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~bstract 

This master thesis discusses the order acceptance and scheduling process of General 

Electric Plastics . The thesis consists of two parts: Part A and part B. Part A gives a 

detailed analysis, which results in a new design for the control structure for the order 

acceptance and scheduling function . This control structure identifies improvement 

opportunities, which are dealt with in part B. Part B consists of: first a design for 

automated sequence optimization, second a design for the order acceptance function 

and third a simulation model that generates insight into the trade-off between service 

and efficiency. 
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Executive summary 

Goal of the project 

In the last decade, conditions in the plastic market have changed. Service is becoming 

an increasingly important driver to achieve competitive advantage. Service consists, 

amongst others, of 'on-time-delivery.' Performance of on-time-delivery is expressed 

by the length of the order leadtime and lateness of orders. In order to improve on

time-delivery performance General Electric Plastics (GEP) initiated a project to 

automate the sequence optimization process (First Time Right scheduling project). 

The production situation at GEP is characterized by sequence dependent change-over 

times. An optimization of the production sequence, to minimize the change-over time, 

is conducted manually as scheduling software (PSP) is incapable of performing the 

optimization. GEP wants to introduce new software to automate the sequence 

optimization (GAMS); this will enable the use of a rolling horizon approach to increase 

the optimization window and reduce the frozen period. It is assumed that this will 

result in: leadtime reduction for orders that request a short leadtime (SCO), less time 

spent on change-over and reduced lateness of orders. This graduation project wants 

to detect the causes for the need of manual sequence optimization and wants to 

identify the service improvements that will be realized by automating the sequence 

optimization. The project resulted in a redesign of the control structure for the order 

acceptance function and scheduling function. 

Main findings 

The main findings of this project are: 

1. The results of the automated sequence optimization will be less than expected 

because of issues in the control structure that are overlooked: The leadtime 

reduction can only be achieved if lines are allocated for less then 4 days. Change

over time reduction and reduced lateness are influenced by decisions made 

during order acceptance. 

2. The increased optimization window results in an expected gain of production 

capacity of several percentages (maximally about 5%) as a result of reduced 

change-over time. The impact of sequence optimization on the change-over time 

should not be overestimated. 

The first finding is a result of the analysis phase (see part A of this report), the second 

finding a result of the design phase (see part B of the report). In the analysis it is 

concluded that the order acceptance function and scheduling function are coupled and 

cannot be regarded separately. The analysis assesses the control structure for order 

acceptance and scheduling with automated sequence optimization against the 

literature and the assumed improvements. From this analysis it is concluded that in 

the situation with automated sequence optimization GEP will still face four challenges: 

• Lateness of orders because the 'aggregate capacity check' takes place after 

detailed scheduling. 
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• Alignment span (deviation from the due date) as a result of the use of ' slots' by 

the scheduling software PSP and the use of the First Come First Scheduled 

priority rule. The new sequence optimization software GAMS will strengthen this 

effect. 

• Need to make trade-offs between organizational goals explicit for the three 

organizational departments involved in the order acceptance function and the 

scheduling function . 

• No leadtime reduction for orders with a short leadtime (SCO), if lines are 

completely allocated for four days or more. The implementation of the 

sequencing software GAMS will strengthens this effect. 

This results in the first main finding: The results of the automated sequence 

optimization will be less then expected because of issues in the control structure that 

are overlooked. New challenges arise from the analysis. A proposal for a new control 

structure is developed ; this is the basis for the design phase (part B). 

The new design of the control structure is characterized by a split-up order 

acceptance function : aggregate scheduling information is used for orders with a 

leadtime longer than the optimization window, detailed scheduling information is used 

for orders with a leadtime shorter than or equal to the optimization window. When 

detailed information is used, the order acceptance function and scheduling function 

are integrated. Targets for the order acceptance function using aggregate scheduling 

information are set at the tactical level of the organization. In part B a detailed design 

is made for the order acceptance and scheduling function (chapter 4 and chapter 5) . 

Moreover, in part B the relation between the leadtime of the orders (service) and 

production efficiency is detected by the use of a simulation model , to support the 

decision-making at the tactical level. Although no real orders are used in the 

simulation, the report concludes that the model delivers realistic results (percentage 

change-over time similar to real percentage at GEP) . The model creates insight into 

the gain of sequence optimization, under the influence of six parameters (section 6.8, 

page 63). This simulation model results in the second main finding: the impact of 

sequencing on change-over time reduction should not be over-estimated. 

Recommendations 

The two most important recommendations result from the proposed new control 

structure: 

• Make explicit trade-offs between organizational goals at the tactical level of the 

organization. 

• Replace the software PSP by software that combines both the order acceptance 

based on aggregate and on detailed information. 

The results from the simulation model in chapter 6 should be used to support the 

decisions made in respect to the trade-off between service and production efficiency 

at the tactical level. It is recommended that, once the optimization window is 

increased, for every line the impact of the six parameters on the relation between 

service and production efficiency is analyzed, in order to make tactical decisions on 

what types of orders (families/SCO) to schedule per line. A complete overview of 

conclusions and recommendations is given in chapter 8 (page 74). 
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1. Introduction to the project 

This chapter is an introduction to the company and the assignment. First an 

introduction is given to the General Electric Company (1.1), General Electric Plastics 

(1.2) and the production site where the project takes place. The production 

characteristics of the process (1.3) and of the market and demand (1.4) are 

described. Subsequently, the motivation for the graduation project is explained (1.5). 

The chapter ends with a project plan, which explains the structure of the project and 

this report (1.6). 

1.1. The General Electric Company 

The General Electric Company (GE) was formed in 1892 out of a merger of the Edison 

General Electric Company and the Thomson-Houston Company. Nowadays, GE is a 

large multinational conglomerate, composed of 6 businesses: healthcare, commercial 

finance, consumer finance, industrial, infrastructure and NBC Universal. GE is the 

world's second-largest company (wikipedia.org, 2006). The total revenue of GE in 

2005 was 149,702 bin USO and the net income 16,353 bin USO. 

1.2. General Electric Plastics 

GE Plastics (GEP) is one of the 8 business units that make up GE Industrial (one of 

the 6 businesses). GEP is a worldwide producer of plastics for applications in e.g. the 

production of cars, computers, telecommunication equipment, household goods, 

optical media, packages and construction materials. GEP has production sites and 

technology centers in 30 locations across 20 countries. 

1.2.1. GE Plastics Bergen op Zoom 

This project takes place at the production site of GEP in Bergen op Zoom. The 

organizational chart (Figure 1) shows that the organization of the production site is 

split-up into 6 departments. The project takes place within the compounding 

department. The compounding department exists of three compounding plants: 

Lexan® Finishing (LXF), Noryl® and FCP. One compounding manager is responsible for 

the three plants. This compounding manager also manages three departments that 

support the compounding plants; among them is the Fulfillment team. The request for 

this graduation project was placed by the Fulfillment-team. 

M&I.. 

Figure 1: Organizational chart 
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1.3. Compounding production process 

Granulate is the final product of the compounding production process. These granules 

are the raw materials for many plastics working industries. Each plant produces one 

or several product families (e.g. Lexan®). Within these families there are several 

thousands of different products, which is a result of different chemical properties, 

different colors and different pack sizes. The compounding process consists of the 

following activities: 

Blending Extrusion Palletizing 

Figure 2: Activities in the compounding process 

1. Blending: Resin, chemical additives and color pigments are blended. 

2. Extrusion: The product from the mixer is heated and threads of plastic are 

created. The threads are cooled, and cut into pieces that form the granules. 

3. Palletizing: The granules are packed into bags. 

1.3.1. Production characteristics 

The production process of GEP can be characterized as batch/mix, according to the 

typology for process industries from Fransoo and Rutten (1994). Batch/mix industries 

can be defined as: a process business that schedules primarily short production runs 

of products. The term batch process industry will be used in this report. 

Two types of process equipment can be distinguished in batch process industries: 

multi-purpose and multi-product. Multi-purpose equipment allows diverse processing 

tasks to be carried out by a particular equipment unit. This means that products do 

not follow the same routings. Multi-product equipment is used to process different 

variants of a basic product, all product types follow the same routing. The 

compounding equipment of GEP is multi-product, all the products follow exactly the 

same routing. 

The compounding process of GEP is characterized by sequence dependent change

over times. The color of the final product is the main determinant for an optimal 

sequence (minimum change-over time). Every time a new color is started a change

over (for cleaning) takes place. The length of the change-over is dependent on the 

color difference between the products. The time for change-over differs from an hour 

to several hours. Per production line the capacity spent to change-over is 8% to 20% 

of the total capacity. 

Production at GEP takes place in 5 shifts and is round the clock including the 

weekend. Hence, capacity cannot be expanded by working over time. This means that 

the total production capacity is to be considered fixed in the medium and short term 

(Raaymakers, 1999). 
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1.4. Market & demand characteristics 

GEP is characterized as a batch process industry. Ivanescu (2004) gives three 
characteristics of the demand in this type of industry: low demand volume per 
product, small number of customers per product and high variability and dynamics of 
demand. GEP produces both to customer order, Make To Order (MTO), and to stock, 
Make To Inventory (MTI)1. For the MTI-items the demand is relatively stable and 
predictable. In contrast, the demand for MTO items can be described by the three 
characteristics above. It is therefore difficult to provide accurate and reliable demand 
forecasts for the MTO-items. The percentage of MTO-items differs from SO to 85% 
percent. 

There are two types of markets for plastics: 

• Bulk market, characterized by high volumes and low margins. 

• Specialty market, characterized by low volumes and high margins. 

To differentiate among competitors, GEP focuses on the specialty market. 

1.5. Motivation 

Service has recently become a top competitive priority in GEP's manufacturing 

strategy. GEP translates service into three aspects: price, quality and on-time

delivery. The request for this project has taken place for improvement of the last 

service aspect, on-time-delivery. On-time-delivery means that the order is delivered 

on the delivery date promised to the customer. 

The project requested for focus on schedule optimization improvement. Optimization 
has to take place because change-over times between products are sequence 
dependent. The objective of optimization is to minimize the change-over time. This 
optimization takes place by the scheduling program of the Supply Chain Management 
department (SCM). However, the sequence that is the result of the optimization by 
the program is not considered optimal by the production departments. Therefore 
manual re-optimization of the schedule takes place by the planners from the 
production department. The schedule optimization is conducted twice a week; this 
means that the schedule is optimized for 72 or 96 hours. GEP wants to enable SCM to 
generate a schedule that does not need manual re-optimization. GEP assumes that 
this will result in increased reliability and service improvement, hence improvement of 
on-time-delivery. 

Three compounding plants are located at the production site in Bergen op Zoom. All 
plants have the same kind of problem in creating an optimal schedule. Lexan® 
Finishing (LXF) has been selected as the first plant for which the sequence 
optimization has to be automated, for two reasons: 
• Considerably higher number of manual optimization actions is undertaken than in 

the other two plants. 

• High business impact - 50% of the Bergen op Zoom order package. 

• Most complex product portfolio. 

1 In literature this is generally know as Make-To-Stock (MTS). The abbreviation MTI is typical for 

GEP, and will be used in this report. 
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The planning and scheduling process taking place at SCM and LXF are the initial scope 

of the project. The raw material check is not taken into the scope; a project on this 

already takes place. 

1.6. Project plan 

The report consists of two parts: A and B. Part A comprises the analysis phase of the 
project, part B the design phase. From the motivation for the project, two questions 
are formulated that are the basis for the analysis phase of this research : 
1. What causes the need for manual re-optimization of the sequence? 

2. What service improvements will result of automating the sequence optimization? 

The structure of this report is shown in Figure 3. 

Automated sequence optimization 
Ch.4 

Implementation plan 
Ch. 7 

Figure 3 : Report structure 

Order acceptance & scheduling process 
Ch.3 

Diagnosis 
Ch. 3 

Order acceptance function 
Ch.5 

literature 
Ch.3 

Service vs. production efficiency 
Ch.6 

Conclusions & recommendations 
Ch.8 

Part A starts with a description of the planning process. Then two parts of the 

planning process, the order acceptance function and the scheduling function, are 

analyzed in more detail. Literature is used to create understanding of the 

improvement opportunities in the current order acceptance and scheduling function at 

GEP. This results in a diagnosis, in which an answer is given to the two questions, 

based on that the assignment is formulated. The assignment is divided into three sub

assignments: 

1. Design for automated sequence optimization. 

2. Design for order acceptance function . 

3. Insight into the trade-off between service and production efficiency. 

In part B, a solution for each sub-assignment is designed. For the sub-assignment 

automated sequence optimization an implementation plan is developed. Part B ends 

with conclusions and recommendations. 
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PART A: ANALYSIS PHASE 

Reading directions 

Planning process 
Ch.2 

Order acceptance & 
scheduling Ch.3 

Diagnosis 
Ch.3 

Assignment 
Ch.3 
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2. Planning process 

The production planning and scheduling process is discussed in t his chapter. The 

chapter contains a description of the product ion control structure (2.1) and the order

delivery process of GEP (2.2). The objectives of the organizational departments from 

the control structure are discussed at the end of th is chapter (2.3). 

Quite a number of abbreviations will be introduced in this chapter. To review on the 

abbreviations, the list on page 81 can be used . 

2.1. Production control structure 

The production control structure of GEP is in Figure 4. This control structure identifies 

on which level of the organization planning and scheduling decisions are made. These 

decisions are made at three levels: strategic, tactical and operational. Every level is 

responsible for different activities, which are connected to different time lines and 

product levels . 

Marketdat a 
Economical dat a 

,------------A-gg-reg- at-e-Pr-od_u_ct-io-n -Pl-an-n-ing- -- 3,...y-e-ar....,&_1_y-ea- r-pl-an- ----------, etc. 

Strateg ic 

Tactical 

Operational 

Powder 
Plant 

Production Sales Inventory (PSI) - planning (Quarterly) 

Mat erial 
Check 

Master Prod uction Schedule 

Detailed Prod uction Sched uling -
SCM 

Compounding Plant 

Orderacce lance 

Figure 4 : Production control structure of GEP 

Orderentry 
Sales 

Cust 
omer , 
order : 

Strategic planning decisions take place in two sequential steps: aggregate planning 

and Production Sales Inventory planning (PSI) . 

• The aggregate planning is part of an annual plan that is made at corporate level. 

This plan defines for the complete business unit the target production volumes 

for the upcoming year. 

• An aggregate planning is translated into a Production Sales Inventory (PSI) -

planning, that places the targets for each continent. This is done quarterly for a 

time period of one year. In the PSI-planning demand is matched to capacity for 

each product family . A product family refers to a type of polymer, e.g. Lexan®. 
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Inventory is used to anticipate on variations in demand, hence to cover the gap 

between production and sales. 

These aggregate plans define the targets to 'steer' the organization. The PSI-plan has 

to be updated quarterly, to adapt the targets to actual sales. 

Tactical planning decisions translate the strategic planning of one year into a Master 

Production Schedule (MPS), scheduled in weeks. The PSI forms the basis for the MPS. 

The MPS is constructed per flow stream. A flow stream refers to a type within the 

product family, e.g. glass filled products. The purpose of the MPS is to keep control of 

the targets set in the PSI. The MPS shows the available capacity per flow stream 

versus the demand for capacity. If demand for specific flow streams exceeds the 

capacity, it can be decided to change a line to another flow stream. 

Operational planning and scheduling decisions comprise three activities: order 

acceptance, detailed production schedule and the material check. 

• Order acceptance is the combined responsibility of the sales and SCM 
department. Order acceptance consists of two steps: the order entry and the 
due date (promised date) allocation. An order is entered by sales, or 
automatically through the online ordering system. Subsequently, the order is 
sent to SCM, to allocate a due date to the order. The due date allocation 
demands consultation of the schedule by the planning software. If an order 
cannot be scheduled before the requested delivery date of the customer, a new 
date is proposed to the customer. 

• Detailed production scheduling takes place in two steps: the first step is the 

scheduling at SCM, the second step is the manual sequence optimization of the 

schedule by the production departments. 

• A rough raw material check is conducted on the order set by the planners in the 

production department. 

Detailed production scheduling is an essential process in this report. Therefore this 

process is discussed in more detail. 

• Scheduling by SCM is performed by the planning software PSP. The scheduling is 

at item level. The scheduling in PSP consists of two activities: order acceptance 

and line allocation, and optimization of the sequence of the order set. The first 

step, order acceptance and line allocation, is the allocation of orders to a 

location on a production line (a slot). The allocation of an order to a slot is a 

combination of the available empty slots (free capacity) and the effectivities for 

the product. An effectivity indicates the possibility for an order to be scheduled 

on a certain production line based on technical characteristics. The allocation of 

an order to a slot defines for which date the order is scheduled. Therefore the 

order acceptance and detailed scheduling function are connected in PSP. The 

second step, optimization of the order set, is a result of the sequence dependent 

change-over times in the production process. In order to minimize the change

over time, the production sequence needs to be optimized. The optimization 
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takes place for all orders scheduled in the next 3 or 4 days, which equals 72 or 

96 hours2
• After optimization the schedule is 'frozen.' 

• In the second step of the scheduling process the sequence is manually optimized 

by the planners in the production department. This is because the proposed 

sequence is in general not regarded as optimal by production. An excel file with 

the sequenced order set is sent to production after the sequence optimization 

step of PSP. This happens every 72/96 hours, which means every Monday and 

Thursday morning. Rescheduling takes about three to five hours. After re

optimization, the sequenced order set is returned to SCM. SCM then 'freezes' the 

order set. 

2.2. Order-to-delivery process 

The process from order entry till delivery is called the order-to-delivery process. 

Several moments in time in this process are labeled with GEP specific abbreviations, 

which are discussed in this section. 

An order arrives with a requested delivery date. From the requested delivery time PSP 

computes the Transfer to Finished Goods (TTFG) moment. The TTFG means the date 

the order has finished processing (it is transferred to a finished good). It is the 

requested delivery date minus the estimated time for handling and shipment. Three 

'forms' of TTFG exist. 

• cTTFG: the date the product has to be processed, based on the customers 

requested date. 

• pTTFG: the date the order is planned to be finished. 

• aTTFG: the actual date the order is finished. 

The target of PSP is to plan the order, pTTFG, 4 days before the cTTFG, to cover the 

frozen period. The due date is neglected during the sequence optimization. The 

optimization period (frozen period) has a maximum duration of 4 days. Therefore an 

order can be shifted to a new date 4 days after the initial planned production day. 

This relation between pTTFG, cTTFG and requested delivery date is in Figure 5. 

Target pTTFG cTTFG Requested Delivery r:Ete 

0 <=~~ 0 
4days 

cover for frozen window Time for handling & shipment 

Figure 5: relation between pTTFG, cTTFG & requested delivery date 

PSP assigns the order directly to a slot on a line, and defines the pTTFG. The slot is 

selected based on the effectivities and available scheduling opportunities. If the order 

cannot be given a pTTFG before the cTTFG, the pTTFG becomes the internal due date3 

2 A timeframe of 24 hours will be called a day in this report, as a production day at GEP consists 

of 24 hours. 

3 The ' internal due date' will be called simply 'due date' in the reminder of this report. 
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(promised date, order must have been processed), otherwise the cTTFG is the internal 

due date. 

Two internal performance metrics for on-time-delivery result from the three TTFG

dates: 

• Alignment span: the difference between the moment the order is requested to be 

delivered (cTTFG) and the moment the order is planned (pTTFG) . 

• Execution span: the difference between the moment the order is planned 

(pTTFG) and the moment is actually finished (aTTFG). 

Figure 6 shows the two types of span. The span can have a positive and negative 

value . A positive value indicates that the order is late, a negative value that the order 

is early. GEP primarily focuses on reducing the positive span, the lateness of orders. 

The alignment span is the combined responsibility of the SCM department and the 

production departments, execution span is the responsibility of the production 

departments. 

cTTFG pTTFG aTTFG 

0 0 0 
Alignment span Exerution span 

Figure 6: Alignment & execution span with positive value, order is late 

The date that the customer receives the product is called the actual delivery time. The 

difference between the actual and requested delivery time is called the business span 

(Figure 7). Next to the alignment and execution span, payment and logistic processes 

also influence the business span. Payment and logistic processes are excluded from 

the scope of this project. 

Requested Delivery Date Actual Delivery Date 

0 Align ment span Execution span Payment/ Logistics 

Figure 7: Business span with positive value, order is late 

On-time-delivery has been explained as delivering the order before the requested 

date. From the measurement on span it can be seen that on-time-delivery (without 

regarding the processes for payment and logistics) in fact consists of two aspects : 

• Delivering on the requested date of the customer, the cTTFG (alignment span), 

reflects on the length of the leadtime of the orders. 

• Delivering on the promised due date, the maximum of the pTTFG and cTTFG 

( execution span). This is called the reliability of the order-to-delivery process, it 

reflects the lateness of orders in respect to what is promised to the customer. 

GEP recognizes two special types of orders: 
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• SCO: Short Cycle Order. 

• SRLT-order: Short Requested Leadtime Order. 

An SCO is entered with a requested delivery date that causes the cTTFG to be in the 

past. This means that the time for handling and transportation is such that the order 

can never be delivered 'on-time'. A SRLT-order has a cTTFG in the upcoming 5 days. 

SCO and SRLT-orders have an undesirable impact on the alignment span . 

The leadtime for GEP is the time from order entry until aTTFG. The majority of orders 

have a leadtime, which does not demand that the order is processed immediately. 

