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ABSTRACT	  

This research aims to contribute to the theoretical knowledgebase about supply 

chains in service companies and lean implementation in this area. The focus of the 

study is testing the feasibility of order review and release systems application, which 

proved to be effective in “leaning” the flow of manufacturing companies, to the 

service supply chain. The influence of one of the main characteristics of services – 

processing times variability and preciseness in estimating the required processing 

times, is studied. 

The research is purely theoretical and was conducted with the help of simulation 

modeling. The model of the service supply chain was developed based on the 

literature review and statistical distributions as an input data were used. 

Two kinds of order review and release systems are considered: upper-bound limited 

workload and lean-based balanced workload model. Their impact on the 

performance of the service supply chain is described and compared to the results of 

the model with immediate release. 

The findings show that order review and release systems can perform well even in 

the conditions of unknown exact processing times and thus can be applied to 

services as well as they are applied in manufacturing. The application of order review 

and release systems will help to eliminate waste within the service supply chain, 

make it more flexible and thus increase added value to the customers. 
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1 INTRODUCTION	  

This chapter presents the research project and its main aspects. It starts with 

explaining the chosen topic and forms a problem background. Later, a research 

purpose and questions are defined. The research methodology that will be used in 

this thesis to answer the research questions is then formed. Lastly, the thesis outline 

is described in order to give the whole overlook of the research. 

	  

1.1	  Background	  

The selection of the topic for this research project is based on the current trends in 

operations management area and brings the existing methods that are used in 

manufacturing to service industry.  

One of the current trends in operations research is lean management. The interest in 

lean philosophy used in Toyota Production System has been growing rapidly over the 

last decades, as its implementation proved to be very successful in manufacturing 

companies. Lean practices have been implemented not only within production 

departments, but also within the whole supply chains. Moreover, lean has found its 

application in service companies, especially in health care and public administration 

(Swank, 2003; Kollberg, Dahlgaard and Brehmer, 2007; Suàrez-Barraza and Ramis-

Pujol, 2010).  

Though there are quite many experiences of lean implementation in services, they 

are usually focused on certain departments or back-office activities. Not much 

research is done to analyze how lean methods can be implemented successfully 

throughout the supply chains of service companies. 

In order to analyze the supply chain of service companies as a whole, the technique 

of order review and release system, which is used in production job shops to smooth 

the flow, is chosen to be tested as a link between front-office and back-office 

activities. Supposedly, this would help to smooth the flow of orders in service 
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companies, eliminate waste and decrease throughput times, which is in line with lean 

philosophy. 

1.2	  Research	  purpose	  and	  questions	  

The master thesis’ purpose is to understand how lean principles can be implemented 

throughout the supply chains of service companies, by using the techniques taken 

from manufacturing. 

The research main objectives are: 

• Understand the specifics of supply chains of service companies; 

• Implement order review and release systems in service supply chain, 

considering its peculiarities; 

• Test if use of order review and release systems is having a positive impact 

on the performance of supply chains in service industry; 

• Analyse the influence of services’ intrinsic characteristics on the 

performance of service supply chain. 

Based on the purpose and main objectives, research questions were developed, 

which are the foundation of forming a research methodology, and the master thesis 

structure overall. They start with a general question based on the research problem 

and then narrow down to more specific factors of each of the components of the 

research. 

Research question 1: 

What impact does application of ORR systems have on service supply chains in 

terms of lean philosophy? 

Research question 2: 

How is the performance of service supply chain influenced by choosing between 

limited workload and balanced workload ORR systems? 

Research question 3: 

How do different variability levels and preciseness in processing times evaluation 

impact the performance of ORR systems? 
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The first research question aims to see the impact of the ORR systems implemented 

in service supply chains from the point of view of lean philosophy. Thus, the main 

parameters for analysis will be based on main lean principles.  

The second research question seeks the answer about the differences in the 

performance of service supply chain, caused by the use of different ORR systems: 

upper-bound limited workload and balanced workload. 

The third research question concentrates on one of the peculiarities of service 

industry, which is the high level of variance in processing times. Thus it aims to find 

out how do the different precision levels in primary evaluation (prediction) of 

processing times effects the performance of ORR systems applied to service supply 

chains. It also looks on the variability of processing times and thus seeks the answer 

about the impact of this factor on the overall performance of service supply chains.  

	  

1.3	  Research	  methodology	  

The research methodology forms a framework, which is followed to answer the 

research questions. As defined by Redman and Mory (1923), a research is a 

“systematized effort to gain new knowledge”, and thus a methodology is how the 

effort is systematized. 

According to the purpose, this master thesis is an analytical research. It’s main 

objective is to look for the relationships between the performance of service supply 

chain and applied to it order review and release systems, which are currently used 

widely in manufacturing.  

According to the outcome the research is classified as a basic research, which aims 

to contribute to general knowledge and cover the gap in a current body of knowledge. 

The findings may be later used in an applied research to improve the performance of 

service companies. 

A logic used in this research is inductive, that is observing the service supply chain 

dynamics with a help of computer simulation and analyzing the received data. Worth 

to mention, that some authors (Harrison, Lin, Carroll & Carley, 2007) see computer 

simulation as a third way of research logic, which has the characteristics of both 
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deduction and induction. Nevertheless, this research is considered to be inductive, as 

there are no assumptions formulated and later controlled with a simulation. In this 

case a simulation model is created with a purpose to observe a behaviour of service 

supply chain and discover the relationships between the variables. 

In order to answer the research questions, a quantitative approach is used. This 

approach is the most suitable, as the research problem requires an answer, which 

based on evaluating performances and expressing them in numbers. Comparing the 

received quantitative results will give the possibility to make a ground analysis and 

make appropriate conclusions about the use of order review and release system 

within supply chains of service companies. Besides, a qualitative approach will be 

used to summarize the specifics of supply chain in service companies, which will be 

the foundation to modelling the quantitative research. 

A quantitative approach can be subdivided into three categories: inferential, 

experimental and simulation approaches. It is chosen to use a simulation approach, 

which allows observing the behaviour of a system constructed in an artificial 

environment. A simulation is defined as “the operation of a numerical model that 

represents the structure of a dynamic process. Given the values of initial conditions, 

parameters and exogenous variables, a simulation is run to represent the behaviour 

of the process over time” (Meier, Newell & Dazier, 1969). 

Another definition of a digital computer simulation is given by Shannon (1975) as “the 

process of designing a model of a real system and conducting experiments with this 

model on a digital computer for a specific purpose of experimentation”. Thus, for this 

research a computer model of service supply chain is developed and it’s 

performances according to use of different ORR systems are observed and analyzed.  

The advantages of simulation modelling are: (Kreps, 1990): 

• It gives a clear and precise language for communicating insights and 

contributions; 

• It provides with general categories of assumptions so that insights and 

intuitions can be transferred from one context to another and can be 

cross-checked between different contexts; 

• It allows us to subject particular insights and intuitions to the test of logical 

consistency; 
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• It helps to trace back from “observational” to underlying assumptions to 

see what assumptions are really at the heart of particular conclusions. 

The simulation modelling process is shown in figure 1.1. Thus, using the current 

management theories, a computer simulation is developed and then the experiments 

are conducted. The results of the model will be the contribution to new management 

theories. 

 

Figure 1.1 - The interactive process of management theory and simulation modelling 

(Harrison et al., 2007) 

 

As any other research method, simulation modelling also has problems and 

limitations. First of all, the outcomes of the model depend on its validity, and also on 

the way it is constructed, and how detailed it is. Second, simulation is based on 

computer programming, and thus is open to the errors related to it. Third, the 

generated data do not represent the real-life observations. Besides, the generalized 

findings of the simulation should be applied to other areas with a particular attention 

(Harrison et al., 2007). Nonetheless, the computer simulations are a powerful tool to 

scientific research and have a great potential in contributing to management theories. 
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A simulation model for this research is developed according to the common 

modelling process, following the next steps (Altiok & Melamed, 2007): 

1) Problem analysis and information collection. In order to answer the 

research questions, a supply chain of service companies must be 

analyzed. A literature review is carried out to understand all the specifics 

of supply chains of service companies and describe the order review and 

release systems, which will be applied to a supply chain. 

2) Data collection. This step requires collecting data needed for the 

simulation parameters. The assumptions about statistical distributions of 

variables in the model are formulated. 

3) Model construction. Once the problem and its parameters is defined and 

the required data collected, a computer simulation model is built using a 

special-purpose simulation software. 

4) Model verification. This step’s purpose is to make sure, that the model is 

constructed correctly according to the desired specifications mostly by the 

means of inspection. 

5) Model validation is conducted in order to find out if the outputs of the 

model are realistic. Thus the outcomes are controlled according to the 

existing theories and practices of operations management. 

6) Designing and conducting simulation experiments. The scenarios and 

number of needed runs (simulation experiments) are decided according to 

the research questions. In order to receive statistically significant results, 

each simulation experiment is replicated few times with a different samples 

of input data. 

7) Output analysis. At this step received performances of the simulation 

model are analyzed and studied, giving the answer to the research 

question of the thesis. 

8) Final recommendations. The conclusions of the analysis of the model 

performances are summarized so to form the base for further researches 

on the topic. 
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1.4	  Thesis	  outline	  

The thesis starts with a current chapter, which introduces the research problem and 

questions, and describes a research method that is used in this work – a computer 

simulation modelling. 

Chapter 2 introduces the essential concepts of services and supply chains of service 

companies, highlighting their peculiarities and specifics.  Further, a lean philosophy 

and its application to service industry is presented.  After mentioning the main 

barriers of implementing lean methodology in service supply chains, order review and 

release systems are described based on their application in manufacturing. Later 

they will be tested as one of the techniques, which might help to overcome the 

barriers and “lean” service supply chains. 

Chapter 3 describes the simulation model, which is developed to answer the 

research questions of a thesis. Each specific part of the model is constructed 

according to the theory findings in the previous chapter. It is presented following the 

construction logic, so to bring a clear view on how the simulated service supply chain 

works and what are the main variables considered.  

Chapter 4 explains the design of simulation experiments in the developed model. It 

refers to the research questions and presents the overall structure of experiments as 

well as detailed explanation of each of the experiment parameters. 

Chapter 5 is an essential part of the research, which presents all the findings of the 

simulation experiments. The performances of a service supply chain are analyzed 

and compared within different sets of simulation model. 

Finally, Chapter 6 concludes the findings provided by simulation modelling and based 

on it the research questions are answered. Also, the limitations of the work are 

mentioned and future research suggestions are proposed. 
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2 LITERATURE	  REVIEW	  

This chapter forms a theoretical background, presenting the topic by starting from 

general concepts and narrowing to specific issues of the subject. Thus it is divided into 

4 sections. 

The first section describes the services itself, provides their classification and main 

characteristics in order to form a strong understanding of the differences between goods 

and services, which is important for further analysis.   

The second section continues with forming a theoretical background of the research, 

presenting in more detail the research on supply chains of service companies. The 

definitions, classifications and main management approaches are described in this part. 

The section is a basis for developing a simulation model for a subject analysis. 

The third section starts with summarizing lean philosophy evolution and its main 

principles, which are later shown in application to service industry and manufacturing 

supply chains. This helps to benchmark successful practices and demonstrate the 

potential of lean management applied to the overall supply chains of service companies. 

Finally, main benefits and challenges of lean implementation in service supply chains 

are presented. This section highlights the importance of a research in the topic of this 

thesis and builds a strong base for further experimental research.  

The last section presents order review and release systems, which are used in 

manufacturing to help absorb the external variation and smooth the internal flow. Two 

most beneficial for manufacturing order review and release systems are described and 

later applied to a service supply chain in order to test if they can become one of the 

steps to “leaning” the service supply chain, as they are used in manufacturing. 
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2.1	  Services	  and	  service	  operations	  management	  

2.1.1	  The	  definition	  of	  services	  and	  its	  main	  characteristics	  

Service industry has being growing rapidly during past years, overcoming 

manufacturing in many countries. The increasing importance of services is noticed by 

many researches (Ellram, Tate, & Billington, 2004; Baltacioglu, Ada, Kaplan, Yurt, & 

Kaplan, 2007; Sampson & Spring, 2012a).  

Looking at statistics, services encounter 63,6% of GDP in world economy, while 

industry has only 30,5% in 2012 (Central Intelligence Agency, 2012). In EU, 73,6% of 

Gross Value Added were from service activities in 2010 (Eurostat yearbook, 2012). 

Besides, the current list of Fortune 500 companies includes much more service 

companies and less manufacturing, compared to previous years (Fortune 500, 2012).  

Main reasons of growing services importance is that the companies tend to outsource 

their non-core activities, such as marketing or accounting, and concentrate on core 

products.  Moreover, to improve the core activities, companies servitisize their 

products. The growing importance of service sector brings the need for a deep 

research in this area (Bitner & Brown, 2008). 

Operations management studies distinguish two main branches: manufacturing and 

services. Service studies started its development in mid-70s, when the researchers 

began to distinct services from manufacturing.  

The most common and simple definition of services is “intangible goods”. Zeithaml, 

Bitner, and Gremler (2006) see services as “deeds, processes, and performances” 

provided to customers. The more detailed definitions are found in operations 

management textbooks, and some of them are the following. 

““Service is a time-perishable, intangible experience performed for a customer acting 

in the role of co-producer” (Fitzsimmons, 2008, p.4).  

Sampson (2010) has developed a Unified Service Theory, where services are 

defined as “production processes wherein each customer supplies one or more input 

components for that customer’s unit of production. With non-service processes, 
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groups of customers may contribute ideas to the design of the product, but individual 

customers’ only participation is to select, pay for, and consume the output”. 

Thus, the unique characteristics of services that are not found in manufacturing are: 

• Intangibility; 

• Time-perishability; 

• Customer influence; 

• Inseparability of production and consumption; 

• Heterogeneity; 

Intangibility is one of the basic differences between goods and services. The main 

feature of services is that they cannot be touched, tasted and seen as manufacturing 

products (Nie & Kellogg, 1999).  

Time-perishability of services means that they cannot be stored, and their unused 

capacity is lost. For example, an empty airplane seat or unoccupied hotel room are 

lost opportunities for those companies (Fitzsimmons, 2008). 

Customer influence means a high level of interaction and customer participation in a 

service process. This also results in heterogeneity of services, as this involvement 

causes a high variability in the process, and most services are customized and 

tailored to the needs of each customer (Sampson, 2000).  

Inseparability of production and consumption means that there is no warehouse of 

services and they are consumed at the same time as produced, requiring the 

involvement of a customer (Sampson & Spring, 2012b).  

Besides these 5 main features, it is important to notice that most of the services are 

labor intensive, as it s a knowledge-based area that can’t be easily automatized 

(May, 2005).  

Deriving from the above described, the next similarities and differences between 

goods and services can be summarized. Services as well as goods are producing 

output with an added value for the customer. However, on the contrary to the goods 

production, services are usually having less structured processes. Because of the 

high variability in customer requests and processing times, service processes are 

difficult to standardize and because of labor intensity not easy to automatize. 
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2.1.2	  Classification	  of	  services	  and	  service	  operations	  

There is a vast of services’ kinds that can be classified according to different drivers. 

Chase, Jacobs, and Aquilano (2006) categorize services in two types. First one is 

services as business, where it is required to interact with customer to produce a 

service. These can be facilities-based services (banks, hospitals, restaurants etc.) or 

field-based services (cleaning and home-repair services). The second type is internal 

services, which take place within the organization and support its main activities 

(accounting, data processing, engineering etc.) 

The five types of services described by Johnston and Clark (2008, p.17) are: 

• Business-to-business (B2B) services – provided by companies to other 

companies and organizations, i.e. auditing and accounting services; 

• Business-to-consumer (B2C) services – provided to the individuals, end 

consumers, i.e. restaurants, supermarkets; 

• Internal services – providing services within the business, from one 

department to another, i.e. purchasing and IT support; 

• Public services – provided by the government to the community in a 

whole, i.e. police and hospitals; 

• Not-for-profit services – usually, the charity organizations. 
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Figure 2.1 - Services classification according to Schmenner (1986) 
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Schmenner (1986) classifies services according to two dimensions – degree of labor 

intensity and degree of interaction and customization (Figure 2.1). Therefore, service 

factories have low labor intensity and provide low level of interaction and 

customization with their customers, as the airlines and hotels do. On the other side 

there are professional services, which require a high level interaction with a customer 

and are also highly labor intensive (mostly knowledge workers) – lawyers, 

accountants, etc. 

Services are also often classified according to service industry, such as retail trade, 

wholesale trade, healthcare, telecommunications, transportation, finance, insurance 

etc. Basically, the service sectors include everything except manufacturing and 

farming (Ellram et al., 2004) 

It is important to highlight the main types of service processes, as they require 

different operations management research and are challenging in different ways. 

Service operations are classified according to the process variety and volume, 

forming 4 main types (Johnston & Clark, 2008):  

• Capability processes (high process variety, low volume) provide high 

flexibility and adaptability to each customer’s request, aiming to fulfill each 

separate request at the best way. In such service organizations there is no 

standardized approach to service operations and the outcomes vary from 

one customer to customer. The capability services are professional 

services and other organizations that are based on knowledge work (design 

and advertising agencies, IT companies).  

• Commodity processes (low process variety, high volume) are characterized 

by the standardized processes, striving to achieve the consistent quality 

and the availability of service. These are usually the multi-site services – 

chains of restaurants, fast foods, supermarkets or computer service for 

example. 

• Complexity processes (high process variety and volume) strive to deliver 

high volumes with a high flexibility, though at a reasonable price. Basically, 

these services “attempt to provide the customer with whatever they want, 

however they want it and whenever they want it at an affordable price” 



	  
 

 
21 

(Johnston & Clark, 2008). Internet banking is a good example of this type of 

service process. 

