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Abstract 

This diploma thesis investigates the impact of failures that lead to rework in service 

operations. An overview of the Toyota Production System, the importance of Quality 

and failures that lead to rework in manufacturing operations is presented. Afterwards, 

the characteristics of service operations and the distinguishing differences from 

manufacturing are discussed. Finally, at this thesis the impact of failures and rework 

is examined. A discrete event simulation experiment is used in order to predict the 

behavior of a two-stage service system (front office-back office) and design of 

experiments in order to define the impact of failure and rework parameters to system 

performance measurements. The results reveal that rework degrade the efficiency of 

the system, increases the risk for the organization and affects customers’ satisfaction 

significantly. 
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Περίληψη 

Η παξνύζα δηπιωκαηηθή εμεηάδεη ηηο επηδξάζεηο ηωλ ιαζώλ πνπ νδεγνύλ ζηελ 

επαλαπξνζπάζεηά-επηδηόξζωζή ηνπο (rework), ζηηο δηαδηθαζίεο ππεξεζηώλ (Service 

Operations). Παξνπζηάδεηαη κηα επηζθόπεζε ηνπ πζηήκαηνο Παξαγωγήο ηεο Toyota 

(Toyota Production System), ε ζεκαληηθόηεηα ηνπ Πνηόηεηαο θαη ηωλ ιαζώλ πνπ 

νδεγνύλ ζηελ επαλαπξνζπάζεηά-επηδηόξζωζή ηνπο (rework) ζηελ κεηαπνίεζε. Ελ 

ζπλερεία, παξνπζηάδνληαη νη δηαθνξέο ηωλ ππεξεζηώλ από ηελ κεηαπνίεζε θαη ηωλ 

ηδηαίηεξωλ ραξαθηεξηζηηθώλ ηωλ δηαδηθαζηώλ ζηηο ππεξεζίεο. ην ηέινο εμεηάδνληαη 

νη επηδξάζεηο ηεο επαλαπξνζπάζεηαο-επηδηόξζωζεο (rework) κε ηελ ρξήζε κνληέιωλ 

πξνζνκνίωζεο δηαθξηηώλ γεγνλόηωλ ελόο απινύ ζπζηήκαηνο δύν ζηαζκώλ. 

Χξεζηκνπνηήζεθε ε ηερληθή ηνπ ρεδηαζκνύ Πεηξακάηωλ (Design of Experiments) 

γηα λα κειεηεζνύλ νη επηδξάζεηο θαη αιιειεπηδξάζεηο κεηαβιεηώλ ζρεηηθώλ κε ηηο 

ππεξεζίεο θαη ηελ επαλαπξνζπάζεηα-επηδηόξζωζε ζε κεηξήζεηο απόδνζεο ηνπ 

ζπζηήκαηνο. ύκθωλα κε ηα απνηειέζκαηα, ηα ιάζε θαη ε επαλαπξνζπάζεηα γηα 

επηδηόξζωζή ηνπο (Rework) κεηώλνπλ ηελ απόδνζε ηνπ ζπζηήκαηνο, απμάλνπλ ηνλ 

θίλδπλν γηα ηνλ νξγαληζκό θαη επηξξεάδνπλ ηελ ηθαλνπνίεζε ηωλ πειαηώλ. Επίζεο, 

επηξξεάδνληαη νη πξαθηηθέο δηαρείξεζεο (Management Practices) ηωλ δηαδηθαζηώλ 

ζηηο ππεξεζίεο (Service Operations). 
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1. Thesis Motivation and Objectives 

The Toyota Production System (TPS) also known as Lean Production or Lean 

Manufacturing has gained over the last 40 years, enormous popularity as a method 

and philosophy for excellence in production, operations and management. As a result, 

it was and still is the research subject for many authors in an effort to decode it and 

transfer it to similar or different industries. Today, as the western economies are 

becoming more service-oriented, considerable attention is given on cost effectiveness, 

quality excellence, and responsiveness of service operations; aspects which are 

directly related to lean principles. However, the transferability of the TPS is not a 

simple task.  

Many service companies expanded, over the past years, their product portfolio and 

their customization to a sometimes unnecessary extent, without paying attention on 

the cost effectiveness of the resulting complexity. Furthermore, services operations 

include an inherent variability to the process due to the customer participation in the 

creation of the service as well as to the dependency of the service on the server. Yet, 

despite the differences between manufacturing and service operations, the elimination 

of unnecessary variability, especially variability derived from improper operating 

policies, is required to achieve lean services. An important source of variability is 

related to quality problems and although “zero defects” or “do it right the first time” 

are important goals to pursue, defects, errors or mistakes are common occurrences 

that degrade the performance of all production systems (manufacturing and service). 

A major program in the DeOPSys Lab of the University of the Aegean (Design 

Operation and Production Systems Laboratory) is investigating Lean Banking, i.e. the 

application of lean principles in banking operations. Within this concept, the current 

work focuses on the impact of quality defects on various performance measures of 

service production systems, thus, the focus of this thesis is on the relationship between 

failures and operation effectiveness. More specifically, an extended research on the 

literature about failures and rework is done, and the operational perspective of failure 

is studied; that is failures that, (i) if found internally during the service encounter, 

cause work to be redone, (ii) if found by the customer after the service encounter, 

cause reattempts to contact the service system that will eventually lead to rework 
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before the customer decide to change the service organization. An attempt is being 

done to quantify the impact of failures that lead to rework, using district event 

simulation for predicting the behavior of a typical two-stage service system (front-

office, back-office), and design of experiments to define the impact of failure 

parameters to key system performance attributes. 

The structure of the thesis is as follows: 

Chapter 2, introduces Toyota Production System and discuses the importance of 

Quality for the Toyota Production System 

Chapter 3, discuses the definition of rework and various terms related to rework in 

manufacturing operations and presents the types of rework that exist. Finally, it 

summarizes the effects of failures that lead to rework as found from relevant examples 

from the literature. 

Chapter 4, introduces the unique characteristics of service operations and presents the 

differentiating factors between manufacturing and service operations. 

Chapter 5, presents the definition of failures, rework and terms related to rework in 

service operations as well as the effects of failures that lead to rework, as found in the 

literature, from the customer, organization and operational perspective. 

Chapter 6, describes the simulation experiment conducted. Results and statistical 

analysis of the results is presented. By statistically analyzing the results conclusion are 

drawn for the effects of rework on the performance measurements. 

Finally, in Chapter 7, the conclusions of this research are presented along with 

directions for further research. 
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2. Introduction to the Toyota Production System 

This chapter aims to describe the Toyota Production System and provide an overview 

of the practices applied to improve quality in the production line. First a brief 

description of the Toyota Production System is presented by describing its elements 

and specifically the importance of quality in the TPS framework. Then the practices 

applied in Toyota to improve quality are presented. The material of this chapter has 

been synthesized from key references in this area. 

2.1.  The Toyota Production System 

The Toyota Production System (TPS) started as a set of manufacturing practices at the 

Japanese automobile company Toyota after World War II in its effort to compete with 

the U.S. automotive manufacturers. The main challenge from the production control 

standpoint was to maintain a smooth production flow in a varied product mix 

environment with limited inventories. TPS became widely known as Lean Production 

in the 1990’s. The term “Lean” was introduced by Womack et al. (1990), in their 

book The Machine That Changed the World, and TPS became synonymous with Lean 

Manufacturing. The book was based on a five-year research study conducted by the 

International Motor Vehicle Program (IMVP) of the Massachusetts Institute of 

Technology (MIT). 

Many authors tried to decode the DNA of the Toyota Production system (see for 

example, Pascal and (FRW) Shook, 2007; Liker, 2004; Womack and Jones, 1996a; 

1996b; Womack et al., 1990). For example Womack and Jones mentioned in their 

book Lean Thinking (1996): “Lean provides a way to do more and more with less and 

less- less human effort, less equipment, less time and less space- while coming closer 

and closer to providing customers with exactly what they want.”, and they defined 

five principles that constitute lean (for more details see Appendix A.1 and Lean 

Thinking (1996)). Liker in his book The Toyota Way (2004) introduced fourteen 

principles that describe the TPS (for further information refer to Liker (2004)). He 

also provided a framework to describe the TPS, which is presented bellow. The 

Toyota Production System is often represented as a house with strong foundations and 
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solid pillars containing highly motivated people working to continuously improve 

(Figure 2.1). 

 

Figure 2.1: The TPS House 

Source: “The Toyota Way”, (Liker J.K., 2004, pp. 33) 

The house is a structural system that represents the interdependence of its 

components; if one of them is missing or it is not strong enough, then the entire 

system is affected. The roof of the house represents the goals of the system; high 

quality, low cost, short lead time as well as respect for people (safety and high 

morale) are achieved by continually eliminating waste. 

The TPS foundations include the need for Standardized, Stable, reliable processes in 

order to maintain the predictability, regular timing and regular output of the process as 

well as to allow improvement upon the standard. Leveled production, meaning, 

smoothing out the volume and variety of items produces in order to minimize 

variation of production from day to day. Leveled production is necessary to keep the 

production stable and allow for minimum inventory. Visual Management is also one 

of the foundations of TPS and it refers to the use of visual control and indicators in 

order to easily reveal hidden problems. Finally, the Toyota Way Philosophy and all its 

elements, such as respect for humanity, are added into the foundations of the house: 

TPS is not a collection of tools that lead to more efficient operations; it is 

understanding the culture behind TPS and applying its principles. Liker (2004) 
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reported: “The Toyota Way consists of the foundational principles of the Toyota 

culture, which allow TPS to function so effectively” 

The TPS is based on two fundamental pillars: 

1. Just-in-Time, which creates a flow of the right parts, at the right time in the 

right quantity tending towards zero inventory. 

2. Automation with a human touch, which prevents problems and creates 

countermeasures in order to ensure Just-in-Time production. 

In the center of the house there are People and Teamwork, because only through 

people derives continuous improvement which leads to stability and standardization. 

People are trained to see waste and solve problems at the root cause, which helps the 

organization reach its goals.  

Continuous Improvement, or kaizen in Japanese, is the process of making continual 

improvements, no matter how small they might be. In reality, kaizen means “change 

for the better” which includes all types of improvements even in small amounts and 

not only breakthrough innovations. Kaizen is a total philosophy of striving for 

perfection that teaches workers to work effectively, solve problems, improve 

processes, self-manage and make proposals and decisions.  

Waste reduction, is the heart of the TPS; waste, or muda in Japanese, is every activity 

that consumes resources without creating value for the customer. Generally, only a 

few numbers of activities add value to the product or service, as far as the customer is 

concerned, the rest, if they are not necessary, should be minimized and eliminated. 

Ohno (1988) identified seven types of waste that may exist in manufacturing 

operations, Overproduction, Waiting, Unnecessary Transportation, Inappropriate 

Processing, Inventory, Unnecessary Movement and Defects. More details can be 

found in Appendix B.1. 

2.2. The Importance of Quality in the Toyota Production System 

As mentioned above, offering the highest possible quality products at the lowest cost 

is the main objectives of TPS. Moreover, Jidoka one of the main pillars of the system, 



Chapter  2 :  Introduction to the Toyota Production System 

UNIVERSITY OF THE AEGEAN – DeOPSys Lab                                                                    Page 6 

focuses on methods and techniques for upgrading quality while the other pillar, JIT 

production cannot achieved if quality problems are still present.  