These order have 'natural waiting time'. For an SCO the situation is different. At the 

moment it arrives it should already have been planned. An SCO therefore does not 

have 'natural waiting time.' The time in which an SCO can be planned and processed 

is the minimum time in which GEP can deliver an order. This means the minimum 

leadtime that can be realized. It is therefore used as a performance indicator of the 

planning and processing step in the order-to-delivery process. The leadtime of SCO is 

called cycle time. In literature the definition of cycle time is different. Ten Kate (1995) 

defines cycle time as the time between the start of two successive batches of the 

same family. Because using the term cycle time can lead to confusion, in this report 

the term 'leadtime of SCO' will be used to indicate the cycle time as defined by GEP. 

2.3. Department objectives 

Three departments are shown at the operational level of the control structure in 

Figure 4. This section describes the objectives of every department, to create insight 

into the incentives of the departments. 

Performance of the sales department is measured by the volume sold. Besides 

volumes, short leadtimes are important for this department. Short leadtimes reflect a 

high service, and high service creates selling opportunities. 

The SCM department has several service targets: the leadtime of SCO, alignment 

span and respecting the First Come First Scheduled priority rule. All targets aim at on

time-delivery, however, the service targets are conflicting: the First Come First 

Scheduled rule can interfere with both leadtime of SCO and span. The interference 

with leadtime of SCO, is because SCO cannot be given priority, even if all other orders 

are scheduled early (section 3.2.1). The interference with span is because of the PSP 

order allocation method (section 3.2.2). 

Performance of the production department is measured by the volume processed 

and is therefore focused on the production efficiency. The preference of the 

production department is to maximally decrease the change-over time by sequence 

optimization. On-time-delivery is the other objective of the production department, 

they are responsible for both alignment and execution span. 
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3. Order acceptance & scheduling 

GEP wants to automate the scheduling function (1.5). In the planning control 

structure of GEP (Figure 4) it is shown that the order acceptance and scheduling 

function are coupled . Therefore these two functions will be analyzed in more detail in 

this chapter. First literature is discussed (3.1), to provide background information. 

After discussing literature, the current order acceptance and scheduling function of 

GEP are analyzed (3.2) and the service improvements that are assumed to result from 

the initial assignment are discussed (3.3). From what is described in the three first 

sections a diagnosis is constructed and a proposal for a new design of the control 

structure of the order acceptance and scheduling function is given. This diagnosis 

results in a redefinition of the assignment (3.5). The chapter ends with conclusions 

(3.6). 

3.1. Literature review 

The production control structure of GEP is divided over three levels (Figure 4). In the 

literature this is called a hierarchical production control structure. The concept of 

hierarchical production control will be explained first. Special attention is given to 

hierarchical production control in batch process industries. Subsequently literature on 

order acceptance and scheduling is discussed . 

3.1.1. Hierarchical production control 

Production control is defined as the coordination of supply and production activities in 

manufacturing systems to achieve specific delivery flexibility and delivery reliability at 

minimum costs (Bertrand et al., 1990). A production control concept is a description 

of and relations between all decision functions regarding the management of materials 

flow and capacity resources. 

Several researchers have regarded hierarchical control structures (e.g. Bertrand et al. 

1990; Schneeweiss, 1995; Raaymakers, 1999). The key idea of hierarchical 

production control is that different decisions are made at different levels in the 

organization. Namely, different decisions regard different time horizons, and therefore 

different kinds of information. For example, order acceptance and capacity loading 

decisions may need to be made at a moment at which not all information is available 

on the future status of a production system. In that case, aggregate information can 

be used to make those decisions. Later in time, when all detailed information comes 

available, the decisions on the actual execution of a job can be made. 

Raaymakers (1999) developed a hierarchical production control structure for batch 

processing industries (Figure 8). This production control structure is limited to the 

coordination of capacity resources between supply and demand. Raaymakers 

recognizes three decision functions, distributed over three hierarchical levels. Each 

decision function is assigned an objective, resulting form the objective of the overall 

production system. The objective of the overall system is to maximize the resource 
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utilization while maintaining a minimum service level. The objective of capacity 

adaptation is to provide an available capacity level that is sufficiently high to meet the 

forecasted demand requirements and to realize a sufficiently high capacity utilization 

level. The objective of the decision function order acceptance and capacity loading is 

to determine job sets for each period that are achievable and realize high capacity 

utilization. The objective of the function resource allocation to jobs is to construct a 

schedule for the released job set, such that all jobs are completed in that period. The 

jobs are executed by the production system according to the schedule. 

..--apacity 
adapiation 

utilization and service 
level targets 

realized utilization and 
se:rvio? level 

raw 
mater.ial5 

order acceptance & 
capacity loading 

job sets scbeduled jobs 

resource allocation 

production 
,;ystem 

demand forecast 

customer orde1"5 

accepted. customeT 
ordera 

Figure 8: Hierarchical production control structure (Raaymakers, 1999) 

In the literature a distinction is made between production planning and scheduling. 

Kallrath (2003) explains that planning is typically associated with a longer planning 

horizon and involves less detail , whereas scheduling defines the precise timing and 

sequencing of individual operations. Planning and scheduling are closely related as the 

decisions made at the planning level have a strong influence on the scheduling. The 

input for the schedule are customer orders from the order acceptance and capacity 

loading decision function. This decision function will be called simply order acceptance 

function in this report. For the resource allocation function the term scheduling 

function will be used. The capacity can be considered fixed in the medium and short

term in batch process industries. Therefore, the capacity adaptation function will not 

be discussed hereafter. In the next section, attention is paid to the order acceptance 

and scheduling function. 

3.1.2. Order acceptance & scheduling function 

Order acceptance is a managerial activity that deals with accepting and rejecting 

customer orders (Ebben et al. , 2005). Both Ebben et al. (2005) and Ten Kate (1995) 

state that the order acceptance and scheduling function in a company are generally 

separated activities. Traditionally the sales department is responsible for the order 

acceptance and the production department is responsible for scheduling the orders. 

The orders accepted by sales largely determine the constraints for the scheduling 

function, and therefore also influence the performance of a company. If, e.g . too 
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many orders are accepted, the production system becomes overloaded. This will 

result in increased leadtime and orders that are delivered late. Therefore, both 

authors argue that the order acceptance and scheduling functions need coordination. 

Several order acceptance methods are suggested in the literature, an overview is 

given by Ebben et al (2005). The order acceptance methods can roughly be divided 

into order acceptance based on aggregate information or on detailed schedule 

information. The difference between these two approaches is the reservation of 

capacity. In the aggregate approach the capacity for an order is reserved once it is 

accepted, and this is not changed afterwards. In the detailed approach, the capacity 

assignment to time periods is not fixed once an order is accepted, because 

rescheduling is done every time a new order arrives. 

Several authors concluded that in cases with little slack and high workload, 

constructing a schedule based on detailed information outperforms the method based 

on aggregate information (Wester, 1992; Ten Kate, 1995; Ivanescu et al., 2002; 

Ebben et al., 2005). However, when change-over times are sequence dependent, 

order acceptance based on detailed information suffers from selectivity (Wester et al., 

1992; Ten Kate, 1995). Selectivity means that orders have a higher chance for being 

accepted if they fit well into the batch pattern of the actual schedule. The concept of 

selectivity will be discussed in more detail at the end of this section. Because both 

approaches have advantages and disadvantages, Ten Kate (1995) discusses that a 

combination of both the aggregate and the detailed approach should be used. 

Ivanescu et al. (2006) developed an approach, the hybrid policy, which combines both 

detailed scheduling information and a regression model with aggregate information. 

This hybrid policy outperforms the approaches that use solely detailed or aggregate 

information. 

The focus of this report will be primarily on the work of Ten Kate (1995), as the 

situation he considers is very similar to the situation at GEP: a make-to-order 

production situation in the process industry, where change-over times are sequence 

dependent. Ten Kate has called the aggregate approach the hierarchical approach and 

the detailed scheduling approach the integrated approach. For the hierarchical 

approach Ten Kate recommends the use of a load profile. In a load profile the 

accepted capacity over time is compared with the available capacity. A similar 

approach is mentioned by Wester et al. (1992), Akkan (1997) and Ebben et al. 

(2005). A more practical case is described in chapter 15 of Bertrand et al. (1998). The 

concept of the load profile will be discussed in more detail in chapter 5. For the 

integrated approach Ten Kate uses a system that optimizes the production sequence 

every time a new order arrives. The optimization is based on three objectives: 

earliness, lateness and change-over time in the order set. Parameters are assigned to 

the objectives to define 'cost' penalties4
• The objective is to find a schedule in which 

the total weighted penalty, consisting of earliness, lateness and change-over time, is 

4 In the operations research literature the term penalty costs is generally used to indicate the 

penalties assigned in an optimization model. These costs however do often not reflect the real 

costs, but penalties that 'direct' the optimization model, by indicating the relative importance of 

the parameters in the object function in respect to each other. Also in this report, the costs do 

not reflect real costs . 
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minimal. The parameters indicate the relative importance of the objective. If, e.g. 

lateness is most important, the penalty assigned to lateness must be higher than the 

penalty for earliness and change-over time. 

As mentioned, Ten Kate states that the integrated approach suffers from selectivity. 

This is easily understood by an example : consider a situation where for a certain 

period only blue orders are scheduled. For that period a red and a blue order arrive. 

The red order will have an additional penalty on the change-over time in respect to 

the blue order, and will therefore have a higher chance to be rejected . In situations 

where the orders have long leadtimes, the schedule at the moment of acceptance of 

the order has little resemblance with the schedule at the moment of completion of the 

order. Hence, the information used to accept the order is irrelevant for the schedule 

at the time of completion of the order. The blue order from the example may have a 

'bad due date' but is given preference over the red order. At the moment of 

completion of the order, the schedule has changed, and what remains is the 'bad due 

date' of the blue order. The gap between the schedule at the moment of acceptance 

and completion of the order only exists for orders with a long leadtime. The 

observations of Ten Kate result from simulations in which all orders have an equal, 

long, leadtime. In real life situations, leadtimes vary. Although on average the 

leadtime may be sufficiently large, there will always be customers demanding a short 

leadtime for their orders . Ten Kate explains that detailed information should be used 

for order acceptance of orders with a short leadtime. Because for these orders the 

part of the set of orders which is relevant for the scheduling of these orders is not 

likely to change very much. Orders with a short leadtime will be harder to schedule, 

because lines are close to ' full. ' The use of detailed information is then a solution to 

detect if there is still capacity available. Therefore Ten Kate states that a combination 

of the hierarchical and integrated approach should be used: the hierarchical approach 

for orders with a long leadtime, the integrated approach for orders with a short 

lead time. 

3.2. Analysis of order acceptance & scheduling 

The current control structure for the order acceptance and scheduling function is 

analyzed in this section. The process of order acceptance and scheduling is described 

first . This results in a description of the current control structure, and a discussion of 

the improvement opportunities of this structure. 

3.2.1. Process description 

The order acceptance function is combined with the scheduling function in the 

planning program PSP. The scheduling function takes place in two steps: the first step 

is the line allocation and sequence optimization by SCM, the second step is the 

manual sequence optimization of the schedule by the planners from the production 

departments. 

PSP conducts two steps: 

1. Accept orders and allocate orders to a line. 

2. Optimize the production sequence, in order to minimize change-over time. 
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The first step shows that order acceptance and line allocation are integrated functions 

in PSP. The orders are allocated to the lines according to a First Come First Scheduled 

priority rule. This means that an order that arrives first, has the right to be scheduled 

first. Once it is scheduled it should not be replaced by an order that arrives later. 

Given this priority rule, the PSP scheduling logic assigns the order to the best possible 

empty slot (free capacity). In short the PSP scheduling logic executes the following 

steps: 

• Define on which lines the order can be scheduled, given the effectivities. 

• Examine on which lines empty slots are available that give opportunity to 

schedule the order. This means that the slot represents sufficient capacity to 

schedule the order. Capacity for an order consists of processing time and change

over time. 

• Select the best solution from the list of slots. An on time solution is preferred to 

an early solution; an early is preferred to a late solution . 

The second step in creating a schedule is the sequence optimization step. For the 

orders that are going to be frozen the sequence is optimized, to minimize the total 

change-over time. During the sequence optimization the empty slots between orders 

are removed from the schedule. There are theoretically two options for the sequence 

optimization step: 

• Sequence procedure: every order is kept on the line where it was originally 

scheduled. Only the change-over time per line is minimized. 

• Full procedure: Optimization of the complete order set, the total change-over 

time of the set is minimized for all lines. 

Only the first option is used in practice, as the full procedure creates infeasible results· 

(program crashes). This means that PSP can only (sub)-optimize the sequence per 

line. 

Manual sequence optimization by the planners in production is performed after 

sequence optimization by PSP. The planners in the production departments regard the 

output delivered by PSP as non-optimal and therefore re-optimize the schedule. This 

discrepancy between the output of PSP and what the planners regard as an optimal 

schedule is discussed in more detail in chapter 4. Right now it can be remarked that 

this discrepancy is a result of two facts: 

• PSP is incapable to conduct the full optimization step. 

• The input data of the PSP program, on which it bases the optimization, are never 

maintained and therefore incomplete, e.g. not all colors are classified in a 

product group that defines their 'color family' (overview of the gaps in section 

4.2) . 

During the manual optimization step, the planners in production not only optimize the 

sequence, but also conduct a rough capacity check on the planning to assure that PSP 

"does not assign too much capacity". This means that, based on average output 

rates, a check is done on the order set offered by SCM. The result of this manual 

check is that orders can be rejected from the schedule. These rejected orders are 

scheduled in the next frozen period. Both the sequence (chapter 4) and the capacity 

15 



assigned to the schedule (section 5.3) by PSP are thus incorrect, which results in an 

unreliable schedule. 

3.2.2. Control structure 

The current control structure for order acceptance and scheduling (Figure 9) is 

constructed from the description of the previous section. This control structure shows 

improvement opportunities in respect to the order acceptance function, the detailed 

scheduling method and the sequence optimization procedure. 

Tactical level 

Operat iona I level 

SCM -

SCM -

Detailed order 
allocation 

Sequence 
optimization 

Production : 

Detailed production 
plan 

Figure 9: Current control structure 

Order acceptance function 

1st order 
accepance 

Sales - Order 
ent ry 

The order acceptance function is formally the combined responsibility of sales and 

SCM. In Figure 9 it is shown that the production department also influences the order 

acceptance. This is a result of the rough capacity check taking by the planners from 

production . 

This decision structure in the order acceptance function is not in line with the 

literature. Decisions regarding different time horizons should regard different kinds of 

information, as explained in section 3.1.1 on hierarchical production control. The 

amount of detail considered in the decisions, is dependent on the amount of detailed 

information already available. If the moment the decision is taken is far from the 

moment the decision takes effect, less detailed information is considered . If these 

moments are close, detailed information will be available and should be considered . 

Ten Kate (1995) states that both aggregate and detailed information should be used 

for order acceptance. Aggregate information is considered , for orders with a long 

leadtime, detailed information for orders with a short leadtime. The order acceptance 

based on aggregate information creates conditions for the detailed scheduling. The 

detailed information is only used for decisions that take effect in the near future. In 

the order acceptance function of GEP the opposite happens. First, the order 

acceptance takes place based on detailed information by the scheduling program PSP. 

This can be weeks before the order is actually processed. Secondly, just before the 
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order set is frozen , a second order acceptance method is appl ied . Based on aggregate 

information (average output rates) it is decided which orders will be scheduled in the 

upcoming frozen period. This second process is not formalized , but an 'implicit' 

process. However, during a period of several weeks a rejection of on average 9% of 

the orders from the order set has been observed. 

PSP detailed scheduling method 

The current detailed scheduling method of PSP is different from the methods in the 

literature. In the literature the plan is updated every t ime a new order arrives. 

Updated means, the total schedule is optimized and the sequence is changed. The 

detailed planning method of PSP adds orders to the planning based on the First Come 

First Scheduled rule, no optimization takes place. Once an order is scheduled, it is 

fixed in a slot, till it appears in the order set that is to be frozen. Only part of the 

order set is optimized to minimize the total change-over time. Lateness and earliness 

are not regarded in that optimization. 

From this analysis it can be concluded that the PSP detailed scheduling method in 

combination with the First Come First Scheduled rule is a cause of alignment span. 

Figure 10 shows the detailed scheduling method in PSP. This figure shows three 

production lines. Part of the schedule is frozen, in the other part orders enter. The 

colored blocks are scheduled orders. Outside the frozen period , empty slots are 

available between the orders. Newly arriving orders can be scheduled in those slots. 

PSP detects the best possible slot: an on time solution is preferred to an early 

solution; an early is preferred to a late solution. 

--■ 
■11■■1 

□□□□□ 
= optimizat ion period 

Figure 10: PSP detailed scheduling method 

cTTFGl cTTFG2 cTTFG3 

The inefficiency of the method is best explained by an example. Consider a period of 

several days on the scheduling horizon. If th is period is still far from the moment it 

will be frozen, hardly any orders will have been scheduled in th is period. Therefore, 

orders that have a due date in that period can be scheduled on time. As the period 

moves closer to the moment of being frozen, the situation of Figure 10 arises. Three 

new orders arrive, 1, 2, and 3 (the order of arrival is the same as the numbering, and 

all orders can only be scheduled on the upper line). The cTTFG (requested due date) 

of the orders are indicated . Order 1 is a large order. There is no empty slot before its 
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cTTFG that is sufficiently large to schedule this order. Therefore it is scheduled late. 

Order two is small, and can be scheduled on time. Order three is also small, but 

because there is no empty slot available close to its cTTFG, this order is scheduled 

early . The orders thus arrive in order 1-2-3, but are scheduled order 3-2-1. First 

Come First Scheduled does therefore not mean that orders that arrive first, are 

scheduled first. The sequence in which the orders are scheduled depends on the size 

of the empty slots . Smaller orders are more easily scheduled . If, however, not the 

slots, but the total available capacity was considered, order 1 would have been 

scheduled on time. Namely, the total capacity of the empty slots before the cTTFG of 

order 1 is sufficient to schedule order 1. The current method of slots and no 

optimization of the schedule, just the First Come First Scheduled rule, have an 

undesirable impact on the alignment span: order 1 is late and order 3 early. 

The duration of an order is a result of the processing time and change-over time. The 

'ease of scheduling ' therefore results of both the volume and the color of an order. If, 

for example, a red order arrives on a line where only blue orders are scheduled, the 

duration of the red order will increase as a result of a larger change-over time. It will 

then have a 'disadvantage' in the scheduling process, in respect to blue orders of the 

same volume. 

Sequence optimization procedure 

The sequence is optimized for the frozen period (72/96 hours). During the 

optimization, due dates of the orders are not regarded anymore, therefore the target 

is to have the pTTFG 4 days before the cTTFG. Increasing the optimization window 

would create more clustering opportunities, and less time would need to be spent to 

change-over between orders. However, that would mean that all orders have to be 

scheduled even more early 

Summary: 

1. The order acceptance decision based on aggregate information is taken at an 

incorrect hierarchical level in the current control structure. 

2. The PSP order acceptance and line allocation method causes alignment span. 

3. The clustering opportunities are limited because of optimization for only the 

frozen period. 

3.3. GEP's Proposal for future situation 

GEP observed that clustering opportunities are limited. To increase opportunities the 

optimization window has to be increased. As increasing the current optimization 

window would demand additional earliness, GEP wants to change to a rolling horizon 

approach. In this rolling horizon approach the schedule is optimized outside the frozen 

period. Every day the schedule is optimized for 10 days (or more, exact duration will 

be defined after implementation) and only the first 24 hours are frozen. The next day 

new orders that are scheduled for the next 10 days enter in the optimization period. 

The orders that were optimized the day before and are not frozen, are now re

optimized . 

PSP is incapable of optimizing a complete order set for a 10-day period. Therefore 

additional software containing a sequence optimization model will be built into PSP. 
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The software used is GAMS. GEP uses the name 'GAMS' to indicate the sequence 

optimization model, therefore the name GAMS will be used in this report to refer to 

the optimization model. GAMS receives the order set and sequence optimization data 

from PSP. The order acceptance step is thus still performed by PSP. The objective of 

the optimization in GAMS is to minimize the change-over time, as it was the case in 

PSP. The time boundaries created by the fixed frozen period (72/96 hours) however, 

disappear as a result of the rolling horizon approach. Therefore, each order is given a 

due date and earliness date. This due date and earliness are hard constraints in the 

optimization by GAMS, which means that each order has to be scheduled between its 

due date and earliness. PSP assigns these due date and earliness to the order in the 

order acceptance and line allocation step. The due date is the maximum date of the 

pTTFG (planned due date) and cTTFG (requested due date). This means, that if an 

order is scheduled early or on time the cTTFG becomes the due date (the cTTFG 

exceeds the pTTFG). If an order is scheduled late, the late date becomes the due date 

for GAMS (pTTFG exceeds the cTTFG). The earliness is the due date minus the 

optimization window. 

During the sequence optimization GAMS removes all empty slots between the orders, 

as did PSP during optimization. This means that all orders are scheduled maximally 

early. This is shown in Figure 11, this figure shows a schedule for a line in PSP. 

Assume that all orders were scheduled on time before the optimization by GAMS. 