• Simplicity processes (low process variety and volume) are most common to 

a small niche players, or pilot projects and start-ups, which then grow and 

transform to commodity or capability types of service processes. 

Service operations can be also divided into 2 main parts (Chase, 1978):  

• Front office, where the direct contact and interaction with a customer takes 

place, and 

• Back office – activities, which support factory processes, including work on 

forms, letters etc., so-called “quasi-manufacturing”. 

Current research in service operations focuses on lean methodologies, which proved 

to be very successful in production, applied in services (Allway & Corbett, 2002; 

Swank, 2003; Womack, 2004; May, 2005; Piercy & Rich, 2009; Seddon, 

O’Donnovan, & Zokaei, 2009; Bortolotti, Romano, & Nicoletti, 2010; Psychogios , 

Atanasovski, & Tsironis, 2012; Zhou, 2012; etc.). Another focus is supply chain of 

service companies, following manufacturing supply chains management that became 

one of the most important tools in getting a competitive advantage for production 

companies (Kathawala & Abdou, 2003; Ellram et al., 2004; Sengupta, Heiser, & 

Cook, 2006; Baltacioglu et al., 2007; Giannakis, 2011; Arlbjorn, Freytag, & Haas, 

2011; Sampson & Spring, 2012a etc.). This two main trends will be described further 

in this section. 

 

2.2	  Management	  of	  service	  companies’	  supply	  chains	  

2.2.1	  Service	  supply	  chain:	  definitions	  and	  characteristics	  

Many researches notice that though services dominate many economies, the 

research on this topic is far behind the manufacturing operations research (Ellram, 

Tate & Billington, 2007; Niranjan & Weaver, 2011). 

Though services and supply chain topics are of a high significance in operations 

research nowadays, the concept of service supply chain has been carried out only 

during the last decade and is still in the developing stage. 
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The supply chain itself is the set of links or network that joins together internal and 

external suppliers with internal and external customers (Johnston & Clark, 2008). 

Basically, it is the set of activities that transform raw materials and components into 

the product or service and deliver it to the end customer. 

The definition of service supply chain management given by Kathawala et al. (2003) 

states that 

“service supply chain management is the ability of the company/firm to get closer to 

the customer by improving its supply chain channels. The services supply chain will 

include responsiveness, efficiency and controlling”. 

Ellram et al. (2004) define it as the management of information, processes, capacity, 

service performance and funds from the earliest supplier to the ultimate customer. 

One of the most complete definitions of a service supply chain is provided by 

Baltacioglu et al. (2007) as:  

“the network of suppliers, service providers, consumers and other supporting units 

that performs the functions of transaction of resources required to produce services; 

transformation of these resources into supporting and core services; and the delivery 

of these services to customers”. 

The structure of a supply chain of service companies is a complex network, which 

includes basic units that are the supplier, the service provider and the customer 

(Baltacioglu et al., 2007). The other researches distinguish the service providers (of 

2nd and 1st tier) that create a network around the service integrator, which delivers the 

service to the customer (Johnston & Clark, 2008, p.149). Fitzimmons (2008) sees the 

service supply rather as a hub, not a chain, stating that service supply relationships 

don’t usually extend beyond two levels. 

There are 3 types of structures of service supply chain according to Yi Liu and Cheng 

(2008): 

• Serial service supply chain represents the chain, in which the process 

follows the fixed order and the next entity can start working only after the 

previous one finishes. There is only one input and one output. For 

example, logistics’ service. 
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• Parallel service supply chain, where the entities can work simultaneously, 

and in the end their outputs are integrated and delivered to the customer. 

For instance, the travel agency, which integrates the services of an airline 

company, hotel and insurance and selling the ready travel package to the 

travellers. 

• Hybrid service supply chain consists of serial and parallel entities and is 

the most difficult to manage but common within service supply chains. 

Deriving from the customer-supplier duality, Sampson (2000) distinguishes two types 

of supply chains in service organizations: bidirectional service supply chains (single-

level or two-level) and non-bidirectional supply chains. 

Single-level bidirectional supply chains (Figure 2.2) imply “the customers to provide 

their inputs to the service provider, who converts the input into an output which is 

delivered back to the customer” (Sampson, 2000). This is a simple supply chain, 

which includes only a first-tier supplier (Johnston & Clark, 2008).  

 

Figure 2.2 – Single level service supply chain (Sampson, 2000) 

 

Figure 2.3 - Two-level service supply chain (Sampson, 2000) 
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Two-level bidirectional supply chains include more than one service provider, thus 

the service provider who gets the customer request forwards it to the next service 

provider and then delivers the output to the customer (Figure 2.3).  

The third type is not considered a bidirectional supply chain, as the outputs, required 

by the customer, are delivered to the third side, though the customers which provide 

inputs receive benefits from the delivery. Such a supply chain is seen in the shipping 

services, for instance. 

The more complex supply chain of service companies is a multi-entity chain so called 

“service constellation” (Normann, 2001). This multi-tired service supply chain 

includes a service provider, which has few first-tier suppliers, each of them having 

other second-tier suppliers (Figure 2.4). 

The differences between service supply chain and traditional manufacturing supply 

chain derive mostly from the special features of services, described in section 2.1.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 - Example of a multi-entity service supply chain  

(Sampson & Spring, 2012) 
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Generalizing the publications on service supply chain, 3 main distinctive features can 

be stated: 

1) it carries the flow of intangible products 

On the contrary to the manufacturing supply chains, which handle the 

tangible materials and products, there is usually only the information flow 

(requests, instructions etc.) between the stages in service supply chains 

(Sakhuja & Jain, 2012); 

2) human labor is a significant component 

Services are produced by knowledge workers and the output quality 

depends a lot on the worker’s level of professionality, skills and 

knowledge. Besides, the human involvement brings a lot of variation and 

uncertainties in outputs (Ellram et al., 2004; Sengupta et al., 2006) 

3) strong customer influence 

A very important feature of the service supply chains is that the customer 

is also a supplier, providing “raw material” to the supply chain (Nie & 

Kellog, 1999; Sampson, 2000). This concept is called “customer-supplier 

duality” and is described by Sampson (2000), as “with services, customers 

are suppliers of significant inputs to the service production process. These 

inputs include customer minds and selves, customer belongings and/or 

customer information”. Thus, the supply chain of service companies is a 

bidirectional supply chain, with two-way flows between customer and 

supplier. 

Customer plays different roles in the supply chains of service companies: customers 

as component suppliers, as labor, as design engineers, as production managers, as 

products, as quality assurance, as inventory, as competitors (Sampson & Spring, 

2012b). 

The customer inputs are usually not consistent in quality, as they might be 

incomplete, unprepared or have unrealistic expectations (Fitzsimmons, 2008), thus 

bringing to a service provider many challenges in satisfying the requests in a desired 

way. 
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There are 4 main perspectives of a service supply chain, as stated in Special Topic 

Forum on Service Supply Chains by Sampson and Spring (2012): 

• Sourcing of services – everything concerned with purchasing the 

services, which is different from the goods purchasing process. For 

example, auto manufacturer purchases tiers from the tire supplier, that 

is goods sourcing, and gets legal services from a law firm, that is a 

services sourcing. 

• Making services – focus on how the services are produced. The main 

distinctive feature is a customer-supplier duality (Sampson, 2000). 

Nevertheless, producing services faces the same issues as 

manufacturing supply chains, but requires different managerial 

approach. Among such issues are the bullwhip effect (Akkermans & 

Vos, 2003), forecasting, lead-time management, capacity 

management etc. (Niranjan & Weaver, 2011). 

• Services involved in product delivery – a view on services as the ones 

that occur within the manufacturing supply chain. An example would 

be a manufacturer contracting the logistic company to deliver the 

products to its customer. 

• Service customer perspective – gives the customer a central role in 

the service supply chain, on the contrary to a traditional supply chain, 

where the producer plays the central role and the customer is viewed 

as part of marketing (Maull, Geraldi, & Johnston, 2012). 

 

2.2.2	  Service	  supply	  chain	  management	  approaches	  

There are two main views in the literature on managing the services supply chains:  

• distinct (presented by Ellram et al. (2004), Akkermans & Vos (2003), 

Jack,Kathy, & Amie, 2001; Anderson & Morrice (2000));  

• unifying (presented by Niranjan & Weaver (2011)). 

The distinct view is based on applying existing manufacturing techniques and models 

to the services, adapting them in accordance to services’ unique features. As stated 

by Ellram et al. (2004),  
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“the rationale for applying well-established models from the manufacturing sector to 

services sector is that the issues are the same: How can we design and manage a 

supply chain, controlling its assets and uncertainties, to best meet the needs of the 

customers in a cost-effective manner”. 

However, the authors recognize the limitations in applicability of these models and 

emphasize the need of the models’ adaptation and focus specifically on service 

supply chains. The models, developed in accordance to this view, are described 

below. 

The service supply chain model (Figure 2.5), developed by Ellram et al. (2004) is 

based on three models from the manufacturing sector: Hewlett-Packard model, 

SCOR of Supply-Chain Council and Global Supply Chain Forum Framework (GSCF).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 - Service supply chain model (Ellram et al., 2004) 

This model translates the manufacturing functions to services, and thus identifies 

seven key processes and functions in a service supply chain management: 

information flow, capacity management, demand management, customer relationship 
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management, supplier relationship management, service delivery management and 

cash flow management. A high performance of each of these processes is supposed 

to lead to improved outcomes.  

The IUE-SSC model (Baltacioglu et al., 2007) is also based on the SCOR framework, 

but it is focused on the basic chain units (the supplier, the service provider and the 

customer) and emphasizes the simultaneous involvement of the service provider and 

the customer in the production process (Figure 2.6). The main activities in service 

supply chain according to this model are:  demand management, capacity and 

resources management, customer relationship management, supplier relationship 

management, order process management, service performance management, and 

information and technology management. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 – The IUE-SSC model (Baltacioglu et al., 2007) 

Another model, which was developed by adapting production SCOR model to 

services, is Giannakis’ service supply chain reference model (Giannakis, 2011). The 

author applies the existing model to the consulting firm, and based on its findings 
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develops a reference model for service companies, which is later tested on the rail 

transport service.  

Anderson and Morrice (2000) developed a mortgage game for service supply chains 

in analogy with beer game for manufacturing supply chains. The main features of the 

developed framework are that supply chain members act autonomously, there is no 

finished inventory, and each node can adjust capacity in order to manage the 

backlog. 

The bullwhip effect in service supply chains is researched by Akkermans and Vos 

(2003). They conclude that the amplification effects also exist within the service 

supply chains, but in different ways. First of all, they are found not in inventory levels, 

as in manufacturing, but in order backlogs and workload levels. Thus, differently from 

traditional supply chains, the reduction of bullwhip effect in services can be achieved 

through quality improvement at all stages of the service supply chain. 

The unifying view of goods and services supply chain management is represented by 

Niranjan and Weaver (2011). These authors argue that the limited applicability of 

supply chain management concepts to service supply chains and translating them 

into different ones is based on inconsistent constructs. They state that it is not 

needed to “reinvent the wheel” (meaning translating manufacturing supply chain 

concepts to service supply chains) and develop unifying constructs that allow “easy 

transference of existing concepts” (Niranjan & Weaver, 2011). The key points of the 

proposed unifying paradigm are: (i) inventory is as relevant for services as for 

production (on the contrary to the previous models); (ii) perishability of productive 

capacity is equally relevant to both services and manufacturing.  

The IUS (immediately usable service) paradigm is illustrated by applying basic 

operations and supply chain management concepts (forecasting and planning; 

manufacturing lead times; capacity build-up lead times; bullwhip capacity and product 

level; risk pooling, order batching; supply chain coordination; and postponement) to 

the automotive service supply chain.  

The difference between the distinct and unifying view may be illustrated by the 

following example. The distinct service chain models see raw material as teeth in 

dental service or consulting clients’ business problems. The unifying paradigm sees 
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the raw materials for these services as dentistry tools for the dental service and 

intellectual resources for a consulting company. 

The performance measurement system for supply chain of service companies (Cho, 

Lee, Ahn, & Hwang, 2011) can be evaluated in accordance to the following metrics: 

• At strategic level: range of services; buyer-supplier partnership level; 

flexibility; service delivery; productivity; quality of service; customer 

satisfaction; customer retention/loyalty; employee loyalty; customer 

relationship; supporting service delivery lead time; quality of suppliers’ 

service level; service order lead time; total service delivery cost; total cash 

flow time; total cycle time; rate of return on investment; customer query 

time. 

• At tactical level: service capacity; supplier risk sharing initiatives; supplier 

cost saving initiatives; supplier pricing against market; effectiveness of 

scheduling techniques; accuracy of forecasting techniques. 

• At operational level: the service order entry method; the customer service 

order path; capacity utilization; operating ratio of actual to planned working 

hours; average customer spend per visit per store. 

The performance of service supply chain depends on different from manufacturing 

supply chain factors, and some of them even have a contrary influence on the 

performance in these sectors (Akkermans & Vos, 2003; Sengupta et al., 2006). In the 

research of Sengupta et al. (2006) the financial and operation performance is 

evaluated in frames of current supply chain management strategies: sharing 

information, level and product customization, building long-term relationships and 

hedging methods. According to author’s conclusions, information sharing and high 

degree of product customization have a positive impact on operational performance 

of service supply chains. The financial performance is affected positively by greater 

strategic importance of the distribution network, while the manufacturing supply chain 

financial performance is improved by long-term relationships and the supply network 

structure.  

The implications of the study highlight the importance of different impact of supply 

chain strategies in manufacturing and services, therefore the managers should 

carefully decide which strategies to use depending on the sector they are working in.  
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2.3	  Lean	  implementation	  in	  service	  supply	  chains	  

2.3.1	  Lean	  philosophy	  evolution	  and	  concept	  

Lean philosophy has its origins in Japan, where Toyota company used totally 

different approach to a production management, which made the company 

successful. Later, the American automotive companies started implementing the 

same concept. Lean principles proved to be successful and started being 

implemented in other industries, evolving from being used just at the manufacturing 

plans to lean supply chains, offices and enterprises. 

The term “lean production” was introduced in 1990 in “The machine that changed a 

world” by Womack, Roos and Jones – a book that became one of the most cited in 

operations management (Holweg, 2007). Though Krafcik was the first one to use the 

word “lean” in his master thesis at MIT Sloan School of Management to describe “a 

production system that uses less resources of everything compared to mass 

production” (Krafcik, 1988), the term became wide-spread after the book by Womack 

and Jones was published (Moyano-Fuentes & Scristan-Diaz, 2011). 

Lean concept is based on eliminating the non-value added activities, while improving 

the processes that add value to a customer. The Association for Operations 

Management APICS dictionary defines lean production as:  

“A philosophy of production that emphasizes the minimization of the amount of all the 

resources (including time) used in the various activities of the enterprise. It involves 

identifying and eliminating non-value-adding activities in design, production, supply 

chain management, and dealing with customers. Lean producers employ teams of 

multiskilled workers at all levels of the organization and use highly flexible, 

increasingly automated machines to produce volumes of products in potentially 

enormous variety. It contains a set of principles and practices to reduce cost through 

the relentless removal of waste and through the simplification of all manufacturing 

and support processes” (APICS Dictionary, 2013). 

Womack et al. (1990, p.13) to present the concept of lean described it as follows: 

“Lean production is lean because it uses less of everything compared with mass 

production – half the human effort in the factory, half the manufacturing space, half 
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the investment in tools, half the engineering hours to develop a new product in half 

the time.” 

The lean concept is represented in 5 main principles (Womack & Jones, 2003) 

(Figure 2.7): 

1) Value; 

2) The value stream; 

3) Flow; 

4) Pull; 

5) Perfection. 

The first step is to identify value form the customer’s perspective. Value is defined by 

Womack and Jones as “a capability provided to customer at the right time at an 

appropriate price, as defined in each case by the customer”. Knowing what is the 

main value for the customer, company can identify the activities that don’t contribute 

to this value creation. 

 

 

 

 

 

 

 

 

 

Figure 2.7 - Lean principles 

Value stream mapping is mapping all the processes that are involved in the product 

creation that allows seeing how the value is delivered to a customer. The value 

stream is a set of “specific activities required to design, order, and provide a specific 
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product, from concept to launch, order to delivery, and raw materials into the hands 

of the customer” (Womack & Jones, 2003). 

After eliminating the identified non-value added activities in a stream map, the 

continuous product flow should be created – with no stoppages, scrap or backflows. 

Pull is “a system of cascading production and delivery instructions from downstream 

to upstream in which nothing is produced by the upstream supplier until the 

downstream customer signals a need” (Womack & Jones, 2003). Thus, only the 

products, which are demanded by a customer, should be produced. 

Pursue perfection implies that lean is about continuous improvement, as there are 

always some muda along the production process and complete elimination of the 

waste is rather a desired state than an achievable goal.  

Lean thinking recognizes 3 types of activities (Wiegand & Franck, 2008): 

• Value-adding activities – the activities that work for the benefit of a 

customer. Products or services are processed in a way that create value 

for the customer, he/she is willing to pay for; 

• Non-value adding activities – the activities that don’t directly contribute to 

the customer’s value, but are necessary to support the processes; 

• Superfluous activities – waste – all the activities that require time, space, 

or material, but do not add value for the customer and are not needed for 

the process. 

Toyota Production System recognizes 7 wastes (muda), which are overproduction, 

waiting, transportation, extra processing, inventory, motion and defects. Liker and 

Meier (2006) also add eighth waste – unused employee creativity, meaning the lost 

ideas, skills and learning opportunities by not engaging or listening to the employees. 

