discarding the empty vessels and sustain a better balance. As a consequence, the 
vessels can be used more efficiently in a later time period. 

In order to keep the run length as low as possible for the dissolvers the minimum threshold value 
of jobs for a production day must be obtained. Hence, we start by defining what the minimum 
requirements are in terms of jobs that must be scheduled. Obviously, the jobs that are due in the 
current day for the production lines should always be produced (if they are not already produced 
in advance). In addition, the very first jobs that are due in the next day should also be produced 
in the current day (i.e. the same logic as pre-production for beginning of the week). Everything 
that is produced on top of these minimum requirements is not necessarily compulsory and could 
lead to inefficient usage of capacity in subsequent days.  

Now that the behavior of the production system has been discussed, we turn to the explanation 
of the actual scheduling algorithm. First, the goal of the algorithm is to plan the jobs on the 
dissolvers in a feasible production plan without all jobs being on time. On the other hand, the aim 
is also to improve the utilization of the production capacity as much as possible. Further, the 
algorithm will be carried out per dissolver individually due to the mutual independence between 
the dissolvers. Then, we start the production week with first working day of the dissolve and the 
algorithm starts by scheduling all the jobs that are due in the first day of operations including the 
very first jobs of the next day. Subsequently, the orders are sorted in an EDD logic. Then we 
start with the first order that has to be produced and schedule the production interval of this 
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order backwards from the due date as far as possible. If the order cannot be advanced any 
earlier in time, the start- and ending times of this order will be fixed. Then the second order is 
taken and the algorithm will try to advance this order as early as possible taking into account two 
restrictions: 

1. Dissolver availability 
The order can only be produced if the dissolver becomes idle again; hence the earliest 
time this order can start has to be greater than or equal to the ending moment of the 
most recent finished order. 
 

2. Vessel availability 
The order can only be produced if there is an empty vessel available, which implies that 
in some cases the dissolver cannot produce due to the fact that there are still no empty 
vessels available. 

Hence, the earliest time that an order of any component   can be started is equal to the 
maximum of: (1) the earliest time that the dissolver becomes available for the current job, and 
(2) the earliest time that an empty vessel is available for the needed component of the job. This 
process will repeat itself for the next orders within the first day. Afterwards, we continue to the 
next day and apply the same process. In conclusion, we can specify the algorithm with a 
pseudo-code in which the procedure is presented:  

1  : set of dissolvers          

2  : set of components          

3 For each dissolver   in set   
4  {       

5  For       to   

6   {   

7        
8   Get all jobs due in interval ⟨(     )           ] 
9   Assign above jobs to set   
10   Sort jobs in set   in EDD logic  
11   For each job in set   
12    { 
13    Get component of job from set  :   
14    Get processing time of job:    
15    Update vessel balance of component   
16    Find earliest available vessel time for  :        

  

17    Get earliest idle-time dissolver   is idle:      
 

 

18    Compute starting time job:    {       
       

 }  

19    Compute ending time job:    {       
       

 }     

20    Update      
     {       

       
 }     

21    } 

22   Next job 

23   }  
24  Next day 

25  } 
26 Next dissolver 

Figure 46 – Pseudo code of the basic vessel scheduling algorithm. 
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On a side note, typically the total time required for the production of all the select jobs in a day is 
not exactly equal to an integer value of shifts (e.g. not equal to exactly 1, 2 or 3 shifts). This 
means that in the remaining part of the shift the plant workers and the dissolvers will have to 
remain idle. We would intuitively aim for filling up the remaining idle time as much as possible by 
advancing the next jobs of the subsequent day(s). Even though this makes logically sense, this 
turns out to be less efficient and causes instability in the dissolver schedules. The source of this 
problem comes from the small amount of vessels relative to the average daily need of vessels 
that is faced in the production system. This leads to an inventible very short horizon in the 
production of the vessels.  