After optimization all orders are scheduled on time or early. In PSP an order is fixed in 

its slot. If a new order arrives (order A) that has a cTTFG in the period where all 

orders are scheduled, PSP will schedule this new order late. The due date of the new 

order becomes this late date. This combination of PSP and GAMS strengthens the 

undesirable effect on alignment span from PSP, this is discussed in the next section. 

A 

I 
ICTTFG 

Figure 11 : PSP, before and after optimization by GAMS 

GAMS receives all data for the sequence optimization from PSP. As mentioned, the 

input data in PSP are incomplete. In order to implement GAMS these input data need 

to be updated. 

GEP assumes that the new optimization structure with GAMS has three major 

advantages, that will positively influence the on-time-delivery. To what extent these 

advantages can be realized is discussed in the next section. 

1. Improved efficiency. The enlarged optimization period will increase the clustering 

opportunities, and therefore reduce the total change-over time. 
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2. Leadtime reduction for SCO (order with a cTTFG in the past): Currently newly 

arriving SCO need to wait till the end of the 72/96 hours frozen period, before 

they can be planned. In the new situation the frozen period is reduced to 24 

hours, and therefore SCO have to wait maximally 24 hours before they can be 

planned. 

3. Reduced lateness: The due date becomes a hard constraint; orders will always be 

scheduled before the due date. 

3.3.1. Control structure in future situation 

The implementation of GAMS will only improve the optimization procedure. The 

manual optimization step will be removed from the control structure (Figure 12). 

However, the other two remarks (end of section 3.2.2) given on the current control 

structure are not solved by the implementation of GAMS. 

Tactical level 

Operational level 

SCM - Detailed order allocation 

SCM- Sequence optimization 

Lis un 

QA - Rough capacity check 

Detailed production plan 

Compounding procns 

1st Order E1 CS - Order entr I 
Acceptance Y 

Figure 12: Control structure after implementation of GAMS 

The three advantages that are supposed to arise from this new control structure need 

reflection: 

1. Reduction of change-over time: Will probably be achieved, as a result of increased 

clustering opportunities. 

2. The leadtime reduction for SCO: It is shown in Figure 11 that GAMS fills the line 

with early orders . A newly arriving order (SCO) that has a cTTFG in the period 

that is full of early orders, can therefore not be planned on time. The combination 

of PSP and GAMS does not support the leadtime reduction. Even if GAMS was not 

scheduling all orders early, it can still be questioned if the leadtime reduction can 

be achieved. For LXF the lines are generally fully allocated for more than the 

current frozen period of 4 days. Fully allocated means that no new orders can be 

added to the schedule. The waiting time for the orders is therefore not a result of 

the 4-day frozen period, but of the fact that the lines are full. The leadtime for 

SCO orders however is a target for SCM (this will be discussed in section 2.3). 

SCM thus has the incentive to give priority to SCO, especially when all the other 
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orders are early. In theory this cannot happen, as the First Come First Scheduled 

priority rule must always be respected. In practice this does happen. In that case 

the SCO will have a due date that is close to the frozen period. Its maximum 

earliness will then be the end of the frozen period (due date - optimization 

window is in the past). This means that this order has a 'personal' optimization 

window shorter than the optimization window. This reduces clustering 

opportunities in the order set (will be explained in chapter 6) . Decisions taken in 

the order acceptance thus influence the increased clustering opportunities 

(advantage 1). 

3. Reduced lateness: The due date becomes a hard constraint in the sequence 

optimization, which probably reduced lateness. However, as long as the aggregate 

check is taken by the planners in production, orders can be rejected from the 

schedule and therefore be late. 

Summary: 

Advantages: 

• Clustering opportunities will increase, because of the increased optimization 

period. 

• Lateness is better controlled, as this becomes a hard constraint in the 

optimization procedure. 

Disadvantages: 

• Two of the three improvement opportunities of the current system are not 

reflected in the current system with GAMS: 

o Incorrect level of the aggregate capacity check. 

o Order acceptance procedure that causes alignment span. 

• Leadtime reduction of SCO can only be achieved by giving priority to SCO. 

• SCO that are given priority reduce clustering opportunities. 

3.4. Diagnosis 

Two questions are posed in section 1.6: What causes the need for manual sequence 

optimization and what service improvement will be realized by automating the 

sequence optimization? The analysis in this chapter shows that the need for manual 

sequence optimization results from the software PSP (capabilities and input data) . 

However, the assumed advantages cannot be achieved by just automating the 

schedule. Decisions taken in the order acceptance function influence the performance 

of the system. In this section a diagnosis is established, based on the information 

provided in the previous sections. Firstly the department objectives as discussed in 

section 2.3 are diagnosed (3.4.1). This diagnosis in combination with the discussion of 

the scheduling system, the current system and the new system with GAMS, (section 

3.2 and 3.3) demand to reflect on the control structure. A proposal for a new control 

structure is given (3.4.2). 

3.4.1. Conflicting objectives 

In the hierarchical production control structure, Raaymakers (1999) explains that the 

objective of the overall system is split-up over different levels. The result of this is 
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that each level optimizes that part of the objective it is being held responsible for. 

This way of controlling rests on one critical assumption: the goals of the different 

departments can be obtained independently. In section 2.3 it is shown that this does 

not hold in the case of GEP. The three departments face conflicting objectives and 

decisions made in one department affect those made in other departments. For 

example, a decision to increase short-term sales at the end of the quarter will 

negatively influence the waiting time and therefore cause alignment span. Hence, 

optimization of sub-objectives does not necessarily result in an optimal achievement 

of the higher objective. If an improvement to one objective can be achieved only 

through deteriorating performance of another objective, trade-offs need to be made 

between different organizational objectives. 

The trade-offs to be made in GEP's production system in respect to on-time-delivery 

are shown in Figure 13: on-time-delivery is to be traded off with sales volumes and 

production efficiency. These trade-offs are to be made at a higher level in the control 

structure, at the tactical level of the organization, to coordinate the departments. 

Sillm Or'tW' af I ept;:wimE Omim~ 5£11~ 

Trade-off between different Trade-off 
Trade-off ~ - service aspects : - production efficiency vs. 
sales vs. service . Leadtime service 

Alignment span 
First Come First Scheduled 

Figure 13: Trade-offs in GEP's production system 

3.4.2. Design new order acceptance & scheduling function 

From the previous sections, it can be concluded that: 

• The order acceptance decision based on aggregate information is taken at an 

incorrect hierarchical level in the current control structure. 

• The order acceptance function based on detailed information causes alignment 

span. 

• The new structure with GAMS allows SCO orders to have a 'personal ' optimization 

window shorter than the optimization window. 

• Objectives in GEP's production system are conflicting. 

A new design for the control structure is established (Figure 14), in this control 

structure: 

1. Trade-offs in respect to order acceptance and scheduling are made at the tactical 

level of the organization, to align the three departments: sales, SCM and 

production. 

2. The order acceptance and scheduling function use both aggregate and detailed 

information: 

a. For orders with a long leadtime aggregate information should be 

considered 

b. For orders with a short leadtime detailed information should be considered. 
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3. The current detailed order acceptance and scheduling method should optimize 

the schedule on earliness, lateness and change-over time to control span and 

optimize the sequence. 

Tactical level 
Operationa l level 

Target setting 

D/C- rat io 
Leadtime 
Net utilizat ion rate 

SCM - Rough capacity check 

SCM - Detailed schedul ing 

QA- Check 

Detailed production plan 

Figure 14: New control structure 

Trade-offs are to be made at the tactical level of the organization to align the 

objectives of the three departments sales, SCM and production. On the tactical level 

of the organization norms need to be set to control the order acceptance and 

scheduling function. These trade-offs are in respect to three parameters :5 

• The demand over capacity ratio (DIC-ratio). 

• The service level. 

• The net utilization rate. 

This results into two trade-offs: D/C-ratio versus service (leadtime) and net utilization 

rate versus service (leadtime). The trade-off between net utilization rate and service 

reflects the impact an SCO can have on the sequence optimization . This changes the 

control structure (Figure 14): production no longer influences the order acceptance 

function. Order acceptance is now directed from the tactical level , and conducted by 

sales and SCM . 

As discussed by Ten Kate (1995) both aggregate and detailed information are to be 

used for the order acceptance function . In the new control structure the scheduling 

function is split-up into the aggregate capacity check and detailed scheduling. In the 

aggregate capacity check order acceptance will take place based on agg regate 

information. This is used outside the optimization period . Inside the optimization 

period order acceptance is based on detailed information, the schedule is optimized, 

on earliness, lateness and total change-over time, every time a new order arrives. 

5 D/C- ratio : ratio of total capacity used by processing and change-over time in respect to the 

available capacity. 

Net utilization rate : the percentage of capacity used for processing only in respect to the 

available capacity. 
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Currently a new software package, PS, is evaluated at IT, which has the capabilities to 

optimize the schedule every time a new order arrives. This package will probably be 

implemented as the successor of PSP and will be used for order acceptance over the 

complete planning horizon. According to this new control structure this new software 

package should be used just for the optimization period. 

3.5. Assignment 

GEP requested for the development of a method to remove the manual optimization 

step from the schedule (section 1.5). This is assumed to result in service 

improvement in respect to on-time-delivery. From the analysis it has become clear 

that solely removing the manual optimization step is insufficient to realize the service 

improvement. The proposal for the new control structure (Figure 14) shows that GEP 

needs to: 

• Review the structure of the current order acceptance and scheduling function. 

• Create insight into the trade-offs to be taken at the tactical level. 

A project was already started to create insight into the relation between the D/C-ratio 
(demand/capacity ratio) and leadtime. GEP however does not have insight into the 
relationship between net utilization rate and leadtime. Especially because the 
percentage of SCO is increasing and will probably increase further in the near future, 

insight into this relationship is needed. Service to the customer is therefore translated 
into leadtime. 

The final project description becomes: 

Design a solution for the operational level that will enable an improvement of the 

performance of the GEP order acceptance and scheduling system. 

Generate insight into the trade-off between leadtime and net utilization rate for 

the tactical level. 

The final project definition is translated into three sub-assignments: 

1. Design of renewed input dataset for the scheduling software, in order to enable 

automated sequence optimization . 

2. Design of the new order acceptance function. 

3. Creating insight into the trade-off between net utilization rate and leadtime of 

sco. 

To create the insight into the trade-off between leadtime and net utilization rate a 

simulation model will be used . The reason for working with a simulation model is 

twofold: 

• The current system is non-ideal, simulation should be done with the new control 

structure 

• The current system is hard to simulate with. This means, loading virtual order 

sets in an off line version of PSP and GAMS is not possible at the moment. 
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3.5.1. Project scope 

The scope of the project is shown in Figure 15. The scheduling function and the order 

acceptance function are in scope. 

Order Acceptance- ' ' 
~--Detai_·_1ed_Sch_edul,---ing_-_s_cM __ ~ ... o-------, Sales ----1, i 

' ' ' ' ' ' ' ' ' ' ' ' : Custo Detailed Scheduling - Production 

: mer 

ProdJction Plan l-
Compounding Plant (3) 

Figure 15: Project scope 

3.6. Conclusions from the analysis 

From the analyses, several conclusions are drawn that resulted in the proposal for the 

new control structure (Figure 14) : 

• PSP is incapable to optimize the complete order set, between and within lines, for 

a 10-day period. 

• The order acceptance decision based on aggregate information (manual check by 

planners in production) is taken at an incorrect hierarchical level in the current 

control structure. 

• The order acceptance and scheduling method in PSP uses slots. New orders can 

only be scheduled if the slot is sufficiently large, which is influenced by both the 

order size and the color of the product. 

• The procedure of scheduling in slots in combination with the First Come First 

Scheduled priority rule is a cause of alignment span (Figure 10). The combination 

of PSP and GAMS will strengthen this effect (Figure 11). This indicates the need 

for integral optimization on earliness, lateness and change-over time. 

• The First Come First Scheduled priority rule does not allow giving priority to SCO 

orders. This means that reduction of the leadtime of SCO can only be achieved if 

the lines are allocated for less then 4 days. 

• GAMS removes all idle time from the schedule. This can result in lines that are 

fully allocated with 'early' orders, which negatively effects the leadtime reduction 

(Figure 11) . 

• The new structure with GAMS allows SCO orders to have a 'personal' optimization 

window shorter than the 10-day optimization window. This decision taken in the 

order acceptance function, will reduce clustering opportunities, and increase 

change-over time (chapter 6) . 
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• Objectives in GEP's production system are conflicting , there is an opportunity to 

better coordinate the departments involved in order acceptance and scheduling 

to improve on-time-delivery. 

In addition to the conclusions resulting in the proposal for the control structure, the 

following general conclusions can be drawn: 

• There is no raw material check in the planning process. GEP should consider 

implementing MRPII. Manufacturing Resources Planning (MRPII) is a concept that 

combines capacity planning and materials planning (Bertrand et al., 1998) 

• There is not one definition of service and the current service objectives are 

conflicting (section 2.3 and 3.4.1). 
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4. Automated sequence optimization 

This chapter deals with the first assignment resulting from the project definition: 

Design of a renewed input dataset for the scheduling software, in order to enable 

automated sequence optimization. The manual optimization of the schedule currently 

needs to take place because: 

1. PSP cannot optimize the total order set, but only sub optimize per line. 

2. The dataset for the sequence optimization is incomplete. 

The software GAMS will be implemented to optimize the total order set for all 

production lines. GAMS receives the data for the optimization from PSP. Therefore, a 

complete dataset in PSP is still necessary after the implementation of GAMS. As 

mentioned, the proposed new system with PSP and GAMS still has several 

improvement opportunities (section 3.3). Despite that, the design of the new dataset 

will be fit on the new situation with GAMS, because GAMS has already been acquired 

and will be implemented. It is assumed, however, that the design of the new dataset 

will also be useful in other applications for order acceptance and scheduling. 

The structure of the dataset is analyzed first (4.1). Then the current status of the 

dataset for LXF is given (4.2). The manual sequence optimization step is analyzed to 

understand the gaps between the automated and manual step (4.3). Based on this 

analysis the dataset is updated (4.4 and 4.5). From the analysis of the manual 

sequence optimization step a need for a change in optimization mentality is observed 

(4.6). The chapter ends with results and conclusions (4.7). 

4.1. Structure PSP sequencing dataset 

The purpose of the sequence optimization is to minimize the total change-over time in 

the order set. The change-over time between two products is based on the time 

needed for cleaning and preparation for the processing of the next product. A product 

is defined by a series of codes: color code-grade code-specification code-packaging 

code (color-grade-spec-pack). The color code refers to color of the product, defined 

by CIELAB-values. CIELAB is a color measuring system (appendix I), it defines a color 

in a color globe on three parameters: lightness (L), chromaticity (C) and hue (HJ 

(Figure 16). The lightness indicates how light or dark the color is. The chromaticity 

indicates the intensity of the color, the distinction non-chromatic, low-chromatic and 

high-chromatic is made. Non-chromatic colors are a shade of grey, low-chromatic 

colors are not so bright colors, and high-chromatic colors are very bright. The hue 

indicates the color, e.g. red or blue. The grade code refers to a specific grade recipe. 

The grade defines the chemical properties of the product, e.g. heat resistant. The 

specification code refers to customer specification. The packaging code indicates the 

packaging format of the order. 
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Figure 16: CIELAB color globe 

To detect the change-over between two products, PSP regards only color and grade. 

The procedure in PSP to detect the change-over relies on groups. Each color code 

should be assigned to a color group, each grade code to a grade group. The duration 

of the change-over time between those groups are defined in transition matrices. 

There are two matrices: a color matrix and a grade matrix. The logic for the 

calculation of the duration of the change-over between two products is as follows: 

• PSP picks the maximum change-over duration from the two matrices. 

• The change-over code is blank as a change-over takes place between two 

products with the same color and grade code (equal products). A blank code 

means zero time for change-over. 

• If a color code/grade code is not assigned to a color group/grade group, PSP 

assigns the code to the 'default' group. 

• If one of the two transitions is not defined (the group is default) then only the 

defined transition is used. 

• If both transitions are not defined (both groups default) the shortest change-over 

code on the line is taken. 

The change-over between two groups is indicated by a code in the transition matrices: 

the change-over code (CO-code). The CO-code represents the change-over duration. 

This duration is line-specific. If the color code and grade code of a product are not 

assigned to a group, the codes are assigned to the default group. The CO-code before 

and after the default group is the minimum CO-code of the line. This has two 

consequences 

1. The product is placed randomly in the sequence, and therefore has the shortest 

CO-code to every product. 

2. Insufficient change-over time is scheduled. 

4.2. Sequencing dataset LXF 

The sequencing dataset for LXF is not maintained and incomplete; at least that is 

what the planners say. The planners also say that the current color matrix is "too 

complex to maintain". And as PSP is to "stupid to construct a proper sequence there is 

no use in maintaining it." Analysis of the sequencing dataset has shown that: 

• No grade matrix is in the system, only a color matrix. 

• The color matrix is divided in 600 groups, 7300 colors are stored in the groups. 

• 15% of the 7300 colors in the dataset are assigned to the default group. 
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• 1769 products have been produced in the last 4 years. 

• 35% of the 1769 products produced in the last 4 years belong to the default 

group. 

To understand the relative complexity of the color matrix, a benchmark was taken in 

respect to the color matrices used in other compounding plants. To compare the 

results obtained with the matrices, a performance metric was developed to measure 

the quality of the sequence as delivered by PSP. This measure is called percentage 

First Time Right (%FTR). The %FTR is the percentage of orders that are not given 

another predecessor during the manual sequence optimization. Although the %FTR is 

dependent of the judgment of the planner, comparison of the %FTR between plants 

indicates the relative performance of the sequencing of PSP. The benchmark of LXF to 

other compounding plants is in Table 1. 

Plant 0/o FTR Color matrix Processes applied vs. LXF 

LXF 35% 600 by 600 

FCP 60% 24 by 24 • Grade matrix 

Noryl® 60% 24 by 24 • Grade matrix 

Cartegena 80% 47 by 47 • Reviewed color matrix 

• Grade matrix 

Table 1: Benchmark of LXF to other compounding plants 

Despite the much larger color matrix of LXF, the performance on %FTR is low in 

respect to the other plants. This small %FTR for LXF, the 35% of the colors belonging 

to the default group and the lack of a grade matrix confirm that the sequencing 

dataset is badly maintained and incomplete. Therefore the dataset needs to be 

reviewed. 

4.3. Manual schedule optimization 

The optimal sequence is defined during the manual optimization step by the planners 

in production. The knowledge the planners used during the optimization is to be 

copied into the scheduling dataset. Product groups are to be defined first. A product 

group in fact defines 'a family' of products . Within 'the family' the orders need not be 

sequenced . Therefore within a color group the CO-code has a fixed value, which is the 

minimum change-over duration. To create product families, first the product 

properties the planners regard when optimizing the sequence are to be known. 

Secondly these properties have to be assigned to groups that are placed into a 

transition matrix. Thirdly, between those groups the CO-codes have to be defined. In 

this section the product properties are defined. 

An overview was constructed of which properties are important during scheduling. 

This is done by observation of the sequence optimization process, discussion with the 
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planners and a brainstorm session with color and grade specialists. A lot of properties 

are mentioned, a property is however only selected if it satisfies two conditions : 

1. Different configurations of the property can appear on the same line. If this is not 

the case, the property is directed by effectivities (effectivity indicates on which 

lines a product can be scheduled). E.g. glass filled and non-glass filled products 

are split by effectivities. 

2. The property is critical for the change-over duration. 

The product properties are shown in Table 2, together with the source that defines the 

property. 

LAB values Color code Color recipe Grade recipe 

Color Transmission Optical brightener • UV - stabilizer 

• Lightness • Transparent • KSS 

• Chromaticity • Translucent • FDA 

• Hue • Opaque 

Table 2: Properties defined by source 

Transmission refers to the transmission of light by the product. LXF has 3 

transmission types: opaque, translucent and transparent. Cartegena has only opaque 

products. Optical brightener is an additive that creates a glow in the dark effect. UV 

means that the product is not influenced by UV-light, KSS is a flame retarder and FDA 

means that a product is approved for applications in the food industry. 

Another aspect in the planning, that is not mentioned in Table 2 is the packaging code 

of the product. The PSP effectivities and change-over durations are connected to the 

grade code-color code -customer specification part of the item code. The packaging 

code is not recognized by the system. Certain packaging types cannot or can better 

not be made on certain lines. Therefore the planners assign the product to another 

line, if this is necessary as a result of the packaging code. However, the system is and 

will be incapable to regard this aspect. 

4.4. Design of the color matrix 

4.4.1. Color groups 

The current color matrix is 600 by 600 fields. To understand the reasoning during the 

construction of this matrix, color specialists and production planners were 

interviewed. From these interviews it became clear that, because the products of one 

group are randomly sequenced, the approach had been to decrease the size of the 

color groups as long as the planners still had a preference for the sequence of the two 

products: e.g. product A and Bare preferred in order AB instead of BA. The approach 

for the new design is to analyze first the number of colors in a group and the 

frequency of processing a color group. If only a few products belong to the group, or 

the products in the group are produced only occasionally, the chance that two colors 

from this group are scheduled in the same optimization period is small. If this chance 

is small, it is not a problem that there is still a preferred sequence. 
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The color matrix from Cartegena is selected for the analysis on the number of 

products in the group and the frequency of processing a color group . The current 

matrix of LXF is too complex and Cartegena has a good performance on FTR with a 

smaller amount of color groups. Therefore it is analyzed if this matrix fits the product 

portfolio of LXF; 4 points are analyzed (detailed results VIII): 

1. Number of colors in PSP from a group. 

2. Number of colors in production from a group. 

3. Number of batches in the last 4 years from a group . 

4. The distribution of the production frequency of colors within the groups. 

Five configuration types of the groups are recognized: 

1. Few colors, all have a high frequency. 

2. Many products, the majority has a high production frequency. 

3. Many products, all have a low production frequency. 

4 . Many products, only a few have a high production frequency. (The LC light blue 

group is a typical example of this. From the 1138 times a product is made from 

this group, 997 times the same product is processed). 