Jidoka is the concept of quality at the source, meaning that no failure passes to the 

next step of the process without been corrected first. Implementing this concept 

requires various practices like Automatic stops, Andon, Person-machine separation, 

Error proofing, In-station Quality and Solve root cause of problems (5 Why’s). With 

the automatic stops when failures occur, the productions stops until the problem is 

corrected and therefore the defect does not continue downstream. The signaling 

system informing, with lights, flags or alarms, that a step or equipment is shut down, 

is called Andon, and states that help is needed at a certain point of the production 

stream. Person-Machine separation means that workers no longer need to watch the 

machines in order to avoid producing large number of defective product, but need to 

react when a problem does occur. The automated system used enables workers to act 

undependably from the machines, since they know how to operate more than a single 

machine. Error-proofing, Mistake-proofing or Poka Yoke is a technique of physically 

preventing mistakes from happening (Chase et al., 1994). The use of Poka Yoke 

dramatically decreases the possibility for a failure to occur. When failures occur, they 

are recognized and corrected; these actions, however, are dealing with the surface of 

the problem. Finding and understanding the root cause of the problem as well as 

identifying countermeasures for eliminating it, is another practice of Jidoka, which 

ensures that the same failure won’t happen again (a tool used for that purpose is 5 

Why’s). 

A method that contributes in guarantying quality is Visual Management; which 

enables people to rapidly observe what is happening throughout the production line. 

Visualizing information with tools like Andon or Kanban make it easier to know if 

everything is operating according to plan or not. 

From the above it is obvious that people at Toyota have put a lot of attention in 

practices to improve quality in the line and set objectives such as zero defects and do 

it right the first time; however failures may occur with various consequences on the 

performance of an entire manufacturing system. 
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Variability reduction is considered close to the core of lean. As Hopp and Spearman 

(2004) argue “with its emphasis on production smoothing, quality improvement, setup 

time reduction, total preventive maintenance, and many other practices, it is clear that 

Toyota appreciated the key role of variability reduction in JIT right from the start”. 

However, variability should not be always considered as something bad. For example, 

external variability is often the consequence of a firm’s business strategy, such as 

offering high levels of product variety to achieve a competitive advantage (Hopp and 

Spearman, 2000). Thus, variability in terms of a business strategy might be desirable 

and good for the organization or simply a cost of doing business. 

 



Chapter  3 :  Failures and Rework in Manufacturing 

UNIVERSITY OF THE AEGEAN – DeOPSys Lab                                                                    Page 8 

3. Failures and Rework in Manufacturing 

Variability within the manufacturing environment, that is variability due to internal 

factors, can be distinguished in process and flow variability. Process variability can be 

classified in natural variability, random outages, setups, operator availability, rework 

and scrap (Hopp and Spearman, 2000). More specifically: 

 Natural Variability, which includes minor fluctuation in process time due to 

differences in operators, machines or materials. 

 Variability from Preemptive Outages (Breakdowns), which includes variability 

derived from production breakdowns. These events usually cannot be scheduled or 

predicted. 

 Variability from Non-Preemptive Outages (Setups & Rework), which includes 

variability from: 

o Downtimes, i.e. setups, that will inevitably occur but we have some control 

as to when they will happen. 

o Rework, which includes variability due to repeated processing after a 

failure has occurred. The effects of rework are similar to those of setup; 

hence it is classified as a non-preemptive outage.  

Flow variability refers to the interaction between work stations and specifically how 

one station can affect the mode of operation of the following stations. This type of 

variability can be measured as expansion to the process variability (for more 

information on the subject please refer to Hopp and Spearman, 2000, pp. 251-264). 

In this thesis we focus on process performance due to rework. Rework is normally the 

outcome of a poor operating policy that causes failures or defects in the design, 

production or delivery of a product or service. Although “zero defects” or “do it right 

the first time” are important goals to pursue, defects, errors or mistakes are common 

occurrences that degrade the performance of all production systems (manufacturing 

and service).  
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3.1. Definition of Rework 

The term Rework refers to the repetition of a process to bring a product or service into 

conformance with its original requirements. It is usually done after the completion of 

a product or service and includes all the necessary actions to transform the products 

that don’t follow the specified qualifications into products that do (Owen and 

Blumenfeld, 2007; Flapper et al., 2002). Additional to rework there are two related 

concepts: 

i. Repair which is the process of restoring a non-conforming characteristic to an 

acceptable condition even though the item may still not conform to the original 

requirement (Owen and Blumenfeld, 2007). The difference between the two 

concepts is that rework is about reprocessing the defective product in a manner 

that assures full compliance to its original requirements while repair refers to 

restoring the functional capability of the defective product. In short the work done 

for repair makes the product functional but it does not totally conforms to 

requirements.  

ii. Scrap is a defective product that cannot be corrected or it is not economical to be 

corrected so it is disposed (Hopp and Spearman, 2000). 

According to the literature, rework can be distinguished in terms of: i) the resources 

used and ii) the process route followed to rework an item (Flapper et al., 2002). 

Specifically:  

 In-line vs. Off-line refers on the resources used for the rework process. 

In-line: Rework is done by the same resources (machines, tools, workers) as 

the regular process for the production of the goods (see Figure 3.1). 

 
Figure 3.1: In-line Rework 
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Off-line: Rework is been done by different resources than the regular process. 

Dedicated resources exist for rework and for regular process (see Figure 3.2). 

 

Figure 3.2: Off-line Rework 

 Multiple vs. Single Stage Rework refers on the stage of the process that the rework 

is taking place. 

Multiple Stage: Rework is done after the defective parts pass through specific 

processes. The products have to pass only in the processes in which the failure 

occurred (see Figure 3.3). 

 

Figure 3.3: Multiple Stage Rework (In-line) 

Single Stage: Rework is done after the defective products pass through all the 

regular processes of the production. The products have to pass through the 

entire value stream again (see Figure 3.4). 

 
Figure 3.4: Single Stage Rework (In-line) 

The previous cases of rework coexist in a system or can even be combined, e.g. a 

system can be multiple stage rework situation with combined in-line and off-line 

rework. 
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3.2. The Effects of Failures and Rework in Manufacturing 

The impact of quality defects and failures that lead to rework has been examined 

extensively in the manufacturing literature.  

Hopp and Spearman (2000) studied the effect of rework on a system with a single 

machine and drew the following conclusions: 

 Utilization increases nonlinearly with rework rate
1
. 

 Variance of process time increases with rework rate. 

 Variability of process time, measured by the squared coefficient of variation (ratio 

of variance to mean) may increase or decrease with the rework rate depending on 

the natural variability, since variance does not always increase faster than the 

mean. 

 Lead time is increased with rework rate. 

Having observed the results from the single machine example the authors have 

summarized the impact of rework in the following statement, also known as the 

rework manufacturing law:  

“For a given throughput level, rework increases both the mean and standard 

deviation of the cycle time of a process”. 

In fact, cycle time increases nonlinearly towards infinity as  (the probability that a 

given part is defective) approaches the point at which rework reduces the effective 

capacity of the system below the arrival rate (Figure 3.5). 

 
Figure 3.5: Cycle Time as a function of Rework Rate (Rework Manufacturing Law) 

Source: “Factory Physics”, (Hopp and Spearman, 2000, pp. 392) 

                                                 
1
 The rate that a part is defective 
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Agnihothri and Kenett (1995) studied the impact of various defect levels and 

distributions on performance measures such as lead-time, work-in-process and yield 

on a process with rework. They also suggested a long term improvement model which 

included a budget allocation method for improvement projects along with short term 

control decisions concerning the release of bottlenecks on increased workloads. 

Different distributions on the number of defects are used to describe their impact on 

measurements such as first pass yield and production lead time. 

Owen and Blumenfeld (2008) studied rework, repair and scrap models in order to 

describe the impact of operating speed on quality and throughput. Also the effects of 

these three cases were studied as well as the interaction of them with the operating 

speed. 

The belief that the increase of operating speed will increase the system throughput is 

not a reality, since quality deteriorates and additional processing is required (rework, 

repair or scrap are necessary in order to produce quality products). As the operating 

speed increases the probability of rework, repair or scrap is increased. Thus, the 

researchers suggested that an optimal speed for specific conditions exist, that keeps 

throughput to the maximum level possible, since after that optimal speed additional 

processing causes throughput to decrease. 

Robinson et al. (1990) compared three repair strategies, the line-stop strategies (on-

line repair), the repair-shop strategy (off-line repair) and the asynchronous-line 

strategy (on-line with small buffers between stations). The conclusions drawn from 

the research showed that the choice of a strategy depends on the situation with many 

positive results coming from on-line repair and asynchronous –line strategy. 

The effect of rework on the effectiveness of the production line is an important issue 

with many examples reported in the literature. Li (2004a and 2004b) described a 

method to approximate the throughput rate of a production system with multiple 

rework loops that can be used for continuous improvement of a process. 

In batch manufacturing, Sha and Hsu (2004) studied the effect of rework on various 

shop-floor control strategies, including order release and dispatching, and suggested 

the optimal choice for various rates of rework. Liu et al. (2008) developed a 

mathematical model to find the optimal operating policy for a production system with 
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rework. Zargar (1995) studied the effect of operating policies on cycle-time, for 

batches that needed rework. His conclusion notes that the decision for the operating 

policy may have an impact of up to 10% increase on cycle-time. 

Recently, a primary focus for many researchers has been the optimal lot size in 

production processes with rework. Various systems have been studied and models 

have been developed in order to suggest solutions for that question [see, e.g. 

Inderfurth et al. (2005), Jamal et al. (2004), Sarker et al. (2008), Ojha et al. (2007), 

and Inderfurth et al. (2004)]. 

Li et al. (2005 and 2007) studied a manufacturing system with rework and repair and 

show that by designing the repair and rework subsystem more effectively, specifically 

they suggested increasing capacity of the repair subsystem, lead to improvement of 

quality buy rate
2
 and throughput. As an extension of that research Li et al. (2006 and 

2008) showed additionally that the system performance, represented by quality buy 

rate, depends primarily on the coefficient of variation rather than the distribution that 

describe first time quality. Moreover, they introduce the idea of quality robustness 

design of manufacturing systems, meaning that quality buy rate is robust to the 

variation of first time quality. 

                                                 
2
 Quality buy rate include the jobs that are not correctly manufactured at the first pass but through 

rework they fulfill quality requirements. 
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4. Introduction to Service Operations 

Services have been extensively researched over the last 40 years in various disciplines 

(economics, marketing, operations etc). As a result of this work, several approaches 

have emerged defining services as opposed to goods, and identifying their generic 

characteristics. For example Johnston and Clark (2008) defined service as “The 

combination of outcomes and experiences delivered to and received by a customer”, 

while Vargo and Lusch (2004) as “the application of specialized competences (skills 

and knowledge), through deeds, processes, and performances for the benefit of 

another entity or the entity itself (self-service)”. 

The common element in most service definitions is that services are considered to be 

“activities” or “processes” in which the dominant object of transformation is the 

customer and/or information about customer with several objects of information and 

less materials, while in manufacturing the predominant input for processing is the 

material. According to Morris and Johnston (1987), all types of operations can be 

sorted according to the inputs processed (see figure bellow): Customer Processing 

Operations (CPO), Information Processing Operations (IPO) and Material Processing 

Operations (MPO).  

  
Figure 4.1: Types of Operations 

Source: “Dealing with Inherent Variability: The Difference between Manufacturing and Service?” 

(Morris and Johnston, 1987) 

Manufacturing organizations are mainly MPOs, usually with several IPOs (e.g. 

customers’ orders, manufacturing specifications, etc) and in some cases may include 

CPOs; especially in make to order systems. Service operations process either 

customers or information about them or their orders, therefore are mainly CPOs and 

IPOs. In some cases they might process materials as well (e.g. restaurants). Despite 
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the predominance of the input processed most organizations will perform all three 

types of operations.  

4.1. Differences between Manufacturing and Service Operations  

Customer’s participation in the creation of a service is the hallmark of service 

operations and the major distinguishing characteristic from manufacturing operations. 

Customers interfere in service processes creating variability which can take many 

forms (Frei, 2006): i) Arrival variability, i.e. variability due to non-coincidence in 

time from the customers’ demand of the service point of view. ii) Request variability, 

i.e. variability due to the variation of customers’ requests, caused by the uniqueness of 

each customers’ needs and requirements. iii) Capability variability, i.e. variability due 

to the variation of customers’ capabilities, because of the participation of the customer 

in the service production process. iv) Effort variability, i.e. variability caused by the 

variation of the customers’ willingness and effort applied during the service 

production process, as its participants. v) Subjective preference variability, i.e. 

variability due to variation of customers’ perception and evaluation of the service 

provided and the outcome of the service. 