To summarize the basics of lean concept, Arlbjorn and Freytag (2013) distinguish 

three main levels of a lean philosophy, demonstrated in figure 2.8. 

Over the years lean concept came out of the frames of production floor and evolved 

into a lean enterprise concept, where the whole stream is taken into account and 

each activity (including administration, customer service, product development etc.) is 

a subject to waste elimination and improvement. Lean enterprise is a group of 
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individuals, functions, and legally separated but operationally synchronized company. 

The objectives of the lean enterprise are to correctly specify value to the ultimate 

customer, and to analyze and focus the value stream so that it does everything from 

product development and production to sales and service in a way that actions that 

do not create value are removed and actions that do create value proceed in a 

continuous flow as pulled by the customer (Murman et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8– Lean concept (Arlbjorn & Freytag, 2013) 

2.3.2	  Lean	  management	  applied	  in	  service	  companies	  

The implementation of manufacturing practices in service industry was introduced by 

Levitt in his work “Production-line approach to service” (Levitt, 1972). He argued, that 

despite of the differences between goods and services, same concepts could be 

applied to both. The author demonstrates it on the example of McDonald’s fast food, 

where some of the production methods were successfully applied. 
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Lean thinking, though mostly being applied in manufacturing settings, can be applied 

in any company, as believed by Womack and Jones (2003). Their main reasoning is 

that lean is not just a set of tools, but a way of thinking. Besides, it is focused on the 

processes itself, not the outcomes (product or services), thus might be used in any 

settings.  

There are many other authors who see a great potential in applying lean to service 

industries (among them Allway & Corbett, 2002; Swank, 2003; Ahlstrom, 2004; Abdi, 

Shavarini, & Hoseini, 2006; Enrlich (2006); Sun & Yanagawa, 2006; Piercy & Rich, 

2009). But most of the authors also highlight the necessity of adapting and adjusting 

lean principles when applied to service organizations.  

Thus, Ahlstrom (2004) proposed an adapted version of lean production principles to 

be applied in services. He mentions, for example, that waste, as perceived by service 

operations, might be actually adding value to the customers and thus should not be 

eliminated. The intangible nature of services means they can’t be stored, so there is 

always a pull in service operations (Ahlstrom, 2004). 

As waste is not easily visible in service organizations, where processes are based on 

knowledge work, the shift of lean is to adding value to those processes. Therefore, 

the main principles of lean thinking translated into service organizations are next 

(May, 2005): 

• Adding value in a much broader perspective by building strong 

relationships with customers and interaction within the stakeholders. 

• Creating effective and efficient flow of information and knowledge by 

engaging employees and customers, to better understand customer needs 

and satisfy them, thus pursuing optimum performance. 

• Achieving mastery by continuous learning and striving for individual’s best 

performance. 

Five main principles of lean thinking, mentioned in section 3.1, were translated into 

lean information management by Hicks (2007), who describes them as: 

1) Value – to deliver the value to the customer, only valuable or supportive 

information should be managed; 

2) Value stream – all the processes and activities should be mapped in order 

to identify the ones that don’t add value to the customer; 
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3) Flow – information should be available as soon as it was processed in a 

shortest time, the duplicated and out-of-date information should be 

avoided. The process steps should connect to each other without waiting 

times and delays; 

4) Pull – the services should be delivered only when they are required by 

customers; 

5) Continuous improvement – by training and regularly processes reviewing. 

The demand and customer preferences are constantly changing, so the 

company should continuously adjust its services to customer’s 

expectations. 

The biggest challenges of implementing lean in non-manufacturing environments are 

connected to the services characteristics, described in section 1.1.  

First of all, it’s the need of human-centered approach (May, 2005), as the information 

flow in services is coordinated by personnel, and influenced by a customer, thus 

bringing a lot of variance into the process. Lean transformation in services requires a 

high employee engagement and a lot of training (Wiegand & Franck, 2003). 

The service processes are usually very variable and difficult to standardize. Besides, 

most activities within the flow are not visible and observable (George, 2003), which 

requires a high attention to finding the root causes of the problems, and not their 

symptoms. 

Another difficulty is in choosing the right lean tools to use and the ways to apply them 

effectively in service operations (Corbett, 2007). 

The lean tools that are successfully applied in services are (Allway & Corbett, 2002): 

• Load balancing – shifting processing volumes and service mix; 

• Complexity analysis – decreasing costs by reducing complexity of how the 

service is produced and delivered; 

• Value-stream map – mapping the physical and information flow of all the 

processes of service delivery; 

• Throughput analysis – identifying and eliminating the constraints to 

achieve the continuous flow; 
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• Touch-time analysis – identifying value-added and non-value added time 

parts in throughput time; 

• Line balancing – adjusting the workloads; 

• Functional analysis – identifying excessive worker divisions and diluted 

skill base. 

One of major challenges of applying lean in service companies is also recognizing 

the wastes (George, 2003). The 7 wastes corresponding to the service processes 

are: 

1) Overprocessing – “trying to add more value to a service/product than what 

your customers want or will pay for”. Often there are many processes in 

service organizations that do not add value from the customer’s point of 

view (for example, approvals or handoffs). Such activities are a waste and 

should be eliminated as much as possible. 

2) Transportation – “unnecessary movement of materials, products or 

information”. Moving from one activity to another takes time and creates 

queues, for example paperwork. 

3) Motion – “needless movement of people”. Not that easy recognized as in 

manufacturing, but is present in services. For instance, switching between 

different computer domains. 

4) Inventory – “any work-in-process that’s in excess of what is required to 

produce for the customer”. In services the inventories are backlogs, 

pending requests, queues etc. 

5) Waiting time – “any delay between when one process step/activity ends 

and the next step/activity begins”. Very common in service companies, 

where work is waiting to be processed by the next process step. 

6) Defect – “any aspect of the service that does not conform to customer 

needs”. Defects in services occur when the customer’s needs are not 

satisfied. The reasons might be the missed deadline, missing information, 

wrong information etc. 

7) Overproduction – “production of service outputs or products beyond what 

is needed for immediate use”. For example, working on the non-priority 

documents or executing non-confirmed requests. 
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The successful implementation of lean thinking in service companies is represented 

in many case studies from different service industries –public services (Suarez-

Barraza & Ramis-Pujol, 2010; Arlbjorn et al., 2011; Pedersen & Huniche, 2011; 

Radnor & Johnston, 2012); healthcare (Kollberg, Dahlgaard, & Brehmer, 2007; 

Portioli-Staudacher, 2008; Brandao de Souza, 2009; Grove, Meredith, Macintyre, 

Angelis, & Neailey, 2010; Waring & Bishop, 2010; LaGanga, 2011); call centre 

(Piercy & Rich, 2009); IT companies (Hanna, 2007; Staats, Brunner, & Upton, 2010); 

finance institution (Swank, 2003), airospace industry (Bowen & Youngdahl, 1998; 

Wallace, 2006), hotels (Vlachos & Bogdanovic, 2013). 

Allway and Corbett (2002) bring up many improvement facts in different service 

companies due to the lean implementation. Among them, the 50 to 60% 

improvement in correctly processing the loans the first time in financial institution; $7 

million annually savings in the bank after avoiding “trade breaks” with lean approach; 

20% capacity realization in operating room of a teaching hospital.  

The benefits of lean service processes are seen in company’s culture transformation, 

focus on strategy, better aligned to the strategy business processes, a problem 

solving ethic and people development (May, 2005). Besides, the failure demand 

decreases, costs reduce, the throughput time becomes shorter, and thus a level of 

customer satisfaction increases (Piercy & Rich, 2009). In general, lean helps services 

to achieve higher levels of quality and productivity, while reducing costs (Wiegand & 

Franck, 2008). 

The important thing to remember is that to achieve all those benefits, the lean tools 

and methods should be adapted to the service environment and adjusted according 

to specific characteristics of services.  

 

2.3.3	  Lean	  implementation	  in	  supply	  chains	  of	  service	  companies	  

The effective supply chain of a service company is the one where there is a close 

collaboration between the nodes (Johnston & Clark, 2008, p.152). When each 

member of the supply chain gets the right information (timely and accurate) in the 

appropriate format to be used and understood by all of them, it is easy for them to 

improve the processes and minimize costs. 
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The concept of lean supply chain has started its development from introducing lean 

methodologies in manufacturing supply chains. Womack et al. (1990) while 

describing the lean philosophy derived from analyzing Toyota Production System, 

paid a lot of attention to explaining how does the lean supply works in the lean 

automotive companies. 

Lean supply chain is defined as “a set of organizations directly linked by upstream 

and downstream flows of products, services, finances, and information that 

collaboratively work to reduce cost and waste by efficiently pulling what is needed to 

meet the needs of the individual customer” (Vitasek, Manrodt, & Abbott, 2005). 

The lean supply chain main objective is to eliminate waste within the whole supply 

chain through the collaboration of suppliers, in a way that doesn’t harm any of them 

(Behrouzi, Wong, & Behrouzi, 2011).  

To describe a lean supply chain, its main characteristics are summarized further: 

• A close and strong relation is established between the suppliers, based on 

trust and transparency.  The collaboration of all the supply members 

foresees sharing the information, responsibilities and gains, as well as 

loses, between them (Womack et al., 1990). 

• The information about customer demand, product developments or any 

other that is usually not shared in traditional supply chains should be 

available to all the members in order to align their capabilities and achieve 

overall benefits (Rivera, Wang, Chen, & Lee, 2007). 

• Lean logistics are implemented in order to physically support the 

performance of lean supply chain (Rivera et al., 2007). 

• The performance of a supply chain should be constantly measured and 

results shared among all the members in order to ensure the continuous 

improvement (Agus & Hajinoor, 2012). 

The main beneficial difference of lean supply chains from traditional ones is stated by 

Womack et al. (1990, p.171) as “they operate in a completely different framework that 

channels the efforts of both parties toward mutually beneficial ends with a minimum 

of wasted effort. By abandoning power-based bargaining and substituting an agreed-

upon rational structure for jointly analyzing costs, determining prices, and sharing 
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profits, adversarial relationships give way to cooperative ones”. Moreover, lean 

supply chain helps to achieve the best customer performance and a better 

performance overall (Eriksson, 2010; Kahlen & Patel, 2011; Fuentes & Sacristan-

Diaz, 2012). 

The cooperation and collaboration among the suppliers in manufacturing supply 

chains could be easily transferred to service supply chains, though there is no 

empirical evidence of whether it would bring improvements to the service companies 

as well as it does in the production ones.  

The potential benefits of leaning the supply chain of service companies might be 

demonstrated by the following facts.  

First of all, service supply chains are known to have 30 to 80% of waste (George, 

2003, p.10) in their processes, which is mostly hidden in backlogs and waiting 

queues of requests. This is caused by the fact, that service processes are usually 

slow and expensive, besides there is always much of work-in-progress, as a 

consequence of chain complexity. 

Second, lean implementation helps to improve the flow within the supply chain, which 

is of a crucial importance in services. Failure in managing the end-to-end processes 

in a service supply chain leads to “lack of consistency, poor reliability in terms of 

quality and lead times, and increased cost” (Johnston & Clark, 2008, p.191). 

Integrating activities across the service supply chain is one of the key factors to 

achieve the effective and efficient performance. 

The other benefits of leaning the service supply chain coincide with benefits of lean 

applied in service companies, described in section 3.2. 

Implementing lean in supply chains of service companies is a challenging process. 

Portioli-Staudacher and Tantardini (2012a) identify 4 main classes of these 

challenges: 

• Low visibility, on the activities done at the different stages or at the whole 

flow, which highlights the importance of strong coordination between 

different nodes of a service supply chain in order to successfully 

implement lean practices; 
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• Low managerial attention to service operations, lack of which is a barrier 

for benefiting from used lean principles; 

• Supply chain characteristics and configuration, that influence the way of 

how to implement lean philosophy; 

• Traditional incentive and coordination systems, which are not in line with a 

lean philosophy, thus not helpful to identify the root causes of problems 

and areas of potential improvements. 

The potential benefits of lean philosophy implementation as well as the challenges 

require a further research of the lean supply chains in service companies. 

 

2.4	  Order	  review	  and	  release	  systems	  

2.4.1	  Definition	  of	  order	  review	  and	  release	  systems	  

Order review and release (ORR) system is one of the techniques of production 

planning and control, used mostly in job shops (Portioli-Staudacher & Tantardini, 

2012b). This system implies avoidance of the immediate release of customer orders, 

and instead creates a pre-shop pool of orders, which decouples job arrivals and 

planning phase from the production itself (Melnyk & Ragatz, 1989). This gives a lever 

of managing the load of the production system and helps to avoid the impact of 

demand variability.  

The benefits of using ORR systems also include easier control over WIP in a shop 

floor, better workload balance between the stations, reduces throughput times, 

increases the reliability of due dates (Melnyk & Ragatz, 1989; Hendry & Wong, 1994; 

Stevenson & Hendry, 2006). 

ORR systems are in line with lean methodology, as they help to “focus on, speed up 

and stabilize the flow” (Portioli-Staudacher & Tantardini, 2012b). 

ORR systems consist of 3 main steps (Bergamaschi, Cigolini, Perona & Portioli , 

1997):  

• order entry phase,; 

• pre-shop pool; 

• order release phase. 
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As seen in figure 2.9 the orders continuously arrive from customers or production 

planning systems, and enter a pre-shop pool. 

Collecting orders in a pre-shop pool gives a possibility of deciding the number and 

sequence of current orders in a pre-shop pool to be released in a defined period of 

time. The key issue at this stage is an effective selection mechanism of the orders to 

release (Tatsiopoulos, 1997). 

The procedures of order release can be divided into two broad categories based on 

the mechanism of release used (Bergamaschi et al., 1997): 

• load limited methods; 

• time phased methods. 

 

 

 

 

 

 

 

 

Figure 2.9 – ORR framework (Portioli-Staudacher & Tantardini, 2012b) 

Load limited methods allow the two following actions: activation of release at each 

scheduling period and prioritization of the orders to be released. Orders are selected 

depending on their features and on the current level of workload in the system. 

Time phased methods are based on a time calculation that allows the system to 

release orders every given timeframe. These methods though don’t consider the 

loading of the system at the moment of release.  This method focuses on the order 

information, such as delivery dates, job content of the single orders, routing of the 

single orders. 
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The order release systems that are based on load limiting methods: workload 

balancing and workload limiting, has been used the most and offer an easy 

implementation and a simple control of the WIP.  

	  

2.4.2	  Limited	  workload	  order	  release	  system	  

The limitation (bounding) of the workload order release mechanism controls the load 

present in the shop floor. The release algorithm consists of selection of the orders to 

be issued by the pre-shop pool. In the PSP these orders are sequenced on the basis 

of parameters decided at the management level of the PSP. The goal is to not 

exceed the limit load of the stations that is imposed by the system,. This limitation of 

station’s load is called workload norm and it can be determined through various 

methods. With the support of the workload norm, it is possible to achieve an implicit 

balancing of productive resources. This makes it possible to load up all the machines 

with a workload as close as possible to their limit. (Land & Gaalman, 1998; 

Sabuncuoglu & Karapinar, 1999; Henrich, Land & Gaalman, 2004; Land, 2006). 

The main feature of the workload control is the decoupling between production phase 

and the dynamic nature of the incoming orders flow (Bertrand & Van Ooijen, 2002). If 

the orders were released directly to the system, the problems related to the presence 

of bottlenecks as well as the conflicts between the priorities of the different jobs 

would materialize in a shop floor. In contrast, using the WLC, the workload in the 

system is maintained in the defined limits while those orders awaiting release can be 

used to show the possible production problems before their entry to the production 

system (Bechte, 1994). 

There are three main techniques for the workload control within limited workload 

order release process: 

• upper bound only, which is the maximum level of workload (Bechte, 1988; 

Land & Gaalman, 1998) 

• lower bound only, which is the minimum workload (Land & Gaalman, 

1998) 

• upper and lower bound method (Hendry & Kingsman, 1991) 
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Cigolini and Portioli-Staudacher (2002) comparing the three different methods of load 

limitation showed that the method of restricting the load with only the upper limit 

("upper bound only" method) gets the best system performance. 

With a decrease of the load limit, the method "upper bound only" improves its 

performance. Instead, when using both the upper and lower bound together, there is 

a conflict between two different objectives: the WIP limitation and the job release in 

order to keep the workload of each station above the minimum threshold of the lower 

bound (Cigolini & Portioli-Staudacher, 2002). 

 

2.4.3	  Lean-‐based	  BLR	  order	  release	  system	  

An alternative to the limited workload methods is the workload balancing technique. 

This order release method balances the load between the different workstations 

using extended forecast horizon. 

The balancing model was soon recognized as one of the key aspects for the control 

of the workload. The simple reduction of the average queue length in a system 

proposed by limited workload method is not a sufficient intervention to maximize the 

performance of a production system. In fact, if there is no management of  the input 

variance, with a reduction of the queues the time of inactivity of the stations 

increases. The WLC must therefore also address the problem of balancing 

workloads, along with keeping them all inside of certain limits (Bergamaschi et al., 

1997). 