5.2.2 Algorithm extension 
An extension will be made to further improve the efficiency of the scheduling algorithm, and this 
is done by means of introducing additional scheduling rules. The need for this additional 
extension of the algorithm is caused by a minor inefficiency in the scheduling of the vessels with 
the basic algorithm. The source of this inefficiency comes from the combination of two aspects: 
(1) applying an EDD-logic with the jobs, and (2) having a limited number of vessels per 
component. When we start to schedule jobs according to the algorithm, the first vessels of the 
different components will be scheduled rather quickly after each other due to high availability of 
empty vessels. However, after a certain moment in time one of the jobs has to be postponed due 
to the fact that there is no vessel available directly after the last job has finished. Hence, when a 
job is postponed a gap of idle time will arise between the last produced job and the next job 
according to the EDD-logic as depicted figure 47. Consequently, it is now possible that the next 
job will be scheduled right after (or later than) the ending time of this last produced job. However, 
there is a possibility that this introduces inefficiencies in the utilization of the time with the 
respect to the prior identified time gap. This is because the respective job could have been 
scheduled in the time gap if there was at least one empty vessel available during that time as 
illustrated in figure 47. 
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Hence, the first objective is to find a time gap between one of the pairs of jobs which is 
sufficiently large to cover the production time (  ) of the job as illustrated in figure 47. There is 
an incentive to select the gap which has the largest distance to the current time. This is done 
such that there is a minimum degree of interference with other jobs when these are scheduled 
backwards. This is the reason why we go through potential gaps from the beginning of the time 
frame up until the last possible pair of scheduled jobs. When a sufficiently large gap is identified 
between scheduled jobs, the latest potential time in which the job can be started is defined as 

       . In the example in figure 48 this is simply defined by deducting the processing time    
from the starting time of the 6th job. On the other hand,      is the earliest potential starting 

moment of the job. Additionally, we introduce         which is the latest moment that an empty 
vessel becomes available for the respective job. By introducing this variable, we can identify 
scenarios in which the suitable starting time of the job can be defined or the feasibility of an 
identified gap can be evaluated. The first scenario is characterized by the following statement: 

Figure 47  – Example of potential job advancement. Figure 48  – Drill-down on starting times. 



44 
 

                    . In this case, an empty vessel is already available and the latest starting 

time is equal to       Secondly, when                       holds, then the earliest starting time 
is defined as:        . Lastly, when                      holds, the respective job cannot be 
produced even though there is enough time within the gap.  
 

On a side note, it should strictly hold that              otherwise the gap will not even be 
considered for a potential insertion of the job. Hence, in a nutshell, the extension aims at 
improving the inefficiencies caused by the unnecessary postponements in starting times of new 
jobs due to the delay caused by previous jobs.  The scheduling algorithm can now be updated 
with respect to the pseudo-code and is depicted in figure 49.  

1  :  set of dissolvers         

2  :  set of components      

3 For each dissolver   in set   
4  {       

5  For       to   
6   {   

7               

8   Get all jobs due in interval ⟨(     )           ] 
9   Assign jobs to set   
10   Sort jobs in set   in EDD logic  

11   For each job in set   
12    { 
13    Get component of job from set  :   
14    Get processing time of job:    
15    Update vessel balance of component   

16    Get earliest available vessel time for  :        
  

17    Get earliest idle-time dissolver  :      
 

 

18    Do until (       and                ) or (no gaps) 
19     { 
20     Get end time of job    :   

21     Get start time of job    :   
22     Compute  :     
23     Compute              
24     Get next job 

25     { 
26    Loop 

27   If (no gaps) Then s =    {       
       

 } End 

28   If (                    ) Then   =      End 

29   If (                    ) Then   =    {            } End 

30   Compute ending time job:       

31   Update      
     {       

       
 }     

32    } 
33   Next job 

34   }  
35  Next day 

36  } 
37 Next dissolver 

Figure 49 – Pseudo code of the extended vessel scheduling algorithm. 



45 
 

6. Implementation 
In this chapter, the implementation phase of the reflective cycle as described in Van Aken et al. 
(2007) will be discussed. Also, the position of the solution in the existing HIP workflow will be 
discussed and a brief preview of a decision support system is presented.   
 