5. Groups with a few products and a low production frequency. 

The first three groups can be indicated as the critical groups. These products often 

occur in production, and products from these groups therefore have a high chance to 

appear during the same optimization period. 

Together with the color specialists several analyses were done with samples of groups 

of the first three types. A sample is a small plastic plate with a fixed thickness and a 

color corresponding to its code. The objective of these analyses was to validate the 

color matrix of Cartegena for LXF. In this case analysis meant visual judgment of the 

difference between two colors of the same group. Although the color is measured in 

absolute CIELAB values, the sequence optimization is based on visual judgment. The 

results of the analyses are: 

1. Need for additional chromatic color groups. 

2. Need to redefine the location of the yellow, green and turquoise groups, 

Cartegena made a mistake in respect to the location of these groups. 

3. Need of adding transmission types. 

4. Need of adding optical brightener. 

From point 1 and 2 it was decided that a new proposal for the chromatic groups is to 

be constructed. Point 3 and 4 indicate that a solution for adding transmission and 

optical brightener in PSP needs to be developed . 

A new proposal for the chromatic color groups is to be defined. The initial approach 

was to cut the CIELAB hue spectrum in equally large pieces. From analysis of the color 

samples it appeared that the perceived visual difference within one group can be 

larger than within another group. The perceived visual difference is used as a 

guideline, because the optimal sequence is based on visual judgment. For the 

lightness and chromaticity, the partition applied by Cartegena will be maintained. 
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The transmission type needs to be added in the sequencing dataset. 

The transmission is defined by the color code (Table 2). This results in two options to 

model the three transmission types: 

1. Model in the color matrix. This will enlarge the matrix with a factor nine (Figure 

17) 

2. Adding an additional transmission matrix, with size 3 by 3. 

The choice is made to enlarge the color matrix. Otherwise, two matrices will be in the 

system, for which the group is defined by the color code. This creates the risk that the 

color code is assigned to only one of the matrices. If the color is assigned to one of 

the matrices, it is no longer on default in the system, and it cannot directly be seen 

that this code is assigned to just one matrix. Hence, creating a third matrix bears the 

risk of bad maintenance of the matrices. In the large color matrix all color groups 

appear in three transmission types e.g. high chromatic dark red (HC Dark Red) 

appears as opaque, translucent and transparent. Optical brightener is defined as a 

separate color group and therefore also appears in three transmission types. 
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translucent 1 1 1 1 13 13 13 13 

translucent 1 1 1 1 13 13 13 13 

ooaoue 1 1 1 1 1 1 1 1 
opaque 1 1 1 1 1 1 1 1 

Opaque opaque 1 1 1 1 1 1 1 1 
opaque 1 1 1 1 1 1 1 1 

Figure 17: Simplified color matrix 

4.4.2. Change-over codes 

The software has to be 'taught' how it constructs an optimal sequence from the 

groups. Currently no scheduling rules exist; the planners use their personal 

interpretation. Software, however, needs rules, therefore the planners' knowledge 

needs to be translated first into scheduling rules that can be applied to the structure 

of the sequencing dataset (transition matrices and groups). From analysis of the 

planning process, four rules for sequencing color are formulated: 

1. From high transmission to low transmission. 

2. Increasing difference in hue. 

3. From light to dark colors. 

4. From low chromatic colors to high chromatic colors. 

These rules were validated by applying them rigidly on an order set. The planners 

approved the resulting sequence. When optimizing an order set, the first and second 

rules are given attention first. Colors of the same transmission are placed together 'in 

blocks'. Within these blocks the other 3 rules are applied . First colors with a value of 
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the hue that are close to each other, for example different shades of blue, are placed 

together. After that the final sequence is detected based on rule 3 and 4. Colors are 

placed from lighter to darker and then colors that have approximately the same 

darkness are sequenced on chromaticity. 

These sequencing rules need to be translated into change-over codes. The CO-codes 

are the 'grammar' for the software to construct 'sentences' of color groups. These 

sentences have to obey the 'grammar' defined by the sequencing rules. In the current 

matrix 5 different CO-codes are defined, of which 2 have the same duration. This 

results in 4 different CO-codes for the system. In the new matrix in total 13 different 

CO-codes are used , to explain the 'grammar' to the system. 

In the sequencing rules, transmission is more important than optical brightener and 

color. So first the products have to be grouped according to their transmission. To 

explain this to the software, the CO-codes between transmission types have a large 

duration. Therefore the software will minimize the number of change-overs between 

transmission types, and place the maximum of colors of the same transmission type 

in sequence. Within the transmission types (yellow blocks Figure 17) the other 3 rules 

need to be respected. The translation for the rules 3 and 4, is by giving CO-codes with 

a higher value to the transitions from dark to light and high to low chromatic. These 

rules are straightforward to apply. However, planning according to increasing hue is 

more difficult. Namely, the hue is placed on a circle (the hue at zero degrees is almost 

equal to the hue of 360 degrees, appendix I). Observation of the planning process 

showed that the planners consider groups in the hue spectrum. They, for example, 

plan yellow - orange - red - violet. Regarding the total of groups the partition of 

Figure 18 can be made. The reason that the partition can be over two or three groups 

is a result of the size of the groups, e.g. blue and red are much larger, and the 

perceived visual difference of the planners. 

ced ora nge yellow lime green tu rqu oise blue purp l e violet ced 
ced I o r ange 
ye ll ow I I 

l ime I ~ green 

1 turquoise 

1 blue 

t purple 

~ v iolet 
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Figure 18: Groups within hue spectrum 

In total 66 color groups are defined . These all appear in 3 transmission types. The 

new matrix becomes 198 by 198 fields. This is a reduction of 9 times of the old 

matrix, with addition of two new aspects, transmission and optical brightener. 

4.5. Design of the grade matrix 

There are only three properties selected that are defined by the grade matrix (Table 

2): FDA, UV and KSS. There are products that contain both UV and KSS. UV is 

contamination in pure KSS and KSS in UV. Not all grades contain one of the 

properties. Five grade groups are constructed: FDA, KSS, UV, KSS-UV and Empty. 

Empty is for the grades that do not contain any of the properties . Now all grades are 

assigned to a group, and none of the grades will appear in the default group. Only 

newly arriving grades that are not assigned to a group yet, will appear in the group 

default. Like th is, the maintenance of the matrix can be monitored. The grade matrix 
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becomes a simple 5 by 5 matrix. The CO-codes have been defined in cooperation with 

the planners. 

4.6. Change of 'optimization mentality' 

When optimizing the color sequence, the planners consider minor differences between 

colors from the same group. These minor differences cannot be built into the planning 

software. It can be questioned, however, if these minor differences are important. 

Namely, in the production process there can be a large difference between the color 

during the mixing and extrusion step, as the product during mixing can be 6 to 7 

times more concentrated than during extrusion. This difference is however, never 

regarded by the planners. They only plan on the color in the extrusion, where minor 

differences become important. 

This discrepancy between the large difference between the color in the two processing 

steps and the considering of minor differences during the sequencing step resulted in 

a session with planners and color specialists to define what is important for the 

sequence optimization. This resulted in the conclusion that the planners regard too 

much detail. Therefore besides improvement of the software, the planners have to 

stop making improvements within a color group. This second step wil l demand a 

change in the mentality of the planners, which will be a critical step in the 

implementation of the automated sequencing system. 

The planners also assign the wash codes to the schedule. The wash code is a code, 

different from the change-over code in the matrix, which indicates t he cleaning 

actions to be undertaken during the transition between two batches. There are in 

general only 4 different wash codes, in contradiction to the 13 change-over codes 

used in the transition table. The wash code and change-over code are unconnected. 

The planners take the decision on the wash code that is assigned to the change-over 

between two products. Hence, the planners decide if a minor or major cleaning 

operation needs to be conducted. This decision is taken independently of the CO-code 

assigned by the planning software. During the session on what is important for 

sequence optimization, it was also concluded that a major cleaning operation is too 

often assigned. This is because planners avoid the risk of processing a batch that does 

not respond to the quality specifications. However, this results in too many major 

cleaning operations, and therefore too much time spent on change-over. If this was 

not reflected by the CO-code, because the software planned a minor transition, it 

disturbs the planning . Moreover, longer cleaning times result in lost capacity for 

production. There are no standards for assigning the wash codes. Like the sequence 

optimization step, this process is highly subjective to the opinion of the planner. 

4.7. Results & conclusions 

In this chapter the current status of the sequencing dataset has been analyzed. It was 

concluded that a review of the dataset was needed . Therefore a new design for the 

sequencing dataset is developed. The results of this chapter can be summarized as: 

• Definition of four sequencing rules (section 4.4.2). This enables standardization 

of the sequencing process. 

• Definition of product families for the color and grade matrix. 
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• Construction of color matrix. The matrix is 9 times smaller than the former 

matrix, two new aspects are added: transmission and optical brightener. 

• Construction of grade matrix. 

• Assignment of CO-codes to the matrices. The CO-codes are constructed in order 

to obey the sequencing rules . 

During the analysis of the data set three additional conclusions are drawn: 

• The wash codes assigned by the planner, and the change-over codes assigned by 

PSP are unconnected. This can result in a discrepancy between the time assigned 

for change-over by PSP and the time that is really needed for the change-over. 

• Production capacity is lost because too often major wash codes are assigned. This 

is because of a lack of standards for assigning wash codes. 

• The planning software cannot regard packaging codes. Because the system will 

also in the future not be able to recognize the packaging code, it can be 

concluded that some manual adjustments on the schedule will always be 

necessary. 

• During the manual sequence optimization step too much detail is regarded 

(section 4.6). For the manual adjustments that have to take place on the 

schedule, standards have to be defined, to prevent 'over-optimization. ' 
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5. Order acceptance function 

This chapter discusses a new design for the order acceptance function. An overview of 

the literature on order acceptance is given first (3.1.2). In the design of the new 

control structure (3 .2.2) it is proposed to combine the hierarchical and integrated 

approach of Ten Kate (1995). In this section the choice for the combined approach is 

motivated, by discussing the advantages and disadvantages of both approaches for 

the specific situation of GEP (5.1). Then both the application of the hierarchical 

approach (5.2) and integrated approach (5.3) are discussed. The chapter ends with 

recommendations in respect to the implementation of these order acceptance 

approaches (5.4). 

5.1. Motivation combination of approaches 

The purpose of this section is to explain what the advantages of a combination of both 

approaches are. This is explained by discussing the advantages and disadvantages of 

both approaches. 

In the hierarchical approach the accepted capacity over the time is compared with 

the available capacity. The advantages of this approach are: 

• Fast and easy to apply. 

• The First Come First Scheduled priority rule will be applied. 

The approach is fast and easy to apply because the schedule need not be 

reconstructed every time a new order arrives. The priority rule First Come First 

Scheduled will be applied. Every time a new order arrives the total available capacity 

before the due date of the order is considered. If the total available capacity is 

insufficient to produce the order, the order is given a new due date. This new due 

date is the earliest allowable date from the schedule. As seen in section 3.2.2, in the 

current order acceptance method, the First Come First Scheduled priority rule is also 

applied, but in combination with the scheduling in slots, it does not always result in 

orders being scheduled first that were entered first (section 3.2.2). 

The disadvantages of the hierarchical approach are: 
• Lower capacity utilization (Wester, 1992; Ten Kate, 1995; Ivanescu et al., 2002; 

Ebben et al., 2005). 
• The order set for a flow stream does not always 'fit' at high D/C-ratios. 
• It cannot consider the effect on the schedule of accepting an order with a short 

leadtime. 
The first disadvantage is shown in the literature. The second disadvantage is a result 
of experience of GEP is in the past, when they did use the hierarchical approach. The 
reason that the order set does not always 'fit', is that single products cannot be 
processed on all production lines that process the flow stream (indicated by the 
effectivities). For example, a flow str.eam is processed on line 1, 2, and 3, but a 
product has effectivities for only line 1 and 3. If the lines are completely allocated, the 
chance increases that the total capacity that needs to be assigned to one line exceeds 
the capacity of the line. Although the capacity accepted for the total flow stream does 
not exceed the available capacity. The third disadvantage is that the approach cannot 
consider the effects of accepting an order with a short leadtime. For example, a SCO 
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enters, and according to the load profile the lines are full. Therefore the SCO will be 
scheduled late. However, regarding the schedule in more detail, it becomes clear that 
the SCO can be clustered with another order, and will only cause one order to be a 
few hours late. In that case the choice can be made to cluster the SCO with the other 
order. In respect to the total lateness in the order set, it would be favorable to cluster 
the SCO. 

The advantage of the Integrated approach is that it can consider the impact of 

accepting an order with a short leadtime (SCO/SLRT). However, it will then no longer 

respect the First Come First Scheduled priority rule. The fact that it can consider these 

short leadtime orders will result in higher capacity utilization. 

The disadvantages of this approach are that it is selective (Wester et al., 1992; Ten 

Kate, 1995) and that the complete schedule needs to be optimized every time a new 

order arrives. If the integrated approach is used for the complete planning horizon, all 

orders on the horizon will have to be optimized every time a new order arrives. It 

currently takes GAMS one-and-a-half hour to optimize the Lexan® schedule for 10 

days. This is done only once a day. Optimizing for every incoming order, for the whole 

planning horizon will be very time consuming. 

A Combination of both approaches is favorable because the two approaches 

complement each other. The hierarchical approach is not selective, but results in 

lower capacity utilization and is less suitable for situations with higher capacity 

utilization as it cannot consider the impact of accepting orders with a short leadtime. 

The integrated approach is selective. However, for accepting orders with a short 

leadtime this selectivity is favorable. This approach can 'select' orders that still fit into 

the schedule, and thereby realize higher capacity utilization. Because the integrated 

approach is time consuming, as a new schedule has to be constructed every t ime a 

new order arrives, it should be used solely for the optimization window. The 

hierarchical approach will be used outside the optimization window. 

5.2. Hierarchical approach: load profile 

Ten Kate (1995) recommends using a load profile for the hierarchical approach. The 

concept of a load profile and the way it can be applied for GEP will be explained in this 

section. 

In a load profile the net available capacity and the available capacity for processing of 

orders (processing capacity) is to be detected. The net available capacity of a 

production system is the time available for processing orders and change-over 

between orders. The net available capacity results from the total capacity (c8 ) reduced 

with an estimation of the downtime (DT), both planned and unplanned, and the time 

reserved for 'emergency' (insertion) orders (slack). 

cN = c8 - DT - slack (5 .1) 

The processing capacity ( Cp) is the net capacity minus an estimator for the time 

spent on change-over between products (s). The maximum capacity that can be 

accepted (Gmax) equals the processing capacity: 
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G max = C p = C N - S (5.2) 

If the maximum capacity accepted exceeds the processing capacity, at least some 

products will be late. In Figure 19 the load profile is shown. If, upon arriving of an 

order, the accepted capacity (bright red line) exceeds the processing capacity (dark 

red line) the order should not be accepted. In the case of GEP this means that a new 

due date is proposed to the customer. 
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Figure 19: Load profile 
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As said, GEP experienced in the past that using the hierarchical approach with 

average data per flow stream, resulted in order sets that did not 'fit' completely on 

the production lines. To solve this problem, it is to be detected whether the total 

capacity assigned to every line, and every subset of lines, does not exceed the 

available capacity. An example to explain this is given in appendix II. The information 

on which line a product can be scheduled is stored in the effectivities. A prerequisite 

for constructing a schedule is that the effectivity set is 'complete.' It is known from 

the interviews that the maintenance on the effectivity set is of low quality. For every 

newly incoming order at least one effectivity needs to be activated, otherwise the 

order cannot be scheduled. It frequently happens that just one effectivity is activated, 

although several effectivities could be activated for the product. 

The unplanned downtime and average change-over time need to be estimated. The 

average downtime results from historical data. The average change-over time can for 

the current situation also be based on historical data. Currently the optimization 

window is always 3 or 4 days. Clustering opportunities between orders are therefore 

limited to those 3/4 days, and the total change-over time will on average always be 

the same. This value is to be detected per production line. I n the new situation the 

optimization window will increase to at least 10 days. This means that clustering 

opportun ities will increase and the historical data are not representative anymore for 

the estimator of the change-over time. The increase of the clustering opportunities is 

dependent on the leadtime of the orders. As mentioned, SCO with a 'personal 

opt imization window' that is shorter than the optimization window, decrease the 

clustering opportunities. Insight into the relation between the leadtime of the orders 
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and the total change-over time is created in chapter 6. As historical data cannot be 

used anymore to estimate the change-over time, this insight is needed to define the 

processing capacity. 

GEP should base the estimators for the average downtime and change-over time on 

both the mean and variation. If the variation is high, GEP has to make the trade-off 

between on-time-delivery and D/C-ratio (volumes). Namely, the variation will cause 

production to be sometimes faster than what is planned, and sometimes slower. If 

GEP wants to achieve a on-time-delivery of e.g. 99% in a situation with high 

variation, this will be at the cost of having the lines stopped, because production is 

ahead of the schedule. 

A spreadsheet model (appendix II) is developed to show how a load profile, based on 

aggregate capacity per flow stream, can be used for LXF. 

Difference with MPS 

The MPS of GEP also shows capacity per flow stream. However, the MPS shows the 

cTTFG (requested dates) of the orders, and not the pTTFG (planned dates). MPS is 

therefore not a tool for order acceptance, but a tool to monitor the difference between 

actual capacity for a flow stream and demanded capacity. If demanded capacity 

exceeds the actual capacity for a certain period of time, the backlog accumulates. This 

is an indicator that a flow stream change needs to take place. 

5.3. Integrated approach 

The current detailed scheduling method in PSP cannot optimize the schedule every 

time a new order arrives. GEP is considering implementing new scheduling software, 

PS, which does have the capability to optimize the schedule upon arrival of a new 

order. PS constructs the optimal schedule based on a target function that minimizes 

the total cost penalty of the earliness, lateness and change-over time of the schedule. 

This software therefore seems applicable for the integrated approach. 

To construct a proper schedule, the scheduling software should assign a realistic 

amount of capacity to an order. PS will use a method similar to the method used by 

PSP to assign capacity to an order. This method of PSP does not seem to be in 

control. As mentioned, over several weeks on average 9% of the orders were rejected 

from the schedule. This lack of control is a result of several causes. To explain these 

causes, first the method PSP uses to determine the capacity needed per order will be 

explained. 

PSP determines the capacity needed for an order by the duration for production and 

the duration for change-over. The duration for change-over results from the transition 

matrices. PSP uses the equation below to calculate the duration for production of the 

order (T). T is based on the extruder rate (y) and order quantity (Q). A fixed order 

quantity inflation (C), a 'percentage quantity inflation' (x1 ) and a 'percentage time 

inflation' (x2) is used to cover start-up losses. 

GEP assumes that the extruder rate is equal for the majority of the products on a line 

and uses, generally speaking, one fixed extruder rate. 
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During the analysis the following causes were detected, that distort the estimation of 

the production capacity by PSP: 

• The value of the extruder rate in PSP is higher than the actual value. Production 

decides on the values of the parameters in the formula. Production is evaluated 

on produced volumes, and therefore has the incentive to have a high extruder 

rate. This reduces the risk that their production lines are stopped, because 

production is ahead of the schedule. 

• The formula shows that for every batch a start-up loss is computed. If two orders 

of the same product are clustered these start-up losses should be scheduled only 

once. As PS will be used to insert order in an almost 'full' schedule, it should be 

able to recognize the positive effects of clustering orders. 

• Sometimes, production orders are placed for very small quantities, e.g. 25 kg. 

These quantities are below the minimum quantity limits of the blender and 

therefore a larger quantity needs to be processed. However the quantity of the 

order cannot be changed in PSP. This means that PSP schedules capacity for only 

25 kg, although e.g. 2000 kg needs to be processed. 

• The variation in the change-over time is considerable. The current standards for 

the durations of the change-over times are far from the average change-over 

time. The values in PSP however are based on these targets. 

5.4. Recommendations 

In section 5.1 it is explained that using a combination of the aggregate and integrated 

approach is advantageous. However, in section 5.2 and 5.3 it is shown that GEP 

cannot directly implement this combination of approaches. Before considering 

implementation GEP should: 

1. Develop software that conducts the aggregate capacity check. The spreadsheet 

model from appendix II provides an example. 

2. Assure that the effectivity set reflects the capabilities of the production system. 

3. Assure that detailed scheduling software (e.g . PS) can detect the capacity needed 

per order. It should cover the shortcomings of PSP mentioned in section 5.3. 

4. Understand the relation between leadtime and net utilization rate and make a 

trade-off between those two aspects, in order to define the processing capacity 

for the aggregate check. 

5. Decide on the trade-off between on-time-delivery and D/C-ratio (volumes), in 

order to define the processing capacity for the aggregate check. To decide on this 

trade-off GEP needs to analyze the behavior of the downtime and change-over 

time per line. 

