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ABSTRACT 

Recently, the expand of industrial market has led to have long supply chain network. During 

the long shipment the probability of having damaged products is likely to occur. The 

probability of having damaged products is different between stages and that could lead to 

higher percentage of damaged products when arrived at retailers. Many companies have 

rejected the entire shipment because the damaged product percentage was higher than that 

agreed on. Decision-makers have tried to reduce the percentage of damaged products that 

happened because the transit, loading unloading the shipment, and natural disasters. 

Companies started to implement recovery centers in the supply chain network in order to return 

their system steady statues. Recovery models have been developed in this paper to reduce the 

damaged percentage at minimum costs to do so. Results show that the possibility of 

implementing an inspection unit and a recovery centers in the system before sending the entire 

shipment to the retailer based on examining a sample size that has been selected randomly 

from the shipment and the minimum cost of committing type I and type II errors.  Designing a 

methodology to minimize the total cost associated with the supply chain system when there is 

a possibility of damage occurring during shipping is the objective of this research.   
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CHAPTER 1 

INTRODUCTION 

1.1 Research Motivations and Background 

1.1.1 Motivation 

 Over the last 10 years, disruptions in supply chain (SC) have gained a lot of consideration. 

Similar to catastrophes like tsunamis, the likelihood of many of the disruptions, which have been 

assessed have a minimal likelihood of taking place. These disruptions in SC, which have a minute 

probability are usually catastrophic and cause heightened costs. Nonetheless, the losses incurred 

while shipping are also huge. Shear et al. (2002) state that around $100 billion in value is accrued 

annually from return products. Shear et al. (2002) and Guide Jr. et al. (2006) both talk about the 

returning products’ varying reasons, which cause them. Some of the notable returning products 

include end of life, end of lease, defective merchandise, shipping damage, product assessment, and 

client satisfaction. The determination of the precise time for delivering, supplying, or receiving 

goods by firms is faced with issues due to the likely variability, which may be experienced in the 

course of these undertakings. Customer satisfaction is a top priority for companies nowadays 

because of the markets, which are greatly competitive; hence, they are applying a lot to utilize 

techniques, which ensure customer satisfaction. Because the probability of variability to occur and 

affect businesses in reality is high, it is necessary for organizations to adapt or avoid them so that 

they mitigate against any arising costs. Depending on the kind of disturbance cause by variability, 

the impact on the short or long term performance of SCS varies (Sawik, 2013). For instance, some 

of the problems that may arise include transportation issues concerning time of transport as well 

as transportation shortages. In addition, natural disasters like tsunamis result in delays associated 

with the transportation duration. Subsequently, this negatively affects the performance of SCN. 
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1.1.2 Introduction 

 Because of supply chains network complexity, the need for preventing flaws during 

transportation has increased. Products might be damaged when on transit because of deficient 

packaging. The type of shipping and method of packaging, influence the kind and extent of 

damage. Adequate packaging is vital because it makes sure that consumers purchase a product 

with low risks or without damage. Some of the frequent transportation hazards include handling, 

accidents, vibrations, and shocks. Damage arising from handling problems and accidents are not 

entirely within packaging controls. Nevertheless, during transportation and handling, shocks take 

place such as when transporting goods using trucks, poor roads might cause shocks. Disruptions 

in the supply chain are costly. Hence, the need for appropriate measures to reduce the adverse 

impacts on the SC system has to be considered to have a smooth system performance. Appropriate 

strategies, which assist in quick recovery of the SC system after disruptions in order to reduce high 

costs, should be used. 

 Damages and disruptions may take place in all supply chain phases. It means that a 

disruption can occur while shipping when abnormal delays are experienced at the ports or when 

producing goods in the factories. However, each phase experiences a varying kind of damage and 

disruption. The outcome is that the number of products, which are damaged during each phase, is 

also dissimilar. Hence, the result during the last phase depends on the damage, which took place 

in the previous stages. While on transit, damage accrued can be grouped into three categories, 

which comprise severe, repairable, and minor. In the severe damage group, the damage is so bad 

that there is no need to consider repair as a choice and the goods are damaged physically. The 

product can only be recovered as components, which can be used again for other uses; hence, 

saving some expenses. Under the repairable damage category, the functional ability of the product 
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is affected by the physical damage even though it can be refurbished. In the minor damage stage, 

there is physical damage to the goods without any functionality loss. 