The proposed solution can be implemented as a support to existing processes in the HIP 
workflow to improve the quality of the outcome of MPS and Factory scheduling. First, if we start 
by looking at the monthly MPS process the planning activity that is related to the sequencing of 
the setup groups is already explicitly incorporated in the HIP workflow (see figure 62, Appendix 
C). Hence, the implementation of the line sequencing heuristic is exclusively related to this part 
of the HIP workflow and can be incorporated accordingly. Second, the vessel scheduling 
algorithm also has a fairly straightforward position within the HIP workflow. Typically, the detailed 
production schedules in the vessel scheduling algorithm are similar to the planning activities at a 
lower level of the HIP workflow: Factory Scheduling (see figure 10). Hence, both the line 
sequencing heuristic and the vessel scheduling algorithm are focused on different explicit areas 
within the HIP workflow. This also implies that the proposed solution can be embedded in the  
current design of the HIP framework without much additional effort. 

Optimize line 
sequences

(1) Minimize 
setup costs

(2) Optimize shift 
construction

Line sequencing 
heuristic

Production lines

Vessel scheduling algorithm 

Setup costs

Dissolvers

Setup costs Labor costs

 

Figure 50 – Core elements of the proposed solution in relation with the main costs. 

Besides the fact that the presented solution is connected to several important parts of the HIP 
framework it also embodies an essential planning feature. The developed solution allows for a 
detailed conversion of the tactical production plans on higher levels (S&OP and monthly MPS) 
into more detailed production patterns on lower levels (Factory Scheduling). Moreover, in this 
conversion, a special emphasis is given to the optimization of the total operating costs of the 
production system. The relation and position of both parts of the presented solution are depicted 
in figure 51.  

Pieces/day

Production 
lines

Hours/month

Unit Level of detail Frequency HIP workflow

S&OP

MPS-W

FS

MPS-M

Materials

Line sequencing

Vessel scheduling

Setup groups

Monthly

Weekly

 

Figure 51 – Position of the proposed solution within the HIP workflow 

The implementation of the vessel scheduling algorithm is not necessarily restricted to a weekly 
frequency. Due to the continuous nature of the algorithm it is also perfectly suitable for daily 
calculations in the event of e.g. planning around machine breakdowns, maintenance and other 
disturbances. This makes it possible for the algorithm to also act as a real-time scheduling tool in 
which detailed daily (re-)planning decisions can be made.  
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Lastly, a prototype decision support tool is developed in which the vessel scheduling algorithm is 
also programmed. This allows for quick and automated vessel scheduling calulcations for 
production planners. The developed solution is programmed into Excel and is based on the VBA 
programming language. The system allows for automatic scheduling based on the pre-defined 
inputs mentioned in the conceptual model in section 3.3. Both the line sequencing heuristic and 
the vessel scheduling algorithm are incorporated into the support tool.  
 
The main result of the vessel scheduling algorithm is the derived production schedule for 
individual dissolvers. The creation of these detailed schedules is one of the main features of the 
support tool. An example of the output of the support system is depicted in figure 52. On the left 
handside a Gantt-chart is depicted of the different jobs for a production day. And on the left 
hand-side the same job schedule is expressed in the type of component, production time, start-
time, end-time, due-date and the slack between the end-time and due-date 

 

Figure 52 – Example of the main output of the vessel scheduling algorithm. 

The results of the support tool are related to the detailed planning information that is derived 
from the scheduling algorithm. Besides, there are also numerous of performance indicators that 
can be considered and distilled from the data. An example of the potential results is illustrated in 
figure 53. Here, the utilizations of the dissolver resources in the planning week are depicted. 
Next to this result, the number of potentially late jobs are depicted (i.e. too late with respect to 
due-date). Then the average fill-rate (i.e. percentage filing of vessels) is an interesting result due 
to the relationship with the setup costs. Lastly, the employed shift models per resource are also 
potentially valuable information and can be depicted from the results.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 53 – Potential results derived from vessel scheduling data 
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7. Conclusions 
In this chapter we present the answers to the research questions that were defined in section 
1.6.2 for this study. The main research question that is stated in section 1.6.2 is supported by 
several sub-questions which represent key areas to be solved in this study. We start by 
reflecting on the research sub-questions in order to be able to solve the main research question 
of this study. 

Sub-question 1 || What are the main objectives of the planning model for the MPS and how can 
these objectives be formally defined?  