The trade-offs mentioned under ad 4 and 5 have to be decided on at the tactical level 

of the organization, as discussed in section 3.4.1. 
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6. Service versus production efficiency 

6.1. Introduction 

The third part of the design covers the development of a model to create insight into 

the trade-off between leadtime and net utilization rate: in other words, the trade-off 

between customer service and production efficiency. 

First the literature will be discussed that provides the background for the model. This 

is followed by the definition of the research approach. The central research question 

and scope of the model are defined. The model will be a simulation model. The 

motivation for using simulation and methodology about model building are discussed 

in section 6.4. Then the simulation design is given. In section 6. 7 the results are 

shown, followed by the conclusions and recommendations. The chapter ends with 

suggestions for further research. 

6.2. Literature 

The literature will be discussed in this section, to provide understanding into the 

relation between lot sizes and the performance of the system. Before starting the 

literature review, two terms have to be defined, batch and lot: Batch refers to a job 

for a single order. A lot refers to several batches of products of the same family that 

are produced in succession. 

In Karmarkar et al. (1985) and Karmarkar (1987) the effect of lot sizing on queues 

and leadtimes for batch manufacturing with queues is examined. Although these 

studies focus on discrete manufacturing facilities, the findings are useful for this 

study. In Karmarkar (1987) an M/M/1 queuing model is used. The assumption is 

made that all items arriving at the machine are alike and will have the same batch 

size. The relationship between batch size and the system time is detected by 

simulation. System time is made-up of waiting time and processing time. The longer 

the time the order has to wait in the system, the longer its leadtime will be. Figure 20 

shows what happens with the system time when lot sizes decrease or increase. When 

the lot sizes decrease, the system will get saturated as a result of increased set-ups. 

The system time then increases; this is called the saturation effect. When lot sizes 

increase, a scale effect appears in the queue: the effect that the average time in the 

systems grows in proportion to the mean processing time. Because of the larger lot 

sizes and therefore diminished set-ups, the scale effect results in higher net utilization 

rates. 

Simulation with a D/D/1 model shows the same behavior, except that the mean time 

in system for large batch sizes equals the batch processing time. Simulations are done 

for several load fractions. It is shown that a high load fraction results in longer system 

times, and a stronger impact of the saturation and scale effect. 
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Figure 20: Average time in system as a function of lotsize in a M/M/1 queuing model 

for different utilization rates (u) (Karmarkar, 1987). 

Ten Kate (1995) adopts the insights created by Karmarkar. Ten Kate focuses on batch 

processing industries, with sequence dependent set-up and change-over times. This is 

similar to the situation at GEP. Ten Kate recognizes the same pattern between lot 

sizes and leadtimes. He has analyzed this pattern in more detail, and created better 

understanding of these effects for situations with sequence dependent processing 

times. He explains the pattern also by two effects showing similarities to the effects 

described by Karmarkar. Ten Kate calls these congestion effect and cycle time effect 

Cycle time effect: 

Ten Kate calls the scale effect of Karmarkar cycle time effect. Ten Kate, like 

Karmarkar, explains that orders have to be clustered due to the need for efficiency; 

otherwise too much capacity is lost due to setups. If the resulting lotsize is too large, 

customers have to wait a long time before the order is completed. The lotsize, which 

results from clustering, thus determines a so-called cycle time. The cycle time is 

defined as the time between the start of two successive lots of the same family. In 

order to enable the realization of a certain desired average batch size, the leadtime 

should at least equal the corresponding average cycle time. Namely, if an order 

belonging to family A arrives right after the completion of the run of family A, it 

should have a leadtime equal to the cycle time to be processed on time. Ten Kate 

derives that the cycle time is linearly increasing in the lotsize. This is shown in Figure 

20. 

Congestion effect 

Ten Kate explains that the target D/C-ratio (demand/capacity) of the system, 

determines the arrival intensity. The arrival process is random; therefore congestion 

effects appear in the queue, if a certain level of the D/C-ratio is desired. This means 

that a high D/C-ratio has to be paid for by a large number of orders waiting in the 

system, which results in high waiting times. 

Combining cycle time & congestion effect: 

The scheduling procedure leads to clustering of orders. The effect of clustering on the 

leadtime is twofold: the cycle time and a reduction of the time spent on setup. This 

last effect results in a higher service rate, and thus, finally low waiting times 
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(saturation effect of Karmarkar). This means that the waiting time in the system 

decreases as a resu lt of the clustering opportunities. Ten Kate derives the relation 

between lotsize and waiting time, and shows that the waiting time is decreasing as a 

result of the lotsize. This is shown in Figure 21. However, the waiting time does not 

take into account the cycle time effect. Both the waiting time and cycle time are 

shown in Figure 21. Initially an increase in the lotsize results in less time spent on 

change-overs between products, and therefore in a decrease in the waiting time. 

However, at a certain point the cycle time effect becomes dominant. The cycle time 

increases, which results in additional waiting time. The leadtime of an order should be 

large enough to allow for both effects, and therefore should be larger than the 

maximum of both. This shows that if more orders are clustered, the leadtime 

increases. However, more clustering always means less time spent on change-over 

between products, and therefore a higher production efficiency. This is the trade-off 

between service (short leadtimes) and production efficiency (clustering). As has been 

seen by Karmarkar, the curve changes for different load fractions. 

System 
Time 

_ .. -------------------------------·-· 

Lot size 

- Waiting time 

··········· Cycle time 

Figure 21: Relation between system time and lotsize (Ten Kate, 1995). 

In his simulation model Ten Kate does not vary lot sizes. He uses the insight into the 

relation between system time and lotsize to detect reasonable targets for the 

leadtime. The actual leadtime is a result of the simulation system. He assumes that 

the lotsize is a result of the leadtime of the order; tighter lead times generate smaller 

lots. As the model of Ten Kate allows exceeding the due date, at the cost of a lateness 

penalty, lead times can become too tight. If leadtimes become too tight, due dates 

will be violated, and the total lateness in the order set will increase. The actual system 

time, or the leadtime, is therefore a result of the system itself. The t ightness of the 

leadtime depends on the D/C-ratio. For a higher ratio the waiting time in the system 

is higher (Figure 20). The fraction of tardy orders at a given leadtime increases when 

this ratio increases. The ' tightness' of the leadtime is thus dependent on the D/C

ratio. A higher ratio demands longer leadtimes for the same fraction of late orders. 

6.3. Research design 

6.3.1. Research question 

Karmarkar et al. (1985) and Karmarkar (1987) have shown the relationship between 

lotsizes and waiting times. Ten Kate (1995) has used these insights to evaluate two 

production control approaches, for a situation where change-overs times are sequence 

dependent. These studies consider a queuing model. Ten Kate has integrated this with 

a sequence optimization procedure. 
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The purpose of the study in this chapter is to create insight into the impact of varying 

leadtimes on the production efficiency. Or in other words: what happens with the 

clustering opportunities, and therefore with the total time spent on change-overs 

when leadtimes vary? This is motivated by the fact that GEP wants to understand the 

effect of SCO orders, on the clustering opportunities in the new situation with an 

increased optimization window of at least 10 days. The main question of this study is: 

What is the impact of SCO on the perfonnance of the sequencing system? 

In this chapter SCO will mean an order that arrives with a due date that is before the 

end of the optimization window. This means that the order will have a "personal" 

optimization window that is smaller than the optimization window. 

6.3.2. Model scope 

The planning process at operational level for the new situation with a rolling schedule 

can considered as consisting of three steps: 

1. Order acceptance - PSP. 

2. Detailed scheduling - sequence optimization by GAMS. 

3. Processing of the order set. 

This study focuses on the effect of accepting orders with a short leadtime by the order 

acceptance step on the clustering opportunities in the detailed scheduling step. The 

performance of the detailed scheduling step is the scope of the system. This step is 

constrained by the input it receives from the order acceptance step, which are: 

• Product mix - number of families . 

• Leadtime mix - percentage of SCO and non-SCO in the order set. 

• Earliness and due date for every single order - hard constraints in the sequence 

optimization. 

Input for the detailed scheduling step needs to be created; this is discussed in section 

6.5.1. The performance of this order acceptance step however is not measured . The 

order acceptance purely serves to generate the input for the scheduling step. 
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Figure 22: Model scope 
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After the scheduling step, the production department processes the order set. The 

production capabilities are constraints for the sequence optimization step. Production 

uncertainties regarding the processing time of orders are not part of these constraints 
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(section 6.5). The duration of the change-over times however will be varied among 

the simulations. 

6.3.3. Performance measure 

The objective of the model is to create insight into the effect of leadtime variation on 

the efficiency of the system. The efficiency of the system is measured by three 

performance criteria: 

1. Percentage of time spent on change-over (percentage COT) 

2. Cluster size 

3. Average change-over time 

The first criterion shows the percentage of time and therefore the capacity needed for 

change-over between orders. The second criterion, cluster size6
, measures the 

average number of orders of the same family that are produced in succession. The 

third criterion is the average time spent on transition from one product to another. 

The measures will be correlated; longer lot sizes will probably lead to less time spent 

on change-over and shorter change-over times. The lotsize shows how many orders 

could be clustered . Clustering orders of the same family not only diminishes the time 

needed for change-over, but also quality risks. Namely, processing similar colors in 

succession reduces the risk of contamination. The third measure indicates how smart 

successive lot sizes are clustered. The change-over time between families is not 

constant, going from a red to orange takes less time then going from red to blue 

(appendix V shows the transition matrix). The model thus not only tries to cluster 

orders from the same family, but also to produce families in an optimal order. This is 

reflected in the average change-over time. 

For the trade-off to be made at the tactical level the performance criterion percentage 

COT will be most important. The set of performance criteria however, will give full 

understanding of the model. 

6.4. Methodology 

6.4.1. Motivation for simulation 

In section 3.5 it has already been mentioned that simulation with the current system 

is not possible due two reasons: 

• The current system is non-ideal. 

• The current system is hard to simulate with. No "virtual" order sets can be 

placed in the system. 

In Liman (2003) a simulation decisions tree is given. This tree indicates that 

simulation should be done when firstly no mathematical programming solution is 

desirable or efficient and secondly no direct experiment is possible. Ten Kate (1995) 

refers to the work of another researcher to mention six criteria for deciding on the 

reasonability of using a simulation approach: 

6 In literature the term ' lot size' is generally used. In this report the term cluster size will be 

used, to avoid confusion with other term used by GEP. 
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1. It is impractical to simulate with the current system in its natural environment. 

2. Simulation provides the only means of investigating the design characteristics of 

a particular system . 

3. Analytic or mathematical techniques do not exist for the problem at hand. 

4. The complexity of the system precludes a tractable mathematical formulation. 

5. The researcher is interested in generating sensitivity information in order to gain 

a basic understanding of the system and subsystem behavioral characteristics. 

6. The systems performance must be assessed using statistical measures. 

Regarding the decision tree of Liman (2003) and these six criteria, it seems 

reasonable to use computer simulation for this study. 

6.4.2. Approach 

Law & Kelton (2000) give a 10-step plan that make up a simulation study: 

1. Formulate problem and plan study 

2. Collect data and define a model 

3. Validate the conceptual model 

4. Construct a computer program and verify 

5. Make pilot runs 

6. Validate the computer program 

7. Design experiments 

8. Make production runs 

9. Analyze output data 

10. Document, present and use results. 

The formulation of the problem and the conceptual model are given in section 6.3. 

This problem formulation is communicated with the people who are involved in this 

project from the company GEP. The data collection has taken place during the 

analysis phase of this graduation project. The sensitivity analyses, to determine what 

model factors have a significant impact on performance measure, is described in 

section 6.5. This section also deals with the design of the final experiment. In section 

6. 7 the results are given. 

6.5. Model design 

The objective of the research is to create insight into the trade-off between market 

demands and production efficiency. Market demands are characterized by the 

percentage of SCO orders. An SCO is characterized by a 'personal' optimization 

window shorter than the optimization window; these orders have a negative effect on 

the clustering opportunities. The purpose of the model is to detect how strong this 

effect is. In this section the design of the model will be explained. The model is 

inspired on the model of Ten Kate (1995) . The following characterizations are adapted 

from the model of Ten Kate: 

• A single production facility. This means that just one production line is modeled. 

The modeling of several lines will increase the complexity of the model. However, 
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if it is assumed that lines are equally loaded, modeling several lines will not 

generate additional insight. 

• Fixed processing times per order. It does not seem very realistic to assume 

exactly equal processing times for all orders of all families. However, the 

influence of the uncertainty in processing times seems to be minor as compared 

to the uncertainty in family type and due date. Especially because the model is 

meant to create insight for the tactical level. Over a longer period, the effect of 

varying processing times will be weak. 

• Limited number of product families, demand is uniformly distributed between the 

families. On one production line only a limited number of families can generally 

be produced. Too many families would not result in clustering of orders, and 

would not create the insight demanded from the model. 

The model differs on three points : 

• The leadtime of the orders of one set is not fixed for the whole order set. Part of 

the set will have a short leadtime, thereby representing SCO. The other part of 

the set will have a long leadtime, representing the non-SCO. 

• The scheduling and order acceptance function are not integrated. The order 

acceptance function is simulated in a different model. Although it has been 

discussed that an integrated approach should be used for the optimization 

window, this will not be modeled. The model needs to reflect the current 

scheduling system, where GAMS optimizes solely the sequence. The constraints, 

earliness and due date, are provided by the order acceptance in PSP. 

• The number of families is limited, but larger than the two families used by Ten 

Kate, and is varied across the experiments. 

6.5.1. Order acceptance 

Order sets need to be given to the sequencing function of the simulation model. These 

order set needs to be feasible. Because the PSP order acceptance and scheduling 

method is non-optima, this order acceptance method used in the simulation model for 

the creation of order set for the sequencing function . One method to generate a 

feasible order set is the use of a load profile. This method is selected for the model. 

The order acceptance function is simulated in the simulation tool Arena. The order 

arrival process is modeled according to a Poisson arrival process. According to Law 

and Kelton (2000) the Poisson arrival process is probably the most commonly used 

model for the arrival process of customers to a queuing system. It is therefore 

accepted as a suitable process for this model. 

Every order in the model is given a leadtime. Two types of orders are distinguished: 

non-SCO and SCO. The non-SCO all have the same leadtime. The SCO orders have a 

leadtime that is uniformly distributed over a given range. To assure that the system 

never becomes overloaded, an order leaves the system as: 

LT .,; 2 * Processing time + Number of Orders in Queue * Processing Time 
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This means that processing the orders currently in the system and the order itself can 

be finished before the due date of the order. In the scheduling procedure of GEP an 

order would not leave the system, but would be given a due date after the requested 

date by the customer. At GEP rejection of an order in fact means that the order is 

scheduled after its requested date. In the model the order is really rejected. However, 

the purpose of the Arena model is to create an order set as input for the optimization 

step . This simplification can therefore be made. 

Both Ten Kate and Karmarkar use an M/M/1 queuing model. In such a model the 

arrival intensity of orders is characterized by the following formula : 

1 
2 =---

0 *(p + s) 

2 = arrival intensity parameter 

0 control parameter to influence the demand for capacity 

p = processing time 

s = average change-over time be tween two orders 

(6.1 ) 

For a model that has an infinite queue this formula is valid. However in the model of 

this study orders leave the system at the moment that they cannot be produced 

before their due date. This means that the maximum value of the queue is dependent 

on the leadtime of the orders. The model can be characterized as an M/M/1/N queuing 

model, where N depends on the average leadtime. Consider the case where all orders 

have the same leadtime of 3 days = 72 hours and the processing time is 20 hours. 

The maximum number of orders in the queue becomes (72-2 * 20)/20 = 1,6. From 

queuing theory (Senden, 2000) it can be deducted that the shorter the queue, the 

larger the chance that the number of orders in the queue becomes zero, and the 

processing facility can become empty. Namely, in a M/M/1/N queuing model the 

chance of having n orders in the system ( Pn) is related to the chance of having zero 

orders in the system (Po) according to the following formula : 

(6.2) 

Moreover, the sum of the chance of having n numbers of orders in the system always 

equals one: 

N 

L Pn= l (6.3) 
n=O 

Therefore the chance of having zero orders in the system decreases with increasing n: 
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(6.4) 

The chance of having zero orders in the system is, however, also dependent on the 

ratio J / µ . That means that in order to decrease the chance that the system will 

become empty, even with a short leadtime, the arrival intensity parameter should be 

increased, or the serving parameter should be decreased. Decreasing the serving 

parameter would imply that orders are processed faster and more orders can be 

accepted. This can result in too many orders being accepted . The purpose of the 

model is to simulate a load profile, if too many orders are accepted the system 

becomes overloaded. In the case of increasing the arrival intensity parameter, more 

orders will arrive and more orders will be rejected because they cannot be finished 

before their due date. However, as the number of orders that leave the system is not 

a performance indicator of the system, increasing this parameter is allowed. 

Therefore, to control the net utilization rate, the order arrival parameter is used. 

Warm-up period 

When initially starting up the system all orders can be accepted and finished before 

their due dates because the queue is not full yet. The moment before the first order is 

rejected is dependent on the leadtime of the orders. For a leadtime of 15 days for all 

orders in the order set, the duration for the first order to leave the system was 35 

days (average from 5 runs). The longer the leadtime, the longer this period will be. 

Because 15 days is the longest leadtime used in the simulations, 35 days is a 'worst 

case scenario.' The arena model is therefore given a warm-up period of 35 days. 

6.5.2. Sequencing 

Once the order set is created in Arena, the sequence needs to be optimized for a 

predefined optimization period. After optimization, part of the period is frozen. The 

optimization 'rolls' forward, new orders enter and the optimization is repeated. This is 

the rolling horizon concept. The problem to be modeled is therefore a dynamic 

problem. 

The static sequence optimization problem can be seen as an instance of the traveling 

salesman problem (appendix III). The static problem will be solved by branch and 

bound (more details in appendix IV). The model is built in Microsoft Excel. Test runs 

are done for optimizing the sequence of 10 to 15 orders. The number of possible 

solutions increases exponentially, with the increase of the number of orders. 

Therefore the time to solve the problem also increases with the number of orders. The 

problem with 10 orders can be solved in a few seconds, with 15 orders it takes about 

2 minutes. 

Regarding the rolling horizon approach, two parameters need to be introduced in 

respect to that (Ten Kate, 1995): the planning horizon and the rescheduling period. 

The planning horizon is the same as the optimization window of GEP. In this report 

the term optimization window will be used. Ten Kate states that for large windows 

better results may be expected. However, if the window is longer than the leadtime, 
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no further improvements are made. The rescheduling period refers to the frozen 

period, it defines how the period in which the schedule is frozen and cannot be 

changed anymore. In this report the term frozen period will be used. Ten Kate states 

that increasing the frozen period negatively influences the results, because fewer 

orders can be re-optimized. The frozen period should therefore not be too large. 

The process of freezing the orders in PSP is still a manual process. The planner selects 

all orders that are within a certain time window, which is defined as the frozen period. 

This manual process needs to be simulated in the model. Due to the fact that the 

processing times are equal for all orders, it can be assumed that on average a fixed 

number of orders needs to be frozen. Because of the fixed processing times, also a 

fixed number of orders will on average make up the optimization period. The only 

variation in the time needed to produce these orders result from the change-over 

time. However, in the real life situation these periods are not completely fixed either. 

The number of orders to be frozen is always a complete number of orders (orders are 

never split-up) and therefore variation will appear in these periods. Therefore, the 

planning horizon and the rescheduling period in this model are not a fixed time 

window, but are constituted by a fixed number of orders. This creates the advantage 

of having an equal number of orders for every optimization period, which simplifies 

the model. Test runs have been conducted to test this hypothesis. It appeared that 

the duration of the frozen period does fluctuate. This is a result of idle time in the 

system, as the system is not fully loaded. However, this does not seem to negatively 

influence the performance of the system. The performance of the system is measured 

by the percentage COT, the average change-over time and cluster sizes. Idle time 

does not negatively influence the sequence proposed by the software, and therefore 

not the performance criteria. Therefore this assumption is valid. This is shown in 

Figure 23, the optimal order will not change as a result of idle time. 

Without idle time 

- c::J c::J 

With idle time 

- c::::Jc:=i -
----
-- ---

Figure 23: Optimal order without and with idle time 

- c::::J 

Ten Kate has concluded that the size of the rescheduling period should not be too 

large. GEP wants a situation with a frozen period of 24 hours and an optimization 

period of 10 days. The rescheduling period is therefore only one tenth of the 

optimization period. Ten Kate does not mention a preferred ratio of frozen period over 

optimization period. The frozen period used by GEP is as small as possible in order to 

cope with uncertainties arising from market demands and the production process. 

These uncertainties are not taken into account in the model. It is therefore assumed 

that the frozen period can be over one tenth of the optimization period. This will 

speed up the simulations. Especially when leadtimes are short, the expected effect of 

a longer frozen period will be small, because due dates will have an increasing 

influence on the schedule. The optimization period will be 13 orders, the frozen period 

51 



4 orders, for all simulation runs. The choice for the 13 orders results from the fact 

that the computation time is over a minute for the problem with more than 13 orders, 

with a leadtime of all orders of 10 days. 

The transition between product families is defined in the transition table. The number 

of families varies from 3 to 4. 