The balanced release technique is used to select the orders that better fit to the load 

limits, so as to make more stable the load in the system. Unlike the techniques of 

limited workload, orders are evaluated and chosen individually among all those 

present in the PSP, in a way to minimize the deviation between the load of the 

workstations and the available capacity. This technique prevents the centers to 

remain inactive and improves the predictability of the crossing times in the system 

(Land & Gaalman, 1996). Besides, the results of comparison of systems with 

immediate order release, limited workload release of balanced workload order 

release shows that it is the workload balancing system that helps to achieve 

improvements in throughput times and timeliness (Van Ooijen, 1998).  
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The lean-based balanced workload ORR system (BLR) developed by Portioli-

Staudacher and Tantardini (2012b) and applied to non-repetitive manufacturing 

proves to be more effective than limited workload method. According to this model, 

the focus is on balancing the release workload, disregarding the current disbalance 

between the working stations. The system releases the predetermined balanced load 

level of orders form the pre-shop pool at every discreet interval of time. The choice of 

orders from the pre-shop pool is done by finding the similar amounts of workloads for 

each workcentre, taking into account the current release period as well as the future 

ones (extended schedule visibility). Thus, purpose of BLR model is mathematically 

expressed as: 

 

 

where: 

• K is the total number of stages in the flow shop; 

• Time limit (TL) represents the number of release periods that are 

considered in the pre-shop pool planning (i.e. in the schedule visibility).  

• W(p) is representing the penalty associated with the workload unbalancing 

in release period p; 

• r represents the penalty associated with the over-load for every workcentre, 

compared with under-load; 

• UL(p,k) is the under-load, on workcentre k and in period p. 

• OL(p,k) is the over-load, on workcentre k and in period p. 

Thus the model strives to minimize the unbalance between workstations by balancing 

the workload of the released orders. It takes into account such factors as: 

• Earliest release date (ERD), which is the first planning period in which the 

job can be considered for a release; 

• Latest release date (LRD), which is the latest period in which the job must 

be released in order to be finished within the due date; 

• Target workload (TWL), which is the amount of workload to be in the 

system after the orders release and can be decided by management. 
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• Initial load (IL), which is the current load present at the system before the 

orders release.  

The BLR model can be used to lean the system, as it absorbs the external variability, 

and balances the workload within the flow, thus smoothing it. Besides, the model 

ensures that the jobs in a pre-shop pool are not postponed too much so to avoid 

missing the due dates, and so, adding value to the customers. 

 

2.4.4	  Main	  parameters	  of	  the	  order	  review	  and	  release	  systems	  

The order release phase is influenced by a number of parameters that cannot be 

neglected during the design of any type of release pattern of orders. In fact, these 

parameters affect the performance of the same order release. Melnyk, Denzler, 

Magnan & Fredendall have indeed shown with their study of 1994 how the 

performance of a system can be modified significantly by a change of distribution of 

the release time and by the different values that parameters may assume inside the 

system. In 2006 Land classified the following parameters as those of primary 

importance: 

• workload norm; 

• planned throughput time of each station; 

• time limit; 

• the length of the period between the two decisions to release. 

The workload norm usually includes a component of the output planned and a 

component relating to the load level desired at the end of the release period (Land 

and Gaalman, 1996). The workload norm can be calculated with the following 

equation: 

  

 

 

where: 

• Lst”
*D

 is the direct load level desired at the end of the release period; 
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• ρsT is the output planned during the period of release (ρs is a level of 

average utilization of the station s). 

The estimated throughput times of the stations, Ts
*D, are used to determine the 

planned release dates t*j
R each job j. Since workloads are measured in units of time 

to process, a formulation adapted to the results obtained in 1961 from Little can be 

used to demonstrate the concept presented by Land in 2006. Considering an infinite 

time horizon and using process times as weights, the limit value of the direct load 

average in terms of time is proportional to the limit value of average throughput of 

each station. It is though difficult to determine what level of system load will be 

achieved given a certain level of workload norm. 

The parameter θ is used to distinguish the set of jobs considered for release from 

those jobs that are classified as "urgent". There's no known theoretical basis to 

determine the appropriate values for time limit θ. It is clear, however, that a lower 

time limit improves the timing, but it reduces the chances of getting a good balance. 

Land (2006) suggests the use of an infinite time limit to achieve better performance. 

A restricted time limit should be used only in special cases, such as the presence of 

high costs or substantial penalties related to anticipation of the implementation of job. 

The choice of the length of the release period T, is often driven by a practical logic 

(e.g. "once a week", "once a day", etc.) The only systematic research regarding the 

determination of an appropriate length of the period release was carried out by 

Perona and Portioli (1998). The two authors distinguish between a "check period" 

and a "planning horizon" to create the idea of a rolling horizon. The first term 

determines the frequency of the release and the second is used in the calculation of 

depreciation of direct load. The authors conclude that it is difficult to derive clear 

guidelines for determining the length of the period of release. 
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3 DESCRIPTION	   OF	   THE	   SERVICE	   SUPPLY	   CHAIN	  
SIMULATION	  MODEL	  

This chapter describes a constructed computer simulation model of a service supply 

chain, which is used for the analysis of the research problem. The simulation of the 

system behavior requires the creation of numerous models that represent all the 

components that constitute it physically, all the conceptual phases that represent the 

operations and all the numerous variables that can affect the performance. Therefore 

a conceptual framework is needed to guide the design of the various elements 

making up the entire architecture simulation and the choice between several possible 

alternatives. In these pages a detailed overview of the model developed and the logic 

behind it is presented. Also, the algorithms of ORR systems applied to a service 

supply chain simulation model are presented. 

	  

3.1	  The	  structure	  of	  the	  service	  supply	  chain	  model	  

A supply chain of service companies is a concept that is still on its early stages of 

development. Thus there is no common representative structure of it.  

For this research a service supply chain model is constructed from the point of view 

of a customer request, which follows a route from an order entry phase to the delivery 

of a service. In this case, a service supply chain resembles a flow shop, where jobs 

follow the predefined sequence of job stations. That is why an order review and 

release systems, which proved to be effective when used in flow shops, will be 

applied to a service supply chain to test their impact on the performance of service 

companies. 

The simulation focuses on one of the main specifics of services – a high level of 

variability of processing times and uncertainty in their prior evaluation. Thus different 

levels of variability and uncertainty will be tested so to analyze their impact on the 

performance of a service supply chain. 
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In order to concentrate on those aspects, a model of service supply chain is 

simplified. The assumptions made are that all the orders are of the same type, so 

they follow the same route. Thus the variables that could impact the outcomes are 

minimized, allowing to compare different simulation runs, without being affected by 

the different routings that are common in service supply chains. 

The structure of a modelled supply chain is shown in figure 3.1. The next figure 3.2 

represents the further development of a model with implementation of ORR system, 

which foresees the use of a pre-shop pool. 

 

 

Figure 3.1 – The structure of a SSC simulation model 

 

Figure 3.2 - The structure of a SSC simulation model with applied ORR system 

To give the general overview of the developed simulation model, its main 

characteristics are shown in table 3.1. 

The service supply chain simulation model is separated into two main parts: request 

arrival phase and further SSC stages, each of them is explained in details in further 

sections. 
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3.1.1	  Request	  arrival	  phase	  

This part of service supply chain is dealing with customer orders arrivals. The orders 

arrive into the system following the Poisson distribution, which is the most common in 

service industry. Later, the arrival distribution is regarded, and orders arrive just 

before the release procedure, thus the model was focused on the processes only 

within the service supply chain. The type of request and its route is assigned (as 

already mentioned before, for simplification of a model, all orders are assigned the 

same type and route) and the processing time is primarily evaluated.  

The processing times evaluation in real life is usually performed when a customer 

order is accepted, and based on the approximation, a due date is given to the 

customer. Considering the high variability of processing times and uncertainty in their 

prediction, the expected processing times are assigned in classes, ranging from low 

to high. The number of classes depends on the level of precision that can be 

achieved in evaluating the expected processing times. For this research, the 

performances of the service supply chain with different precision levels will be 

compared. 

The due dates are assigned for each request, when it arrives. Since the aim of the 

thesis is not to evaluate the impact of this parameter on the performance it was 

Table 3.1 - Characteristics of the simulation model 
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decided to assign the same due dates to all jobs regardless of the workload carried 

by them. Thus the due dates are assigned as the arrival day plus 14 days. The 

choice of such a high value is explained by the purpose of maximizing the objective 

functions of the applied later ORR systems and avoiding a high number of requests 

being force released.  

In case of immediate release, the orders are directly released into the supply chain 

right after their arrival. Thus all the variability in demand and processing times is 

directly affecting the performance of a supply chain. This causes the bottlenecks in 

the system, high level of work in process and long throughput times. 

To answer the research questions, an ORR system is applied to a service supply 

chain model. To do so, there is a pre-shop pool added to the model, and all the 

customer orders are sent there.  

As already mentioned, ORR systems can be subdivided into 3 parts: order entry 

phase, pre-shop pool and order release (Bergamaschi et al.,1997). 

The order entry phase has the task of accepting only those orders that do not exceed 

the limit of a total workload of a supply chain, in order to keep the WIP constant and 

thus be able to compare the outputs of different simulations. 

 

 

 

 

 

 

 

Figure 3.3 - Request arrival phase 

To do so, the current load in a service supply chain is constantly controlled. It 

consists of a current load released and remained in the service supply chain and the 
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load present in the pre-shop pool. The request load is obtained by summing the 

expected processing times of each request. When the value of total service supply 

chain workload is lower than the defined one, the new orders are accepted, if they 

don’t exceed the set limit.  

Figure 3.3 shows the process logic of the request arrival phase. The grey blocks are 

present only when ORR systems are applied. 

The orders in the pre-shop pool are released at determined time periods (in this 

model – on a daily basis). According to the ORR system being applied, a 

corresponding algorithm is executed in order to choose the daily set of requests to be 

released each day. The algorithm of limited workload releases orders in the system 

until a certain constraint (upper bound) is reached at any stage of the supply chain. 

On the contrary, the balanced workload technique levels a released workload for 

each stage. A more detailed description of release techniques is presented in further 

sections of this chapter. 

 

3.1.2	  Service	  supply	  chain	  stages	  

After the customer requests are released, they follow the same route and go through 

5 stages. Each stage represents an expert, who proceeds the requests and sends it 

to the next stage. There is a queue before each expert station, where the requests 

are released according to a FCFS rule. 

The processing time at each expert depends on the request, and usually is different 

(higher or lower) from the expected time. This feature of the model is a focus of the 

research. 

After being processed at all the stages of a supply chain, a customer request is 

leaving the system. Before that, the request’s due date is controlled, and the 

lateness, if occurred, is recorded. Besides, all the performances related to each 

request are also recorded. 

Figure 3.4 shows process logic at this part of a simulation model only for one of the 

stages. The requests follow the same process at all the stages. 
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Figure 3.4 - A process of SSC stage 

As mentioned before, many issues present in a service supply chain are disregarded 

in order to be able to focus on the impact of processing times variability and 

uncertainty on its performance. Thus each request follows the same route, without 

being sent back for a rework. The requests are not split so to be processed in parallel 

by different experts. The capacity of the experts doesn’t change between different 

experts and along the day. Excluding these factors helps to avoid their impact on the 

performance of a service supply chain model and obtain the results, which can be 

used to answer the research questions. 

 

3.2	  Applied	  order	  review	  and	  release	  systems	  	  

The thesis is concerned with studying the impact of high processing times variability 

and uncertainty in their prior evaluation, which is common in services. The ORR 

systems are tested in the model in order to discover their applicability to services and 

impact on supply chain’s performance. 

For any type of the ORR system used, the common parameters are present in the 

model. 

Before executing the algorithm of ORR system, a current aggregated workload 

present in a service supply chain and at each expert station is measured. The 

workload includes 3 main components: a direct workload of an expert, which is found 

in the queues of each expert; indirect workload, which is the sum of processing times 

of all the orders in the system that sooner or later have to pass through this expert 
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(often referred as an upstream load); and a downstream load, which is the workload 

at the experts which has already proceeded the request.  

The current aggregated load is used by algorithms of ORR systems, so when 

releasing, they will consider only the remaining capacity of a service supply chain, 

and not its total capacity.  

The characteristics of ORR systems applied to the SSC simulation model are 

presented in table 3.2, which are based on the classifications of Bergamaschi et al.  

 

(1997). 

 

 

 

 

 

 

 

 

Another parameter is a target workload, which is defined for every station. This limit 

defines the maximum load that could be released for each expert. By changing this 

parameter, the proportion between the load in a pre-shop pool and in a service 

supply chain is changed. Thus, increasing the standard limit, a higher load is 

released into the service supply chain, so also increasing the WIP. The simulation 

model is tested with different target workload norms, which range from a very short 

queues in a service supply chain to very long ones.  

Table 3.2 - Characteristics of ORR systems applied 
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3.2.1	  Workload	  limiting	  ORR	  system	  

In this section, a detailed description of a workload limiting ORR system algorithm is 

presented. According to this technique, the next steps are followed: 

1) Current workload presented at each stage is evaluated, considering the direct 

load as well as an upstream load. Literally, for each expert the sum of 

expected processing times for this stage is calculated, taking into account the 

requests that are in the corresponding queue and the requests, that are in 

other queues, but still have to pass through this stage later. 

2) The load to be released is calculated as a difference between the target 

workload norm of an expert and a current load of this stage, found in step 1. 

The target workload for each expert is calculated according to the linear 

function, so to consider that the requests go from one stage to the next one, 

thus at the time of next release the last stage is more loaded than the first one. 

The formula used to calculate the stage norm is: 

 

𝑆𝑡𝑎𝑔𝑒  𝑘  𝑛𝑜𝑟𝑚 =   
𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛  𝑜𝑓  𝑡ℎ𝑒  𝑠𝑡𝑎𝑔𝑒  𝑘 ∗ 𝐿𝑖𝑚𝑖𝑡 − 480  𝑚𝑖𝑛

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑠𝑡𝑎𝑔𝑒𝑠 + 480  𝑚𝑖𝑛 

 

In this simulation model there are 5 stages, so the value of stage position 

varies from 1 to 5, giving the higher workload norm to the last stage. 

3) All the orders from the pre-shop pool are inspected one by one for their 

release eligibility. The expected processing time for each stage is compared 

with a corresponding stage norm, and if it doesn’t exceed any of them, the 

order is released to be processed in a service supply chain. Once released, 

the stage current workload are updated with adding expected processing 

times of a released request, so next orders are examined according to the 

updated workload to be released. If one of the stage limits will be exceeded 

with the release of an inspected request, the order is not released and stays in 

a pre-shop pool till next release period.  If the due date of a request is critical, 

it is force released, even if it exceeds the stage limits.  

4) The orders, which were eligible for a release, are removed from a pre-shop 

pool, enter the service supply chain and start being processed. 
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Figure 3.5 – Defining the workload to be released with limited workload ORR system 

3.2.2	  Workload	  balancing	  ORR	  system	  

A balanced workload ORR system algorithm is following the next steps: 

1) Total current workload of the whole supply chain is calculated, disregarding 

its distribution between different stages and including all 3 components: 

direct, upstream and downstream; 

2) The load to be released is calculated as a difference between the target 

workload and an initial load, divided equally between all the stages: 

 

𝑆𝑡𝑎𝑔𝑒  𝑛𝑜𝑟𝑚 =   
𝑇𝑎𝑟𝑔𝑒𝑡  𝑤𝑜𝑟𝑘𝑙𝑜𝑎𝑑 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑆𝑆𝐶  𝑙𝑜𝑎𝑑  

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑠𝑡𝑎𝑔𝑒𝑠  

 

3) All the orders from the pre-shop pool are inspected for their eligibility for a 

release according to the mathematical model, developed for a lean-based 

BLR model by Portioli-Staudacher and Tantardini (2012) and described in 

previous Chapter 1.  

The constraints of the objective function, described in section 2.4.3, are next 

(according to Portioli-Staudacher and Tantardini, 2012): 
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1) Under-load constraint: 

 

 

 

2) Over-load constraint: 

 

 

 

3) The workload to be released for each stage at every release period: 

 

 

4) Each request to be released at only one period of time: 

 

 

 

 

5) Force release a request, if latest release date is reached: 

 

6) Release requests if they have reached their earliest release date: 

 

where: 

• K is the total number of stages in the service supply chain; 

• t(i,k) is the processing time of request i at expert k; 

• TWL is the target workload for the SSC after a release; 
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• Cap is the capacity for the single stage in the release period, which is the 

same for every stage, expressed in minutes; 

• ERD(i) - earliest release date of request i - the first planning period in which 

the specific request can be considered for release in the SSC;  

• LRD(i) is the latest release date of request i, which represents the latest 

planning period for releasing the request and completing it on time.  

• TL is a time limit and represents the number of release periods that are 

considered in the pre-shop pool planning; 

• x(i,p) is a binary variable: x(i,p) = 1 if request i is planned to be released in 

period p; 0 otherwise; 

• RL(p,k) is the workload on stage k resulting from orders that are to be 

released in period p; 

• IL is the initial load already in the SSC before the start of the release 

procedure;  

• UL(p,k) is the under-load, on stage k and in period p; 

• OL(p,k) is the over-load, on stage k and in period p.  

The main parameters used by the BLR algorithm are described further. 

SSC throughput time is needed to find the latest release date (LRD) of a request. It is 

estimated according to a SSC throughput time obtained from the limited workload 

model with corresponding target workload and set total workload level, converted into 

days.  

Latest release date is necessary so to know the upper limit of a time period, when a 

particular request must be released to be processed within its due date. Setting a 

very high limit will cause a great performance on the one hand, but on the other hand 

would cause a high number of requests in advance. For this simulation model, the 

latest release date is calculated as difference between the due date of a request and 

aforementioned SSC throughput time. 

Target  workload is a norm that should be achieved after a release. The BLR model 

considers the total supply chain balancing and thus the aggregate load in this case 

consists of all three components: direct, upstream and downstream load. Considering 

that all the stages have the same capacity, the target workload for each stage is 
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same for every expert and equals to TWL divided by number of stages. The target 

workload is equal at all the stations, because the total load of the request in a SSC is 

evaluated (so including also a downstream load), therefore it is not necessary to 

place increasing standards as in the upper-bound limited-workload model. 