The objectives of the planning model can be segmented in to two areas: (1) HIP objectives and 
(2) cost objectives. The first area deals with the objectives that are imposed by the HIP 
framework which can be found in the design of the monthly MPS process. These are strongly 
related to the core tasks that have to be performed within the monthly MPS (see conceptual 
model, section 3.3). Secondly, these HIP objectives are complemented by the cost objectives 
that have to be taken in to consideration in the planning model. These cost objectives are 
analyzed in section 3.2.5 and provide sufficient detail to be incorporated in the conceptual model 
in section 3.3. 

Sub-question 2 || What decision variables can be used for generating a Master Production 
Schedule and how are these decision variables related to the objective of the planning model? 

As can be seen in the analysis of the production system costs in section 3.2.5, the main planning 
activities that are influencing the total relevant costs of the plant are identified as the S&OP 
process, line sequencing, and vessel scheduling. The S&OP process cannot be used as a 
decision variable due to the scope of this study. On the other hand, the line sequencing and 
vessel scheduling activities are part of the scope and can be considered as decisions variables. 
The line sequencing decision variable is the degree of freedom for scheduling the setup groups 
on the individual production lines and affects the setup costs of the production lines. The vessel 
scheduling decision variable deals with the production schedules on the dissolvers and affects 
the setup costs and labor costs of the dissolver resources.   

Sub-question 3 || Which input parameters have impact on the MPS and what is the effect on 
the planning model? 

The main input for the monthly MPS comes from the S&OP process in the form of the monthly 
production hours and the employed shift model (section 3.1.1). These input parameters affect 
the a substantial part of the scheduling process as seen in section 3.1.5 and also fix a certain 
portion of the total operating costs (section 3.2.5). Moreover, the first part of the monthly MPS 
process is largely executed automatically by the planning system (SAP APO) which also leads to 
the allocation of fixed production hours per setup group per week (section 3.1.2). Lastly, the 
output of the monthly MPS will be used in lower planning levels which have a more operational 
focus. This operational focus emphasizes the importance of evaluation of feasibility and 
efficiency of production patterns for lower production levels (e.g. pre-production, components). 

Sub-question 4 || What are the main trade-offs between the identified decision variables and 
the objective of the planning model? 

The dynamic between different decision variables and the objective function can be found in the 
scientific models that have been created for production line sequencing and vessel scheduling in 
respectively sections 4.1 and 4.2. For a large part, these trade-offs shape the environment in 
which the scientific models will eventually be solved in the developed solution. The trade-offs for 
the line sequencing with respect to the setup costs are found in section 5.1. Further, the trade-
offs between the vessel scheduling are presented in section 5.2.  
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Sub-question 5 || How should the relevant manufacturing plant (production unit P6D) be 
modelled with respect to the HIP processes? 

The synthesis of the planning system and production system is done in the conceptual model 
(section 3.3), which implies how the production unit P6D should be modelled with respect to the 
HIP processes. Hence, the conceptual model as defined in section 3.3 provides the blueprint of 
further modelling of the production unit P6D. The basis of this blue-print is the extensive 
analyses in sections 3.1 and 3.2. 

Sub-question 5a || How should the planning model be developed for an individual production 
stage? 

As mentioned in sub-question 5, the conceptual model is the starting point of the planning model 
for the whole production plant. Consequently, the drill-down to modelling the individual 
production stages is done in sections 4.1 and 4.2 for the line sequencing and vessel scheduling, 
respectively. In these models the objectives and relevant decision variables are incorporated for 
the purpose of providing a detailed model of the production stages.   

Sub-question 5b || How should the planning model be developed to maintain an optimal 
alignment between individual production stages? 

First, the mutual alignment between production stages is affected by the way that the setup 
groups are sequenced on the production lines which in turn affects the efficiency of the utilization 
of vessels. This topic is resolved in the solution for the line sequencing problem in section 5.1 by 
means of consideration of workload smoothing for dissolvers. In addition, the main objective of 
the vessel scheduling algorithm is to ensure continuity of production for the lines. Hence, the 
alignment between the two stages is embedded in the control of both production stages. 

Research question || How should the planning model be designed for the Master Production 
Scheduling process? 