 The necessary recovery level needed to salvage the damaged goods is determined by 

damage level. Depending on the kind of damage, products can be retrieved in a forward SC using 

various means. For instance, if the product is damaged in a way that its functionality is not affected, 

it can be shipped back for repairs or it can be supplied along with the dents and scratches. 

1.2 Variability in Global SCN 

In the literature, a supply chain network disruption is described as an unexpected and 

unplanned occasion, which disturbs the typical movement of products and supplies in a supply 

network and seen as financial and operational threats of companies (Kleindorfer and Saad, 2005; 

Craighead et al., 2007; Stauffer, 2003). Nowadays, complexity and uncertainty of the worldwide 

systems of supply chains have made organizations worried about the resulting expenses. The more 

the extension, the more the risks and the higher probability disruptions will happen (Barry, 2004). 

It seems that the supply chain is more exposed to the worldwide growth. Additionally, as much as 

the advantages organizations will obtain by utilizing outsourcing SC, the danger of having 

disruption is high (Christopher, et al., 2011). The supply chain might be influenced by other 

worldwide components, for instance, changes in economy, strife in legislative issues territory, 

ecological changes, and variability (Manuj and Mentzer, 2008; Rao and Goldsby, 2009), all of 

which likewise influence on the supply chain network economy. 

1.3 Challenges in SCN 

1.3.1 Design 

 The design of supply chains is plagued by inadequate tools and techniques (Melnyk, 

Narasimhan, and DeCampos, 2013; Melnyk et al., 2009). Optimization of supply chain networks 
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configuration is made intricate by the notion that they are typically linkages and at times worldwide 

networks. As it is acknowledged, even the strategic capacity planning and location for a facility 

are made up of numerous complicated solutions, which need a hierarchical method to manage 

them in a reasonable way. The designing of a supply chain network requires the assistance of 

mathematical models. Nevertheless, prior to coming up with and formulating and solving the 

model, many verdicts have to be made. These decisions concern reverse logistics modalities, type 

of distribution network, production jobs and their circulation, and the goods as well as their 

modularity. Consequently, undertaking all of these actions require a technique, which if it were to 

be explained, there is a need for additional work and efforts. we show a review of supply chain 

network design SCND in the literature under arbitrary disruption risks (Altner et al., 2010, Church 

et al., 2004; Scaparra & Church, 2008; Church & Scaparra, 2006; Liberatore et al., 2011, 2012,) 

The goal is to design supply chain network that works proficiently with the most minimal 

conceivable cost, at usual and with the same disruption conditions. The Start of SCND, which is 

considered to be under random disturbance risks, is connected to the reliability theory in designing 

a network that is about maximizing the probability that a link remains associated after random 

disruptions (Colbourn 1987; Shier 1991; Shooman 2002). The basic role in defining reliable 

systems is regularly to expand the interest scope.  

1.3.2 Uncertainty 

During the management and designing of any logistic system or production, uncertainty 

does exist and is at times part of the system. Sometimes, it concerns the changing or demand of 

technology that is present for undertaking a particular role. However, the planning of a global 

supply chain network has to take into consideration some aspects such as the forthcoming oil prices 

and energy sources, predictions concerning availability of required raw materials, doubt associated 
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with political changes and demographics around the globe. Such aspects can have a far-reaching 

impact on the network design, which can extend to the modification of the supply chain from an 

international to a national one. Huge risks arise from some of these negative influences when 

designing, manufacturing, or transporting goods. It is important to sustain an adequate SCN 

because it results in products that are of high quality and produced at reduced prices. The effect of 

the international SC on the overall SCN is large due to the disruptions that may occur while 

ascertaining the supply or delivery periods. Researchers who have taken into thought any absence 

of confusion that uncertainties in global SC may lead to issues competitions in the market with 

competitors have developed models. It will cause dissatisfactions or even reduced gratification 

levels among consumers. 