Time limit is the number of periods taken into account while executing the BLR 

mechanism. Studies of Land (2006) show that the longer this time is, the better 

performances are achieved in terms of balancing the workload. In this algorithm, the 

time limit is set to 15 days. This value brings a good trade-off between the quality of 

the solution obtained from the BLR model and the computational time required to 

obtain it. 

Introducing the extended time limit requires the definition of weights that define the 

impact of overload or underload depending on the release period. For this reason it is 

necessary to introduce weights that decrease exponentially and not linearly over the 

fixed time periods, so to give the lower weight to unbalance in later periods and 

higher to the closer periods. This weight is defined as w(p) = 1/1.5p (see Portioli-

Staudacher and Tantardini, 2012). 

Summarizing, the BLR algorithm disregards the current imbalance in the supply chain 

and releases the balanced workload for all the stages. It employs the extended 

schedule visibility, so is able to balance better the requests present in a pre-shop 

pool. The other difference of this algorithm compared to the previous one is that it 

allows to release the requests, which exceed the norm at one of the stages, if this will 

help better balance the released workload. 
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4 CONFIGURATION	  OF	  THE	  EXPIREMENTS	  

A model of the service supply chain, described in the previous chapter, is simulated with 

the software Arena by Rockwell Automation. This software allows the graphical 

representation of the model and its functioning, as well as the statistical analysis of the 

performances obtained. In order to obtain the results, which will be sufficient to answer 

the research questions and significant statistically, a plan of simulation runs must be 

thoroughly designed.  

This chapter explains the input and output parameters of the experiments and shows in 

detail how the simulation settings, such as length and number of runs, are calculated. It 

ends with a presentation of the plan of all the simulation experiments that will be 

conducted to answer the research question of the thesis. 

	  

4.1	  Determination	  of	  input	  parameters	  

A simulation model of a service supply chain is concentrated on evaluating the impact of 

high processing times variability and low level of precision in estimating the expected 

processing times. Those characteristics are essential in service companies.  

Three main input parameters are considered: 

• Request arrivals; 

• Processing times distribution and variability; 

• Precision level of estimating the expected processing times. 

Request arrivals. In the case of immediate release, the requests arrive according to a 

Poisson distribution on average every 16 minutes. This is the most common distribution 

in service companies. Thus on average there are 30 requests per day. In order to simplify 

the model, all 30 requests arrive to the system just before the release procedure. It is 

important to mention, that the arrivals are limited, considering the total workload in 

service supply chain not to be exceeded. This allows to keep constant level of WIP and 

compare the results obtained from different experiments. 
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When the ORR systems are applied to a service supply chain, all the request arrive to 

the pre-shop pool before the release time. This is done in order to avoid the impact of 

variability in arrivals and obtain results, which clearly demonstrate the influence of other 

parameters.  

Processing times distribution and variability. For a simulation model it was decided to use 

a lognormal distribution of processing times, which is quite common in non-repetitive 

manufacturing and services. Even more common distribution of processing times in 

services is the exponential distribution, but choosing this one would not give a possibility 

to control the level of variability within different experiments. 

The processing times at each expert were considered to be the same - on average 29,7 

minutes long. Again, the decision of having the same processing times at each expert 

was taken with a purpose to decrease the parameters that are not in the focus of this 

research. 

The levels of variability in processing times are tested according to 3 levels: low, high and 

very high. Low variability is presented by the coefficient of variance (CV) 0,35; high – CV 

= 0,8; which is further increased to a coefficient of variance equal 100%.  

Considering the average processing time and 3 levels of their variability, input data was 

generated according to lognormal distribution with mean 29,7 for each coefficient of 

variance (0,35, 0,8 and 1,0) with the use of Minitab 14 software.  In order to obtain 

statistically significant results, a different sample of data was used for each of the runs of 

every experiment set. The decision on the number of runs is described in further section. 

Precision level of estimating the expected processing times. The generated values 

represent the actual processing times, occurred at each stage of a supply chain. But they 

cannot be used for planning purposes, as they are not known in advance, before the 

request is processed. Thus the expected processing times, which are estimated when 

the request arrives, should be also considered.  

To do so, each sample is divided into equal parts – classes, and the mean of each class 

is found. Each class’ mean is used for planning purposes as an expected processing 

time, which is estimated on the requests’ arrival time. To answer the research questions, 

different number of classes will be tested. Thus, for a low precision level there will be 3 
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classes of expected processing times: short, medium and long. And for a high precision 

level in estimating the expected processing times of request 7 classes are considered.  

 

4.2	  Determination	  of	  length,	  warm-‐up	  period	  and	  number	  of	  runs	  

Once the structure of the model is defined, it is necessary to define the characteristics 

and parameters of the simulation runs, in order to ensure statistical significance of the 

results obtained. 

The simulation used in this research is a steady state simulation. This kind of 

experiments is characterized by the absence of a natural end condition, meaning an 

established time constraints. This type of simulation is chosen for the research, as it 

gives an opportunity to model the behavior of the supply chain that is analyzed. 

In order to properly design steady state simulations two basic variables need to be 

estimated: 

• Number of runs and their length - the minimum number of repeated experiments 

that must be performed, to reduce the experimental error of the simulation 

model and the variance of the estimated parameters; 

• Length of the warm-up period so to eliminate the influence of the initial 

conditions of the system on the output parameters. Not excluding a warm-up 

phase would negatively impact the correctness of the output, since the steady 

state simulations start as an empty system.  

 

4.2.1	  Determination	  of	  number	  of	  runs	  

To make a meaningful statistical analysis using the data obtained from the simulation 

model experiments, random variables that are independent and identically distributed 

must be used (Mosca, Giribone & Guglielmone, 1982). The observations derived from a 

single simulation experiment may not be independent and identically distributed and 

therefore they are interdependent and not completely random. To overcome this 

problem, the same experiment must be repeated multiple times. In this way it is possible 

to obtain a number of independent observations, which are characterized by the same 

initial conditions, same length, but using different samples of input data.  
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To define the number of runs needed, it was decided to use the procedure adopted by 

Mosca et al. (1982).  For each significant performance measure a Mean Squared Pure 

Error (MSPE) is calculated: 

𝑀𝑆𝑃𝐸 =
(𝑋! − 𝑋)!!

!!!

𝑛 − 1  

where; 

• 𝑋!   is an average of each run; 

• 𝑋 is a total average of n runs. 

The necessary number of runs might be different for all the output parameters. It is 

sufficient to use a number of runs equal to or higher than the value, for which the error for 

each of the output parameters does not show significant changes anymore, and thus 

allows obtaining a correct estimate of the experimental error. 

For this research, a number of runs corresponding to the parameter with maximum 

required number of runs is chosen. The experiments with the same simulation 

parameters, but different samples of input data, were conducted and MSPE calculated. 

Thus the number of runs needed to obtain statistically significant results is 10 run for 

each type of simulation experiment. 

 

4.2.2	  Warm-‐up	  period	  and	  length	  of	  simulation	  runs	  

The length parameter represents the duration of the simulation experiment, which 

corresponds to a number of working days that need to be simulated in order to obtain 

statistically meaningful results. 

The procedure to find the length of the simulation has been developed by Law and 

Carson (1979). The purpose of the calculation of the length of each run is to define the 

minimum time that ensures the confidence interval for the average measured 

performances. 

Warm-up period corresponds to the time interval, after which the system is operating 

stable. Identifying the warm-up period and eliminating the results, obtained during it, 

allows to receive stable average values of the output parameters. The decision on this 
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parameter is very important: too short warm-up period can cause biased results, 

influenced by outputs from initial system state, and too long warm-up period causes 

unnecessary calculation times. 

The most used method for the calculation of the warm-up period length is the graphical 

method described by Welch in 1983. This method is effective and computationally easy.  

The procedure is divided into consecutive steps and is performed for each of the 

important performance parameters: 

1) n number of simulation runs with the same length and settings are conducted; 

2) m sequences of type 𝑦!𝑗,𝑦!𝑗,𝑦!! …𝑦!"  for each output parameter are 

constructed and their average value is calculated: 

 

𝑌! =
𝑦!"!

!!!

𝑛  

where: 

• 𝑦!"   is the value of the variable y in the run j; 

• n - number of runs conducted. 

3) A moving average of step k ≤ (m/4) is applied to the succession 

𝑌!,𝑌!. .𝑌! …𝑌!  obtained in the previous step in order to smooth the fluctuations. 

Each value is replaced with: 

𝑌! 𝑘 =   

𝑌!!!!
!!!!

2𝑘 + 1                       𝑗 = 𝑘 + 1,… ,𝑚 − 𝑘

𝑌!!!
!!!
!!!(!!!)

2𝑗 − 1
                              𝑗 = 1,… . . , 𝑘

 

4) Thus the length of the warm-up period is corresponding to a period, finishing 

when the value 𝑌! becomes stable. 

To determine a warm-up period and length of the simulation runs, an experiment was 

conducted. The limited workload model was used with the next parameters: system 

workload limit of 23000 minutes, stage target workload 4500 minutes (which represents a 

service supply chain with immediate release), processing times variability 0,5 and actual 

processing times were equal to expected. Daily output was chosen as a main 

performance parameter, as it represents the stability of the system. 
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As can be seen from graphs 4.1 and 4.2, during first 300 days the service supply chain 

performance is not stabilized. It’s been discussed before, that the simulation is of a 

steady-state type and its initial state doesn’t represent the real behavior of the system. 

Thus, a warm-up period is set to 300 days, until the output stabilizes. After 300 days the 

statistics will be collected and main performance measured. In order to avoid any 

possible errors, the length of the run is set to 500 days. These values will be used for all 

the next experiments. 

 

 

 

 

 

 

 

 

Figure 4.1 - Determination of warm-up period 

 

 

 

 

 

 

 

 

Figure 4.2 - Determination of warm-up period 
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4.3	  Determination	  of	  performance	  parameters	  

Every experiment is modelled to measure the same set of performances, so to be able to 

compare different outputs. 

The performances that are measured are next: 

• Gross throughput time – total time of request in the system from its arrival till 

service delivery; 

• SSC throughput time – time interval between the release time of the order and; 

• Output workload – the load of requests that are released, measured on a daily 

basis; 

• Number of late deliveries and the average lateness of requests – comparison of 

the due date and the exit day of a request from the service supply chain. 

All the performances are recorded during the simulation runs and displayed in the used-

specified reports, which are later exported into excel files. 

	  

4.4	  Conduction	  of	  the	  experiments	  
The experiments are planned in accordance to the research questions of the thesis. In 

order to concentrate on the research focus, al experiments have the same parameters, 

and only few are changing.  

There are 3 main types of simulation models in this research: 

• Service supply chain with upper-bound limited workload ORR system; 

• Service supply chain with lean-based balanced workload ORR system; 

• Service supply chain with immediate release. 

The experiments start with applying upper-bound limited workload model to the service 

supply chain. The system workload limit is set to 21500 minutes, the coefficient of 

variance is low (0,35) and high precision level in estimation of the processing times. The 

results obtained will show the optimum target workload value, increasing which bring 

changes in the output or brings small improvements at the cost of big increase in the 

gross throughput time. Multiplying this value by the number of stages will define the total 

system workload limit, which maximizes the performance of the service supply chain. 

This system workload limit will be used for further experiments. 
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Table 4.1 - Experiment set 1 

Experiment 1 Processing times 
variability 

Precision 
level in 

processing 
times 

estimation 

Workload 
norm 

(minutes/day) 
Number of 

runs 

Upper-bound 
limited workload 

model, 
system workload 

21500 min 

Low (CV = 0,35) High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 
4500 10 
5000 10 

Upper-bound 
limited workload 

model, 
system workload 

21500 min 

High (CV = 0,8) High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 
4500 10 
5000 10 

Upper-bound 
limited workload 

model, 
system workload 

21500 min 

High (CV = 1,0) High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 
4500 10 
5000 10 

 

Next step in experiments is to simulate the service supply chain with upper-bound 

release model with different processing times variability (low, medium and high). Besides, 

for each level of variability, different precision levels in processing times estimation will be 

also tested. With the obtained results, it will be possible to analyze the impact of 

uncertainty in processing times on the performance of upper-bound ORR system. It is 

expected to get better performances with higher precision levels. 
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Table 4.2 - Experiment set 2 

Experiment 2 Processing times 
variability 

Precision 
level in 

processing 
times 

estimation 

Workload 
norm 

(minutes/day) 
Number of 

runs 

Upper-bound 
limited workload 

model, 
system workload 

12500 min 

Low (CV = 0,35) 

Low 
(3 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 

High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 

Exact 
processing 

times 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 

Table 4.3 - Experiment set 3 

Experiment 3 Processing times 
variability 

Precision 
level in 

processing 
times 

estimation 

Workload 
norm 

(minutes/day) 
Number of 

runs 

Upper-bound 
limited workload 

model, 
system workload 

15000 min 

High (CV = 0,8) 

Low 
(3 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 

High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 

Exact 
processing 

times 

3000 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
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Table 4.4 - Experiment set 4 

Experiment 4 Processing times 
variability 

Precision 
level in 

processing 
times 

estimation 

Workload 
norm 

(minutes/day) 
Number of 

runs 

Upper-bound 
limited workload 

model, 
system workload 

20000 min 

High (CV = 1,0) 

Low 
(3 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 

High 
(7 classes) 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 

Exact 
processing 

times 

960 10 
1280 10 
1600 10 
2000 10 
2500 10 
3000 10 
3500 10 
4000 10 

 

Further, a traditional service supply chain with immediate release will be simulated in 

order to compare its main performances with analogue models, where order review and 

release systems were applied. This will give the opportunity to examine, if ORR systems 

are actually good to use in supply chains of service companies.  

Finally, a balanced release workload ORR system applied to the SSC will be simulated 

with the total system workload limit obtained in the first experiment set. Due to very long 

computational times required for this model, the simulation will focus on testing the BLR 

model with the high processing times variability. The impact of precision levels in 

estimating the expected processing times will be also examined.  
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Because BLR model is using more sophisticated release algorithm, it is expected that it 

might not show very good performances, as it showed when the actual processing times 

were known in advance. 

Table 4.5 - Experiment set 5 

Experiment 5 Processing times 
variability 

Precision level in 
processing times 

estimation 
Number of 

runs 

Immediate release model, 
system workload 12500 min Low (CV = 0,35) Exact processing 

times 10 

Immediate release model, 
system workload 15000 min High (CV = 0,8) Exact processing 

times 
10 

 

Immediate release model, 
system workload 20000 min High (CV = 1,0) Exact processing 

times 10 

 

Table 4.6 - Experiment set 6 

Experiment 6 Processing times 
variability 

Precision 
level in 

processing 
times 

estimation 

Workload 
norm 

(minutes/day) 
Number of 

runs 

Balanced workload 
release model, 

system workload 
15000 min 

High (CV = 0,8) 

Low 
(3 classes) 

960 3 
1280 3 
1600 3 
2000 3 
2500 3 

High 
(7 classes) 

960 3 
1280 3 
1600 3 
2000 3 
2500 3 

 

To summarize, a corresponding to a research question experiment sets are shown in the 

figure 4.3. 
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Research question 1: 

What impact does application of ORR systems have 

on service supply chains in terms of lean philosophy? 

All experiment sets 

Research question 2: 

How is the performance of service supply chain 

influenced by choosing between limited workload and 

balanced workload ORR systems? 

Comparison of 
experiments 3 and 6  

Research question 3: 

How do different variability levels and preciseness in 

processing times evaluation impact the performance 

of ORR systems? 

Experiment sets  
2, 3, 4 and 6 

Figure 4.3 - Experiments plan 
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5 ANALYSIS	  OF	  THE	  SIMULATION	  RESULTS	  

The results of all the runs that were carried out to answer the research questions will 

be shown in the following pages. The previous chapter presented the experiments 

plan, which guided the process of the simulation tests. The results will be discussed 

in the same order. First of all, the outputs that set the parameters for further runs are 

displayed. Then the results of the simulation runs of service supply chain model with 

limiting ORR system applied to it are discussed. They are compared with the 

performances of the supply chain with immediate release, so to see the effect of 

implementing ORR systems. Lastly, the results of implementation of lean-based BLR 

model are analyzed in order to see if it is working effectively when applied to service 

supply chains and also to see the impact of preciseness in processing times 

estimation. 

 

5.1	  SSC	  model	  with	  workload	  limiting	  ORR	  system	  (21500)	  

As explained in Chapter 4, the experiments were conducted to test the impact of 

limiting order review and release system on the service supply chain. First runs were 

done for a high system workload of 21500 minutes. The results obtained for different 

coefficients of variance are presented in the next figures.  

 

 

 

 

 

 

Figure 5.1 - Gross throughput time of SSC with limiting ORR system 21500, CV 35% 
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Figure 5.2 - Output of SSC with limiting ORR system 21500, CV 35% 

 

 

 

 

 

 

 

Figure 5.3 – SSC throughput time of SSC with limiting ORR system 21500, CV 35% 

 

 

 

 

 

 

 

Figure 5.4 - WIP of SSC with limiting ORR system 21500, CV 35% 
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Deriving from the results presented above, it can be seen that at some level the 

output stays stable, while the SSC throughput time and WIP are growing. Thus, the 

further increase in workload level of a supply chain will not improve its performance. 

This value of workload norm is then multiplied by 5 stages and all the next 

experiments are run with the defined system workload level. 

For the service supply chain with processing times variability 35%, the maximum 

output is reached at the workload norm 2500 minutes. Thus, the system workload 

can be reduced to 12500 minutes without significant reduction of productivity, but 

decrease in throughput times.  