The inherent variability derived from the customer’s participation in services, creates 

four distinguishing characteristics from physical goods (Fitzsimmons and 

Fitzsimmons, 1994; Wolak et al., 1998; Sullivan, 1982; Vargo and Lusch, 2004): 

 Simultaneity (Inseparability): Services are usually created and consumed 

simultaneously. While the life cycle of physical goods follows a sequential path 

from production to purchase and then to consumption, the production of the 

service is inseparable from the consumption, since services are produced with the 

customer participation. 

 Perishability: Services, in comparison to goods, cannot be inventoried after 

production for later utilization; if a service is not used at its production, it is lost. 

 Intangibility: Services are characterized from the lack of a tangible nature, 

compared to the palpable or tactile quality of goods. However, there are various 

cases (e.g. restaurant) that the service output includes a form of physical 

manifestation through which the service is offered. 
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 Heterogeneity: Services are characterized by a relative inability to be standardized 

as far as output is concerned; due to the fact that services are produced by people 

the performance of whom may vary, especially given the interaction of the 

customer during the production process. 

Although these characteristics have been widely used to differentiate goods from 

services, they have been subject to criticism as they might not be universal and may 

change with technological progress. For example, Vargo and Lusch (2004) argued 

that many services (e.g. financial services, entertainment or information technology), 

are partially or fully produced separately from the customer, thus inseparability is not 

an entirely distinguishing service characteristic. Perishability is a characteristic that 

implies that services cannot be inventoried, but in some cases services can be 

inventoried before but not after production, or be inventoried (like knowledge or a 

heart bypass surgery) and provide benefits over time. Thus intangibility is said, cannot 

be a criterion for services, since all services have a form of tangible representation and 

goods have a service component. As far as the last characteristic is concerned, 

heterogeneity, they argue that most services could be or already are highly 

standardized despite the participation of the human factor (e.g. customers in the 

service process). 

Concerning this criticism one of the top service scholars in the survey conducted by 

Edvardsson et al. (2005) stated: “These generic characteristics are helpful in 

understanding the nature of services if they are properly qualified. They are not as 

universal as originally posed and, because they are not, we don’t need to discard 

them, but we need to understand the conditions under which they do and do not 

apply”. 

4.2.  Characteristics of Service Operations 

Operations from the service organization perspective use inputs to process and 

produce outputs for its customers (Figure 4.2). Customers, on the other side, judge 

services based on two elements; the benefit from the service itself and the experience 

they had during the delivery of the service. The overlapping section is where the 

customer interacts with the service organization and what sees and/or experiences 

from the service. This overlap between process and customer’s experience, together 
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with the important role that the customer plays in service processes is what makes 

service operations different from manufacturing. 

 
Figure 4.2: Services Operations and the Customer-Service Provider Interaction 

Source: “Service Operations Management: Improving Service Delivery”, (R. Johnston, G. Clark, 

2005). 

Additionally to the analysis provided, we can summarize some of the most important 

elements that characterize service operations (McLaughlin, 1996):  

 Input variation: Customers, as previously mentioned, have different sets of 

preferences and needs, different perceptions and expectations of quality, as well as 

perceptions for each service situation. In addition, servers also bring with them 

their own levels of expertise, proficiency, affect and availability. 

 Process variation: Aside from the inputs, there may also be process variability 

and process uncertainty to be dealt with. In many situations, for example, the 
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nature of a task is unpredictable, or the process could follow a number of paths, or 

it may have many decision points.  

 Time dependence of services: Many service processes are time-dependent or have 

number of time-dependent elements that can be easily manipulated by servers and 

customers, creating thus additional constraints.  

 Information intensiveness: Many of the services are information intensive, thus 

require large amounts of information in order to understand the process of the 

service offered. Information is not always being aggregated and analyzed in a 

timely and useable fashion.  

 Measurements: In many service operations it is difficult to select and measure the 

right attribute or output. There is still much fuzziness about what is being 

measured and what is being reported in service operations.  
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5. Failures and Rework in Service Operations 

5.1. Failures and Rework in Service Operations 

Managing failures in services, especially in customer and information intensive ones, 

is quite challenging for a number of reasons: 

 Limited types of buffers: In manufacturing, variability in a production system (may 

be caused by failures) can be buffered by a mix of three types of buffers: 

Inventory, capacity, and time (Hopp and Spearman 2004) with which the system 

can be controlled, while in services variability can be buffered only by capacity 

and time, since services cannot be inventoried. 

 Openness of service systems (Fitzsimmons and Fitzsimmons, 2005): In 

manufacturing, customers discovering defects after production will return initially 

in the customer service departments of manufacturing firms or to retailing 

companies. In services, customers experiencing failures are returning directly to 

the service production system causing major disruptions. 

 Wide variety of types and severity of failures: The intangible nature of many 

services results in a wide number of failures that may lead to customer 

dissatisfaction (Kelly et al., 1993). Additionally, the severity of failures might be 

different, ranging from a serious incident, such as a wrong medical prescription, to 

trivial problems, such as short delays (Kelley and Davis, 1994). 

 Increased opportunities for failures: The variability caused by the customer and 

the server, makes the quality of the outcome more uncertain and challenging. For 

example, in the professional service industry several years of experience and 

frequent use of judgment are required to deliver a “zero defect” service (Apte and 

Goh, 2004); in the financial services industry intended mistakes (i.e. fraud cases) 

represent another extra concern. 

Service failures may be classified by various attributes such as the nature of the 

service encounter, the cause of the problem, the psychographic of the participants or 

the perspective of the customer (Lewis and Spyrakolpoulos, 2001). Researchers have 

studied the causes and the sources of failures in service operations and according to 
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the literature three types of failures can be identified (Johnston and Clark, 2001; 

Lewis and Spyrakopoulos, 2001): 

 Service Failures include problems during the process, and most of the time the 

service provider’s procedures or personnel cause these failures (e.g. an airline 

loses the passenger’s luggage). There are three categories of service failures 

(Fitzsimmons and Fitzsimmons, 2008): 

o Unavailable Service, normally available or expected services that are 

lacking (e.g. an A.T.M. that is out of operation) 

o Slow Performance, unusually slow service that creates excessive waiting 

for the customer (e.g. a delay of the airplane) 

o Unacceptable Service, low quality, unacceptable service provided (e.g. a 

bad egg in a breakfast seating) 

 Goods, equipment, facility Failures include the lack of facilitating goods and 

failures regarding the equipment or facilities used during the service process (e.g. 

computer failure of an airline causing problems to customers and personnel). 

 Customer Failures include failures brought by the consumers of the service. Note 

that the majority of failures occurred in service operations are customer failures. 

Two categories of customer failures exist (Johnston and Clark, 2001): 

o Problem Customers are those customers who are involved in serious 

offences (e.g. staff abuse). 

o Customers who make mistakes are the customers who make simple and 

unconscious errors (e.g. not carrying their I.D.). 

The average frequency each type of failure occurs in a service organization is 

presented in Figure 5.1. It is interesting to note that more than half failures are brought 

by the customer of the organization and only one fifth by problems with the service 

process.  
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Figure 5.1: Types of Service Failures 

Source: “Service Operations Management: Improving Service Delivery” (Johnston and Clark, 2001, 

pp. 431) 

Chase and Stewart (1994) provided a similar classification of service failures, where 

two categories exist, i) server errors and ii) customer errors: 

 Server Errors, include task related errors (are similar to service failures 

previously described), tangible related errors (are similar to goods, equipment, 

facility failures) and treatment related errors (refer to the problems involving the 

contact between the server and the customer e.g. acknowledge the customer). 

 Customer Errors, include preparation related errors (refer to failures occurring 

before the encounter e.g. not engaging the correct service), encounter-related 

errors (refer to errors during the process, similar to customer failures previously 

described) and resolution-related errors (refer to the failures at the resolution 

stage of the service encounter where customers evaluate and modify their 

expectations e.g. customers do not adjust their expectations appropriately). 

Despite the fact that the categorization of failures is helpful for the service 

organization, from the customer perspective the result is the same irrespective of 

responsibility. When a failure occurs, the customer demands that the failure is 

corrected as soon as possible, and the organization, again irrespective of 

responsibility, must correct it.  

The concepts of rework, repair and scrap introduced in Chapter 3 for manufacturing 

can also be used for services; however in service literature another concept is widely 

cited which is known as service recovery.  

Recovery describes “the action of seeking out and dealing with failures in the delivery 

of service in order to improve delivery performance” (Johnston and Clark, 2001). The 
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first definition of recovery was given by British Airways at the 1980’s and was “to 

offset the negative impact of a screw-up”. Recovery does not deal with the actual 

actions been done to correct the failure, but mostly, with the management of the 

customers’ complaints introduced because of the failures. It involves mostly actions 

that reduce customer dissatisfaction for the service, retain previously dissatisfied 

customers, and improve both the process itself and the financial performance of the 

organization. The planning and control of the rework activities should be carefully 

designed, studied and measured, since alteration afterwards is not easy and, most of 

the times, demands radical changes in the way the organization operates. Service 

recovery according to the literature is composed by three essential ingredients 

(Johnston and Clark, 2008): 

 Designing out failures, taking actions to prevent failures happening at the first 

place 

 Excellent complaint handling, consist of three activities, i) dealing with the 

customer, ii) solving the problem for the customer and iii) dealing with the 

problem within the organization 

 Proactive service recovery, seeking out problems, or potential problems. 

5.2. The Effects of Failures and Rework on Service Operations 

Failures may lead to rework and, therefore, introduce a form of variability the needs 

reduction if not elimination. Failures affect the service organization from the 

operational point of view but also affect the customer, as a vital component of the 

service process. 

5.2.1. The Customers’ Perspective 

Failures that may occur during the service process may affect the customers’ 

perception of the service provided. Customer satisfaction in an environment that 

failures occur is determined by the outcome of the original service encounter based on 

specific service attributes, and attributes associated with the service recovery process 

(Spreng et al., 1995). 
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Service literature extensively reviews the effects of failures that lead to rework from 

the customers’ view on service quality; the impact that service failures and service 

recovery strategies have on customer satisfaction, loyalty or profitability. (Heskett et 

al., 1994; Spreng et al., 1995; Tax and Brown, 1998; Hayes and Hill, 1999; Weun et 

al., 2004)  

The reaction of customers to service failures may vary and according to Spreng et al. 

(1995) the recovery effort may influence more than the original service failure, the 

customers’ perception and reaction. However, the outcome of failures could be 

summarized in three dimensions, i) Loyalty, ii) Voice and finally iii) Exit (Colgate and 

Norris, 2001). 

 Loyalty, suggests that a customer stays with the organization despite the failure, 

for a variety of reasons (e.g. they are loyal to the firm, they are apathetic or there 

are no alternatives). 

 Voice, includes customers complaining to the service provider or to third parties 

(negative word of mouth). Complaining customers provide information to the 

organization and an opportunity to solve the problem, while non-complaining 

customers may leave without allowing to correct the failure. 

 Exit, is the termination of the customer-organization relationship and is the 

customer’s final decision after a service failure has occurred. According to 

Reichheld and Sasser (1990) the impact of losing a customer is rather important 

for an organization, since customers are more profitable over time; they found that 

retaining 5% more customers could increase profits up to 100%. 

Lewis and Spyrakopoulos (2001) study how recovery strategies affect customer 

satisfaction, loyalty or profitability in retail banking. Different service recovery 

strategies were more effective for particular service failures, while some failures were 

more difficult to recover from. Service failures were also found to be of varying 

importance. Finally, the most committed to the organization customers were found to 

be more demanding regarding service recovery. Colgate and Norris (2001) develop a 

model of the potential outcomes of service failures; service recovery, loyalty and 

barriers to exit are factors that affect customers’ decisions when failures occur. 