1.3.3 Risk Management 

 Risks are inevitable. A supply chain network or global SCN has to face many vital risks, 

which originate from inside the network, exterior human factors, or nature. There is a necessity to 

recognize where the risks come from and explain tools and approaches to manage and avoid 

adverse outcomes (Inman & Blumenfeld, 2013; Melnyk, et al. 2009). Doing this needs the 

clarification of terms such as resilience, responsiveness, robustness, and liability. 

1.3.4 Integration 

 A vital logistics implication and supply chain is a necessity to integrate the resolutions 

conforming to various functional segments. Regardless, decisions industries are taken into 

consideration in a hierarchical manner or distinctly resulting in resolutions, which are suboptimal. 

Moreover, there is a necessity to adjust decision-making processes of corporations and structures 

as well as gain them with suitable tools. 
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1.3.5 Closed-Loop Supply Chains 

 Introduction of closed loops into a supply chain produces effects, which cause increased 

complexity because reverse flows normally bring about uncertainties linked to location, time, 

quality, and quantity. Subsequently, they bring about doubts in the entire supply chain. Closed-

loop supply chain (CLSC) is favorable method used in the achievement of various goals 

development. CLSC favors both the environmental and economical goals (Winkler, H 2011). It 

has several advantages as compared to the traditional supply chain (Talbot et al. 2007).  However, 

CLSC leads to the complication in the management of traditional supply chain (Guide et al 2000). 

Additionally, it is causes complications due to the improbability in the quality, quantity, and the 

time of the returned products (Pochampally, K. K. and Gupta, S. M, 2008, Shi, J., Zhang, G., and 

Shi et al. 2011).  

1.4 The Importance of Packaging toward Customers 

Item Packaging serves different logistical capacities, including proficient item storing, item 

insurance, and simplified transportation of products (Rundh 2005). On the one hand, packaging is 

recognized as an important tool in the advertising trade stores, delivering information about item 

advantages, fabricating and fortifying brand picture, and giving visual prompts that encourage 

relationship with different components of the communications combination (McDaniel and Baker 

1977; Nijssen, 1999). On the other hand, damaged packaging can make significant issues. At the 

point whereby Fresh Roast Salted Peanuts in packs without air were offered by Planters, 

similitudes to the packaging utilized for ground coffee brought about a few shoppers to confuse 

the item for coffee and run the " beans" through store coffee granulating machines (McMath 1997).  
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1.5 Errors Types  

1.5.1 Type I Error 

 Type I disruption also known as a false positive disruption occurs when there are faults in 

the inspection systems and thus incorrectly identifying a threat. Also the analytical system may 

wrongly identify, for example, a food threat, which makes a harmless product from being excluded 

from the SCN (Nganje & Skilton 2011). 

1.5.2 Type II Error 

 Type II disruptions also known as a false negative usually takes place when a product with 

a defect is supplied to consumers and leads to injury that is huge enough to bring about market 

failure. The harm results from the inaccuracy of the inspection system to detect the threat and 

failure to give proper diagnostics. Therefore, the false negative leads to increased risks to the 

buyers (Nganje & Skilton 2011). 

1.6 Recovery Centers and Return Products 

In the recent past of about a decade there has been much attention in the disruption of 

supply chain. A number of the disruptions such as tsunamis, quakes and tornados have shown a 

lower chance of occurrence as predicted by various researchers.  The lower chances of the SC 

disruptions occurrences are characteristic of being disastrous and usually lead to more expenses.  