 

 

 

 

 

 

Figure 5.5 - Gross throughput time, 21500, CV 80% 

 

 

 

 

 

 

Figure 5.6 - Output of SSC with limiting ORR system 21500, CV 80% 

For the service supply chain with processing times variability 80% the maximum 

output is starting to be reached at the workload norm 3000 minutes, so for the next 

runs the total system workload is reduced from 21500 minutes to 15000 minutes. 
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Figure 5.7 - Gross throughput time of SSC with limiting ORR system 21500, CV 100% 

 

 

 

 

 

 

Figure 5.8 - Output of SSC with limiting ORR system 21500, CV 100% 

Lastly, the results of the model with processing times variability 100% show that the 

total system workload can be reduced to 20000 minutes, so to reduce the gross 

throughput time without significant loss in the output. 

 

5.2	  Service	  supply	  chain	  model	  with	  immediate	  release	  

In order to have a reference point and see the impact of implementing ORR systems 

in supply chains of service companies, the experiments with immediate release were 

done.  

The results for each processing times variability and corresponding system workload 

are presented in the table. 
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Table 5.1 - Performances of SSC with immediate release 

Parameters Gross throughput 
time Output WIP 

System workload 
12500, CV 35% 38,25 16,05 49,56 

System workload 
15000, CV 80% 47,67 15,66 70,44 

System workload 
20000, CV 100% 65,1 15,57 100,28 

 

5.3	  Service	  supply	  chain	  model	  with	  workload	  limiting	  ORR	  system	  

The results of a performance of the service supply chain with implemented limited 

ORR system are presented in figures below.  

When variability of processing times is low, the precision level in estimating the 

expected times doesn’t impact the productivity of the supply chain. The results of the 

simulation runs show the same performances of the service supply chain in spite of 

precision levels in processing times estimation. Limited workload ORR system turns 

to be effective with unknown processing times as well as with the exact processing 

times known in advance. 

Looking back at the results of the model with immediate release, it can be seen that 

the gross throughput time stays at the same level, but because of introduction of the 

pre-shop pool in the system, the levels of WIP are 7,67% lower. This brings more 

flexibility to the company, and also decreases costs needed for producing services. 

 

 

 

 

 

 

Figure 5.9 – GTT and SSC throughput times for processing time variability 35% 
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Table 5.2 – Performances of the supply chain with processing time variability 35% 

Gross throughput time 

Workload 
norm 

Low 
precision 

level 

High 
precision 

level 
Delta, % 

Exact 
processing 

times 
Delta, % 

960 39,56095129 39,56955083 0,02% 39,50624285 -0,16% 
1280 38,87389507 38,87183752 -0,01% 38,80982017 -0,16% 
1600 38,60013054 38,58766187 -0,03% 38,53161068 -0,15% 
2000 38,4220086 38,44261374 0,05% 38,37804393 -0,17% 
2500 38,28827682 38,30892842 0,05% 38,28381743 -0,07% 

SSC throughput time 

Workload 
norm 

Low 
precision 

level 

High 
precision 

level 
Delta, % 

Exact 
processing 

times 
Delta, % 

960 11,11208657 11,03827754 -0,67% 11,07600363 0,34% 
1280 15,36732812 15,26691173 -0,66% 15,33948254 0,47% 
1600 19,5375188 19,4839644 -0,27% 19,60499708 0,62% 
2000 24,65914128 24,66703903 0,03% 24,82006337 0,62% 
2500 31,00397481 30,86292291 -0,46% 30,9328547 0,23% 

Output 

Workload 
norm 

Low 
precision 

level 

High 
precision 

level 
Delta, % 

Exact 
processing 

times 
Delta, % 

960 15,5665 15,565 -0,01% 15,572 0,04% 
1280 15,8175 15,819 0,01% 15,829 0,06% 
1600 15,9185 15,9205 0,01% 15,9285 0,05% 
2000 15,987 15,984 -0,02% 15,989 0,03% 
2500 16,038 16,033 -0,03% 16,037 0,02% 

WIP 

Workload 
norm 

Low 
precision 

level 

High 
precision 

level 
Delta, % 

Exact 
processing 

times 
Delta, % 

960 13,0595 12,879 -1,40% 12,8835 0,03% 
1280 20,4285 20,051 -1,88% 20,176 0,62% 
1600 27,221 27,1085 -0,41% 27,3515 0,89% 
2000 36,0015 35,786 -0,60% 36,1775 1,08% 
2500 46,0735 45,412 -1,46% 45,764 0,77% 

 

For the high level of processing times variability, the performances differ, but not 

significantly. The gross throughput time is the same for the systems with low or high 

precision levels, while being shorter by 1,89% at the systems were exact processing 

times are known when using low workload norms. Though the gross throughput time 

is the same, the systems with low precision level in estimating processing times 

demonstrate longer SSC throughput times by 2,09% for high workload norms up to 



	  
 

 
78 

5,48% for low workload norms. Accordingly, the WIP is also higher for not precise 

processing times.  

 

Table 5.3 - Performances of the supply chain with processing time variability 80% 

Gross throughput time 

Workload norm Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 54,09449557 54,55830686 0,85% 53,5484999 -1,89% 
1280 51,1563906 51,35989064 0,40% 50,82999609 -1,04% 
1600 49,85338284 49,8691667 0,03% 49,51191847 -0,72% 
2000 48,87739421 48,86784791 -0,02% 48,60768217 -0,54% 
2500 48,28380401 48,27673695 -0,01% 48,09283025 -0,38% 
3000 47,95656131 47,8508768 -0,22% 47,78439058 -0,14% 

SSC throughput time 

Workload norm Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 12,25617924 11,6196333 -5,48% 11,83175003 1,79% 
1280 16,48713712 15,77803155 -4,49% 15,91779442 0,88% 
1600 20,95038431 20,12425353 -4,11% 20,46724667 1,68% 
2000 26,18879747 25,61016481 -2,26% 25,84387669 0,90% 
2500 33,0016939 32,14746561 -2,66% 32,16665613 0,06% 
3000 39,85436837 39,03887975 -2,09% 38,70118109 -0,87% 

Output 

Workload norm Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 13,9795 13,8835 -0,69% 14,0945 1,50% 
1280 14,714 14,657 -0,39% 14,7475 0,61% 
1600 15,083 15,046 -0,25% 15,1245 0,52% 
2000 15,356 15,34 -0,10% 15,377 0,24% 
2500 15,532 15,5115 -0,13% 15,529 0,11% 
3000 15,6195 15,622 0,02% 15,622 0,00% 

WIP 

Workload norm Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 13,6045 12,531 -8,57% 12,8225 2,27% 
1280 21,3055 20,027 -6,38% 20,3245 1,46% 
1600 29,113 27,7065 -5,08% 28,4245 2,53% 
2000 38,1595 37,126 -2,78% 37,389 0,70% 
2500 49,6945 47,9115 -3,72% 47,772 -0,29% 
3000 61,2905 59,4715 -3,06% 58,637 -1,42% 
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Figure 5.10 – GTT and SSC throughput times for processing time variability 80% 

Further increase in the variability of processing times up to 100% has the same 

impact trends in the performances of the service supply chain as with processing 

times variability of 80%. Though the gross throughput times tend to be equal, the 

SSC throughput time and correspondingly WIP, are increasing with the decrease of 

preciseness in processing times evaluation. Comparing performances of the model 

with high precision level to the one with low precision level shows 7,02% difference in 

SSC throughput time at low workload norms and 1,05% at high workload norms. But 

high precision levels bring the same performances as the systems where exact 

processing times are known in advance. 

 

 

 

 

 

 

Figure 5.11 – GTT and SSC throughput times for processing time variability 100% 
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Table 5.4 - Performances of the supply chain with processing time variability 100% 

Gross throughput time 

Workload 
norm 

Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 78,13738516 79,27009756 1,43% 76,93864123 -3,03% 
1280 72,72239664 73,27797096 0,76% 71,79627984 -2,06% 
1600 70,21122599 70,50813985 0,42% 69,23087801 -1,84% 
2000 68,18958386 68,27842017 0,13% 67,57299078 -1,04% 
2500 67,17005309 67,09331624 -0,11% 66,62270687 -0,71% 
3000 66,69867384 66,59159665 -0,16% 65,91323539 -1,03% 
3500 65,93036234 65,78007102 -0,23% 65,50086761 -0,43% 
4000 65,5712623 65,47470781 -0,15% 65,13563435 -0,52% 

SSC throughput time 

Workload 
norm 

Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 12,93196531 12,08345037 -7,02% 12,22257706 1,14% 
1280 16,95439665 15,909809 -6,57% 16,16657073 1,59% 
1600 21,04248216 20,14212524 -4,47% 20,48912287 1,69% 
2000 26,72168975 25,78890845 -3,62% 26,03652312 0,95% 
2500 33,67851682 32,72797717 -2,90% 32,84803786 0,37% 
3000 40,37514142 39,77616662 -1,51% 39,87313964 0,24% 
3500 47,07376011 46,45474715 -1,33% 46,46365583 0,02% 
4000 53,72536265 53,16950332 -1,05% 53,15373395 -0,03% 

Output 

Workload 
norm 

Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 13,15 12,9075 -1,88% 13,278 2,79% 
1280 14,038 13,9505 -0,63% 14,107 1,11% 
1600 14,5715 14,527 -0,31% 14,6685 0,96% 
2000 14,976 14,9255 -0,34% 14,985 0,40% 
2500 15,181 15,176 -0,03% 15,206 0,20% 
3000 15,3035 15,3015 -0,01% 15,3775 0,49% 
3500 15,433 15,4505 0,11% 15,4475 -0,02% 
4000 15,498 15,4915 -0,04% 15,5195 0,18% 

WIP 

Workload 
norm 

Low precision 
level 

High precision 
level Delta, % 

Exact 
processing 

times 
Delta, % 

960 13,786 12,292 -12,15% 12,521 1,83% 
1280 21,0195 19,1595 -9,71% 19,7035 2,76% 
1600 28,489 26,748 -6,51% 27,725 3,52% 
2000 38,6575 36,845 -4,92% 37,3 1,22% 
2500 50,4995 48,889 -3,29% 49,2 0,63% 
3000 62,328 61,1315 -1,96% 61,333 0,33% 
3500 73,436 72,43 -1,39% 71,9875 -0,61% 
4000 84,529 83,4145 -1,34% 83,419 0,01% 
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Comparing the obtained results of service supply chain model with applied limiting 

workload ORR system to the immediate release model performances, it can be seen 

that the gross throughput times are staying at the same levels. But because of the 

pre-shop pool the SSC throughput time and thus, WIP, are decreasing. The higher 

the processing times variability, the bigger difference is observed. Thus for 

processing times variability of 35% the difference in WIP is 7,67%, and for processing 

times variability increased to 80% the difference is 16,77%, going up to 16,81% for 

processing times variability of 100%. 

	  

5.4	  Service	  supply	  chain	  with	  workload	  balancing	  ORR	  system	  

Next step is to analyze the performances of balanced workload release model and 

compare them to the results of service supply chain with limited workload ORR 

system. 

As observed during the experiments runs, the balanced release model doesn’t show 

strong trends. The precision level influences the SSC throughput time in range 

between 4,56% and 0,25% shorter for high precision level, but there is no trend 

depending on the workload norm used. 

 

 

 

 

 

 

Figure 5.12 - GTT and SSC throughput times for processing time variability 80% 

Looking back at the performances of the service supply chain with immediate 

release, it can be observed that BLR doesn’t bring notable improvements into its 

performance. This could be explained by the factor, that BLT order review and 

release system uses sophisticated methods to choose orders to be released, and 
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thus its performance is strongly influenced by impreciseness in expected processing 

times. 

Table 5.5 - Performances of the supply chain with processing time variability 80% 

Gross throughput time 

Workload norm Low precision 
level 

High precision 
level Delta, % 

960 48,9219 49,8892175 1,94% 
1280 48,67346927 49,66117516 1,99% 
1600 48,77215756 49,1520767 0,77% 
2000 48,4304882 48,93247476 1,03% 
2500 48,73700281 47,29965119 -3,04% 
3000 49,20252445 49,2428925 0,08% 

SSC throughput time 

Workload norm Low precision 
level 

High precision 
level Delta, % 

960 22,096 21,7827601 -1,44% 
1280 29,62198964 30,23825608 2,04% 
1600 39,37229427 37,6540758 -4,56% 
2000 46,38796369 46,95705451 1,21% 
2500 48,73147503 47,24359709 -3,15% 
3000 49,19699667 49,07199004 -0,25% 

Output 

Workload norm Low precision 
level 

High precision 
level Delta, % 

960 15,0167 15,09803922 0,54% 
1280 15,21666667 15,25 0,22% 
1600 15,21666667 15,4 1,19% 
2000 15,38333333 15,45 0,43% 
2500 15,45 15,8 2,22% 
3000 15,39215686 15,39215686 0,00% 

WIP 

Workload norm Low precision 
level 

High precision 
level Delta, % 

960 32,7 31,60784314 -3,46% 
1280 46,18333333 45,16666667 -2,25% 
1600 64,31666667 60,63333333 -6,07% 
2000 77,46666667 78,91666667 1,84% 
2500 80,6 59,73333333 -34,93% 
3000 81,05882353 81,84313725 0,96% 

 

5.5	  Comparison	  of	  SSC	  performances	  with	  different	  ORR	  systems	  	  

It is important to compare the performances of service supply chain with different 

ORR systems applied. Next graphs show the results grouped by the precision level in 

processing times estimation. 
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Figure 5.13 – Comparison of ORR systems performances at high precision level 

 

 

 

 

 

 

 

Figure 5.14 – Comparison of ORR systems performances at low precision level 

The results show, that for low precision levels in processing times estimation 

balanced workload model shows better performances when low workload norms are 

used. Basically, with the same SSC throughput time the use of balanced workload 

ORR system ensures shorter gross throughput times.  

For the high precision level BLR improves the performance of the service supply 

chain only when the workload norms are low. With the high workload norms limited 

workload model overperforms the balanced one. 
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6 CONCLUSIONS	  

This chapter concludes the research results and summarizes the findings. It answers 

one by one the research questions, mentions the contribution of this thesis work, 

states the limitation of the study and based on it suggests the further research areas. 

 

6.1	  Answers	  to	  the	  research	  questions	  

This research was aiming to answer three questions that have been considered 

throughout the whole thesis while conducting the literature review as well as 

developing the simulation model. Further, each of these questions will be answered 

concluding the research results. 

Research question 1: What impact does application of ORR systems have on 

service supply chains in terms of lean philosophy? 

Lean service supply chain implicates the elimination of waste and adding value to the 

customers. ORR systems, which are used to lean the flow in non-repetitive 

manufacturing companies, were applied to the service supply chain model in order to 

test their impact on the behavior of the system. The main performances to be 

considered were gross throughput time and output of the system. Besides, WIP was 

measured.  

The findings show, that ORR systems applied to service supply chain have positive 

impact on its performance. Though the gross throughput times are at the same level, 

ORR systems allow having shorter SSC throughput time, and accordingly WIP, thus 

helping to “lean” the supply chain by eliminating waste along the flow. Shorter SSC 

throughput times give more flexibility to the service companies, makes them more 

responsive to the market demand and helps to decrease the costs. If the delivery 

time is the most important success factor, ORR system allow a significant decrease 

in gross throughput time while a small decrease in the output level.  
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Research question 2: How is the performance of service supply chain influenced by 

choosing between limited workload and balanced workload ORR systems? 

Balanced workload ORR system shows better performances when the low workload 

norms are used. Thus, the ORR system should be chosen depending on the priorities 

of the company. In case, where responsiveness to the market is more important than 

the lead time, a balanced workload ORR system should be used. In case when the 

workload norms are high and the main concern of the company is the output level, 

the limited workload ORR system shows better performances. 

Research question 3: How do different variability levels and preciseness in 

processing times evaluation impact the performance of ORR systems? 

The interesting finding is that actually the level of precision in estimating the expected 

processing times doesn’t influence much the performance of the system. Besides 

there is only a small difference in outputs comparing different precision levels to the 

performances of a supply chain, were exact processing times are known in advance. 

The importance of preciseness level grows with increasing the processing times 

variability. Thus when compared to the systems with high preciseness, low precision 

levels in estimating the processing times cause longer SSC throughput times. This 

creates additional costs to the company and reduces its flexibility. But if the precision 

level is high enough it allows achieving the performances of the system, where exact 

processing times are known in advance. Worth to mention, that while gross 

throughput time and output of the systems are equal, the SSC throughput time and, 

respectively, WIP are lower, where the processing times are estimated better.  

The impact of processing times variability on the behavior of ORR system applied to 

the service supply chain was tested with limited workload model. The ORR system 

applied to the model with law variability of processing times don’t show significant 

improvements in the performances of the service supply chain.  It showed better 

performances in the systems with high processing times variability, thus proving to be 

effective in use within service companies.  
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6.2	  Contribution	  of	  work	  

This research takes a different approach to the service operations and looks at the 

processes of the service companies from the point of the supply chain as a whole. 

This gives an opportunity to look at the flow along these processes and eliminate 

waste, thus leaning the whole service supply chain, and not only its separate stages.  

Continuing the studies of Portioli-Staudacher and Tantardini (2012a) on ORR 

systems, which proved to be effective in leaning the processes in non-repetitive 

manufacturing, two types of the order review and release systems are applied to the 

service supply chain to test the impact of service intrinsic characteristics on their 

performances.  