A break-down of the planning model for the MPS results in two main fundaments: (1) the 
conceptual model and (2) the developed solutions. First, the design of the planning model for the 
MPS starts with the conceptual model in section 3.3 and can be summarized in figure 37. 
Consequently, the most important aspects in the conceptual model have been explored and 
segmented into: parameters, decision variables, and output variables. Secondly, for each of the 
individual decision functions in the conceptual model a procedure is developed to provide a 
solution that yields minimized operating costs for the plant. In conclusion, a simplified overview 
of these two main fundaments is depicted in figure 54. 

CONCEPTUAL MODEL

PARAMETERS

DECISION VARIABLES

OUTPUT

SOLUTION

LINE SEQUENCING

VESSEL SCHEDULING

 

Figure 54 – The two basic fundaments of the planning model for the MPS 

Furthermore, the main advantages of the proposed solution can be summarized as: 
 

1. Execution of the core disaggregation task of the MPS in the HIP workflow. 
2. Ensure feasibility of high-level strategic production plans on lower production levels. 
3. Aim for cost minimization on both high production levels (MPS, setup groups) and lower 

production levels (components, factory scheduling).  
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8. Discussion 
In this chapter the main contributions to the identified gap in the scientific research is provided in 
section 8.1. Also, the future research directions are discussed in section 8.2.  

8.1 Contributions and limitations 
The contributions of this study can be derived from the definition of the scientific research 
objective. The scientific research objective is based on the evaluation of the difference between 
existing literature and the production system in scope of this study. As mentioned in chapter 5, 
this then yields the following objective: ’Filing the gap that resides in the research area of 
scheduling continuous-time two-stage multi-item production systems with limited storage 
constraints’. Consequently, this gap can be divided into four areas that collectively represent the 
scientific contribution of this thesis.   

Contribution 1 | Development of detailed knowledge of the behavior of continuous-time two-
stage multi-item production systems with limited storage constraints. 

The extensive analyses of the production system in this study have led to a thorough 
understanding of the dynamics and behavior of the production system. This understanding has 
been influenced by qualitative- and quantitative analysis of the production system. The 
qualitative information deals with the knowledge and expertise of the people involved with the 
production system. This has provided one of the essential elements to the developed scheduling 
algorithms. The quantitative part of the study made it possible to synthesis the qualitative 
knowledge into an algorithm with realistic computational abilities. This deep pragmatic 
understanding of the production system can benefit the analysis of similar systems in other 
research projects. 
 

Contribution 2 | Scheduling rules for products with sequence-dependent setup times in a two-
stage production process. 

A part of the scheduling heuristic for the second production stage consists of the nearest-
neighbor algorithm. The other part is related to additional control rules that aim for other 
operational aspects. Especially, these additional control rules add another dimension to the 
scheduling of products with sequence-dependent setup times in a two-stage production system. 
It allows for the early involvement and consideration of the first production stage by considering 
workload implications on the first production stage. The basic nearest-neighbor heuristic is 
improved by these additional in the sense that adequate selections are made systems with 
multiple equivalent schedule solutions.  
 

Contribution 3 | Scheduling algorithm for a continuous-time batch production system with 
complex components storage constraints. 

The explicit consideration of complex storage constraints for intermediates (e.g. components) 
are often ignored as concluded in Egli and Rippin (1986) and Kondili et al. (1993). Precisely this 
feature is the core of the developed vessel scheduling algorithm in this study, which results in 
covering the respective gap in existing literature. The vessel scheduling algorithm is developed 
in such a way that additional control rules can be incorporated without much effort. An example 
of this characteristic is the extension of the basic algorithm with an insertion rule functionality in 
section 5.2.2. In addition, the combination of both a both sequencing and scheduling algorithm of 
multi-product batch plants is rather scare (Kondili et al., 1993).  Thereby this research also fills a 
gap within this field of research.  
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The main limitation of this research is concerned with not considering cross-line production 
patterns on production lines. In other words, the assumption that every setup group is only 
produced on a certain specific production line can be seen as a limitation. This reduces flexibility 
and opportunities to smoothen workload by balancing between production lines. Nonetheless, 
this is a exogenous constraint imposed by the company which we cannot influence. However, 
the extent to which this is possible is also not that high. There are a minimum amount of setup 
groups that can be produced on multiple lines as seen in previous analyses, hence this weakens 
the impact of this limitation.  