However, during the shipment loses maybe high from the resulting damages. Shear et al. (2002), 

asserts that the products worth $100 billion or more are returned annually.  Together with Guide 

Jr. et al. (2006), Shear et al. (2002) explain the various reasons that lead to the return of the 

products. The common reasons include satisfaction from consumers, evaluation of products, 

damage caused during the shipment, damaged merchandise and the completion of lease period and 

life.  The goods can be recovered through refurbishing, repair, reassembling, recycling and 
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cannibalization (Thierry et al. 1995).  Guide Jr. et al. (2006) and Shear et al. (2002) extensively 

explained the process remanufacturing the goods and making them in a perfect condition to give 

the new look.  Further, the remanufacturing supply depends on the amount of available returned 

products. Since it may be difficult in forecasting quality, the amount, and the time for returned 

products there is usually an increased inaccuracy in line with the demanding risks related to the 

recovery methods. The various types used in the packaging while transporting the goods, for 

example paper-pulp trays, polystyrene-soft-cell trays, wood bins, corrugated fibreboard and bulk 

bins.  As Singh and Xu (1993) explain using apples as an example, 80% of the fruits can be 

damaged when a truck is used in the shipment. The example emphasizes on the kind of packaging, 

the mode of transportation, and the arrangement of the packages as the major factors determining 

the amount of damage caused in the shipment. This section will described in details in Chapter 2. 

1.7 Research Objective 

The objective of this research is to design a methodology to minimize the total cost associated 

with the supply chain system when there is a possibility of damage occurring during shipping  

1.7.1 Key Research Objectives 

 Design the supply chain to minimize cost when conducting sampling tests for 

acceptance or rejection of a lot. 

 The cost of type I and type II errors with respect to confidence levels will be 

minimized in the design of the supply chain. 

 Identifying the optimal location for implementing inspection centers in the supply 

chain. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

 Supply chains network complexity increases the need for preventing flaws during 

transportation has increased. Shipped items might be damaged when on transit because of faulty 

packaging. The type of shipping and method of packaging, influence the kind and extent of 

damage. Adequate packaging is vital because it makes sure that consumers purchase a product 

with low risks or without damage. Some of the frequent transportation hazards include handling, 

accidents, vibrations, and shocks. Damage arising from handling problems and accidents are not 

entirely within packaging controls. Nevertheless, during transportation and handling, shocks take 

place such as when transporting goods using trucks, poor roads might cause shocks. Disruptions 

in the supply chain are costly. Hence, the need for appropriate measures to reduce the adverse 

impacts on the SC system has to be considered to have a smooth system performance. Appropriate 

strategies, which assist in quick recovery of the SC system after disruptions in order to reduce high 

costs, should be used. 

 Damages and disruptions may take place in all supply chain phases. It means that a 

disruption can occur while shipping when abnormal delays are experienced at the ports or when 

producing goods in the factories. However, each phase experiences a varying kind of damage and 

disruption. The outcome is that the number of products, which are damaged during each phase, is 

also dissimilar. Hence, the result during the last phase depends on the damage, which took place 

in the previous stages. While on transit, damage accrued can be grouped into three categories, 

which comprise severe, repairable, and minor. In the severe damage group, the damage is so bad 

that there is no need to consider repair as a choice and the goods are damaged physically. The 
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product can only be recovered as components, which can be used again for other uses; hence, 

saving some expenses. Under the repairable damage category, the functional ability of the product 

is affected by the physical damage even though it can be refurbished. In the minor damage stage, 

there is physical damage to the goods without any functionality loss. 

 The necessary recovery level needed to salvage the damaged goods is determined by 

damage level. Depending on the kind of damage, products can be retrieved in a forward SC using 

various means. For instance, if the product is damaged in a way that its functionality is not affected, 

it can be shipped back for repairs or it can be supplied along with the dents and scratches. 

2.2 SC Concept 

 Unlike SC, numerous explanations of SCM exist despite the fact that many SCM 

definitions have one or more outright SC meanings. Subsequently, multiple SC definitions 

comprise SCM explanations. The research by Stock and Boyer (2009) examines 173 meanings 

attributed to SCM. The researchers regard them as distinct because they opine that they have at 

least a concept, which differentiates them as well as trying to come up with an agreeing meaning. 