The results show that the ORR systems bring the improvements also when applied to 

the service supply chains, where processing times are highly variable and difficult to 

predict. The research findings discover the effectiveness of order review and release 

systems applied to uncertain environments and confirm its applicability to services as 

well as manufacturing. Besides, the importance of viewing the service processes as a 

supply chain flow and not as separate stages is confirmed. 

 

6.3	  Limitations	  of	  the	  research	  

First of all, the main limitation of this research is that it’s purely theoretical and is 

based on statistical distributions and generalized model. Though the results are 

statistically significant, the processing times in the companies might have different 

distributions and thus have different effect on the performance of order review and 

release systems.  

Second, the developed simulation model was simplified in order to focus on the 

parameters, which were in the research objectives. The change of any other 

parameter or the model structure could completely change the outcomes of the 

experiments. 
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6.4	  Suggestions	  for	  further	  research	  

The findings of this master thesis create a strong base for further research on the 

supply chain of service companies. Next studies should deepen the research on 

applicability of order review and release systems to service supply chain and test the 

impact of other services’ unique features on their performance. Among the main 

factors to be studied are the uncertainty in processing times estimation, the absence 

of the pure flow along the supply chain, the parallel processing of orders, multiple 

resources etc. Moreover, other techniques that are used to lean the processes of 

non-repetitive manufacturing could be applied to the service supply chain and their 

effectiveness studied according to the service characteristics. 

Another suggestion for further research is to confirm these theoretical findings. 

Empirically. The simulation model could be adapted to the real case, so to obtain the 

results of the simulation experiments based on the real data.  
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APPENDICES	  

The appendices will explain the technical side of the research. For the development of 

this master thesis, three software programs were used: 

• Arena Simulation Software13.9; 

• Microsoft Office Excel 2010. 

• IBM ILOG CPLEX Optimizer; 

Arena simulation software allows to represent the real processes in a computer 

environment and run different experiments in order to see how the system is influenced 

by different parameters. Thus it was used to simulate the behavior of the service supply 

chain of service companies. 

Microsoft Office Excel documents were used as a link between different software 

programs and contained all the input and output data, besides the macros were created 

to ensure the multiple runs in Arena and process the output of IBM ILOG CPLEX 

Optimizer. 

IBM ILOG CPLEX Optimizer was used to solve the algorithm of balanced release ORR 

system and decide which of the requests to release every day. 

The use of each of these programs is explained in the next sections. 
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APPENDIX	   A:	   DEVELOPING	   THE	   SIMULATION	   MODEL	  
IN	  ARENA	  13.9	  

The simulation model of the service supply chain was developed in Arena 13.9 with the 

blocks from 3 panels: Basic Process, Advance Process and Advanced Transfer. The 

model should not only represent the supply chain, but also take into account all the 

processes that enable its functioning.  

For different ORR systems applied the model had to be modified, as the limiting model 

doesn’t require much computational effort and can be performed all within Arena 

functions, but balanced release model needs to be integrated with IBM ILOG CPLEX 

Optimizer that solves the linear problem and decides which orders to release.  

Below, the service supply chain model overview is shown, and then each of its modular 

parts is described separately. 

 

 

 

 

 

 

 

	  

Figure A.1 – The service supply chain model with limited workload ORR system 

 

The model can be divided into the next submodels: 

• Day assignment; 

• Parameters update and statistics recording; 
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• Request arrivals and release; 

• Service supply chain itself; 

• Service delivery. 

• Day assignment 

First, a daily entity is created at the start of the run and then every 480 minutes. It 

passes through the Assign block, where the variable “Today” is updated by 1 every 

time, thus the systems knows the day of its operations. Then, a system workload limit is 

read from the input file to be later used as a limit value for the new orders arrivals.  

	  

Figure A.2 – Day assignment	  

	  

Figure A.3 – Create block for the daily entity	  

	  

Figure A.4 – Assign the current day	  
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Figure A.5 – ReadWrite block to read the system workload	  

Another entity is created right after the daily entity, also on a daily basis. Its task is to 

record the state of the system at the beginning of the day and then read all the relevant 

information from the input file. Once all the needed information is gathered, the entity 

sends a signal to the pre-shop pool to release the orders. 

	  

	   	  

Figure A.6 - Parameters update and statistics recording part	  	  

	  

Figure A.7 – Create the update entity 
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Figure A.8 – Assign the current workloads 

	  

Figure A.9 – Example of a Record block settings	  

	  

Figure A.10 – Read workload norms	  

	  

Figure A.11 – Signal block	  
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Figure A.12 – Reset the daily parameters	  

	  

Figure A.13 – Requests arrivals and release part	  

At this part, the requests are generated. In order to focus on the research questions, the 

arrival distribution is disregarded, and it is considered that the requests are submitted to 

the pre-shop pool just before the release process is started. Thus, the process of 

request arrivals is not analyzed, and the model is concentrated on processing of the 

requests in the supply chain. 

	  

Figure A.14 – Create the requests	  
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When the entities are created, they pass through a Decide block, where the system 

workload is checked. If it is not overloaded, the request is accepted to the pre-shop 

pool. If the system is full, the entities pass through a Record block to be counted and 

then discharged. 

	  

Figure A.15 – Decide if the order acceptance will not exceed the system workload limit	  

When the request is accepted, the entity passes through a Record block to be counted 

and then it goes to ReadWrite block, where the request number and its actual 

processing times at each expert stage are read from excel and assigned to the entity. 

	  

Figure A.16 – Record number of daily requests	  

	  

Figure A.17 – Read the request number and real processing times 
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In the next ReadWrite block the entity is assigned with expected processing times, 

which are calculated in the Excel workbook and are used for planning purposes. 

	  

Figure A.18 – Read the expected processing times	  

The entity also needs to be assigned with attributes, such as Entity Type, Entity 

Sequence, what is done in the next Assign block. As explained in the thesis, the type 

and route of each entity is considered to be the same, so to avoid the impact of this 

variability on the outcome of the model. 

	  

Figure A.19 – Assign entity attributes	  

After their arrival, all the requests are kept in the pre-shop pool, which is presented by a 

Hold module. 

Once the daily entity passes through a Signal module, it triggers the release of all the 

requests from the pre-shop pool. The algorithm of a limiting ORR system is 

implemented with the help of Decide blocks.  
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Figure A.20 - Hold block of a pre-shop pool	  

First of all, the requests’ due date is checked. If it is the next day, the request is force 

released, without checking the workload of experts. The rest of the requests are passing 

through five consequent Decide blocks, corresponding to each expert. If the expected 

processing time at the expert added to the current workload of that stage is not 

exceeding the workload norm, the request is released to be processed. If at one of the 

experts the workload norm will be exceeded, the order is sent back to the pre-shop 

pool.  

	  

Figure A.21 – Decide block to check the due date	  

	  

Figure A.22 – Check the load at the expert	  

Once the order is released, it is assigned with release time attribute. Also, the current 

workload level of each expert is increased by the corresponding expected processing 



	  
 

 
104 

times of the released requests, so the next ones are checked with the updated expert 

workload. 

	  

Figure A.23 – Assign block to update current load levels	  

The pre-shop pool time and count of released requests are recorded in the next blocks. 

The entity is then send to a Route block, which routes the entity to the next station 

according to its sequence. The use of the blocks from Advanced Transfer panel allows 

to easily change the routings of the entities, send them to any of the stations or set of 

stations, where one of them is chosen based on the criteria, according to the attributes 

or the sequence. For he simplification purposes, all entities follow the same route in the 

supply chain model. 

	  

Figure A.24 – Route block	  

The service supply chain modeled consists of 5 identical stages, one of them is 

described further. 

	  

Figure A.25 – SSC stage	  
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Once the entity arrives to one of the expert stations, it is sent to the queue, which in this 

case is presented by Seize block. When the expert becomes available, the first entity in 

the queue is going to be processed.  

	  

Figure A.26 – Seize block 

When the request has been processed, the entity passes through the Assign block, 

where the current load of expert is reduced by the load of the request at this stage. The 

Route block sends the entity to the next expert stage or to the service delivery part. 

	  

Figure A.27 – Assign block before entering the expert block	  

	  

Figure A.28 – Delay block to process the request	  
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Figure A.29 – release block	  

	  

Figure A.30 – Assign exit parameters	  

The service delivery is the last part of the service supply chain model. Here the entities 

are assigned with the exit time and day, the system workload decreased by the value of 

the load of the leaving request. Then the request is checked to be on time or not. If the 

delivery is late, the request lateness and number of late deliveries are recorded.  

 

Figure A.31 – Assign block to update load levels	  

	  

Figure A.32 – Decide block to check the due date	  
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Figure A.33 – Assign the request lateness	  

When the entity leaves the system, its gross throughput time and SSC throughput time 

are recorded, and then it is discharged. 

	  

Figure A.34 – Record the gross throughput time	  

To apply the balanced release technique to the service supply chain, the model has 

been modified in the part of request arrivals and pre-shop pool. The daily entity is 

passing through 5 consequent VBA blocks, which execute the Macros in Excel 

workbook, explained in further section. When the last VBA of the sequence is passed, 

the solution of IBM ILOG CPLEX Optimizer is updated in Excel, so then entity goes to 

ReadWrite block to read the number of orders to release this day, as decided with 

CPLEX. 

In order to be able to have multiple runs, before discharging the daily entity it is delayed 

for one hour and then it checks what current day it is. If the current day is the last day of 

the simulation, the entity goes to VBA block to activate Macro, which clears all the 

operational data in Excel workbook so to prepare it for the next simulation run. 
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Figure A.35 – SSC with balanced workload ORR system applied	  

	  

Figure A.36 – Read number of orders to release	  

	  

Figure A.37 – Write the arrival days 

The pre-shop pool settings are changed in this case: the Hold module has a parameter 

Infinite Hold, thus the entities are kept there until the other module, Remove is 

activated. 
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Figure A.38 – Hold block to represent a pre-shop pool	  

Now, when the pre-shop pool is unattached form the release part of the model, another 

Create module is inserted in order to create the number of entities, which correspond to 

the read number of order to release today. They are created few seconds after the 

beginning of the day, so to make sure the right value were read from Excel. 

	  

Figure A.39 – Create the number of released orders	  

	  

Figure A.40 – Assign the line to read 

Each of the entities passes through Assign block, where Variable “Number to read” is 

increased by one. This value is used in the next ReadWrite block to read the request 

number of a released order from the corresponding raw. The request number of the 
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order that was chosen by Cplex to be released today is read from worksheet “Orders to 

Arena”, and the Variable with the corresponding values is assigned. 

	  

Figure A.41 – Read the request number to release	  

This entity then passes through a Search block, which conducts a search in the pre-

shop pool to find the request with the number that was chosen to be released. When 

found, the search entity is discharged, and the real request with the corresponding 

request number is removed from the pre-shop pool and sent to be processed. 

	  

Figure A.42 – Search block	  

	  

Figure A.43 – Remove block	  

In the case of immediate release model, the same limiting model was also modified by 

removing all the Decide blocks, that were responsible for executing the algorithm of the 



	  
 

 
111 

ORR system, and also the pre-shop pool is taken away, so when the orders are 

accepted they are sent directly into the system. 

 

 

 

	  

	  

 

 

 

Figure A.44 – SSC model with immediate release
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APPENDIX	   B:	   DEVELOPING	   THE	   EXCEL	   WORKBOOK	  
FOR	  THE	  MODELS.	  

Excel is the main part of the simulation as it works as a mean to deliver the input data 

to Arena and CPLEX, and to connect both of them in order to perform each run. It 

also contains all the macros necessary to update the PSP and release the jobs in the 

balanced release model. 

It is important to indicate the tasks that the Excel workbook follows so to understand 

how it works: 

• It has the database of the different processing times for more than 50000 

jobs, the real and the expected ones. 

• It updates the pre-shop pool with macros 

• It releases the orders of the balanced workload model for Arena. 

The workbook is divided into 5 different worksheets: “InputData”, “Classes”, 

“CPLEXPSP”, ”Orders for Arena”, ”Solution Cplex”. Each of them is essential in 

different parts of the simulation,  and they will be explained further. 

	  
	  
	  

Figure B.1 - InputData worksheet 
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The worksheet “InputData” contains all the parameters for the limiting workload 

and balancing workload models in order to execute each run of the simulation. 

The worksheet “Classes” is the main sheet of the workbook, it contains all the input 

data for the simulation, all the processing times and the expected times and the 

database of the different classes, it also contains the formulas to calculate the 

expected time of the jobs for every class. 

	  

	  

Figure B.2 - Processing and expected times for limiting and balancing release models 

 

The “Selected Class” as shown in Figure 2, is copied from the database of the 

different classes with macro that is activated just by changing the value in the cell F6 

on the worksheet “InputData” according to the number of classes that is intended to 

be simulated. 

	  



	  
 

 
114 

	  

Figure B.3 – Classes database  

The first row of this worksheet contains some control parameters to check the mean, 

standard deviation, MAX, MIN, and coefficient of variance, of the values and classes. 

	  

	  

Figure B.4 – Calculation of classes	  
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This “blocks”, one for each expert, are the brain behind the selection classes. To 

explain how they work, the Expert 1 and 3 classes will be taken into consideration. 

First, it takes the minimum and maximum value of the distribution: 

CELL “AI4”=MIN(C8:C50008) 

CELL “AK6”=MAX(C8:C50008) 

Then the delta value for the different ranges among one class is calculated as the 

difference between those values divided by the number of classes 

 Delta=(MAX-MIN)/N à Delta=(MAX-MIN)/3 

After that, the value that is assigned to each class and that is going to be the 

expected value, is calculated as the mean of all the jobs within the range of the class. 

 

 CELL“AK4”=AVERAGEIFS($C$9:$C$50008;$C$9:$C$50008;_ 

                                                                              ">="&AI4;$C$9:$C$50008;"<"&AJ4) 

 

Once obtained the value for each class they are assigned to each job with a vertical 

look up function. 

 CELL“O9”=VLOOKUP($C$9;$AI$4:$AK$6;3;TRUE) 

This formula is repeated for the entire column, the cells in formula for the next 

columns vary according to the expert and the class that need to be estimated.  

The column “A” is empty because it is going to be filled in by Arena with the arrival 

days of each order. 

This worksheet “CPLEX” is very important, as it represents the pre-shop pool and 

contains all the information for the model with balanced workload ORR system and 

for solving the linear problem with CPLEX. There is the information on Due Date 

(DD), Time Limit (TL), throughput time, Latest Release Date (LRD), and Earliest 

Release Day (ERD), all of them in minutes. 

After Arena assigns the arrival day, the macro “CopytoPSP” copies all the jobs of that 

day into the PSP. Here these orders are going to be selected, released and then 
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deleted from the PSP and copied into the worksheet “Orders for Arena” with the 

macro “GoforitArena”. 

	  

Figure B.5 - Worksheet "Orders for Arena" 

The value on the cell X1 is very important, this value represents the number of orders 

to be released in that day. It is copied to the cell “B33” on the worksheet “InputData” 

on the first day of the simulation and below it on the next days. 

The numbers of orders to release is calculated as a count if function with two criteria, 

because as the PSP sometimes has less than 100 values, which is the limit for the 

PSP, and CPLEX reads the blanks as job to release, they are not to be considered. 

 

Cell“X1”=COUNTIFS(INDEX($W:$W;8):INDEX($W:$W;207);1;_ 

                                                                    INDEX($B:$B;8):INDEX($B:$B;207);">0") 

Criteria1: count if there is a 1 in column W, that represents the Solution of CPLEX 

Criteria2: count if there is a value >0 in column B, to avoid blanks. 

The ranges in the formula are index as it is the only way to be indifferent to the effect 

of deleting rows. 
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The worksheet “Orders to Arena” contains all the Orders being released during 

each run. Arena reads from here the order names to be simulated each day. 

	  

Figure B.6 - Worksheet "Orders for Arena" 

Because CPLEX needs the file to be closed to write the solution in it, the workbook 

“OutputCplex.xlsx” is used and then with the macro “UpdateCplexSolution” all the 

links are updated so the solution is copied from this worksheet to the CPLEXPSP 

worksheet. 

	  

	  

	   Figure B.7 - Worksheet "Solution Cplex" 

As said before, the macros are a core part in the simulation, they make Arena and 

CPLEX connect to each other and in this way perform the simulation correctly. The 

macros are all written in Visual Basic. The next macros were used: 

• copytoPSP 

• Save 

• Play 

• UpdateCplexSoultion 

• GoforitArena 

• NextReplica 
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Macro “CopytoPSP”: 

This is the first macro to be executed, it is an autofilter that copies and pastes the 

jobs that arrive in the worksheet “Classes” into the worksheet “CPLEXPSP” 

	  
Sub	  copytoPSP()	  
	  	  	  	  	  
	  	  	  	  Dim	  Lastrow	  As	  Long,	  Nextrow	  As	  Long,	  crit	  As	  String,	  ws	  As	  Worksheet,	  sh_	  
As	  Worksheet	  
	  	  	  	  Set	  ws	  =	  Sheets("Classes")	  
	  	  	  	  Set	  sh	  =	  Sheets("CPLEXPSP")	  
	  	  	  	  crit	  =	  ws.Range("A5").Value	  
	  	  	  	  	  	  	  	  	  
	  	  	  	  Application.ScreenUpdating	  =	  False	  
	  	  	  	  Application.Calculation	  =	  xlCalculationManual	  
	  	  	  	  With	  ws	  
	  	  	  	  	  
	  	  	  	  	  	  	  	  Lastrow	  =	  .Range("A"	  &	  Rows.Count).End(xlUp).row	  
	  	  	  	  	  	  	  	  Nextrow	  =	  sh.Range("A"	  &	  Rows.Count).End(xlUp).row	  +	  1	  
	  	  	  	  	  	  	  	  If	  Nextrow	  <	  8	  Then	  Nextrow	  =	  8	  
	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  .Range("A8:A"	  &	  Lastrow).AutoFilter	  ,	  Field:=1,	  Criteria1:=crit	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  .Range("A9:N"	  &	  Lastrow).Copy	  
	  	  	  	  	  	  	  	  sh.Range("A"	  &	  Nextrow).PasteSpecial	  xlPasteValues	  
	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  .AutoFilterMode	  =	  False	  
	  	  	  	  End	  With	  
	  	  	  	  Call	  ClearClipboard	  
	  	  	  	  Application.Calculation	  =	  xlCalculationAutomatic	  
	  	  	  	  Application.ScreenUpdating	  =	  True	  
	  	  	  	  	  
End	  Sub	  

 

Macro “Save”: 

Cplex needs the workbook to be saved before each calculation in order to see the 

new values in the workbook. 