6.6. Simulation design 

This section covers steps 5, 6 and 7 of the approach of Law and Kelton. First initial 

scenarios are run, to create insight into the effect of several parameters on the 

system. These runs are analyzed (step 5 and 6). From the results of these scenarios a 

design is constructed for the final scenarios in which the leadtimes are varied (step 7). 

6.6.1. Design initial scenarios 

First insight needs to be created into the relation between the leadtime and the 

percentage COT, and the impact of three parameters on this relation. The three 

parameters are linked to both the order acceptance function and the production 

system (Figure 22). 

• Ratio average change-over time/ average processing time (ratio COT/p). 

• Number of families. 

• Variation in change-over time: difference between maximum and minimum value 

in the transition matrix. 

Three initial scenarios are run (Table 3). 

Scenario # Families 

A 

B 

C 

3 

3 

4 

Table 3: Initial scenarios 

Duration CO-codes (hrs) COT /p 

1-2-4 

2-4-8 

2-4-6-8 

0.15 

0.32 

0.33 

Processing time (hrs) 

15 

15 

15 

The ratio COT/p is varied because it varies between lines, but also for one line during 

the quarter. Namely, at the end of the quarter the percentage MTO orders increases. 

These orders have in general a smaller batch size. Scenario A reflects the beginning of 

the quarter, scenarios B/C the end of the quarter. 

The ratio COT/p is detected by determination of the average change-over time when 

the orders are processed First In First Out (FIFO). After sequence optimization, this 

average change-over time will be reduced . This reduction, however, will depend on 

the leadtime of the order set. Processing the orders FIFO in fact indicates a worst

case scenario, and gives an indication of the ratio COT/p in the order set. The choice 

for the duration of the change-over code resulted from an analysis of the change-over 

time versus the time spend on processing. This differs between lines. The ratio COT/p 

is the ratio seen at line 10. The ratios have been doubled for the beginning and the 

end of the quarter (scenario A and B/C). The number of families and the variation in 
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the change-over time differ per line. Therefore both parameters are varied between 

scenarios, in order to detect the impact. 

Every scenario is run for a leadtime of 72 - 120 - 192 - 240 - 360 hours (3, 5, 8, 10, 

15 days). This will be called a simulation instance. With 13 orders that take about 17 

hours to process and a D/C-ratio that result in 80% capacity usage, 13 orders make

up about 10 days (17* 13/0,8 = 273 hours ~10 days). A leadtime larger than the 

optimization period is not useful according to Ten Kate (1995). Because the 

optimization window fluctuates around 10 days, also a simulation with 15 days is 

done. Of every instance 3 runs are made. The average output over the three runs is 

used for the results. Test runs are conducted to detect how much time it takes for the 

system to become stable. The change-over time per set of 13 orders and the duration 

of the run, become stable after the first few runs. To obtain a sufficiently large 

sample, every run is conducted with 500 orders. The net utilization rate is kept 

constant within one scenario between bounds of 1 % (The lowest utilization rate is not 

allowed to differ more than 1 % from the highest net utilization rate). Between the 

scenarios the net utilization rate will differ. Namely, for every order the maximum 

value of the change-overs in the transition table needs to be reserved, as the due 

date is a hard constraint. If the maximum value increases, more capacity needs to be 

reserved for change-overs, which negatively influences the net utilization rate. 

The D/C-ratio will vary within the scenarios. An increased leadtime results in 

decreased change-over time and thereby a decreased D/C-ratio. The D/C-ratio will 

also vary between scenarios, as the D/C-ratio is also influenced by the net utilization 

rate. 

6.6.2. Results initial scenarios 

The results from the initial scenarios are presented in this section. The polynomials of 

percentage COT as a function of leadtime are in Figure 24, the polynomials of cluster 

size as a function of the leadtime are in Figure 25. The functions of the polynomials 

and the value of the coefficient of multiple determination are provided in the tables in 

appendix VI. 

As mentioned, it is assumed that for leadtimes longer than 15 days the results of the 

simulations will not change, because this leadtime is longer than the optimization 

period. A test run for leadtime 20 days was conducted, which confirmed the 

assumption (appendix VII). 

Percentage COT as a function of leadtime 

The percentage COT is a polynomial function of the leadtime; the polynomials used 

for the approximation are of the second order. According to the value of the 

coefficient of multiple determination, this is a sound approximation. 
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Figure 24: Percentage COT as a function of the /eadtime, initial scenarios 

From comparison of scenario A and B insight is created into the effect of the ratio 

COT/p and the variance in the change-over time on the performance of the system. 

Scenario A has a lower ratio COT/p, because the values of the change-over times are 

smaller. Therefore the percentage COT is in general smaller. The variance in the 

change-over time is also smaller. Therefore the graph of scenario A is less stiff than 

the graph for scenario B. In other words, the difference between the percentage COT 

when processing FIFO and using an optimization window of 15 days, is less for 

scenario A than for scenario B. It should be mentioned that the net utilization rate for 

scenario A is 5% higher, which slightly distorts the results. 

Comparison of scenario B and C creates insight into the effect of the number of 

families on the percentage COT. It can be concluded that an increase of the number 

of families shifts the graph up; more families result in a higher percentage COT. It is 

to be expected that more families will also 'flatten' the line. Namely, as more families 

need to be processed, less clustering opportunities arise. The difference between 

processing FIFO and sequence optimization decreases. 

The graphs flatten when leadtime increases, because no further improvements can be 

made by optimization. The percentage COT reaches a minimum. This minimum is not 

zero, because of two effects : 

• There are always a minimum number of change-overs between families. 

• Transition between two orders of the same family also demands change-over 

time. 

The second effect results in a minimum amount of capacity that needs to be spent on 

change-over time, even if all orders were of the same family . This will be called the 

base capacity for COT. The base capacity for COT is dependent on the value of the 

minimum change-over time in the transition matrix, which defines the change-over 

time between two products from the same family. If the value of the change-over 

time between two families increases, the base capacity for COT increases, and the 

graph shifts up. For scenario A the base capacity for COT is about 5%, for scenario B 

and C about 9%. 
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The graphs (Figure 24) of percentage COT versus the leadtime indicate that the model 

delivers results that reflect the actual situation at GEP. The percentage COT currently 

at line 10 is 11 % . Scenario A reflects the durations of the change-over times in 

comparison with the processing time of line 10. In the graph of scenario A, the 

percentage COT at 3,5 days (current situation) is about 8%. However, the number of 

families processed on line 10 is higher than the number of families simulated. 

Cluster size as a function of leadtime 

The cluster size is a polynomial function of the leadtime, the polynomials used for the 

approximation are of the second order. According to the value of the coefficient of 

multiple determination, this is a sound approximation. 
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Figure 25: Cluster size as a function of the /eadtime, initial scenarios 

It is remarkable that the cluster sizes for scenario A are slightly higher than those for 

B. This is explained as a result of the difference in net utilization rate, which is on 

average 5% higher for scenario A. When producing the products in order First In First 

Out the cluster sizes for all scenarios are equal , and only slightly higher than 1. For a 

leadtime of 15 days the cluster size of scenario A is 5,5 times as large as when 

producing FIFO. For scenario C this is a factor 4,2. It can be concluded that the cluster 

sizes are shorter when more families appear on the schedule. Sequence optimization, 

however, gives considerable improvement in respect to processing orders FIFO. 

Average change-over time as a function of the leadtime 

The average change-over time between two products as a function of the leadtime is 

shown in Figure 26. The change-over time is approximately twice as large for the 

simulation instance FIFO as for the instance with leadtime 15. The transition matrix, 

however, is not symmetric (appendix V). Doubling of the change-over time was 

therefore not expected. 
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Figure 26: Average COT as a function of the leadtime, initial scenarios 

Variation in change-over time per 13 orders in relation to the leadtime 

Every run a set of 13 orders is optimized. The total change-over time per run is 

measured . The results for scenario B with leadtime 3 days and leadtime 15 days are 

shown in Figure 27. This figure shows that the average change-over time is not only 

higher for a leadtime of 3 days, the variation is also larger. A large variation in the 

process is not desirable. Recall the fact that when using aggregate data for the order 

acceptance, an estimation of the change-over time needs to be made. Large variation 

is not favorable when working with average values. The mean, standard deviation and 

variation coefficient of leadtime 3 and 15 days are given for the three scenarios in 

Table 4 . It can be seen that variation coefficient increases with shorter leadtimes, but 

also as the variation in the change-over times in the transition matrices increases 

(scenario A versus scenario B/C). 
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Figure 27: Total time spent on change-over per set of 13 orders 
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$cenario A Scenario B Scenario C 

LT p a a/p p a a/p p a a/p 

3 22.03 1.96 0.09 44.35 5.31 0.12 45.53 4.95 0 .11 

15 15.41 1.22 0.08 31.47 2.40 0.08 33.56 2 .38 0.07 

Table 4: Mean, variance and variation coefficient, initial runs 

6.6.3. Conclusions 

From the three initial scenarios the following conclusions can be drawn: 

• Having a leadtime larger than the optimization window, will not improve the 

results (appendix VII, results with leadtime 20 days). 

• If the ratio COT/p (change-over time/processing time) is larger, the percentage 

COT is larger. 

• If the variance in change-over times is larger, the effect of sequencing is 

stronger. There is a larger difference between processing FIFO and a leadtime of 

15 days. 

• An increase in the number of families results in an increase of the percentage 

COT. 

• An increase in the number of families results in a decrease in the impact of 

sequencing on the cluster size. 

• There is a base capacity for COT resulting from the change-over time between 

two products of the same family. 

• The model can be used to reflect on the situation at GEP. 

6.6.4. Design scenarios with varying leadtimes in the order set 

In the initial simulation runs, insight is created into the impact of several parameters 

on the performance of the system. This serves as a basis to continue simulations. 

Therefore, first one scenario needs to be selected from the initial scenarios. Scenario 

C is selected because of two reasons : 

• Ratio COT/p larger than for scenario A, more impact of sequencing. 

• Number of families larger than in scenario B, this is more realistic. In the 

production environment more than 4 families appear during one optimization 

window. 

In the next simulation instances the leadtime will be varied between two types of 

orders: non-SCO and SCO. Three parameters will be changed : 

• Percentage of SCO: 10% - 20% - 50%. 

• Leadtime of the non-SCO: 8 - 10 -15 days. 

• Leadtime of the SCO: 4/5 days or 2/3 days. Uniform distribution over 4/5 days 

and 2/3 days. 

The instances with leadtimes 3 and 5 days for the non-SCO orders are not run, 

because the difference between the leadtime of the non-SCO and SCO is insufficient in 
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those cases. Again 500 orders are sequenced in every run . The net utilization rate is 

now allowed to vary 2% between the maximum and minimum value used . This 

variance is increased from 1 % to 2%, because it is hard to control both the net 

utilization rate and the percentage of SCO for the simulation instance. The reason for 

having not a fixed leadtime for the SCO, but a leadtime appearing from a distribution 

is because of the leadtimes 2/3 days. A leadtime of 2 days is that short, that it is 

really hard to generate order sets with it. Therefore the choice is made to combine 

this with 3 days. To be consequent this is adapted for 4/5 days. It is to be remarked 

that the orders with the longest leadtime in the uniform distribution (3 and 5) , have a 

higher chance to arrive in the order set, as these orders will stay longer in the queue. 

Remarks 

When creating the simulation instances, the percentage of SCO in the set is not equal 

to the percentage of SCO that arrive. For example for the instance Leadtime non-SCO 

is 15 days and Leadtime SCO is 2/3 days the percentage of SCO in the arrival process 

is 84% to result in 50% SCO in the order set. Because the non-SCO have a longer 

leadtime, these orders can stay longer in the queue. The result is that the queue is 

filled with non-SCO orders. In this model the SCO leave the system, when they 

cannot be scheduled. In the situation at GEP they would be given another due date, 

probably similar to that of the non-SCO orders. In that case, these orders would start 

'blocking' the queue and also the newly arriving SCO should be given another due 

date. The situation simulated here is therefore different from the situation in GEP. 

However, to understand the relation between the leadtime and the amount of SCO in 

the order set, this scenario is valuable. 

6.7. Simulation results 

The results of the runs for varying leadtimes are given in this section. First the results 

for a leadtime of the SCO of 4/5 days are discussed, secondly the results for 2/3 days. 

Then the results are compared. In order to be able to compare the simulation 

instances, the net utilization rate is kept around 64%. The section ends with 

conclusions . The functions of the polynomials and the value of the coefficient of 

multiple determination are provided in the tables in appendix VIII. 

Leadtime SCO 4/5 days 

The percentage COT as a function of the leadtime is shown in Figure 28, the cluster 

size as a function of the leadtime is shown in Figure 29. These two figures show that 

the impact of the percentage SCO on the percentage COT seems less strong than the 

impact of the percentage SCO on the cluster size. This is explained by the base 

capacity for COT. As there is always a minimum capacity spent on change-over, the 

impact of changes will be relative to this base capacity. The cluster size, however, 

changes directly if less orders of the same family are sequenced. It is not influenced 

by the base capacity. 
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The same thing can be concluded in respect to the average change-over time (Figure 

30). If all orders in the set were of the same family, the average change-over time 

would be t he change-over time between two orders of the same family. Therefore also 

the average change-over time increases only slightly when the percentage of SCO 

increases. 

The difference between the graph for 0% SCO and the other three graphs, indicate 

the additional capacity that should be spent to change-over, as a result of the SCO. It 

can be seen that this difference increases, as the leadtime of the non-SCO comes 

closer to the optimization window. In fact, it can be seen that in the current situation, 

(optimization window 3/4 days), there is hardly any difference. This is logical, as the 

leadtime of the SCO is 4/5 days, which is longer than the optimization window. 
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Leadtime SCO 2/3 days 

The results are comparable to the results for leadtime SCO 4/5 days. Figure 31, 

Figure 32 and Figure 33 show that the difference between the line for 0% SCO and 

the other lines is in general larger. This means that a shorter leadtime of SCO has a 

stronger impact on the additional capacity that needs to be spent on change-over. 

The figures also show that the SCO already have impact in the current situation 

(optimization window 3/4 days), because the leadtime of the SCO is shorter (2/3 

days) than the optimization window. 
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Impact variation in COT 

To better understand the impact of the variation in the change-over time, two 

additional instances are run. 

• Leadtime non-SCO is 15 days and no SCO. 

• Leadtime non-SCO is 15 days, 50% of SCO with leadtime 4/5 days. 

The change-over times used are 2-8-12-16. The results are shown in Table 5. The 

percentage COT is 1,32 times larger for the situation with 50% SCO, than for the 

situation with 0% SCO. For the leadtime of the SCO of 4/5 days and the change-over 

times 2-4-6-8 this was only a factor 1,2. Increasing the values of the CO-codes and 

the difference between the lowest and highest duration of the CO- codes results in a 

stronger effect on the percentage COT. 

It is remarkable that the average COT is still only 5,2 for a situation with 50% SCO. 

In respect to the former runs in this section, the duration for the maximum change

over has doubled from 8 to 16. The average COT for FIFO production then changes 

from 5,0 to 9,84. This is a factor 1,96. For a leadtime of 15 days and 0% SCO this 
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factor is 1,3 and for 50% SCO it is a factor 1,84. The effect of sequencing thus 

becomes clearly less strong as the percentage of SCO increases. However, still a 

considerable gain can be achieved, especially when the change-over times increases 

and there is a larger variation in the change-over times. The absolute gain, in 

percentage of capacity, is then larger. 

00/oSCO 500/o sco 
Average COT 3.9 5.2 

D/C 60.5 64.5 

Percentage COT 12.5 16.5 

Net utilization rate 48 .0 48 .0 

Cluster size 4.5 2.8 

Table 5: Results with additional variation in the change-over time 

Overview 

The situations leadtime SCO 4/5 days and 2/3 days are compared in this section. The 

results of the 'extreme situations' are combined in Figure 34 and Figure 35 . The 

extreme situations are 0% SCO, 50% SCO with leadtime 4/5 days and 50% SCO with 

leadtime 2/3 days. The figures show that both the leadtime of the SCO and the 

percentage of SCO in the order set have an impact on the performance of the system. 

The impact on the two performance criteria percentage COT and cluster size, 

however, is different. Figure 34 shows that the percentage COT at leadtime 15 is 

increased about 2% by 50% SCO with leadtime 4/5 days, and another 1,8% by 50% 

SCO with leadtime 2/3 days. Figure 35 shows that at leadtime 15 the cluster size is 

reduced by 3 orders by 50% SCO with leadtime 4/5 days, but only 1 order additional 

by 50% SCO with leadtime 2/3 days. This difference in the impact of percentage SCO 

and leadtime of the SCO on the two performance criteria is assumed to be a result of 

the fact that choosing the second best solution from the transition matrix does 

influence the percentage COT, but not the cluster size. This is best explained with an 

example: In a set of orders there are four families: white (W) , light grey (LG), dark 

grey (DG) and black (B). In respect to the cluster size it is only important that orders 

of the same family are grouped (BBB is cluster size 3). However, in respect to the 

change-over time, the sequence between the groups is also important. Going from a B 

to a W, takes more time then going from W to LG. Thus the pattern between families 

is an influencing factor for the percentage COT, and unimportant for the cluster size. 

Therefore the cluster size is reduced strongly directly after the occurrence of the first 

constraints in the system, but reduces less as additional constraints are added . 

This need of sequencing between groups shows the importance of having a system 

that knows how to sequence between groups. This stresses the importance of the 

development of the transition matrix in chapter 4 . 
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6.8. Interpretation of results 

6.8.1. Initial scenarios 

The model aims at showing the relation between production efficiency and customer 

service, in order to make a trade-off. The production efficiency is measured by three 

performance criteria, to gain full understanding of the system. 

1. Percentage of time spent for change-over (percentage COT). 

2. Cluster size. 

3. Average change-over time. 

The customer service is translated into order leadtime. 

First three initial scenarios are run . From the results of the simulations of these 

scenarios it can be concluded that four parameters influence the relation between the 

percentage COT and the leadtime (Figure 36) . 
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These four parameters origin from the order acceptance function and the production 

system: 

1. Number of families: a larger number of families shifts the graph up. It will 

probably also make the graph 'more flat'. Namely, as the number of families 

increases, clustering opportunities decrease, this makes the difference between 

processing FIFO and sequence optimization smaller. 

2. Ratio COT/p: a lower ratio shifts the graph down. 

3. Variation in change-over times: If the variation increases, the effect of an 

increased optimization window on the percentage COT decreases (indicated by 

the arrows 3 in Figure 36). These arrows show the gain in percentage COT, going 

from an optimization window of 3/4 days (current situation) to an optimization 

window of 10 days (future situation) . This gain is larger in the scenario B, which 

has higher variation in change-over time. 

4. The value of the minimum change-over time in the transition matrix: This value 

defines the change-over time between two products from the same family. Even 

if all orders were of the same family still capacity is spent to change-over time: 

the base capacity for COT. If the value of the change-over time between two 

families increases, the base capacity for COT increases, and the graph shifts up. 

Subsequently, scenario C was selected (blue graph in Figure 36) to continue 

simulations. Two parameters resulting from the order acceptance function were 

changed between the simulation instances: 

• Percentage of SCO in the order set. 

• Leadtime of the SCO. 
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From those scenarios it can be concluded that: 

• A higher percentage of SCO results in lower production efficiency. 

• A shorter leadtime of SCO results in lower production efficiency. 

The cluster size is initially more strongly influenced by these two parameters than the 

other two performance criteria. This is explained by the base capacity for COT. When 

more constraints are added the impact on the cluster size is less strong. This is 

explained by the fact that the cluster size is not influenced by the second best solution 

from the transition matrix. In respect to the cluster size it should be remarked that 

the cluster size is dependent on the number of families. From the initial runs it was 

seen that the cluster size decreases considerably when changing from a set with 3 to 

a set with 4 families. This is logical, considering the fact that the more families are 

available, less orders of the same family will be available, and can therefore be 

clustered. At GEP the number of families is generally larger than 4 during a 10 day 

optimization window, although this is dependent of the production line. The effect of 

the leadtime on the cluster size should therefore not be overestimated. 

6.8.2. Varying order leadtimes 

In the near future GEP will change from a 3/4 days optimization window to an 

optimization window of at least 10 days. GEP wants to know the impact of SCO on the 

net utilization rate, to understand the trade-off between leadtime and net utilization 

rate in the new system. Therefore one scenario is selected from the initial scenarios. 

For this scenario the order set is split into non-SCO and SCO orders. Both types of 

orders are given a different leadtime. 

The performance is measured by three performance criteria . In this section the focus 

will only be on the percentage COT, as this is directly related to the net utilization 

rate .7 First it needs to be understood what the gain in percentage COT is, moving 

from the current situation to the new situation, supposing that there are no SCO 

(Figure 37). The figure shows that the percentage COT diminishes from 16,7% to 

11,0%, when moving from 3,5 days to 15 days. This is a gain of 5,7% percent. Given 

the fact that the base capacity is about 9% for this scenario, this is almost the 

maximum allowable gain. Subsequently, it can be regarded what happens if a 

percentage of the orders become SCO with a leadtime of 4/5 days. The gain is 

reduced from 5,7% to 3,5% (red line 1). In the case that the leadtime of the SCO is 

reduced to 2/3 days, the gain is decreased to 2,0% (red line 2). 