These definitions comprise all parts, compositions, benefits such as customer satisfaction and 

value creation, and all essentials the perceived plus meanings they assessed. Concerning the 

perceived elements, activities like information flows and financial services are considered. It 

implies that there is no universally acknowledged meaning of SCM or SC. It could be the reason 

for the assertion by Cooper, Lambert, and Pagh (1997) that there still is confusion regarding SCM 

along with its logistics association. 

 Fourteen years later after the stipulation by Cooper et al. (1997), Mentzer et al. (2001) still 

noted that there was some significant confusion about the definition of SCM. However, Stock and 

Boyer (2009) along with Gibson and Mentzer (2005) support a collaborative meaning whereby 
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they state that it was non-existent at the period of conducting their studies. It is an unpleasant 

situation because the lack of a worldwide agreed upon meaning comprising the vital features 

making up a supply chain makes it tough to create a novel or near new definition appropriately. 

This is so especially when examining of the supply chain ideal has a role to play in management. 

In this respect, a fascinating concept is the variation between logistics and SCM. Initial meanings 

of SCM were utilized or even not used correctly in a synonymous manner with conventional 

explanations concerning logistics management. Nonetheless, according to Stock and Boyer 

(2009), the agreement today implies that SCM is probably greater than logistics. 

 Cooper, Lambert, and Pagh’s (1997) work begins with an inquiry about SCM, which is in 

tandem with their work’s title, SCM: More Than a New Name for Logistics. The question at the 

start of their study asks if SCM is a logistics addition, similar to logistics or whether it is an all-

inclusive means of business integration. The question creates a debate, which Lamber (2001) and 

Hall and Braithwite (2001) contribute to in their studies titled, The SCM and Logistics Controversy 

and The Development of Thinking in Supply Chain and Logistics Management respectively. It is 

common to come across readings whereby SCM is used in place of logistics, purchasing, 

operations management or even as a constitution of these three concepts. Hence, it is not startling 

to find that numerous meanings comprise the associations of logistics and SC (Lambert, García-

Dastugue, and Croxton 2005). 

 Even the recent work by Goetschalckx (2011), starts discussing logistics and moves on to 

SC by utilizing a sentence, which indicates that supply chain is narrowly linked to logistics. 

Notably, multiple SC meanings can at times be regarded as improved versions of logistics 

definitions. For example, the definitions given by Li (2007) and Christopher (1998) or even the 

one that states SC is a cohesive combination of processes and resources, which is accountable for 
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the procurement of raw supplies, their manufacture into end and intermediate goods, and 

circulation as well as sale of these goods to the consumers (Goetschalckx, 2011). 

 The typical description of SC, regardless of its name, establishes a network (Lambert, 

García-Dastugue, & Croxton, 2005; Govil & Proth, 2002; Christopher, 1998). Even though there 

are times when SC is explained as multitier networks. It is apparent that this viewpoint is limitable 

with no necessary reason because numerous supply chains are not certainly multitier networks. In 

fact, they may comprise more than one-closed loops. In some of the given definitions given by 

other researchers, there is an inclusion of the achievements or aims of a supply chain. For instance, 

Groosse (2000) asserts that the outcome is a service or product, which attains customer 

satisfaction, supplied to the market fast, inexpensive, and of high quality. Similarly, Govil and 

Proth (2002) define a supply chain as a universal setup of corporations, which collaborate to 

enhance the flow of information and materials between consumers and suppliers quickly and at 

reduced costs. The goal of a supply chain is customer satisfaction, a meaning that is also stated by 

Dolgui and Proth (2010). However, with some minor alterations, the primary one implies that 

global is no longer in the meaning; obviously, multiple supply chains are universal and others are 

not (Dolgui and Proth, 2006). Lastly, SCM is defined by Stock and Boyer (2009) as the running 

of a network of associations inside a company and between organizations that depend on each 

other. For instance, the relation between units in business that include marketing, logistics, 

production facilities, purchasing, material providers, and linked systems, which enhance the 

reverse and forward flow of information, finances, services, and materials from the original source 

to end-consumers with rewards of value addition, attaining satisfaction of customers, and making 

the most possible profits by being efficient. 
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2.3 Risks and Variability in the Global SCN and SC Design Disruptions 