Simons and Kraus (2005), introduced a model with which the location, extend and 



Chapter  5 :  Failures and Rework in Service Operations 

UNIVERSITY OF THE AEGEAN – DeOPSys Lab                                                                    Page 24 

cost of service recovery could be determined in order to achieve certain levels of 

customer service recovery. The literature in this topic is rather extensive and only 

some indicative papers are presented. 

5.2.2. The Organizations’ Perspective 

Failures that lead to rework have impact on the performance of an organization. The 

action an organization should primarily take is the correction of any possible mistake, 

as early as possible. The failure itself leads to customer dissatisfaction but a further 

delay may lead an end to the customer-organization relationship. 

The most successful way of recovery from service failures, is to eliminate the cause of 

customer dissatisfaction, meaning making things right the first time (Lewis and 

Spyrakopoulos, 2001). Failures could be avoided, and consequently complaints and 

the need of service recovery actions. Fail-safing is the idea of reducing the likelihood 

of a mistake to turn into a defect. It is a concept used in manufacturing called Poka 

Yoke and was advocated by Shingeo Shingo. It includes three key steps (Chase and 

Steward, 1994): 

 Identify the potential or actual weak points of the service process; i.e. review each 

stage of the process and identify where and when a mistake occurs. This can be 

done with the use of process engineering tools, e.g. process mapping, or the 

analysis of complaints data (Johnston and Clark, 2008). 

 Find the source of the mistake by tracing threw the entire process. 

 Set-up a fail-safe system to prevent each mistake to turn into a failure. This step 

may include the use of various poka yoke, such as source inspection (i.e. 

inspecting for mistakes that have not yet caused errors), self-inspection (i.e. the 

server inspects his/her own work), sequential checks (i.e. the server in the next 

stage feeds back information to fix the error) and finally joint inspections (i.e. the 

inspections that involve both customer and server). 

Practically, poka yoke can be used to reduce customer failures by encouraging them 

to do the right thing (e.g. airline lavatory doors need to be locked in order to have the 

light open), to ensure that servers follow the correct procedures (e.g. computerized 
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procedures that do not allow the server to proceed to the next screen unless all the 

information has been provided) and to making equipment failsafe (e.g. using 

automatic doors that can only fail when open) (Johnston and Clark, 2008). 

5.2.3. The Operations Perspective 

The effects of failures that lead to rework in service operations - such as effects on the 

utilization of the organization’s resources, or the time for the service to be 

“produced”, or the waiting time for the service to be purchased - have not yet been 

studied, evaluated or quantified extensively. The current work is one of the few 

attempts to quantify the impact of failures that lead to rework, on various performance 

measures of service production systems. The measures to be analyzed here, include: i) 

efficiency measures such as cycle time, work-in-process, queue waiting time and 

server utilization, ii) customer satisfaction and risk. These outputs are examined under 

various operational concepts or management practices that are common in service 

operations, such as increasing capacity to deal with backlogs or creating separate lines 

for handling complaints and failures. Related work has been described on the paper of 

Gliatis et al. (2009) and presented on the 16
th

 International Annual EurOMA 

Conference, in Goteborg, Sweden. 
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6. Case Study: The Effects of Rework on Service Operations 

In this chapter we quantify the impact of failures that lead to rework on various 

performance measures of service operations systems. In brief, the effects of critical 

parameters, related to failures, on key system performance attributes are being 

studied. In order to analyze the cause-and-effect relationships between failures and 

performance, discrete event simulation and design of experiments (DOE) are used. 

The simulation model was developed using the Arena 11.0 Rockwell Simulation 

Software. The analysis of the DOE results was performed using the Minitab Release 

14 statistical software. 

6.1. Service Operations Simulation Model 

A simple but typical two-stage service system was developed using discrete-event 

simulation, in which the system is represented as a chronological sequence of events 

occurring at a specific time and triggering a change in the system state. Discrete-event 

simulation provides us the ability to control all elements in a model and study each 

element individually at any time during the simulation period, thus having complete 

flexibility with regard to system characteristics (Kelton et al., 2007).  

Studying and analyzing a two-stage system can provide useful information about a 

generalized, n-stage, system. The literature suggests that equivalence exists between 

multi-stage production lines and two-stage production lines (De Koster and 

Wijngaard, 1987; Gopalan and Kannan, 1994). In short, any multi-stage system can 

be analyzed by formulating it to a two-stage system under appropriate assumptions 

and buffer configurations. 

The equivalence between simulation model and real system could provide information 

for the outputs of the real system (Figure 6.1). 
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Figure 6.1: Equivalence between Real System and Simulation Model. 
Source: “Σερληθέο Πξνζνκνίωζεο”, (Ρνπκειηώηεο, 1998, pp. 26) 

For the simulation model and the real system studied, equivalence exists between the 

inputs of the system and the model; there is also equivalence between the parameters, 

the structure and the elements between the system and the model. The analysis of the 

simulation model and its output provide information and conclusions for the output of 

the real system. 

6.2. Description of the Service Operation Simulation Model 

The two-stage system developed is a simple but typical situation that can be found in 

many service organizations. The system (Figure 6.2) consists of two stations, the 

front-office and the back-office, which, for simplicity reasons, are specialized in 

processing one type of service (customer requests). In each station, one single process 

is being performed. Specifically, the customers enter the system through the front 

office, wait in the queue until a server is available and then front-office personnel 

spends time to assess and complete their request before forwarding them downstream 

to the back-office. The incoming request waits in the queue until a back-office server 

is available and then it is being evaluated and processed (the queue in front of each 

station is assumed to be of infinite capacity). When the process in both stations is 

complete, each request is released from the system. 

During the process of requests, failures may occur in both stations and a probability 

that the failure can be reworked leads to further process of the defective request. The 

failure may be discovered while the request is being processed, which leads to 
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immediate rework or after the request has exited the system, by the customer, which 

leads to rework at a later time. In this case the customer returns to the system and the 

initial request is resubmitted for rework. During the rework process, a probability for 

a failure to reoccur exists, which leads to the repetition of the cycle previously 

described. 

Figure 6.2: Overview of the Simulation Model 

Significant parameters of the simulation model are presented and described in Table 

6.1. 

Table 6.1: Parameters and Assumptions of the Service Operations Simulation Model 

Parameters 

Entities Requests  All customer requests are of the same type 

and are treated in the same way. 

 Servers  Two types of servers exist, the Front-Office 

servers and the Back-office Servers. The 

capacity of each station is 4 parallel servers 

with the same abilities each. 

Events Arrival  The arrival process is described by an 

Exponential process with a mean 

interarrival interval of 3 min. (one customer 

request every 3 minutes). 

 Departure  The customer request departs from the 

system as soon as both processes in the 

front and back office stations are 
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Parameters 

completed. 

Activities Front Office- 

Request Assessment 

& Completion 

 The duration of the Front Office process 

follows the normal distribution with a mean 

of 7 min. and standard deviation of 3,5. 

 Back Office- 

Further Processing 
 The duration of the Back Office process 

follows the normal distribution with a mean 

of 7min. and standard deviation of 3,5. 

 Rework Process in 

both Stations 
 The duration of the Rework Process in 

either station is described by the same 

distribution with mean, 7 min. and standard 

deviation, 3,5. 

Assumptions  Buffers in front of each station exist with infinite capacity. 

  There is a single queue in front of every station and each customer 

request could be processed by any of the servers in each station. 

  A First-Come-First-Served rule is followed for all requests in all 

stations. Priority is given only to immediately detected failures 

that are reworked in-line. 

  There is zero transfer delay between processes. 

  There is a statistical independent probability that a failure will 

occur (Failure Rate), identical for each station. 

  All failures are detected; either immediately upon completion of a 

process, or after a period of time by the customer under a certain 

probability. This period of time is described by an Exponential 

distribution with mean of 2 days. 

  Each server inspects only his/her own work and cannot detect 

failures occurred at previous stations. 

  There is a statistical independent probability of not detecting 

immediately the occurred failure (Failure to Detect Rate). This 

probability is identical for failures occurred in both stations. 

  There is a statistically independent probability of not reworking 

properly an identified failure (Incorrect Rework Rate). This is 

identical for rework processes in both stations. 

  There is a statistical independent probability of not being able to 

rework every defective request (Inability to Rework Rate); again 

this probability is identical for failures in both stations. 

 Six severity categories exist; interpreted to financial impact for the 

company. Each failure that cannot be reworked is categorized to 

one of these severity categories. A brief description is given in 
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Parameters 

Table 6.2. 

  Two rework practices are used (Rework Stage): Single Stage i.e. 

the defective request must pass through the entire value stream, 

and Multiple Stage i.e. the defective request must pass only 

through the station in which the failure occurred. 

  The system is in steady state and balanced (each station works 

with the same capacity, the same process time-mean and standard 

deviation). 

 Replication length is 30 days of 8 hour shifts each day. 

Severity of a failure represents the impact it has on the operation of a system. Severity 

is usually related to the threat the failure poses in functional terms, economic terms or, 

in case of critical failures, in human life. Severity is related to the notion of hazard, 

which defines the undesirable consequences potentially resulting from incorrect 

system operation. The categories of severity of failures, representative financial 

impact and the frequency of occurrence of each category for a typical financial 

institution are given in Table 6.2. These values have been used in the simulation 

model. 

Table 6.2: Severity of Failures, Financial Impact and Frequency of Severity 

Categories 

Severity Financial Impact (€)
3
 Frequency

4
 

Insignificant 500 89,322% 

Minor 5.000 8,932% 

Moderate 30.000 1,489% 

Significant 200.000 0,223% 

Major 1.500.000 0,030% 

Catastrophic 10.000.000 0,004% 

6.3. Performance Measurements 

In order to assess the effects of critical parameters on system performance, six 

performance measures were employed: Cycle Time, Work-In-Process, Queue Waiting 

Time, Utilization, Financial Impact and Customer Satisfaction Index. The selected 

indicators are presented in detail in Table 6.3: 

 

                                                 
3
Average number of financial losses as derived from six subsidiaries of a major financial group 

4
 Assumption 
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Table 6.3: Performance Measurements used for service operations Simulation Model 

Performance 

Measurement 

: Cycle Time 

Definition : It represents the mean value of the following sum: Processing time of 

both stations plus the rework process time for both stations plus the 

wait time in each queue. 

Calculation : Average Value Added Time
5
 + Average Wait Time 

Unit of Measure : Minutes 

Level of Analysis : Average Value 

Performance 

Measurement 

: Work-In-Process 

Definition : It represents the average level of WIP that remain in the system, 

processing or waiting to be processed, without the counting the level 

of requests’ WIP that are defective and not detected yet. 

Calculation : Total WIP-Undetected Requests WIP 

Unit of Measure : Number  of requests 

Level of Analysis : Average Value 

Performance 

Measurement 

: Queue Waiting Time 

Definition : It represents the average wait time each request remains in both 

queues of the system. 

Calculation : Average Wait Time 

Unit of Measure : Minutes 

Level of Analysis : Average Value 

Performance 

Measurement 

: Utilization 

Definition : It represents the average total time that servers in both stations are 

busy over the total available time. 

Calculation : Average Instantaneous Utilization 

Unit of Measure : Percentage (%) 

Level of Analysis : Average Percentage 

Performance 

Measurement 

: Financial Impact 

                                                 
5
 Process time and rework process time are the only value added activities in the model 
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Definition : It represents the average financial losses of the failures that cannot be 

reworked. Each failure that cannot be reworked has a financial loss 

for the company according to its severity range (Table 6.2). 

Calculation : Average Financial Impact 

Unit of Measure : euro,€ 

Level of Analysis : Average Value 

Performance 

Measurement 

: Customer Satisfaction Index (CSI) 

Definition : It represents the average percentage for the satisfaction of the 

customer according to the defined index. It is based on the efficiency 

indexes described by Hopp and Spearman (2001, pp. 291-293). 