7 Net utilization rate = Demand/Capacity ratio - percentage COT/100 
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The additional capacity that needs to be spent on change-over and the net gain (gain 

in scenario "No SCO" - average additional COT) is given for each scenario in Table 6. 

The table shows that 10% SCO has a small (0,6%) impact and the impact is equal for 

a leadtime of 4/5 or 2/3 days. A small percentage of SCO in the order set does not 

influence the percentage COT strongly. This is explained by the fact that the other, 

non-SCO, can probably 'optimize around' the SCO. By increasing the percentage of 

SCO, fewer orders in the order set can optimize around the other orders, especially 

when the leadtime of the SCO is short. For a leadtime of 2/3 days for the SCO the 

additional capacity spent on change-over increases faster when the percentage SCO 

increases, than for a leadtime of 4/5 days. 

'Leadtime SCO Percentage SCO Average add. COT (0/o) Net Gain (0/o) 

0% 5.7 

10% 0.6 5.1 

20% 0.9 4.5 

4/5 days 50% 2.2 3.5 

10% 0.6 5.1 

20% 1.5 4.2 

2/3 days 50% 3.7 2.0 

Table 6: Net gain per instance 

If the percentage SCO increases, the variability in the change-over time per 

optimization run (13 orders) increases. This is shown in Table 7. More variability 

means that the system becomes less predictable, which is undesirable. If order 

acceptance is based on aggregate information, a decision needs to be taken about the 

target capacity to be accepted. In the case of more variability in the system, deviation 

66 



from the target will more easily appear. In setting the target, the trade-off needs to 

be made between the risk of delivering the order late (service) and planned volumes 

(production efficiency). 

Leadtime SCO Percentage SCO I.I a 0/11 

No SCO 0% 33.6 2.4 0.071 

10% 34.5 2 .7 0 .078 

4/5 days 20% 35.7 3.5 0.099 

50% 39.1 4.4 0.112 

10% 35 .0 3.3 0.094 

2/3 days 20% 35 .0 3.2 0.093 

50% 41.5 4.5 0.108 

Table 7: Mean, standard deviation and variation coefficient per instance 

The data shown in the tables are guidelines. For every production line, the four 

parameters are different and therefore the results will be different. In section 6.8 it is 

explained how these parameters influence the system. For every line, this relation 

should be detected in the new scheduling system. It must then, of course, be known, 

what percentage of SCO is produced on the line. 

6.8.3. Remarks for the order acceptance function 

From this simulation model it becomes clear that combining an aggregate order 

acceptance method with the GAMS methodology will result in low utilization rates. 

Namely, the net utilization rate decreases as the value of the maximum change-over 

in the transition table increases. To assure that every due date can be met, the 

maximum change-over time needs to be reserved for every order. This is because the 

due .date is a hard constraint in the optimization procedure. When the maximum 

change-over times becomes larger in respect to the processing time, more capacity 

needs to be reserved for the change-over time. This capacity is however only 

reserved , not used. This can be concluded from the results for FIFO processing: the 

average change-over time for FIFO is much smaller than the maximum value of the 

change-over time. Too much capacity is therefore reserved for change-over time. The 

results of the scenario with increased change-over times (Table 5) confirm this, the 

net utilization rate is only 48%. 

In a model where the due date is not a hard constraint, but where due dates can be 

violated at the cost of a lateness penalty, the maximum change-over time need not 

be reserved for every order. The utilization rate can then be increased . This is 

however at the risk of lateness of orders. Depending on the leadtimes, the percentage 

of SCO and also the costs of lateness, the trade-off between utilization rate and 

lateness is to be made. In the new system of GEP, however, GAMS is not 

implemented with only a load profile but in combination with PSP. As scheduling in 

PSP takes place on detailed information, it will probably place an order directly in a 

slot where its change-over time to the next order is not the maximum change-over 

from the transition table. Thus if the order acceptance is based on detailed 

information the maximum change-over time should not be reserved for every order. 
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As mentioned, combining the hierarchical and integrated approach would be the best 

solution. This is confirmed by these new observations. Use of a combined approach 

would mean that orders can be accepted till a preset level of the utilization rate . For 

the optimization period the sequence is optimized , and when new orders arrive (SCO), 

the system will detect if still sufficient capacity is available to accept and schedule the 

order. Preferably an integral optimization on earliness, lateness and change-over time 

should be used. If lateness is still the most important criterion , the costs for lateness 

should be considerably higher than the costs for change-over time. If a sound 

estimation of the average change-over time is made, the order set can always be 

scheduled. This will assure higher levels of the utilization rate. Recall that with longer 

leadtimes, the change-over time per 13 orders has a lower standard deviation. Longer 

leadtimes will therefore result in better estimations for the average change-over time 

needed, and assure better control of the system. 

Despite the fact that the performance of the order acceptance function is not 

measured, it becomes clear, from creating the order sets, that in order to serve 

customers that request shorter leadtimes, a lower D/C-ratio is necessary. The order 

sets created were always for a sufficiently high utilization rate. However, when 

leadtimes become smaller or the percentage SCO increases, the number of customer 

leaving the system increases. Namely, when the leadtime of the orders decreases, the 

time that the order can stay in the queue diminishes and therefore the chance that an 

order leaves the system increases. If, however, the D/C-ratio is sufficiently small , the 

chance that the order arrives at a moment that the queue is sufficiently short to serve 

the order increases. As described in section 6.2, Ten Kate (1995) also concluded this . 

This is the trade-off between service and D/C- ratio, as mentioned in section 3.4.1. 

6.9. Conclusions & Recommendations 

A model is built to create insight into the trade-off between leadtime and net 

utilization rate. This is a support for the decisions to be made at the tactical level, in 

respect to this trade-off. The model is simplified in respect to reality, the following 

simplifications are made: 

• Single production line. 

• Fixed processing time per order, therefore fixed number of orders in the frozen 

and optimization period . 

• Limited number of product families. 

• Fixed leadtime for the non-SCO orders. 

It is concluded that the simulation model generates reliable results (percentage 

change-over time similar to real percentage at GEP), and the results can therefore be 

used as guidelines to support the decisions made at the tactical level. 

Conclusions from the simulation results 

First three initial scenarios are run. In these scenarios all orders have an equal 

leadtime. The objective is to create insight into the influence of the leadtime on the 

performance of the system. From these scenarios it is concluded that there are four 

parameters, related to the production system and order acceptance function, that 

influence the performance: 
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1. Number of families. 

2. Ratio COT/p. 

3. Variation in change-over times. 

4. Absolute value of the minimum change-over time in the transition matrix. 

In respect to the four parameters, it can be concluded that two effects appear: 

1. If a high number of families are scheduled on a line, sequencing opportunities 

decrease. In that case the leadtime of the order is less important, as sequencing 

adds fewer opportunities. 

2. If the duration of the change-over time is less, or can be reduced , the impact of 

sequencing is lower. If the deviation between the maximum and minimum 

change-over is shorter, the situation will approach a situation with sequence 

independent set-up times. The only reason for sequencing is then to cluster 

similar products, in order to suppress any set-ups arising in the system. In the 

case that set-up times are reduced, also suppressing set-ups will not be 

necessary anymore. And orders can be produced in the order they arrive. 

Subsequently one scenario is selected from the initial scenarios. In this scenario the 

orders are split into non-SCO and SCO orders. The leadtime is different for these 

types of orders. From these scenarios it can be concluded that in respect to the 

performance of the system measured by the criterion percentage COT: 

• The percentage SCO does not have a considerable impact on the when the 

percentage SCO is small (up to 10% ). 

• The leadtime of the SCO does not have impact when the percentage SCO is small 

(up to 10% ). 

• If the percentage SCO increases, the impact of the SCO becomes stronger when 

the leadtime of the SCO is shorter. 

• The variation in the total change-over time per set of 13 orders increases when 

the percentage of SCO increases and the leadtime decreases. This makes the 

system less predictable. 

Additional conclusions in respect to the order acceptance function: 

• A combination of aggregate and detailed information for the order acceptance 

function is necessary in combination with GAMS. 

• GEP also needs to make the trade-off between D/C-ratio and service . SCO can 

only be accepted on time, if there is sufficient capacity available. 

Recommendations 

Use the data in Table 6 and Table 7 as guidelines for decisions making. 

• A percentage of SCO of 10% does not have a considerable effect yet. Keep the 

percentages of SCO at a minimum level. 

• The leadtime of the SCO has a strong impact. Always assign the maximum 

allowable leadtime to an SCO. 
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• Search the optimization window per line. This means, test with every line in the 

new system to detect the length of the optimization window that does not 

results in further improvement on percentage COT. If the optimization window 

becomes increasingly large, it needs to be considered of the earliness of orders 

is still acceptable, regarding the fact that the product has to be stocked . 

• Make tactical decisions on which types of orders (number of families/ SCO) 

where to schedule or on which production lines investments are needed 

(regarding the two effects· resulting from the initial scenario). In order to do 

that, the production lines need to be examined in detail. Knowledge has to be 

developed on the exact change-over times and the variation in the change-over 

times for every line. 

6.10. Further research 

This model has simulated the relationship between customer service and production 

efficiency. It focuses on the sequence optimization process. The model is 

characterized by 

• A single production facility. 

• Fixed processing times per order. 

• Limited number of product families. 

• Fixed leadtime for the non-SCO orders. 

Several suggestions for the extension of this research can be given . The first 

suggestion is to integrate the order acceptance and scheduling function. A 

combination of both approaches of Ten Kate should be used. The extension in respect 

to the research of Ten Kate will be the use of multiple families and the use of non

fixed leadtimes. 

The second suggestion is to simulate with a real order set. In that case multiple 

families and variable processing times can be considered. The additional insight 

created by that is the effect of processing times on the performance, and the effect of 

multiple families and a varying number of families in the optimization run. The 

sequencing problem will not consist of a fixed number of orders then. Variations in the 

total change-over time and cluster sizes will probably be stronger. It will be 

interesting to research the effect of these variations in combination with variations in 

the leadtimes. 

The third suggestion is to extend the model to multiple machines. For the situation at 

GEP the model is to be extended to parallel machines. For other situations an 

extension to multiple production stages could be considered as well. Although the 

main insights will not change much for multiple machines, the impact of cross-line 

flexibility on the sequencing problem can be considered as well. As a result of the 

effectivities not every order can be scheduled on every line. This adds additional 

constraints to the model, which are also faced in practice. 
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7. Implementation 

The project description has been translated into three sub-assignments. The first sub

assignment, the design for automated sequence optimization, results directly from the 

initial assignment. The purpose of the initial assignment is to define an input dataset 

to enable automated sequence optimization. The design for this dataset (chapter 4) 

has been fit on the current PSP/GAMS system. Although it has been discussed that 

the PSP/GAMS system contains several improvement opportunities, and it is advised 

to use another approach. However, the design for the dataset will probably also be 

useful in another scheduling system. 

GEP wants to continue the implementation of the PSP/GAMS system. The acquisition 

of GAMS already took place and implementation of the system will still be beneficial in 

respect to the current system (7.1). Therefore an implementation plan is constructed 

(7.2). 

7.1. Costs and benefits 

The costs and benefits of implementing automated sequence optimization are 

discussed in this section. The overview of costs and benefits is a qualitative overview. 

Because in general the benefits are opportunities for better performance and control 

of the processes, therefore it is hard to make a quantitative estimation. 

GAMS has already been acquired, therefore the costs of this implementation can be 

seen as sunk costs. 

The direct benefits of the project are: 

• Increased production time: More products can be clustered and less time needs 

to be spent on change-over because of the increased optimization window. 

• Increased flexibility: The planning can be updated daily because of the reduced 

frozen window. It therefore becomes more responsive to changes as e.g. 

production delays or insertion orders. 

• Reduced chance for reject of products (improved quality): Because of the 

increased clustering opportunities, two products processed in succession are 

more familiar. If products are more familiar, the chance of contamination 

decreases, and therefore the chance of rejection of the product decreases. 

• Reduction/elimination of time consuming manual optimization step. 

The indirect benefit of this project is: 

• Insight into the fact that often too many major cleaning codes are assigned, and 

therefore too much time is spent on change-over. There is an opportunity to 

reduce the time spent on change-over, and therefore to increase the production 

time on the lines. 

The overview of costs and benefits show that the benefits have sufficient impact to 

decide for implementation of this project. However, as mentioned in previous chapter, 
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it is advised not to implement this combination of PSP and GAMS but to create a 

system that fits the integrated approach. 

7 .2. Implementation plan 

An implementation plan is constructed (Figure 38), based on the work of Kempen and 

Keizer (2000). Every step of the plan will be discussed in more detail 

1. Automated schedulng design 

2. Evaluation performance of 
the system 

5. Document gaps new system 6. Go Lffe: Increased optmization & 
reduced frozen period 

Figure 38: Implementation plan 

1. Design 

Van Aken (2002) has stated that every step in a project contains aspects of change. 

In fact every step is part of the change process. Already in the early phases of this 

project notion of this was taken . Therefore a team was brought together of planners 

from production and color specialists, in order to get their commitment and of course 

learn from their experience. A brainstorm session took place, and during the analysis 

and design phase, plenty of informal sessions were held. In the beginning the team 

members were rather skeptic about the project. But after working together several 

times and sharing of knowledge about the problems arising from PSP their motivation 

increased . They agree on the fact that the current manual optimization step is too 

time consuming and inefficient. It is considered an improvement if the sequence 

optimization is automated . However, after years of bad experience with PSP, the 

planners are skeptic. 

Besides the team members, also the other stakeholders had to be 'bought in'. 

Therefore a monthly report out was given to the compounding staff. This includes the 

compounding manager, the plant managers, the manager of SCM and the Fulfillment 

team. The purpose of a report out is to present the progress of the project and the 

newly planned actions. 

2. Evaluation of the performance of the system 

The new matrices need to be implemented in the system and test runs with GAMS 

need to be done. The implementation of the matrices has already taken place. The 

expectation was that the performance of the sequence optimization by PSP would also 

improve, because the dataset would contain no defaults anymore. This was 

unfortunately not the case. However, this showed once again the limitations of the 

scheduling software PSP. 
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After implementation of GAMS, the quality of the sequence provided by GAMS has to 

be analyzed. The quality is indicated by the degree to which the five sequencing rules 

are respected. If these rules are not fully respected, the change-over codes in the 

matrix need to be adjusted. This evaluation step has already been started, but need 

to be continued till the sequencing rules are fully respected . When the graduation 

project has finished, one of the GE employees will take over this work. 

3. Procedures on maintenance matrices 

In order to assure that the number of products placed in the default group will 

increase again, the matrices have to be maintained. One of the color specialists is 

responsible for that. Two procedures are written down: assigning a new color to a 

color group and assigning a new grade to a grade group. Software tools are developed 

to support this. 

4. Change of sequence optimization mentality 

After the evaluation and validation of GAMS the schedule will have to be evaluated 

with the planners. Planners generally regard too much detail for the sequence 

optimization, they 'over-optimize'. Therefore, the planners will have to explain with 

every change they want to make on the sequence, why this change needs to be 

made. Although several planners admit that too much detail is considered, it will be 

hard to change their habit of 'over optimization,' especially because they do not trust 

the scheduling software. As said, PSP never gave them a proper schedule. The 

process of manual sequence optimization takes place for over 20 years, and several 

planners are involved in this process for more then a decade. The planners will have 

to be convinced that additional sequencing effort does not improve their schedule. It 

is GEP's managements intention to eliminate this manual process after 

implementation of GAMS. 

5. Document all issues of the new system 

As mentioned, neither PSP nor GAMS can consider packaging codes, although these 

codes should be considered in the planning. More of these kind of issues in the 

execution part of the system may appear during implementation. All these 

shortcomings need to be listed. This will create understanding of what the software is 

supposed to do, and what it cannot do. And only for reasons that appear on the list, 

the planners will be allowed to make manual adjustments to the schedule. The list of 

shortcomings also serves as an overview of improvement opportunities. 

6. Go life: Increased optimization and reduced frozen period 

The last step is going life with the new system. Initially the current planning method, 

with frozen period of 72/96 hours, should be used, to check the system for bugs. 

Once it is validated, a frozen period of 24 hours and a 10-day optimization window 

can be used. This will eliminate a 20-year old 'habit' to manually optimize the 

sequence. The current planning is to go life beginning of October. 
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8. Conclusions & recommendations 

8.1. Introduction 

On time delivery performance is becoming an increasingly important driver to achieve 

competitive advantage for GEP. The order acceptance and scheduling function play a 

major role in on-time-delivery performance. GEP initiated a project for the scheduling 

function: automation of the sequence optimization process, to improve on-time

delivery performance. In the scheduling function optimization of the sequence is 

performed to minimize the total change-over time, and therefore increase production 

efficiency. This optimization is a manual process. In the analysis phase of the project 

(part A of the report) the control structure for order acceptance and scheduling for 

automated sequence optimization is assessed. Subsequently a proposal for a new 

control structure of the order acceptance and scheduling function is given. Both the 

scheduling function (chapter 4) and the order acceptance function (chapter 5) from 

the new control structure are designed in more detail in part B of the report. 

Moreover, a simulation model is developed to identify the relation between service 

and production efficiency (chapter 6). 

Conclusions and recommendations are given in this chapter. First the conclusions 

resulting from the analysis are discussed; second the conclusions from the design are 

given. The chapter ends with recommendations. 

8.2. Conclusions 

8.2.1. Conclusions from the analysis phase 

With respect to the current control structure for order acceptance and scheduling it 

can be concluded that: 

1. The level in the control structure at which the order acceptance decision based on 

aggregate information (manual check by planners in production) is taken, is 

incorrect. This results in rejection of orders from the schedule, and can therefore 

cause lateness. 

2. The order acceptance method of the scheduling software PSP causes alignment 

span (deviation in leadtime). 

3. There is an opportunity to improve coordination from the tactical level; the three 

departments (sales, SCM and production) involved in the order acceptance and 

scheduling function face conflicting objectives and need guidance to assure on

time-delivery. 

Regarding the proposal for the new control structure for order acceptance and 

scheduling with GAMS it can be concluded that: 

4. The new schedule optimizer GAMS strengthens the cause of alignment span in 

the order acceptance by PSP. 

5. No leadtime reduction of SCO can be achieved if lines are completely allocated 

for four days or more. 
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Ad 2: This is a result of the use of slots for scheduling, and the First Come First 

Scheduled priority rule (section 3.2.2, Figure 10). 

Ad 4: GAMS removes all idle time from the schedule and therefore schedules orders 

maximally early (section 3.3, Figure 11) . New orders that arrive cannot be scheduled 

on time, while other orders are made early. 

Ad 5 : No priority can be given to SCO according to the First Come First Scheduled 

priority rule. As the lines are fully allocated for four days or more, the SCO cannot be 

scheduled. The new schedule optimizer, GAMS, negatively influences the leadtime 

reduction of SCO, as it schedule all orders maximally early. Leadtime reduction will 

probably not be achieved when the lines are close to fully allocated for four days or 

more. 

8.2.2. Conclusions from the design phase 

Design of automated sequence optimization: 

6. A completely automated process cannot result from PSP and GAMS. 

7. Results of the automated sequence optimization project are influenced by 

subjective judgment of production planners and personal interpretation. 

Ad 6: PSP and GAMS cannot consider all details currently considered by the planners 

(e.g . packaging codes) . Therefore, some manual adjustments will always have to 

take place on the schedule. 

Ad 7: The planners in production do not use rules for the sequence optimization but 

use their personal interpretation. Therefore the planning process is highly subjective. 

Moreover, the planners in production also assign the wash codes to the planning, this 

process is also subjective. In the new system, with an increased optimization window 

more clustering opportunities arise. However, due to the subjectivity in the process, 

the gain of the increased optimization window may be less than what is expected 

(section 4.6). 

Design of order acceptance function & simulation model 

8. A combination of the hierarchical and the integrated approach is the best solution 

for the order acceptance function. 

Although no real order sets are used and the model is a simplification of reality it is 

concluded that the simulation model delivers realistic results (percentage change

over time similar to real percentage at GEP), which can be used as guidelines. From 

initial scenarios with fixed leadtime for all the orders in the order set it is concluded 

that: 

9 . Four parameters influence the system (section 6.8): 

• Number of families. 

• Ratio COT/p. 
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• Variation in change-over times. 

• Absolute value of the minimum change-over time in the transition matrix. 

The most remarkable observations from the model with varying leadtimes are: 

10. Total change-over time will be decreased, when changing to a 10-day 

optimization window. The decrease is dependent on the four parameters, the 

percentage SCO and leadtime of the SCO (section 6.8.2) : 

o The percentage SCO does not have a considerable impact on the 

performance (percentage COT) when the percentage SCO is small (up to 

10%). 

o The leadtime of the SCO does not have impact on the performance when 

the percentage is small (up to 10%). 

o If the percentage SCO increases, the impact on the decrease in change

over time becomes stronger when the leadtime of the SCO is shorter. 

o The variation in the total change-over time increases when a higher 

percentage of SCO appears in the order set, or when the leadtime of the 

SCO is shorter. 

Ad 8: The advantages and disadvantages of the hierarchical and integrated approach 

for GEP indicate that a combination of both approaches will be the best solution . 

Moreover, the results of the simulation model show that use of only the hierarchical 

approach will results in low net utilization rates. As use of the integrated approach for 

the complete planning horizon is time consuming and therefore impractical, and 

because the integrated approach suffers from selectivity, the conclusions is drawn 

that a combination of both approaches is the best solution. 