2.3.1 Risks and Variability in the Global SCN 

 This part reviews and studies the problems that occur in supply chain and the significance 

of solving them to sustain a supply chain, which is efficient. The problems, which will be 

examined, have an adverse influence on global or local SCS. Huge risks arise from some of these 

negative influences when designing, manufacturing, or transporting goods. It is important to 

sustain an adequate SCN because it results in products that are of high quality and produced at 

reduced prices. The effect of the international SC on the overall SCN is large due to the disruptions 

that may occur while ascertaining the supply or delivery periods. Researchers who have taken into 

thought any absence of confusion that uncertainties in global SC may lead to issues competitions 

in the market with competitors have developed models. It will cause dissatisfactions or even 

reduced gratification levels among consumers. 

 Variability is a critical reason, which causes a decline in the performance of SCN. Hence, 

firms are seeking to apply systems that can pick up undetermined situations so that they can 

achieve SCNs, which are adequate. SC allies need a large volume of accomplishments between 

them so that they can regulate probable risks in SCNs. Further, to solve the threats in SC, assessing 

the source of risks is important (Pavlou & Manthou, 2008). In this study by Pavlou & Manthou 

(2008), the researchers had to evaluate, locate, and group the damaging events so that they could 

quantify the risks.   

 As indicated by the writing, globalization in store network is going to keep developing in 

the days ahead (Meixell and Gargeya, 2005). Likewise, they concentrated on and created models, 

some of which were to determine the dangers that have a connection with worldwide SC, and some 

of which were to distinguish the down to earth worldwide SC issues (Meixell and Gargeya, 2005). 
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Globalization and outsourcing prompts have better sources and diminish the expense in budgetary 

given period (Harland et al., 2005). These days organizations are utilizing outsourcing or 

worldwide SC to decrease the expense as well as, to enhance the whole SCS execution and having 

better availability to different nations. For instance, Zara Company, a Spanish style organization, 

used to create great items in Europe nations while delivering medium and low quality in China; 

keeping in mind the end goal to take focal points of the lower work costs, talented specialists, and 

access to the Asian markets.  

In the literature, a supply chain network disruption is described as an unexpected and 

unplanned occasion, which disturbs the typical movement of products and supplies in a supply 

network and seen as financial and operational threats of companies (Kleindorfer and Saad, 2005; 

Craighead et al., 2007; Stauffer, 2003). Nowadays, complexity and uncertainty of the worldwide 

systems of supply chains have made organizations worried about the resulting expenses. The more 

the extension, the more the risks and the higher probability disruptions will happen (Barry, 2004). 

It seems that the supply chain is more exposed to the worldwide growth. Additionally, as much as 

the advantages organizations will obtain by utilizing outsourcing SC, the danger of having 

disruption is high (Christopher, et al., 2011). The supply chain might be influenced by other 

worldwide components, for instance, changes in economy, strife in legislative issues territory, 

ecological changes, and variability (Manuj and Mentzer, 2008; Rao and Goldsby, 2009), all of 

which likewise influence on the supply chain network economy.  

Another factor, which will build the complicity of the SCN, is the geographical distance. 

The longer the geographical separation is, the longer the transportation time and the more complex 

the SC will be. Likewise, there are a few elements can influence on the worldwide SC, for example, 

contrasts between societies, workers abilities, raw materials, and the foundation of different 
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nations. A research was conducted in 2012 to appraise the content and group the worldwide threats. 

The assessment was undertaken on 14 dissimilar studies concerning uncertainty in global SC, and 

strategy management were categorized and classified into 10 approaches to decrease probable 

uncertainties. Further, 11 methodologies were utilized to deal with uncertainties as well as to cut-

down the uncertainties effects on the global SCS performance (Simangunsong et al., 2012).  