Calculation : 

 

PT is the time a customer spends in process for the first pass i.e. the 

first time each request is being processed by each station. 

QT is the time a customer spends in waiting during the entire 

process. 

RT is the rework time of every request that needs to be reprocessed. 

Tp is the constant time required for the customer to visit the service 

system. It represents for example the time a customer needs to come 

to the facilities of the service organization. 

i, is the number of customer visits to the system due to failures that 

are not immediately detected and corrected. 

Unit of Measure : Percentage (%) 

Level of Analysis : Average Percentage 

The abovementioned performance measurements are relevant to services and describe 

the effect of the system inputs both to the organization and to its customers. 

6.4. Design of Experiments 

The selected inputs are considered critical from a rework point of view and relevant to 

services. These factors are described in Table 6.4. 

Table 6.4: Selected inputs of the service system 

Factor Description 

Failure Rate Probability that a failure may occur during the process 
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Failure to Detect Rate Probability that a failure is not immediately detected (while 

in the service system) 

Inability to Rework Rate Probability that a failure cannot be reworked. The failure is 

permanent 

Incorrect Rework Rate Probability of not reworking correctly a failure 

Rework stage Whether rework is performed by passing through the entire 

process (Single Stage) or through the specific process step in 

which the failure occurred (Multiple Stage). 

Each of the factors previously described has two levels, or values, a low and a high 

(Table 6.5). Thus a 2
5
 full factorial design is chosen. Therefore, the experiment 

consists of 32 combinations of the abovementioned factors. Following the 

conventional notation the symbol “+” represents the high level and the symbol “-” 

represents the low level of each factor. Moreover, each combination of the factors is 

symbolized by letters of the Latin alphabet (see Table 6.6). Finally, the runs, for each 

combination, are replicated twice i.e. 64 runs in total, in order to determine the 

required information on the variability of the results to be used in the Analysis of 

Variance (ANOVA). 

Table 6.5: Levels of the factors used 

Level Failure Rate Failure to 

Detect Rate 

Inability to 

Rework Rate 

Incorrect 

Rework Rate 

Rework Stage 

Low 5% 15% 5% 5% Multiple 

High 15% 35% 15% 15% Single 

 It is noted that the above failures rates are rather conservative, if one considers 

references that indicate a failure rate of 30%-40% in certain service industries 

(Seddon, 2005).  

 The same values have been used for the Inability to Rework Rate and Incorrect 

Rework Rate, considering the fact that usually different servers might be 

called to correct a failure.  

 The Failure to Detect Rate values, are set at higher levels, reflecting the 

difficulty to detect failures immediately after their occurrence.  
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 Since the time to rework a failure is quite unpredictable, two alternative 

methods for reworking (multiple vs. single) are selected as proposed by the 

rework manufacturing literature (Flapper et al., 2002). 

Table 6.6: 2
5
 Factorial Design 

No. Failure 

Rate 

Failure to 

Detect Rate 

Inability to 

Rework 

Rate 

Incorrect 

Rework 

Rate 

Rework 

Stage 

Symbol 

1 - - - - - (1) 

2 + - - - - a 

3 - + - - - b 

4 - - + - - c 

5 - - - + - d 

6 - - - - + e 

7 + + - - - ab 

8 + - + - - ac 

9 + - - + - ad 

10 + - - - + ae 

11 - + + - - bc 

12 - + - + - bd 

13 - + - - + de 

14 - - + + - cd 

15 - - + - + ce 

16 - - - + + de 

17 + + + - - abc 

18 + + - + - abd 

19 + + - - + abe 

20 + - + + - acd 

21 + - + - + ace 

22 + - - + + ade 

23 - + + + - bcd 

24 - + + - + bce 

25 - + - + + bde 

26 - - + + + cde 

27 + + + +  abcd 

28 + + + - + abce 

29 + + - + + abde 

30 + - + + + acde 

31 - + + + + bcde 

32 + + + + + abcde 

As previously described, thirty-two different configurations were used. In each 

configuration, the inputs defined by distributions e.g. service process times and 

interarrival times, are random. The Arena 11.0 software generates observations from 

such distribution using random number generators. In order to implement correctly 
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the computer-simulation experiments, it should be ensured that all random numbers 

used is independent within each configuration i.e. different random numbers are used 

for the front office process and the back office process, and each replication i.e. 

different random numbers are used for the first and the second replication, but also 

ensure that the same random numbers will be used for the same purposes between the 

alternative configurations e.g. the same random numbers are used for the front office 

process of the first replication of both a and b configuration (see Table 6.6). In this 

way any differences observed in the performance measurements will be attributed to 

differences due to the parameters and not to external conditions. This concept has 

been proposed by Kelton (2000) and it is a variance reduction technique called 

common random numbers. It reduces variance between different configurations. For 

this purpose, fixed streams of the random number generator are used in the simulation 

models, for each random input. 

6.5. Experimental Results 

The different experiments performed are presented in Table 6.7. 

Table 6.7: Experiments performed 

Replication Failure 

Rate 

Failure to 

Detect Rate 

Inability to 

Rework Rate 

Incorrect 

Rework 

Rate 

Rework 

Stage 

1 5% 15% 5% 5% Multiple 

1 5% 15% 5% 5% Single 

1 5% 15% 5% 15% Multiple 

1 5% 15% 5% 15% Single 

1 5% 15% 15% 5% Multiple 

1 5% 15% 15% 5% Single 

1 5% 15% 15% 15% Multiple 

1 5% 15% 15% 15% Single 

1 5% 35% 5% 5% Multiple 

1 5% 35% 5% 5% Single 

1 5% 35% 5% 15% Multiple 

1 5% 35% 5% 15% Single 

1 5% 35% 15% 5% Multiple 

1 5% 35% 15% 5% Single 

1 5% 35% 15% 15% Multiple 

1 5% 35% 15% 15% Single 

1 15% 15% 5% 5% Multiple 

1 15% 15% 5% 5% Single 

1 15% 15% 5% 15% Multiple 

1 15% 15% 5% 15% Single 

1 15% 15% 15% 5% Multiple 

1 15% 15% 15% 5% Single 

1 15% 15% 15% 15% Multiple 
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Replication Failure 

Rate 

Failure to 

Detect Rate 

Inability to 

Rework Rate 

Incorrect 

Rework 

Rate 

Rework 

Stage 

1 15% 15% 15% 15% Single 

1 15% 35% 5% 5% Multiple 

1 15% 35% 5% 5% Single 

1 15% 35% 5% 15% Multiple 

1 15% 35% 5% 15% Single 

1 15% 35% 15% 5% Multiple 

1 15% 35% 15% 5% Single 

1 15% 35% 15% 15% Multiple 

1 15% 35% 15% 15% Single 

2 5% 15% 5% 5% Multiple 

2 5% 15% 5% 5% Single 

2 5% 15% 5% 15% Multiple 

2 5% 15% 5% 15% Single 

2 5% 15% 15% 5% Multiple 

2 5% 15% 15% 5% Single 

2 5% 15% 15% 15% Multiple 

2 5% 15% 15% 15% Single 

2 5% 35% 5% 5% Multiple 

2 5% 35% 5% 5% Single 

2 5% 35% 5% 15% Multiple 

2 5% 35% 5% 15% Single 

2 5% 35% 15% 5% Multiple 

2 5% 35% 15% 5% Single 

2 5% 35% 15% 15% Multiple 

2 5% 35% 15% 15% Single 

2 15% 15% 5% 5% Multiple 

2 15% 15% 5% 5% Single 

2 15% 15% 5% 15% Multiple 

2 15% 15% 5% 15% Single 

2 15% 15% 15% 5% Multiple 

2 15% 15% 15% 5% Single 

2 15% 15% 15% 15% Multiple 

2 15% 15% 15% 15% Single 

2 15% 35% 5% 5% Multiple 

2 15% 35% 5% 5% Single 

2 15% 35% 5% 15% Multiple 

2 15% 35% 5% 15% Single 

2 15% 35% 15% 5% Multiple 

2 15% 35% 15% 5% Single 

2 15% 35% 15% 15% Multiple 

2 15% 35% 15% 15% Single 

The experimental runs were performed in a randomized sequence, called run order. In 

this way, the effects of factors that are not included in the study, particularly effects 

that are time-dependent, are minimized and the results depend only on the chosen 

experimental design factors. 
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6.6. Statistical Analysis of the Results 

In order to evaluate the results for each measurement statistical analysis has been done 

using the Minitab Release 14 statistical software. The procedure followed is described 

below: 

 P-value is estimated for each configuration presented in Table 6.6 

 The significance of the main effect and interaction between the factors is 

determined for significance level α=0,05. If P-value is lower than the 

significance level, then the particular term is statistically significant, else it is 

insignificant. 

 Normal Probability Plot is created in which the significant factors and 

interactions are presented. The points that do not fall on the line represent the 

significant factors. 

 Pareto Chart is created, which presents the magnitude and the importance of 

an effect. This chart displays the absolute value of each effect, if the value of 

an effect extends past a reference line, which corresponds to the chosen 

significance level, is statistically significant. 

 Create a reduced model which includes only the determined, significant, 

factors and validate the significance of the terms of the new, reduced model, 

using the Analysis of Variance. 

 Check the adequacy of the model by creating Residual Plots. If the model for 

the statistically significant factors is adequate enough, safe conclusions, for the 

main effects and interactions of the factors affecting each measurement, can be 

drawn. 

 Create Main Effect and Interaction Plot that represent the effects of each factor 

on the measurement studied. 
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6.6.1. Statistical Analysis of Cycle Time 

The values for P parameter are presented in Table 6.8 and the statistically significant 

factors are highlighted (blue color). 

Table 6.8: Statistically Significant Factors and Interactions for Cycle Time 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,000 

C: Inability to Rework Rate 0,000 

D: Incorrect Rework Rate 0,544 

E: Rework Stage 0,000 

A*B 0,000 

A*C 0,000 

A*D 0,972 

A*E 0,000 

B*C 0,131 

B*D 0,639 

B*E 0,000 

C*D 0,849 

C*E 0,000 

D*E 0,791 

A*B*C 0,145 

A*B*D 0,986 

A*B*E 0,000 

A*C*D 0,927 

A*C*E 0,000 

A*D*E 0,622 

B*C*D 0,359 

B*C*E 0,074 

B*D*E 0,618 

C*D*E 0,839 

A*B*C*D 0,577 

A*B*C*E 0,052 

A*B*D*E 0,932 

A*C*D*E 0,852 

B*C*D*E 0,324 

A*B*C*D*E 0,392 

The results for the significant factors and interactions for Cycle Time determined with 

the use of P parameter are also verified from the Normal Probability Plot and the 

Pareto Chart (Figure 6.3 and Figure 6.4). 
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Figure 6.3: Normal Probability Plot for Cycle Time 

 
Figure 6.4: Pareto Chart for Cycle Time 

The results for the Analysis of Variance for the Cycle Time are presented in Table 

6.9. 

Table 6.9: ANOVA for Cycle Time 

Source Degrees of 

Freedom (DF) 

F P 

Main Effects 4 852.95 0,000 

2-Way Interactions 5 162.28 0,000 
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Source Degrees of 

Freedom (DF) 

F P 

3-Way Interactions 2 39.24 0,000 

Residual Error 52   

Total 63   

The value of F is compared with F0.05,4,52≈2,5656 which means that since F is larger 

than F0.05,4,51 at least one of the four Main Effects has non-zero effect on Cycle Time. 

For the 2-Way Interactions F is also larger than F0.05,5,52≈2,4089 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 

For the 3-Way Interactions F is also larger than F0.05,2,52≈3,1911 which means that at 

least one significant 3-Way Interaction exist. 

In order to evaluate the model of the statistically important factors and interactions the 

residuals must be studied. The plots shown in Figure 6.5 are used for this purpose. 