Ad 9: Guidelines for the gain that can be achieved are given in section 6.8.2. 

8.3. Recommendations 

8.3.1. Recommendations from the analysis phase 

1. Make explicit trade-offs between confl icting organizational objectives, to 

coordinate the three departments involved in the order acceptance function and 

scheduling function: Sales, SCM and production. 

a. Define service. 

2. Formalize the control structure; eliminate non-formalized processes. 

Ad 1: Explicit trade-offs need to be made at the tactical level to guide these three 

departments (section 3.4.1) and thereby control the on-time-delivery. Service has to 

be defined before the explicit trade-offs can be made. 

Ad la: SCM currently faces three service objectives : span, First Come First Scheduled 

and leadtime of SCO that are conflicting. A choice needs to be made on what is 

service. It is advised to define service per customer, as customers may value other 

service aspects. 
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Ad 2: The aggregate capacity check, but also the prioritizing for SCO is not formalized 

in the current control structure. However, these processes do take place. GEP needs 

to take a decision on all processes that are currently not formalized. If these 

processes are necessary, a structure should be designed in which they become 

formalized and hence controlled. A proposal is given for a new control structure 

(Figure 14, page 23). 

8.3.2. Recommendations from the design phase 

Recommendations for the design of automated sequencing and order acceptance 

function: 

3. Define sequence optimization rules and rules for wash codes, to remove the 

subjective judgment of the production planners. 

4. Replace PSP by an order acceptance and scheduling system that regards 

aggregate information for orders with a long leadtime and detailed information 

for orders with a leadtime shorter or equal to the optimization window. 

Recommendations resulting from the simulation model for the relation between 

service and production efficiency: 

5. A percentage of SCO of 10% does not have a considerable effect. A certain 

percentage of SCO is allowable, but keep the percentage at a minimum. 

6. The leadtime of the SCO additionally impacts the efficiency. Always assign the 

maximum allowable leadtime to an SCO (Figure 37, page 66). 

7. Use the results from the model to make tactical decisions regarding types of 

orders (number of families/ SCO) to schedule on which production line and on 

which production lines investments are needed. 

8. To improve the quality of decision making, analyze for every line in the new 

situation the relation between the optimization window, the SCO (leadtime and 

percentage) and the percentage COT: 

a. Know the change-over times of the line: mean and variation. 

b. Search for the optimization window per line. 

Ad 3: Rules are needed to control the subjective judgment of the planners in 

production. 

Ad 4: The order acceptance method in PSP is shown to be a cause of span, and should 

be replaced by an order acceptance method that regards aggregate information for 

orders with a long leadtime and detailed information for orders with a leadtime 

shorter or equal to the optimization window; this is confirmed by the literature, 

analysis and the simulation model. A list of recommendations in respect to the 

implementation of a new order acceptance and scheduling approach is given in section 

5.4 . The trade-offs to be made, mentioned under ad 1, are the input for the order 

acceptance function. As mentioned in section 6.9, the optimization window has to be 

' searched ' for first. 
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Ad 7: The results of the model can be used as guidelines. It is to be realized, that the 

simulation model is a simplified model and therefore limited. 

Ad 8: Once the increased optimization window is established, simulations can be 

performed with every production line. The parameters mentioned in section 6.8 

should be varied, to improve insight into the effects. This will allow improved decision 

making for the order acceptance process. 

Ad Ba: The basis for the order acceptance is to know what the capabilities of the 

process are. If there is a high variation in these capabilities, a decision regarding the 

trade-off between on-time-delivery and production volumes is necessary. As 

discussed in 5.3, GEP does not seem to take into account that the variation in the 

change-over time is high. To assure reliable scheduling the settings have to reflect 

reality. 

Ad Bb: Test with every line in the new system to detect the length of the optimization 

window that does not result in further improvement on percentage COT. 
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I. CIELAB 

GEP uses the CIEL.AB color system to define a color. CIE L *a*b* (CIEL.AB) is the most 

complete color model used to describe all the colors visible to the human eye. The 

three parameters in the model represent (Wikipedia.org). 

• L = Lightness of the color : 0 yields black and L=lOO indicates white 

• A = Position between magenta and green: negative values indicate green, positive 

values indicate magenta 

• B = Position between yellow and blue: negative values indicate blue and positive 

values indicate yellow. 

Figure 39: CIELAB color globe 

The a and b value can be changed into a C and H value according the formulas given 

below. C is the chromaticity of a color, the higher the C the more intense the color is. 

In the globe this is the distance from the center to the outer spheres. 

GREY 
PURE 

~-----------:!► BLUE 

Figure 40: Chromaticity 

The hue is the angle from +a around the center of the globe. For example, a color 

with a hue of 90° is yellow. The current color groups in PSP are defined in L,C,H . 
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II. 

Figure 41: Hue 

Load profile 

In chapter 5 the concept of a load profile for the hierarchical approach is discussed. 

This appendix shows how a load profile can be used at LXF, the example is a 

spreadsheet model. 

The spreadsheet model consists of the following tables: 

• The accepted capacity on a certain day. In this table the planner enters a new 

incoming order, with a cTTFG on that day. 

• The cumulative accepted capacity till a certain day. Shows the sum of the 

accepted capacities till that day. 

• The cumulative processing capacity for production. This is the sum of Gmax. 

These data result from the current data used by production when conducting the 

aggregate capacity check. 

• The cumulative available capacity till a certain day. This table shows the 

difference between the net processing capacity and the accepted capacity. This 

results in the available capacity for production. 

The capacity is accepted per flow stream. Lines process the same flow streams, and 

orders can be processed on multiple lines. In general only one flow stream is 

processed on a line, only natural and transparent products are combined . Therefore 

columns are added for Natural/Transparent. For the columns the following three 

restriction counts: 

N 

L C;nat ~ Cnat +cnat I trans 
i=l 
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The total capacity accepted for natural should be smaller that the available capacity 

on natural lines and on natural/transparent lines. 

K 

LC jtrans :;; Ctrans +cnat I trans 
j =l 

The total capacity accepted for transparent should be smaller that the available 

capacity on transparent lines and on natural/transparent lines. 

N K 

L C;nat + L C jtrans :;; Ctrans + Cnat +cnat I trans 
i =l j =l 

The total capacity accepted on transparent and natural lines should be less than the 

capacity accepted on the natural, transparent and natural/transparent lines. 

Certain lines can have a flow stream change. If the flow stream is changed, the flow 

stream code needs to be changed for that line. The line capacity is then added to a 

different flow stream. 

The tables below show the results from part of the model, regarding the transparent 

and natural flow streams. The numbers used are fictive. In the first picture all three 

conditions are satisfied, therefore the cumulative available production capacity shows 

green fields. In the next picture it can be seen that additional capacity is accepted at 

day three. This results in exceeding production capacity for the transparent products. 

The fields become green, and warn the planner that capacity is exceeded. 

The third picture shows what happens when additional capacity is accepted at time 2 

for the natural flow stream. Although the natural capacity is not exceeded, the 

constraint for the natural and transparent capacity is not satisfied. 

-Time Accepted capacity Cum Accepted Capacity Cum available prod. capacity 
Natural Transparent Nat+Trans Natural Transparent Nat+Trans Natural Transparent Nat+Trans 

1 200 50 250 200 50 250 27 3 1 
2 140 52 192 340 102 442 114 4 59 
3 190 55 245 530 157 687 151 3 65 
4 85 55 140 615 212 827 294 1 175 
5 180 10 190 795 222 1017 341 44 236 
6 60 12 72 855 234 1089 508 85 414 

Accepted capacity Cum Accepted Capacity Cum available prod. capacity 
Natural Transparent Nat+Trans Natural Transparent Nat+Trans Natural Transparent Nat+Trans 

200 50 250 200 50 250 27 3 1 
2 140 52 192 340 102 442 114 4 59 
3 190 63 253 530 165 695 151 57 
4 85 55 140 615 220 835 294 167 
5 180 10 190 795 230 1025 341 36 228 
6 60 12 72 855 242 1097 508 n 406 
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Time Accepted capacity Cum Accepted Capacity Cum available prod. capacity 
Natural Tran rent Nat+Trans Natural Trans rent Nat+Trans Natural Trans rent 

200 50 250 200 50 250 27 3 
2 240 52 292 440 102 542 14 4 
3 190 55 245 630 157 787 51 3 
4 85 55 140 715 212 927 194 1 
5 180 10 190 895 222 1117 241 44 
6 60 12 72 955 234 1189 «>8 85 

Figure 42: Tables in spreadsheet model for load profile (fictive data) 

For every flow stream a load profile is shown in the graph, to additionally visualize the 

available capacity . The load profile for natural and transparent products is shown in 

Figure 43. 

--Nett ocapac it y 

--Accept edcapaci ty 

Figure 43 : Load profile, example 

Load profile with capacity check per line: 

As discussed, it can happen that an order set for a flow stream does not 'fit' on the 

lines of a flow stream. To prevent this, next to the flow stream check a line check can 

be made, if sufficient capacity is still available. Of course, only those lines that 

produce the flow stream need to be checked. The knowledge of which products can 

be produced on which lines is stored in the effectivities. 

An example of check per line: 

Three orders enter for the same flow stream: A, Band C. The flow stream is produced 

on line 1,2, and 3. The table below indicates on which lines the orders can be 

produced . 

A 

B 

C 

Line 1 

X 

X 

Line 2 

X 

X 

Line 3 

X 

X 

To monitor if not too much capacity is accepted for one line, the following set of 

equations must be valid : 
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On each line no more capacity is to be accepted than can be produced on that line. 

IciA ~ c A 

IciB ~ c B 

IciC ~ Cc 

On each subset of lines no more capacity is to be accepted than can be produced in 

total on the subset of lines. 

IciA +ciB ~ c A +cB 

I c iA +C;c ~CA+ Cc 
i 

This method is similar to the method shown to control the accepted capacity for the 

natural and transparent flow stream. A spreadsheet program is already capable to 

calculate this. The most important thing is that for every product it is exactly known on 

which lines it can be scheduled. It is thus necessary that the effectivity set is up-to

date. 

UI. Traveling salesman problem 

The traditional traveling salesman problem involves a salesman who must make a 

tour through some set of cities. Starting at an arbitrary city, the salesman must visit 

the other cities and then return to the starting city. The distance between every city 

pair is specified and the salesman is to visit each city once and only once. A solution is 

called a tour and the goal is to find the minimum length tour. For the TSP with time 

windows a time window restricts each visit by an earliest and a latest arriving time. A 

vehicle is not allowed to arrive at a node after the latest time to begin service. 

However, if a vehicle arrives too early at a node, it is permitted to wait until the node 

is ready for the beginning of the service. 

The traveling salesman problem can be symmetric or a-symmetric. For an symmetric 

problem, the distance between two cities, or nodes, in the problem, are equal, for an 

a-symmetric these distances are different. 

Because the number of possible solutions is the factorial (n!) of the number of nodes 

(n), solving the problem becomes increasingly complex when the number of nodes 

increases. Finding the solution for this problem can be done by trying all permutations 

(ordered combinations), and see which one is the "cheapest" solution. However, this 
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IV. 

is impractical for large problems. For larger problems two solutions are mentioned in 

literature: 

• The use of heuristic algorithms 

• Finding special cases for the problem ('subproblems') for which either exact or 

better heuristics are possible. 

Branch and bound script 

The model is solved by a branch and bound method. The script used is given in this 

section. The development of the script is thanks to H.A. van den Broek. 

Sub Solve() 

Dim i As Integer 

Dim COT As Integer 

Dim Wait As Integer 

If UnplannedOrders > 0 Then 'Solution not ready yet, continue solving 

For i = 1 To NrOfOrders - 1 

If Not Planned(i) Then 'Try to plan order i 

COT= TransMat(Family(solution(NrOfOrders - UnplannedOrders - 1)), Family(i)) 

Cu rrentCOT = Cu rrentCOT + COT 

Wait = WorksheetFunction.Max(EarlyDate(i) - CurrentDay - COT, 0) 

CurrentDay = CurrentDay + COT+ Wait+ ProcessingTime 

If (CurrentDay > Due date(i)) Then 'Current solution-so-far is infeasible-> end 

for loop 

CurrentCOT = CurrentCOT - COT 

CurrentDay = CurrentDay - ProcessingTime - Wait - COT 

Exit For 

End If 

solution(NrOfOrders - UnplannedOrders) = i 

Planned(i) = True 

UnplannedOrders = UnplannedOrders - 1 

'The following if-statement bounds the algorithm on usefulness 

If (BestCOT > CurrentCOT) Then 

Solve 'Continue solving recursively 

End If 

UnplannedOrders = UnplannedOrders + 1 
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~-

Planned(i) = False 

CurrentCOT = CurrentCOT - COT 

CurrentDay = CurrentDay - ProcessingTime - Wait - COT 

End If 

Next i 

Else 'Solution ready, check if it is the best so far 

If CurrentCOT < BestCOT Then 'Save best solution 

BestCOT = Cu rrentCOT 

BestDays = CurrentDay 

For i = 0 To NrOfOrders - 1 

BestSolution(i) = solution(i) 

Nexti 

End If 

Transition matrices simulations 

These are fictive matrices. 

Scenario A 

van/ naar 0 11 12 
0 1 2 
1 2 1 
2 4 2 

Scenario B & C 

van/ naar 0 1 2 
0 2 4 
1 8 2 
2 8 6 
3 8 6 

4 
4 
1 

3 
6 
4 
2 
4 

8 
6 
4 
2 
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~I. Simulation results initial scenarios 

The numbers in this appendix are guidelines, not actual values. 

Definitions 

LT 

%COT 

Average COT 

NUR 

= Leadtime non-SCO 

= Percentage Change-Over Time 

=Average Change-Over Time 

= Net Utilization Rate 

Scenario A - 3 families, 0/oSCO=0 

I LT Lotsize 0/oCOT Average COT 

FIFO 1,5 10,7 2,2 

3 2,1 8,5 1,8 

5 3,1 7,2 1,5 

8 4,5 6,4 1,4 

10 5,5 6 ,1 1,3 

15 8,4 56 1,2 

Scenario B - 3 families, 0/oSCO=0 

LT Lotsize 0/oCOT Average COT 

FIFO 1,4 20,6 4,8 

3 2,0 16,1 3,7 

5 3,0 13,4 3,1 

8 4,2 11,9 2,8 

10 4,8 11,4 2,7 

15 7,6 10,4 2,4 

Scenario C - 4 families, 0/oSCO=0 

LT Lotsize 0/oCOT Average COT 

FIFO 1,3 21 ,7 5,0 

3 2,1 16,3 3,8 

5 2,4 14,4 3,3 

8 3,1 13,0 3,0 

10 3,6 12,3 2,8 

15 5,5 11,0 2,6 

D/C 

82,3 

80,5 

78,4 

77,3 

77,2 

76,7 

D/C 
85,9 

81,3 

78,3 

77,0 

76,3 

75,2 

D/C 

87,1 

81,6 

79,2 

78,2 

77,1 

75,6 

NUR 
71,6 

72,0 

71,2 

70,9 

71,0 

71,0 

NUR 
65,2 

65,2 

64,9 

65,1 

64,8 

64,8 

NUR 
65,4 

65,3 

64,8 

65,1 

64,9 

64,5 
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Lotsize 

Scenario Polynomial coeff. Multiple determination• 

A 

B 

C 

Percentage COT 

Scenario 

A 

B 

C 

y = 0.0134x2 + 0.2423x + 1.1568 

y = 0.0116x2 + 0.2167x + 1.1593 

y = 0.0076x2 + 0.1396x + 1.2596 

Polynomial 

y = 0.0612x2 - l.6852x + 21.972 

y = 0.0299x2 - 0.8306x + 11.385 

y = 0.0594x2 - l.664x + 22.777 

Average Change-over time 

Scenario A Scenario B 

LT Average COT Average COT 

FIFO 2.24 4.75 

3 1.77 3.71 

5 1.51 3.09 

8 1.37 2.75 

10 1.29 2.65 

15 1.19 2.43 

R2 = 0.9976 

R2 = 0.9965 

R2 = 0.9941 

coeff. Multiple determination 

R2 = 0.9856 

R2 = 0.9889 

R2 = 0.9749 

Scenario C 

Average COT 

5.00 

3.75 

3.34 

3.01 

2.84 

2.57 

8 The coefficient of multiple determination indicates the amount of variability in the data 

explained or accounted for by the polynomial. 
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:VII. Simulation results with leadtime 20 days 
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VIII. Simulation results for varying leadtime 

The numbers in this appendix are guidelines, not actual values. 

Definitions 

LT = Leadtime non-SCO 

%COT 

Average COT 

NUR 

= Percentage Change-Over Time 

=Average Change-Over Time 

= Net Utilization Rate 

Varying leadtime - Leadtime SCO 4/5 days 

Scenario C - 4 families, %SCO=10°/o 

LT Lotsize %COT Average COT D/C 

FIFO 1,3 21,7 5,0 87,1 

8 3,0 13,1 3,0 77,8 

10 3,4 12,3 2,9 75,8 

15 42 11 4 27 75 3 

Scenario C - 4 families, %SCO=20°/o 

LT Lotsize %COT Average COT D/C 

FIFO 1,3 21,7 5,0 87,1 

8 2,6 13,3 3,1 78,3 

10 3,1 12,6 3,0 75,8 

15 3 8 11 9 28 75 2 

Scenario C - 4 families, %SCO=50°/o 

LT Lotsize %COT Average COT D/C 

FIFO 1,3 21,7 5,0 87,1 

8 2,5 13,9 3,3 76,4 

10 2,7 13,5 3,2 76,2 

15 2,9 13,2 3,2 75,7 

Leadtime variation - 4/5 days 

Lotsize 

%SCO Polynomial 

10% y = -0.0023x2 + 0.2365x + 1.0583 

NUR 
65,4 

64,8 

63,5 

63 8 

NUR 
65,4 

65,0 

63,1 

63 3 

NUR 
65,4 

62,5 

62,7 

62,5 

coeff. Multiple determination 

R2 = 0.9998 
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20% 

50% 

y = -0 .0003x2 + 0.1806x + 1.1598 

y = -0.0067x2 + 0.2191x + 1.095 

Leadtime variation - 4/5 days 

Percentage COT 

%SCO 

10% 

20% 

50% 

Average COT 

LT 

8 

10 

15 

Polynomial 

y = 0.0621x2 - 1.7116x + 23.223 

y = 0.057x2 - 1.621x + 23.116 

y = 0.061x2 - 1.5851x + 23.089 

0%SCO 

Av.COT 

3.01 

2 .84 

2 .57 

10%SCO 

Av.COT 

3.00 

2 .89 

2.71 

Varying leadtime - Leadtime SCO 2/3 days 

Scenario C - 4 families, %SC0=10°/o 

Average 
LT Lotsize %COT COT DC 

FIFO 1,3 21,7 5,0 87,1 

8 2,8 13,4 3,1 77,4 

10 3,2 12,9 3,0 77,1 

15 4,1 11,4 2,8 73 5 

Scenario C - 4 families, %SC0=20°/o 

Average 
LT Lotsize %COT COT D/C 

FIFO 1,3 21,7 5,0 87,1 

8 2,6 14,1 3,3 78,7 

10 2,8 13,5 3,1 78,6 

15 34 12 5 29 76 4 

Scenario C - 4 families, %SC0=50°/o 

Average 
LT Lotsize %COT COT D/C 

FIFO 1,3 21,7 5,0 87,1 

8 2,2 15,3 3,6 80,0 

10 2,4 14,9 3,4 79,8 

15 24 14 7 34 79 2 

R2 = 0 .9856 

R2 = 0 .9989 

Coeff. Multiple determination 

R2 = 0.992 

R2 = 0.9895 

R2 = 0.9881 

20%SCO 

Av.COT 

3.08 

3.00 

2.78 

NUR 
65,4 

64,0 

64,2 

62,1 

NUR 
65,4 

64,5 

65,1 

63 8 

NUR 
65,4 

64,7 

64,9 

64 5 

50%SCO 

Av.COT 

3.34 

3.23 

3.17 
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Leadtime variation - 2/3 days 

Lotsize 

1°/oSCO 

10% 

20% 

50% 

Polynomial 

y = 0 .0002x2 + 0.1865x + 1.1093 

y = -0.003x2 + 0.1906x + 1.1134 

y = -0.006x2 + 0 .1747x + 1.1283 

Leadtime variation - 2/3 days 

Percentage COT 

0/oSCO 

10% 

20% 

50% 

Polynomial 

y = 0.0464x2 - l.472x + 23.145 

y = 0.0457x2 - l.3885x + 23.077 

y = 0.0455x2 - l.2427x + 22.934 

Average COT 

LT 

8 

10 

15 

00/oSCO 

Av.COT 

3.01 

2.84 

2.57 

100/oSCO 

Av. COT 

3.13 

3.01 

2.77 

coeff. Multiple determination 

R2 = 0.999 

R2 = 0.9999 

R2 = 0.9969 

coeff. Multiple determination 

R2 = 0.997 

R2 = 0.9992 

R2 = 0.9993 

200/o sco 
Av. COT 

3.29 

3.11 

2.95 

500/oSCO 

Av. COT 

3.55 

3.44 

3.41 

95 



IX. Variation in COT per 13 orders 

Variation in COT per 13 orders, with and without SCO 

Variation in COT per 13 orders - LT 15 days 
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