Sub	  Save()	  
'Save	  the	  WorkBook	  
Application.ScreenUpdating	  =	  False	  
	  	  	  	  ActiveWorkbook.Save	  
Application.ScreenUpdating	  =	  True	  
End	  Sub	  
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Macro “Play”: 

As there isn’t a real connection between Arena, Cplex and Excel, this macro moves 

the mouse pointer to the CPLEX window and executes the run in CPLEX. 

	  
Private	  Declare	  PtrSafe	  Function	  SetCursorPos	  Lib	  "user32"	  (ByVal	  X	  As	  Long,	  ByVal_	  Y	  As	  
Long)	  As	  Long	  
Private	  Declare	  PtrSafe	  Sub	  mouse_event	  Lib	  "user32"	  (ByVal	  dwFlags	  As	  Long,_	  ByVal	  dx	  
As	  Long,	  ByVal	  dy	  As	  Long,	  ByVal	  cbuttons	  As	  Long,	  ByVal	  dwExtraInfo_	  
	  As	  Long)	  
Private	  Declare	  PtrSafe	  Function	  GetCursorPos	  Lib	  "user32"	  (lpPoint	  As	  pointapi)	  As_	  Long	  
Private	   Declare	   PtrSafe	   Function	   GetWindowRect	   Lib	   "user32"	   (ByVal	   hwnd	   As	   Long,	   _	  
lpRect	  As	  RECT)	  As	  Long	  
	  
Const	  MOUSEEVENTF_LEFTDOWN	  As	  Integer	  =	  2	  
Const	  MOUSEEVENTF_LEFTUP	  As	  Integer	  =	  4	  
Const	  MOUSEEVENTF_RIGHTDOWN	  As	  Integer	  =	  8	  
Const	  MOUSEEVENTF_RIGHTUP	  As	  Integer	  =	  16	  
	  
Private	  Type	  pointapi	  
	  	  	  	  X	  	  As	  Long	  
	  	  	  	  Y	  	  As	  Long	  
End	  Type	  
	  
Private	  Type	  RECT	  
	  	  	  	  	  	  	  	  Left	  As	  Long	  
	  	  	  	  	  	  	  	  Top	  As	  Long	  
	  	  	  	  	  	  	  	  Right	  As	  Long	  
	  	  	  	  	  	  	  	  Bottom	  As	  Long	  
End	  Type	  
	  
Sub	  Play()	  
	  	  	  	  	  	  
	  	  	  	  'CPLEX	  ACTIVATION	  
	  	  	  	  SetCursorPos	  116,	  71	  'set	  mouse	  position	  at	  116,	  71,	  Select	  CPLEX	  Window	  
	  	  	  Call	  mouse_event(MOUSEEVENTF_LEFTDOWN,	  0,	  0,	  0,	  0)	  'click	  left	  mouse	  
	  	  	  Call	  mouse_event(MOUSEEVENTF_LEFTUP,	  0,	  0,	  0,	  0)	  'release	  left	  mouse	  
	  	  	  	  SetCursorPos	  69,	  162	  'set	  mouse	  position	  at	  69,	  162,	  Select	  Start	  Run	  Button	  
	  	  	  Call	  mouse_event(MOUSEEVENTF_LEFTDOWN,	  0,	  0,	  0,	  0)	  'click	  left	  mouse	  
	  	  	  Call	  mouse_event(MOUSEEVENTF_LEFTUP,	  0,	  0,	  0,	  0)	  'release	  left	  mouse	  
	  	  	  	  	  
End	  Sub	  
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Macro “UpdateCplexSolution”: 

This macro enables and updates the links to the workbook “OutputCplex.xlsx” and 

then it copies the numbers of orders to release in the worksheet “InputData”. 

	  
Sub	  UpdateCplexSolution()	  
Dim	  ws	  As	  Worksheet,	  sh	  As	  Worksheet,	  ih	  As	  Worksheet,	  Nextrow	  As	  Long	  
	  
Set	  ws	  =	  Sheets("Solution	  Cplex")	  
Set	  sh	  =	  Sheets("CPLEXPSP")	  
Set	  ih	  =	  Sheets("InputData")	  
	  
ActiveWorkbook.UpdateLink	  Name:="…\Outputcplex.xlsx",	  Type:=xlExcelLinks	  
Application.ScreenUpdating	  =	  False	  
	  
	  
With	  sh	  
ws.Range("A1:O100").Copy	  
.Range("W8").PasteSpecial	  xlPasteValues	  
	  
Application.ScreenUpdating	  =	  True	  
Nextrow	  =	  ih.Range("B"	  &	  Rows.Count).End(xlUp).row	  +	  1	  
If	  Nextrow	  <	  33	  Then	  Nextrow	  =	  33	  
	  
.Range("X1").Copy	  
ih.Range("B"	  &	  Nextrow).PasteSpecial	  xlPasteValues	  
End	  With	  
	  
	  
End	  Sub	  
	  

Macro “GoforitArena”: 

This macro is an auto filter that filters only the orders to release, it copies them to the 

worksheet “Orders for Arena” and then deletes those jobs from the pre-shop pool. 

	  
Sub	  GoforitArena()	  
	  
Dim	  Lastrow	  As	  Long,	  Nextrow	  As	  Long,	  crit	  As	  String,	  ws	  As	  Worksheet,	  sh	  As_	  Worksheet	  
	  	  	  	  Set	  ws	  =	  Sheets("CPLEXPSP")	  
	  	  	  	  Set	  sh	  =	  Sheets("Orders	  for	  Arena")	  
	  	  	  	  	  	  	  	  
	  	  	  	  Application.ScreenUpdating	  =	  False	  
	  	  	  	  Application.Calculation	  =	  xlCalculationManual	  
	  	  	  	  	  
	  	  	  	  With	  ws	  
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	  	  	  	  	  	  	  	  Lastrow	  =	  .Range("V"	  &	  Rows.Count).End(xlUp).row	  
	  	  	  	  	  	  	  	  Nextrow	  =	  sh.Range("A"	  &	  Rows.Count).End(xlUp).row	  +	  1	  
	  	  	  	  	  	  	  	  'If	  Nextrow	  <	  4	  Then	  Nextrow	  =	  4	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  .Range("W7:W"	  &	  Lastrow).AutoFilter	  ,	  Field:=1,	  Criteria1:=1	  
	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  .Range("A8:N"	  &	  Lastrow).Copy	  
	  	  	  	  	  	  	  	  sh.Range("A"	  &	  Nextrow).PasteSpecial	  xlPasteValues	  
	  	  	  	  	  	  	  	  .Range("A8:N"	  &	  Lastrow).EntireRow.Delete	  
	  	  	  	  	  	  	  	  .AutoFilterMode	  =	  False	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  End	  With	  
	  	  	  	  Application.Calculation	  =	  xlCalculationAutomatic	  
	  	  	  	  Application.ScreenUpdating	  =	  True	  
	  
End	  Sub	  
	  

Macro”NextReplica”: 

This macro was created to clean the workbook for the next replication and not 

generate any conflict during the simulation. 

	  
Sub	  NextReplica()	  
	  
Dim	  ws	  As	  Worksheet,	  sh	  As	  Worksheet,	  inp	  As	  Worksheet	  
Dim	  ih	  As	  Worksheet	  
Set	  ws	  =	  Sheets("CPLEXPSP")	  
Set	  sh	  =	  Sheets("Orders	  for	  Arena")	  
Set	  ih	  =	  Sheets("Classes")	  
Set	  inp	  =	  Sheets("InputData")	  
ws.Range("A8:N500").ClearContents	  
sh.Cells.ClearContents	  
ih.Range("A8:A50008").ClearContents	  
With	  inp	  
	  
.Range("B33:B532").ClearContents	  
.Range("B22").ClearContents	  
.Range("F1").ClearContents	  
	  
End	  With	  
End	  Sub	  
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APPENDIX	  C:	  IBM	  ILOG	  CPLEX	  OPTIMIZER	  

ILOG CPLEX is an optimization software package that provides flexible, high-

performance mathematical programming solvers for linear programming, mixed 

integer programming, quadratic programming and quadratically constrained 

programming problems. 

Due to this flexibility and power of calculation this software was chosen to solve the 

linear program problem necessary in this master thesis. 

A project file “.project” was created together with three different files that contain all 

the information in order to connect CPLEX with Excel and to solve the problem. 

• “BalanceModel.dat” is the file that contains all the information for the 

connection with Excel and all the links for doing it. 

• “BalanceModel.ops” contains all the information about the solver, the algorithm 

that’s used and the time of calculation and memory available for the software. 

• “BalanceModel.mod” file contains the problem with all the constraints written in 

program language C. 

These three files are created automatically once the project file is created, this last 

file allows to integrate the other three and run the program. 

Problems with ILOG CPLEX: 

• The information in the excel file is only read when the workbook is saved; 

otherwise it continues reading the information from the last moment the file 

was saved. The macro “Save” was the solution to this problem. 

• The solution can only be written in closed files. For this reason the macro 

“UpdateCplexSolution” was created in order to update the links in the 

worksheet to the file “Outputcplex.xlsx” and copy the solution in worksheet 

“CPLEXPSP”. 

• Impossibility to launch ILOG CPLEX within a SHELL command from a VBA 

module in order to solve the linear problem, this issue was solved with the 

macro “Play” that moves the cursor of the mouse to the “play button” on the 

command panel and clicks to start the simulation. 
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The Figure 7. show the main options to set in “BalanceModel.ops” in order to have 

the simulation running. 

In the file “BalanceModel.dat” all the variables and matrixes that are going to be 

used for the solver must be defined. The Excel cells were used in order to make it 

easy to understand the range used for the model with balanced release ORR system. 

The code is the following: 

 

Figure C.1 - "BalanceModel.ops" 

 
 
/*Connection with EXCEL*/ 
SheetConnection sheet("BalanceModel.xlsm"); 
SheetConnection output("Outputcplex.xlsx"); 
 
/*INPUT independent parameters*/ 
nexp from SheetRead(sheet,"InputData!B1"); 
nordi from SheetRead(sheet,"InputData!B2"); 
np from SheetRead(sheet,"InputData!B3"); 
TWL from SheetRead(sheet,"InputData!B5"); 
r from SheetRead(sheet,"InputData!B6"); 
 
/*INPUT, dependent variables*/ 
pval from SheetRead(sheet,"InputData!B17:P17"); 
peso from SheetRead(sheet,"InputData!B18:P18"); 
cap from SheetRead(sheet,"InputData!B12:F12"); 
dobj from SheetRead(sheet, "InputData!B11:F11"); 
IL from SheetRead(sheet,"InputData!B19:F19"); 
tempi from SheetRead(sheet,"CPLEXPSP!I8:M107"); 
DD from SheetRead(sheet,"CPLEXPSP!P8:P107"); 
TL from SheetRead(sheet,"CPLEXPSP!Q8:Q107"); 
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ERD from SheetRead(sheet,"CPLEXPSP!U8:U107"); 
thrt from SheetRead(sheet,"CPLEXPSP!R8:R107"); 
LRD from SheetRead(sheet,"CPLEXPSP!T8:T107"); 
nome from SheetRead(sheet,"CPLEXPSP!B8:B107"); 
tnow from SheetRead(sheet,"InputData!B17"); 
 
/*write solution*/ 
xx1 to SheetWrite(output,"OUTPUT!A1:O100"); 
/*RL to SheetWrite(output,"RL!A1:E14");*/	  
	  

The file “BalanceModel.mod” contains the linear problem and all the dimensions of 

the variables in the system. 

In the first part all the dimensions of the matrix that are used in the program are 

defined, then in the second part the objective function, all the constraints and the real 

structure of the balanced release model is written. 

	  
using CPLEX; 
 
/*INPUT independent parameters*/ 
int r=...; 
int TWL=...; 
int nexp = ...; 
int np=...; 
int nordi=...; 
 
/*Ranges*//*definition of range: Range one =1..1; (matrix 1x1)*/ 
range expe = 1..nexp; 
range ordi= 1..nordi; 
range peri = 1..np; 
 
/*INPUT, dependent variables*/ 
float cap [expe] =...; 
float dobj[expe]=...; 
float thrt[ordi]=...; 
float ERD[ordi]=...; 
float DD[ordi]=...; 
float LRD[ordi]=...; 
float IL[expe]=...; 
float peso[peri]=...; 
float TL=...; 
int nome[ordi]=...; 
float tempi[ordi][expe]=...; 
float tnow=...; 
float pval[peri]=...; 
 
/*decicion variables*/ 
dvar boolean xx1[ordi][peri]; 
dvar float+ RL[peri][expe]; 
dvar float+ UL[peri][expe]; 
dvar float+ OL[peri][expe]; 
 
/*OBJECTIVE FUNCTION*/ 
minimize 
   sum (p in peri, e in expe) 
      (UL[p][e] + r*OL [p][e])*peso[p]; 
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/*CONSTRAINTS*/       
subject to { 
/*2 
 Under-Load, on workcenter e, period p 
 Over-Load,on workcenter e, period p   */    
      forall (e in expe) 
         UL[1][e] >= dobj[e] - RL[1][e]; 
      forall (e in expe) 
         OL[1][e] >= RL[1][e] - dobj[e]; 
            
      forall (e in expe) 
         UL[2][e] >= cap[e] - RL[2][e]; 
      forall (e in expe) 
         OL[2][e] >= RL[2][e] - cap[e]; 
   
      forall (e in expe) 
         UL[3][e] >= cap[e] - RL[3][e]; 
      forall (e in expe) 
         OL[3][e] >= RL[3][e] - cap[e]; 
             
      forall (e in expe) 
         UL[4][e] >= cap[e] - RL[4][e]; 
      forall (e in expe) 
         OL[4][e] >= RL[4][e] - cap[e]; 
   
      forall (e in expe) 
         UL[5][e] >= cap[e] - RL[5][e]; 
      forall (e in expe) 
         OL[5][e] >= RL[5][e] - cap[e]; 
       
     forall (e in expe) 
         UL[6][e] >= cap[e] - RL[6][e]; 
      forall (e in expe) 
         OL[6][e] >= RL[6][e] - cap[e]; 
      
      forall (e in expe) 
         UL[7][e] >= cap[e] - RL[7][e]; 
      forall (e in expe) 
         OL[7][e] >= RL[7][e] - cap[e]; 
            
      forall (e in expe) 
         UL[8][e] >= cap[e] - RL[8][e]; 
      forall (e in expe) 
         OL[8][e] >= RL[8][e] - cap[e]; 
       
      forall (e in expe) 
         UL[9][e] >= cap[e] - RL[9][e]; 
      forall (e in expe) 
         OL[9][e] >= RL[9][e] - cap[e]; 
         
      forall (e in expe) 
         UL[10][e] >= cap[e] - RL[10][e]; 
      forall (e in expe) 
         OL[10][e] >= RL[10][e] - cap[e]; 
           
      forall (e in expe) 
         UL[11][e] >= cap[e] - RL[11][e]; 
      forall (e in expe) 
         OL[11][e] >= RL[11][e] - cap[e]; 
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      forall (e in expe) 
         UL[12][e] >= cap[e] - RL[12][e]; 
      forall (e in expe) 
         OL[12][e] >= RL[12][e] - cap[e];  
                
      forall (e in expe) 
         UL[13][e] >= cap[e] - RL[13][e]; 
      forall (e in expe) 
         OL[13][e] >= RL[13][e] - cap[e]; 
       
      forall (e in expe) 
         UL[14][e] >= cap[e] - RL[14][e]; 
      forall (e in expe) 
         OL[14][e] >= RL[14][e] - cap[e];  
       
      forall (e in expe) 
         UL[15][e] >= cap[e] - RL[15][e]; 
      forall (e in expe) 
         OL[15][e] >= RL[15][e] - cap[e];   
          
    /*OL and UL > 0*/   
      forall ( p in peri , e in expe) 
         UL[p][e]>=0; 
      forall ( p in peri , e in expe) 
         OL[p][e]>=0; 
             
/*4  Workload that is to be released (RL) for every release period */ 
      forall (p in peri , e in expe) 
         RL[p][e] == sum(o in ordi) xx1[o][p] * tempi [o][e]; 
          
/*5  every job that is to be release within TL is assigned to only one 
period */ 
      forall (o in ordi) 
       sum(p in peri: p <= LRD[o]) 
       xx1[o][p] == 1;      
/*6  
      forall(o in ordi) 
        sum(p in peri: pval[p] > LRD[o]) 
        xx1[o][p]<= 1; 
*/                
/*7 Force to relase with LRD <= Current Period */ 
      forall ( o in ordi: LRD[o] <= tnow) 
         xx1[o][1] == 1; 
/*8 Force to consider only job with a ERD <= Current Period*/ 
      forall (o in ordi, p in peri : ERD[o] > pval[p]) 
         xx1[o][p] == 0; 
   
   }	  

 