 
Figure 6.5: Residual Plots for Cycle Time 

The Residual Plots show that the model for the statistically significant factors is 

adequate enough to draw safe conclusions for the main effects and interactions of the 

factors affecting Cycle Time. 

Figure 6.6 shows the main effects of the factors on the Cycle Time. Figure 6.7 shows 

the effects of each 2-Way interaction on the Cycle Time. 
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Figure 6.6: Main Effects Plot for Cycle Time 

 
Figure 6.7: Interaction Plot for Cycle Time 

 

Table 6.10 presents the main effects and 2-way interactions of the factors as well as 

their effect per unit of factor/interaction on Cycle Time. 

Table 6.10: Effects of Factors and 2-Way Interactions on Cycle Time  

Factors Slope 

A: Failure Rate 0,62618 
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B: Failure to Detect Rate 0,06175 

C: Inability to Rework Rate -0,07594 

D: Incorrect Rework Rate 0,00902 

E: Rework stage 5,224 

2-Way Interactions Slope 

AB A: 5% 0,00918 

A: 15% 0,11431 

AC A: 5% -0,01485 

A: 15% -0,13702 

AD A: 5% 0,00954 

A: 15% 0,00851 

AE A: 5% 1,67280 

A: 15% 8,77500 

BC B: 15% -0,05317 

B: 35% -0,09870 

BD B: 15% 0,01599 

B: 35% 0,00207 

BE B: 15% 3,98900 

B: 35% 6,45890 

CD C: 5% 0,06200 

C: 15% 0,01185 

CE C: 5% 5,87430 

C: 15% 4,57350 

DE D: 5% 5,31420 

D: 15% 5,18470 

6.6.2. Statistical Analysis of Work-In-Process 

The P parameter values are presented in Table 6.11 and the significant factors and 

interactions for WIP are marked. 

Table 6.11: Statistically Significant Factors and Interactions for WIP 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,000 

C: Inability to Rework Rate 0,000 

D: Incorrect Rework Rate 0,499 

E: Rework Stage 0,000 

A*B 0,000 

A*C 0,000 

A*D 0,973 

A*E 0,000 

B*C 0,090 

B*D 0,547 

B*E 0,000 

C*D 0,792 
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Term P 

C*E 0,000 

D*E 0,779 

A*B*C 0,101 

A*B*D 0,921 

A*B*E 0,000 

A*C*D 0,864 

A*C*E 0,000 

A*D*E 0,599 

B*C*D 0,310 

B*C*E 0,047 

B*D*E 0,514 

C*D*E 0,802 

A*B*C*D 0,510 

A*B*C*E 0,033 

A*B*D*E 0,859 

A*C*D*E 0,800 

B*C*D*E 0,286 

A*B*C*D*E 0,342 

This is also verified from the Normal Probability Plot and the Pareto Chart in Figure 

6.8 and Figure 6.9 accordingly. 

 
Figure 6.8: Normal Probability Plot for WIP 
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Figure 6.9: Pareto Chart for WIP 

A reduced model is created which includes only the significant factors of WIP. In 

order to validate the significance of the terms of the new, reduced model, Analysis of 

Variance (ANOVA) is used. The results for the Analysis of Variance for WIP are 

presented in Table 6.12. 

Table 6.12: ANOVA for WIP 

Source Degrees of 

Freedom (DF) 

F P 

Main Effects 4 1028.03 0,000 

2-Way Interactions 5 199.76 0,000 

3-Way Interactions 3 34.91 0,000 

4-Way Interactions 1 5.71 0.021 

Residual Error 50   

Total 63   

The value of F is compared with F0.05,4,50≈2,5656 which means that since F is larger 

than F0.05,4,51 at least one of the four Main Effects has non-zero effect on WIP. 

For the 2-Way Interactions F is also larger than F0.05,5,50≈2,4089 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 

For the 3-Way Interactions F is also larger than F0.05,3,50≈2,7984 which means that an 

interaction exists on at least one of the 3-Way Interactions defined. 
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For the 4-Way Interactions F is also larger than F0.05,1,50≈4,0430 which means that an 

interaction exists on at least one of the 4-Way Interactions defined. 

In order to evaluate the model of the statistically important factors and interactions the 

residuals must be studied. The plots shown in Figure 6.10 are used for this purpose. 

 
Figure 6.10: Residual Plots for WIP 

The Residual Plots show that the model for the statistically significant factors is 

adequate enough to draw safe conclusions for the main effects and interactions of the 

factors affecting WIP. 

In the following figures (Figure 6.11and Figure 6.12) the main effects and interactions 

of the factors on WIP are presented. It can be observed that the effects and 

interactions of the factors are similar with them of Cycle Time. 
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Figure 6.11: Main Effects Plot for WIP 

 
Figure 6.12: Interaction Plot for WIP 

Cycle Time, according to Hopp and Spearman (2000), is the time a part spends as 

WIP in a system; this connection explains the observation that the factors affecting 

Cycle Time have also the same effect on WIP. 

Table 6.13: Effects of Factors and 2-Way Interactions on WIP 

Factors Slope 

A: Failure Rate 0,21158 

B: Failure to Detect Rate 0,02205 
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C: Inability to Rework Rate -0,26226 

D: Incorrect Rework Rate 0,00323 

E: Rework stage 1,79054 

2-Way Interactions Slope 

AB A: 5% -0,00937 

A: 15% 0,04054 

AC A: 5% -0,00522 

A: 15% -0,04723 

AD A: 5% 0,00339 

A: 15% 0,00307 

AE A: 5% 0,57799 

A: 15% 3,00311 

BC B: 15% -0,01798 

B: 35% -0,03447 

BD B: 15% 0,00610 

B: 35% 0,00354 

BE B: 15% 1,31322 

B: 35% 2,26788 

CD C: 5% 0,00197 

C: 15% 0,00448 

CE C: 5% 2,01640 

C: 15% 1,56469 

DE D: 5% 1,82283 

D: 15% 1,77722 

6.6.3. Statistical Analysis of Queue Waiting Time 

In order to determine the main effects or interactions significances for Queue Waiting 

Time measurement, P-value approach and the significance level α=0,05 are used. The 

values for P parameter are presented in Table 6.14.  

Table 6.14: Statistically Significant Factors and Interactions for Queue Waiting Time 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,000 

C: Inability to Rework Rate 0,000 

D: Incorrect Rework Rate 0,887 

E: Rework Stage 0,000 

A*B 0,000 

A*C 0,000 

A*D 0,685 

A*E 0,000 

B*C 0,099 

B*D 0,433 

B*E 0,000 

C*D 0,801 
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Term P 

C*E 0,000 

D*E 0,722 

A*B*C 0,102 

A*B*D 0,910 

A*B*E 0,000 

A*C*D 0,942 

A*C*E 0,000 

A*D*E 0,436 

B*C*D 0,298 

B*C*E 0,040 

B*D*E 0,513 

C*D*E 0,851 

A*B*C*D 0,463 

A*B*C*E 0,026 

A*B*D*E 0,923 

A*C*D*E 0,855 

B*C*D*E 0,265 

A*B*C*D*E 0,294 

The terms that are statistically significant are verified through the Normal Probability 

Plot and the Pareto Chart (Figure 6.13 and Figure 6.14). 

 
Figure 6.13: Normal Probability Plot for Queue Waiting Time 
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Figure 6.14: Pareto Chart for Queue Waiting Time 

The reduced model results for the Analysis of Variance for the Queue Waiting Time 

is presented in Table 6.15. 

Table 6.15: ANOVA for Queue Waiting Time 

Source Degrees of 

Freedom (DF) 

F P 

Main Effects 4 663.04 0,000 

2-Way Interactions 5 176.15 0,000 

3-Way Interactions 3 39.06 0,000 

4-Way Interaction 1 6.19 0.016 

Residual Error 50 

  Total 63 

  

The value of F is compared with F0.05,4,50≈2,5656 which means that since F is larger 

than F0.05,4,51 at least one of the four Main Effects has non-zero effect on Queue 

Waiting Time. 

For the 2-Way Interactions F is also larger than F0.05,5,50≈2,4089 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 

For the 3-Way Interactions F is also larger than F0.05,3,50≈2,7984 which means that an 

interaction exists on at least one of the 3-Way Interactions defined. 

For the 4-Way Interactions F is also larger than F0.05,1,50≈4,0430 which means that an 

interaction exists on at least one of the 4-Way Interactions defined. 



Chapter  6 :  Case Study: The Effects of Rework on Service Operations 

UNIVERSITY OF THE AEGEAN – DeOPSys Lab                                                                    Page 50 

In order to evaluate the model of the statistically important factors and interactions the 

residuals must be studied. The plots shown in Figure 6.15 are used for this purpose. 

 
Figure 6.15: Residual Plots for Queue Waiting Time 

The Residual Plots show that the model for the statistically significant factors is 

adequate enough to draw safe conclusions for the main effects and interactions of the 

factors affecting Queue Waiting Time. 

 
Figure 6.16: Main Effects Plot for Queue Waiting Time 
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Figure 6.17: Interaction Plot for Queue Waiting Time 

Main Effects and Interactions observed for Queue Waiting Time measurement are 

similar to those of both Cycle Time and WIP. This observation is based on the fact 

that Queue Time is a component of Cycle Time (Hopp and Spearman, 2000). 

Therefore it is logical to be affected by the same factors and in the same way as Cycle 

Time and consequently WIP. 

Table 6.16: Effects of Factors and 2-Way Interactions on Queue Waiting Time 

Factors Slope 

A: Failure Rate 0,381515 

B: Failure to Detect Rate 0,046425 

C: Inability to Rework Rate -0,058662 

D: Incorrect Rework Rate 0,001511 

E: Rework stage 3,191120 

2-Way Interactions Slope 

AB A: 5% 0,002819 

A: 15% 0,009003 

AC A: 5% -0,006321 

A: 15% -0,111005 

AD A: 5% 0,005822 

A: 15% -0,002799 

AE A: 5% 0,680290 

A: 15% 5,701940 

BC B: 15% -0,0407 

B: 35% -0,0766 

BD B: 15% 0,0099 

B: 35% -0,0068 
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BE B: 15% 2,1690 

B: 35% 4,2140 

CD C: 5% -0,0012 

C: 15% 0,0042 

CE C: 5% 3,6740 

C: 15% 2,7090 

DE D: 5% 3,1760 

D: 15% 3,2060 

6.6.4. Statistical Analysis of Utilization 

The values for P parameter which is used to determine the main effects or interactions 

significances are presented in Table 6.17; the significant factors and interactions for 

Utilization are marked. 

Table 6.17: Statistically Significant Factors and Interactions for Utilization 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,115 

C: Inability to Rework Rate 0,179 

D: Incorrect Rework Rate 0,631 

E: Rework Stage 0,000 

A*B 0,282 

A*C 0,455 

A*D 0,770 

A*E 0,000 

B*C 0,898 

B*D 0,934 

B*E 0,048 

C*D 0,940 

C*E 0,333 

D*E 0,893 

A*B*C 0,942 

A*B*D 0,955 

A*B*E 0,215 

A*C*D 0,914 

A*C*E 0,589 

A*D*E 0,985 

B*C*D 0,885 

B*C*E 0,768 

B*D*E 0,868 

C*D*E 0,926 

A*B*C*D 0,945 

A*B*C*E 0,788 

A*B*D*E 0,872 

A*C*D*E 0,906 
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Term P 

B*C*D*E 0,873 

A*B*C*D*E 0,894 

 
Figure 6.18: Normal Probability Plot for Utilization 

 
Figure 6.19: Pareto Chart for Utilization 

The results for the significant factors are verified from the Normal Probability Plot 

and Pareto Chart presented in Figure 6.18 and Figure 6.19. 
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A reduced model, including only the significant factors, is created, in order to validate 

the terms with the use of Analysis of Variance (ANOVA). The results for the Analysis 

of Variance for Utilization are presented in Table 6.18. 