8.2 Future research 
First, we suggest that future efforts in this research area can be aimed towards extending the 
current concept in this study to other production systems with similar characteristics. As 
example, the Firestop production in P6D which only has a slight difference in the dynamic 
between resources can be a next target of research. Applying a similar analysis on this 
production area could also provide a structured process for generating cost-efficient productions 
schedules. 
 
Secondly, from an academic point of view it is interesting to challenge the presented production 
system with more complex production system scenarios. Typically, these production systems 
would then consist of more complex bill-of-materials structures (i.e. more than two components) 
or more than two production stages.  
 
Thirdly, the objective of the developed model is to minimize the total operating costs (3.3) of the 
production unit P6D. Nonetheless, the relevant cost elements are minimized in sequence and 
not simultaneously due to the implications of the HIP planning system. The HIP framework 
implies that certain decisions (i.e. planning activities) are to be taken in a specific sequence 
(section 3.1.5). Hence, more flexibility in the sequence of these planning activities could create 
the opportunity of obtaining other results in terms of operating costs. However this would 
typically lead to a large scaled mixed-integer programming model as presented in Grossmann et 
al.  (1992). In turn, these models would add more complexity in the development of a pragmatic 
solution.  
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Appendix A  

 

Figure 55 – Historical data of workload volatility expressed in used shifts for line 1. 

 

Figure 56 - Historical data of workload volatility expressed in used shifts for line 2. 

 

Figure 57 - Historical data of workload volatility expressed in used shifts for line 4. 

 

Figure 58 - Historical data of workload volatility expressed in used shifts for line 6. 
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Appendix B 
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Figure 59 – Illustrative representation of project scope combining both the planning environment and the 
production system 
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Figure 60 – IDEF0 scheme of the S&OP process in HIP. 
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Figure 61 - IDEF0 scheme of the monthly MPS process in HIP. 
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Figure 62- IDEF0 scheme of the ‘Setup production pattern net month’ process in HIP. 
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Figure 63 - IDEF0 scheme of the weekly MPS process in HIP. 
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Appendix D 
 

Shift identification Shift description Wage rate 

1 Morning shift 1.00 

2 Afternoon shift 1.00 

3 Night shift 1.25 

Table 5 – Different shifts including wage rates 

Appendix E 
 

 
Figure 64 – Cross-line production patterns of setup group 200-R/330ml. 
 

 
Figure 65 – Cross-line production patterns of setup group CP660. 
 

 
Figure 66 – Cross-line production patterns of setup group 200-A/330ml. 
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Figure 67 – Cross-line production patterns of setup group RE 500/500ml. 
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Figure 68 – Materials- and resource relationships HY coaching area in P6D. 
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240 

CP660 240 240 240 240 240 240 240 240 
 

Table 6 – Setup matrix line 1. 
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Line 6 100/330 100/500 270/330 270/500 70/330 70/500 

100/330 
 

20 40 40 40 40 

100/500 20 
 

40 40 40 40 

270/330 40 40 
 

20 20 25 

270/500 40 40 20 
 

25 20 

70/330 40 40 20 25 
 

20 

70/500 40 40 25 20 20 
 

Table 7 – Setup matrix line 6. 

 
Line 2 200-A/330 200-R/330 CT1/330 CT1/500 

200-A/330 
 

25 240 240 

200-R/330 25 
 

240 240 

CT1/330 240 240 
 

20 

CT1/500 240 240 20 
 

Table 8 – Setup matrix line 2. 

 
Line 4 200-A/500 200-R/500 

200-A/500 
 

25 

200-R/500 25 
 

Table 9 – Setup matrix line 4. 

Appendix G 

 

Figure 69 – Consumption rate of setup groups for respective components A. 

 

Figure 70 – Consumption rate of setup groups for respective components B. 
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Appendix H 
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Figure 71 – Definition of conceptual model including: input variables, decision variables and output variables. 

Appendix I 

 

Figure 72 – Frequency of production for setup groups on line 2. 
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Figure 73 – Potential schedules line 2 with CT1. 
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Figure 74 – Potential schedules line 2 without CT1. 
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Figure 75 - Potential schedules line 4. 
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Line 2

Line 4
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Figure 76 – Two combined schedules of line 2 and 4, respectively.  

Appendix J 
 

 

Figure 77 – Frequency of production for production line 1. 
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