Table 6.18: ANOVA for Utilization 

Source Degrees of 

Freedom (DF) 

F P 

Main Effects 3 320,57 0,000 

2-Way Interactions 2 51,68 0,000 

Residual Error 58 

  Total 63 

  

The value of F is compared with F0.05, 3, 58≈2,7581 and is larger than F0.05,5,50 which 

means that at least one of the four Main Effects has non-zero effect on Utilization. 

For the 2-Way Interactions F is also larger than F0.05,2,58≈3,1504 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 

 
Figure 6.20: Residual Plots for Utilization 

The plots shown in Figure 6.20 are used in order to evaluate the model of the 

statistically important factors and interactions. 

The Residual Plots show that the model for the statistically significant factors is 

adequate and safe conclusions for the main effects and interactions of the factors 
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affecting Utilization can be drawn. They are presented in the following figures (Figure 

6.21 and Figure 6.22). 

 
Figure 6.21: Main Effects Plot for Utilization 

 
Figure 6.22: Interaction Plot for Utilization 

All the factors have similar Main Effects and Interactions on Utilization as they have 

on the previous three measurements studied, Cycle Time, WIP and Queue Waiting 

Time. Cycle Time and Utilization are analogous (Hopp and Spearman, 2000) and 

consequently are similarly affected by all the factors studied. 
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Table 6.19: Effects of Factors and 2-Way Interactions on Queue Waiting Time 

Factors Slope 

A: Failure Rate 0,0092 

B: Failure to Detect Rate 0,0004 

C: Inability to Rework Rate 0,0007 

D: Incorrect Rework Rate 0,0002 

E: Rework stage 0,0800 

2-Way Interactions Slope 

AB A: 5% 0,00015 

A: 15% 0,00650 

AC A: 5% -0,0003 

A: 15% -0,0010 

AD A: 5% 0,0001 

A: 15% 0,0004 

AE A: 5% 0,0410 

A: 15% 0,1190 

BC B: 15% -0,0006 

B: 35% -0,0007 

BD B: 15% 0,0002 

B: 35% 0,0002 

BE B: 15% 0,0700 

B: 35% 0,0900 

CD C: 5% 0,0002 

C: 15% 0,0002 

CE C: 5% 0,0870 

C: 15% 0,0750 

DE D: 5% 0,0800 

D: 15% 0,0800 

6.6.5. Statistical Analysis of Customer Satisfaction Index 

The values for P parameter and the significant factors and interactions for CSI are 

presented and marked in the following Table 6.20. 

Table 6.20: Statistically Significant Factors and Interactions for CSI 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,000 

C: Inability to Rework Rate 0,011 

D: Incorrect Rework Rate 0,031 

E: Rework Stage 0,000 

A*B 0,002 

A*C 0,199 

A*D 0,854 

A*E 0,000 

B*C 0,426 
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B*D 0,969 

B*E 0,000 

C*D 0,798 

C*E 0,017 

D*E 0,368 

A*B*C 0,746 

A*B*D 0,887 

A*B*E 0,060 

A*C*D 0,788 

A*C*E 0,182 

A*D*E 0,410 

B*C*D 0,747 

B*C*E 0,652 

B*D*E 0,686 

C*D*E 0,841 

A*B*C*D 0,904 

A*B*C*E 0,688 

A*B*D*E 0,920 

A*C*D*E 0,795 

B*C*D*E 0,379 

A*B*C*D*E 0,937 

 
Figure 6.23: Normal Probability Plot for CSI 



Chapter  6 :  Case Study: The Effects of Rework on Service Operations 

UNIVERSITY OF THE AEGEAN – DeOPSys Lab                                                                    Page 58 

 
Figure 6.24: Pareto Chart for CSI 

The results for the significant factors are verified from the Normal Probability Plot 

and Pareto Chart presented in Figure 6.23 and Figure 6.24. 

The results for the Analysis of Variance from the reduced model for CSI are presented 

in Table 6.21. 

Table 6.21: ANOVA for CSI 
Source Degrees of 

Freedom (DF) 

F P 

Main Effects 5 543.71 0,000 

2-Way Interactions 3 51.40 0,000 

Residual Error 55 

  Total 63 

  

The value of F is compared with F0.05, 5, 55≈2,3886 and is larger, which means that at 

least one of the four Main Effects has non-zero effect on CSI. 

For the 2-Way Interactions F is also larger than F0.05,3,55≈2,7783 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 
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Figure 6.25: Residual Plots for CSI 

The plots shown in Figure 6.25 are used in order to evaluate the model of the 

statistically important factors and interactions. 

The Residual Plots show that the model for the statistically significant factors is 

adequate and safe conclusions for the main effects and interactions of the factors 

affecting CSI can be drawn. They are presented in the following figures (Figure 6.26 

and Figure 6.27). 

 
Figure 6.26: Main Effects Plot for CSI 
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Figure 6.27: Interaction Plot for CSI 

Table 6.22 presents the effects per unit of factor on CSI for both main effects and 2-

way interactions. 

Table 6.22: Effects of Factors and 2-Way Interactions on CSI 

Factors Slope 

A: Failure Rate -0,0221 

B: Failure to Detect Rate -0,0028 

C: Inability to Rework Rate  

D: Incorrect Rework Rate -0,0011 

E: Rework stage -0,1470 

2-Way Interactions Slope 

AB A: 5% -0,0019 

A: 15% -0,0037 

AC A: 5% 0,0007 

A: 15% 0,0021 

AD A: 5% -0,0011 

A: 15% -0,0012 

AE A: 5% -0,0089 

A: 15% -0,2050 

BC B: 15% 0,0010 

B: 35% 0,0018 

BD B: 15% -0,0012 

B: 35% -0,0012 

BE B: 15% -0,1210 

B: 35% -0,1730 

CD C: 5% -0,0013 

C: 15% -0,0011 
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CE C: 5% -0,1330 

C: 15% -0,1340 

DE D: 5% -0,1510 

D: 15% -0,1420 

The major effect on CSI is observed from Failure Rate and Rework Stage and on the 

contrary the minor is observed from Inability to Rework Rate and Incorrect Rework 

Rate. 

6.6.6. Statistical Analysis of Financial Impacts 

The values for P parameter and the significant factors and interactions for Financial 

Impact are presented and marked in the following table (Table 6.23). 

Table 6.23: Statistically Significant Factors and Interactions for Financial Impact 

Term P 

A: Failure Rate 0,000 

B: Failure to Detect Rate 0,094 

C: Inability to Rework Rate 0,000 

D: Incorrect Rework Rate 0,809 

E: Rework Stage 0,165 

A*B 0,557 

A*C 0,004 

A*D 0,399 

A*E 0,531 

B*C 0,745 

B*D 0,265 

B*E 0,666 

C*D 0,370 

C*E 0,010 

D*E 0,296 

A*B*C 0,440 

A*B*D 0,885 

A*B*E 0,842 

A*C*D 0,472 

A*C*E 0,263 

A*D*E 0,513 

B*C*D 0,215 

B*C*E 0,360 

B*D*E 0,753 

C*D*E 0,762 

A*B*C*D 0,814 

A*B*C*E 0,600 

A*B*D*E 0,591 

A*C*D*E 0,890 

B*C*D*E 0,939 
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A*B*C*D*E 0,464 

 
Figure 6.28: Normal Probability Plot for Financial Impact 

 
Figure 6.29: Pareto Chart for Financial Impact 

The results for the significant factors are verified from the Normal Probability Plot 

and Pareto Chart presented in Figure 6.28 and Figure 6.29. 

A reduced model, including only significant factors, is created, in order to validate the 

terms with the use of Analysis of Variance (ANOVA). The results from the Analysis 

of Variance for Financial Impact are presented in Table 6.24. 
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Table 6.24: ANOVA for Financial Impact 
Source Degrees of 

Freedom (DF) 

F P 

Main Effects 3 32,67 0,000 

2-Way Interactions 2 10,60 0,000 

Residual Error 58 

  Total 63 

  

The value of F presented in Table 6.24 is compared with F0.05, 3, 58≈2,7581 and is 

larger, which means that at least one of the four Main Effects has non-zero effect on 

Financial Impact. 

For the 2-Way Interactions F is also larger than F0.05,2,58≈3,1504 which means that an 

interaction exists on at least one of the 2-Way Interactions defined. 

 
Figure 6.30: Residual Plots for Financial Impact 

The Residual Plots (Figure 6.30) show that the model for the statistically significant 

factors is adequate and safe conclusions, for the main effects and interactions of the 

factors affecting Financial Impact, can be drawn. They are presented in the following 

figures (Figure 6.31 and Figure 6.32). 
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Figure 6.31: Main Effects Plot for Financial Impact 

 
Figure 6.32: Interaction Plot for Financial Impact 

The main and interaction effects per unit of factor on Financial Impact are presented 

in Table 6.25. 

Table 6.25: Effects of Factors and 2-Way Interactions on Financial Impact  

Factors Slope 

A: Failure Rate 8,5288 

B: Failure to Detect Rate 0,7775 

C: Inability to Rework Rate 5,9443 
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D: Incorrect Rework Rate 0,2202 

E: Rework stage 12,8006 

2-Way Interactions Slope 

AB A: 5% 1,0453 

A: 15% 0,5098 

AC A: 5% 3,1395 

A: 15% 8,7491 

AD A: 5% -0,5499 

A: 15% 0,9903 

AE A: 5% 7,0904 

A: 15% 18,5108 

BC B: 15% 6,2394 

B: 35% 5,6493 

BD B: 15% 1,2425 

B: 35% -0,8021 

BE B: 15% 16,7214 

B: 35% 8,8797 

CD C: 5% -0,5994 

C: 15% 1,0398 

CE C: 5% -11,7710 

C: 15% 37,3726 

DE D: 5% 3,2308 

D: 15% 22,3703 

The major effect on Financial Impact is observed from Failure Rate and Inability to 

Rework Rate; that is a logical observation since the first describe the number of 

failures occurred and the second the number of failures that cannot be reworked. 

6.7. The Effects of Rework on the Performance of Management Practices 

For every manager it is rather difficult to successfully manage the capacity of their 

organization. In order to study the effect of rework on various management practices, 

common in service operations, the behavior of three typical management practices is 

analyzed under different Failure and Rework levels. The performance of these 

practices is compared with the reference case described in the previous chapter 

(Chapter 6.2). 

The common practices studied are provided in the following table. 

Table 6.26: Management practices 

Practice Description 

Add Capacity This practice focuses on increasing capacity (with overtimes, with 

new hires etc.) in order to deal with possible backlogs. 
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Chase Demand This practice focuses on the adjustment of the capacity in order to 

match changes in demand levels. 

Off-line 

processing of 

errors 

This practice focuses on creating a separate line for handling 

complaints and failures (similar to rework stations in 

manufacturing) 

6.7.1. Description of the Simulation Model 

The parameters and assumptions describing the simulation model of the base scenario 

are presented in Table 6.1. The three management practices used are presented in 

Table 6.27. 

Table 6.27: Management Practices Parameters 

Practice Parameters 

Base Case The parameters described in Table 6.1 are used for evaluating the 

system performance measurements. 

Add Capacity This management practice increases the capacity of the service 

system with junior personnel, by 25% (2 new employees). The 

capabilities of the junior personnel are represented by the increase 

of process variability of the process. These additional resources 

change process distribution from NORM(7/3,5) to NORM(7/7). 

Chase Demand This management practice increases productivity of the existing 

resources. The mean of process time is decreased by 20%; 

however process variability is increased. The process distribution 

changes from NORM(7/3,5) to NORM(5,6/5,6) 

Off-line 

processing of 

errors 

This management practice processes all errors in a separate 

station (rework station). Thus, an increase in capacity by 25% (2 

servers) prescribed to process all rework items 

6.7.2. Comparison of the Management Practices 

The behavior of the three typical management practices has been analyzed under 

different Failure and Incorrect Rework Rates and their performance has been 

compared with the reference case (in which both Failure and Incorrect Rework Rate 

were set to 15%). The comparison of the practices for each measurement is 

summarized in Figure 6.33. 

From the comparison, it is observed that the various Management Practices may have 

a positive or negative impact on the performance of each measurement depending on 

the way they affect Failure and Incorrect Rework Rate. It is also observed that along 

the various Failure and Incorrect Rework Rates trade-offs between the different 
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management practices exist. In the case of Cycle Time, when Failure and Incorrect 

Rework Rate is set to 15%, the system seems to benefit from the Chase Demand 

practice. The other two practices (Add Capacity and Off-line Rework) present similar 

results to the Base Case. 
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Figure 6.33: Comparison of Management Practices 

However, for Failure and Incorrect Rework Rate greater than 25%, the benefits from 

the Chase Demand Practice seem to disappear. This shows that under increased 

Failure and Incorrect Rework Rates the managerial practices examined result in no 
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benefits. Similar conclusions can be drawn from the observation of the behavior of the 

management practices on the other five performance measurements. 

In short 

 The Chase Demand practice benefits the system more in the case of Work in 

Process but, the benefit disappears for values of Failure and Incorrect Rework 

Rates greater than 25%. 

 In the case of Queue Waiting Time, the Add-Capacity practice has better 

results for values of Failure and Incorrect Rework Rates lower than 25%. 

 The Off-Line Rework practice seems to benefit the system with respect to the 

Utilization per Station. However, in this case also the benefits disappear when 

the rate value increases approximately above the rate of 30%. 

 In the case of Customer Satisfaction Index, the Add-Capacity practice seems 

to benefit the system until the Failure and Incorrect Rework Rates reach the 

level of 18%. 

 The results for Financial Impact show that for rates lower than 8% the Add-

Capacity practice appears to benefit the system. However, for rates from 8% 

to 15%, the Chase Demand practice benefits the system and for Failure and 

Incorrect Rework Rates above 15%, no change should be preferred, since the 

benefits of all practices disappear. 
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7. Conclusion and Further Research 

The results of the study presented in this diploma thesis suggest that failures that lead 

to rework degrade the performance of the service system. More specifically, the 

results of design of experiments investigation indicate that: 

1. Both the Failure Rate and the Single Stage Rework degrade the performance of 

the following measures: Cycle Time, Queue Waiting Time, WIP, Utilization and 

Customer Satisfaction, i.e. the higher the number of nonconforming cases and the 

longer it takes to correct them, the worst for the performance of the system. 

2. The Inability to Rework and Failure Rate mostly increase financial losses i.e. the 

higher the probability of not correcting a mistake combined with more mistakes, 

the higher the financial losses. 

3. The Failure to detect Rate has a secondary major effect in all performance 

measurements of the system (especially CSI and Financial Impact) i.e. the sooner 

the failure is detected the better for all aspects of performance. 

4. The Incorrect Rework Rate has a minor effect on all performance measurements 

i.e. the higher the incorrect rework rate the worse the performance, however the 

impact is much smaller. 

5. All factors (Failure Rate, Failure to Detect Rate, Inability to Rework Rate, 

Incorrect Rework Rate and Rework Stage) have the similar effects and interactions 

on Cycle Time, Queue Waiting Time and WIP. 

6. Cycle Time, Queue Waiting Time, WIP, Utilization and CSI are not affected by 

Failure to Detect Rate, Inability to Rework Rate and Incorrect Rework Rate when 

Multiple Stage Rework method is applied. 

The results of the experiments can also be summarized and presented visually in 

Figure 7.1. The figure resembles that of cycle of failures in services presented by 

Schlesinger (1991); however Figure 7.1 represents the failure and rework point of 

view of the vicious cycle in service operations  
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Figure 7.1: Vicious Cycle of Failures in Service Operations 
Source: “The Impact of failures in service operations” (Gliatis et al., 2009, pp. 8) 

Service failures, when detected during the service encounter, lead to rework which 

increases resource utilization and cycle time, ending in delays to serve customers’ 

requests promptly. Furthermore, undetected mistakes normally will be discovered at 

some point in time by customers after they have left the service system. As a 

consequence, delays or failures to resolve customers’ requests at the first contact, lead 

to repeated attempts from un-served or dissatisfied customers to contact the service 

system, which eventually increase the normal stream of arrivals of first customers. 

This can add congestion to the service system by enhancing variability in all stages 

along the service value stream, creating new bottlenecks, increasing queues, and 

causing further delays. 
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Management Practices such as Chase Demand, Add Capacity and Off-line Rework, 

do not guarantee the improvement of the performance of service systems. Increasing 

capacity, either by overtime or by hiring new employees, normally would improve the 

performance of a service system. However, if failures increase along with capacity 

(for example, if new employees are hired), the benefits from the increased capacity 

could be eliminated. Similar observations could be made from the Chase Demand 

practice; for example, when employees are pressured to increase productivity, more 

failures might be generated. Finally, when taking failures off-line to be reworked, 

capacity of the main line could be decreased leading to increase of cycle time, 

pressure and consequently failures. Additionally, according to Hopp and Spearman 

(2000) this could make mistakes someone else’s responsibility and this way 

awareness of the causes and effects of problems would be reduced. 

In summary, reduction of rework improves system performance substantially. In order 

to achieve the reduction of rework, various TPS practices that ensure quality, such as 

Jidoka practices could be applied, if tailored to services. These methods focus not 

only reducing errors, by preventing errors become failures, but also focus on 

minimizing the effects of failures that might occur and on learning from errors so that 

the root cause will be found and the actual problem will be solved. Applying the 

abovementioned techniques and methods in service operations is usually challenging 

due to increased involvement of the customer in the creation of the service, 

nevertheless they could influence the degree of failures occurred. 

Further research for the impact of failures that lead to rework in service operations 

may include empirical validation of the concepts presented in this thesis in various 

service industries. Also, interventions in the design of the service system that could 

help avoid failures in the first place and lead to more fundamental quality 

improvements should be investigated.  

The areas for further research are summarized below: 

Organization of the professional work, i.e. the way a service process functions and 

professional work is organized is a key factor in avoiding quality failures and delays 

in the delivery of the service. The applicability of the service cells (similar to cell 
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manufacturing layouts) may be investigated for different service settings (Pagell and  

Melnyk, 2004). 

Flexibility through standardization of low-level tasks, i.e. standardizing the process 

design and human skills could lead to increased flexibility and resistance to failures 

(Liker and Morgan, 2006).  

Synchronization and balancing of professionals, i.e. the lack of synchronization and 

balancing between professionals working on various aspects of a client's request is 

another major factor that could lead to decrease of failures and rework. Different 

practices, such as frequent rebalancing of the process, the functioning of each stage at 

the same pace (pull systems), or some variants of the previous practices, represent an 

interesting topic for further investigation (Harvey, 1989). 

Management of customer’s interference in the production of the service, i.e. the 

variation inherent in human interactions is a factor that prevents the rationalization of 

service operations. Frei (2006) proposed a set of practices for managing variability 

due to customer participation in the creation of the service. These practices should be 

studied, and empirical validation should be included in order provide useful insight 

for extending the limits of service optimization. 
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Appendix A  

Appendix A.1. Five Lean Principles according to Womack and Jones (1996a and 

1996b) 

 Define Value: Value should be defined from the perspective of the end customer 

in terms of a specific product, with specific characteristics, at a specific time and 

price. The word value means the worth of something in terms of money or other 

goods for which it can be exchanged or the worth of something compared with the 

price paid for it. Value is a term that can be described in a formula that involves 

benefit and cost: 

 

 Identify Value Stream and Eliminate Waste: Identify the entire value stream 

from each product and product family. That step is rather important since 

identifying the value stream almost always exposes enormous amounts of waste 

existing in all production phases, from the design to the delivery of the end 

product. The steps, actions and practices that don’t add value should be eliminated 

from the value stream. Although some actions are not adding value for the 

customer cannot be eliminated because they might be obligatory by the law or the 

organization itself. The aforementioned waste categorization contributes to the 

easier identification and elimination of waste. 

 Make the Remaining Steps Flow: Flow means permitting to the product to pass 

through the entire value stream continuously and smoothly from beginning to end 

without interruptions and delays, waiting time and rework within or between 

steps. 

 Introduce Pull: Pull is a term that means producing what the customer needs, 

exactly when the customer needs the product. A pull system takes into account the 

capacity of the organization, this means that it doesn’t just put more and more 

orders to be processed and capacity defines the number of the orders that can be in 

the system (WIP). This ensures that the system is not overloaded (reduction and 

even elimination of waste in terms of inventory) and thus capacity planning and 

managing capacity are fundamental for a pull system. 
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 Pursue Perfection: The last principle; last but never-ending step, of Lean 

philosophy embodies the “continuous improvement” environment that should be 

created by the Lean organizations. A virtuous cycle of the five principles 

abovementioned is created and always a more precise definition of value might 

cause the other steps to reveal waste or make the flow go faster. The interaction 

amongst these principles is unbreakable, continuous and leads to refinement and 

welfare. 
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Appendix B  

Appendix B.1. Seven Wastes in Manufacturing Operations 

 Manufacturing 

Operations 

Overproduction Is related to producing goods than are not needed, that do not 

sell. This waste is the root cause for most of the other wastes 

and consequently for cost increases (Pascal D., 2007). 

Waiting/ Idle Time Is idle time that might occur because of bad synchronization of 

codependent processes. 

Transportation Is related to unnecessary movement of products that are not 

needed for immediate use. It is mostly connected to inefficient 

of the workplace layout. Transportation of products would 

always exist, thus its minimization is essential (Pascal D., 

2007). 

Inappropriate 

Processing 

Is related to the unnecessary effort that is not adding value to the 

product, meaning producing more than the customer requires or 

desires (Pascal D., 2007). 

Inventory Is related to number of goods in excess of process requirements, 

which are waiting to be processed or consumed (keeping large 

quantities of raw materials, unfinished goods or finished 

products). 

Motion/ Movement Is related to the unnecessary movement of people that doesn’t 

contribute to adding value to the product. That waste is mostly 

connected to the workplace ergonomics and affects productivity, 

quality and safety (Pascal D., 2007). 
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Defects Is related to the products that need repair or rework in order to 

fulfill customers’ requirements (materials used, time needed, 

resources used for the correction of the failures). Defects also 

refer to scrap products that cannot be repaired or reworked. 

Unused Employee 

Creativity 

Losing time, ideas, skills, improvement and learning 

opportunities by not engaging or listening to the employees 

(Liker, 2004, pp.29) 

Table B.1: Types of Waste in Manufacturing Operations 
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Appendix B.2. Seven Wastes in Service Operations 

 Service 

Operations 

Overproduction The provision of non-required service to the customer (e.g. pre-

approved loans). 

Waiting/ Idle Time A customer or information waiting to be processed (e.g. 

customer in a queue). 

Transportation Unnecessary movement of customers or information during the 

process. 

Inappropriate 

Processing 

Inappropriate processes not needed or not correct for the 

completion of a function. 

Inventory “Storage” of a huge number of customers waiting to be 

processed or information stored or facilitating goods (e.g. letters 

waiting to be read). 

Motion/ Movement Unnecessary movement of service personnel that does not add 

value to the service provided (an employee having to move to 

the printer and back for every transaction) 

Defects Unacceptable service from the contact personnel or generally a 

service that does not meet specifications and needs to be 

reprocessed 

People Utilization 

(Ehrlich, 2006; 

Tapping, 2006) 

The lack of utilization of peoples’ skills to the fullest (e.g. 

unclear job description). 

Table B.2: Types of Waste in Service Operations 
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Appendix C  

Appendix C.1. The Simulation Model for Multiple Stage Rework 
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Figure C.1: Simulation Model (Multiple Stage Rework) 
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Appendix C.2. The Simulation Model for Single Stage Rework 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.2: Simulation Model (Single Stage Rework) 