2.3.2 Supply Chain Network Design Disruption 

 Supply chain network disturbance SCN has been characterized and tended to in numerous 

studies and creators have taken different planned on investigating and characterizing those 

disruption. Some authors have characterized the SCN disturbance conceptual and others have 

characterized the disturbance behaviours. Likewise, other researchers have characterized and 

portrayed the disruption types (qualitative). In the table below the definitions are listed.  

Table 2.1. SCN Disruption Definitions 

Authors SCN Disruption Definition 

Jüttner et al., (2003) The disruption (vulnerability) “the propensity of risk sources and 

risk drivers to outweigh risk mitigating strategies, thus causing 

adverse supply chain consequences” 

Christopher & Peck 

(2004) 

Disruption as an exposition to genuine unsettling influence 

Craighead et al. (2007) According to this author disruption as unplanned and unexpected 

occasions that disturb the ordinary stream of products and the raw 

materials inside a SCN (Svensson, 2000; Kleindorfer & Saad, 

2005, Stauffer, 2003) 
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Table 2.1 (continued) 

Kovács & Tatham (2009) 

 

Disruption characterized as substantial scale unpredicted occasions 

and a sort of SC risks, not quite the same as operational 

vulnerabilities. 

Ellis et al., (2010) Disruption as unanticipated occasions, which meddle with all 

typical stream of merchandise or/and the major resources inside an 

inventory network ( Craighead et al., 2007) 

Wagner & Neshat (2010) Disruption as an important activator, leads to the occurrence of 

risk. 

Zhao et al., (2011) Disruption influences all typical processes and they either are 

unplanned or planned. 

Tang (2006) Disruption not officially characterized but rather just alluded to as 

a main consideration that is considered to have long term negative 

impacts on a company's financial performance 

 

In this section, we show a review of supply chain network design SCND in the literature 

under arbitrary disruption risks (Altner et al., 2010, Church et al., 2004; Scaparra & Church, 2008; 

Church & Scaparra, 2006; Liberatore et al., 2011, 2012,) The goal is to design supply chain 

network that works proficiently with the most minimal conceivable cost, at usual and with the 

same disruption conditions. The Start of SCND, which is considered to be under random 

disturbance risks, is connected to the reliability theory in designing a network that is about 

maximizing the probability that a link remains associated after random disruptions (Colbourn 

1987; Shier 1991; Shooman 2002). The basic role in defining reliable systems is regularly to 

expand the interest scope.  
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Snyder and Daskin (2005) examined SCND, which was done under random disruption, 

founded on traditional facility site issues, in which a distribution centre (DC) may fail (as a result 

of a disturbance event) with a defined probability. They assumed that in a situation where a DC 

falls, it can no more give any item, and the clients assigned to it have to be reassigned to another  

DC, which is not disrupted. The goal was to reduce a measured total of ostensible expenses by 

disregarding disturbances furthermore the normal expense of a disruption circumstance where the 

normal extra transportation expense was represented to disturbed DCs.  

One essential streamlining suspicion of approach is that the entire DCs have disruption 

probabilities that are similar (Snyder & Daskin, 2005). Computing expected transportation cost 

without this presumption in a disruption circumstance turns out to be altogether complicated. 

Snyder and Daskin (2006) developed their works that consider disruption probabilities of 

dependant sits. They utilized the situation way to deal with plan the issue. Likewise they presented 

the idea of stochastic p-robustness where the qualified misgiving is constantly not as much as p 

for any possible situation. As the situation approach lists the majority of the disturbance situations, 

the expansive and the large development of the issue volume through an expansion in the DCs 

quantity is one of its subjects. Moreover, Berman et al. (2007) projected the p-median problem 

whereby the target capacity aimed at decreasing the interest subjective charge of transportation. 

Additionally, Berman et al. (2009) built up what they did in the past and expected that customers 

don not distinguish which DCs are disrupted and should venture out from a DC up to another 

approaching that they may discover a one that is not disrupted. A heuristic calculation was applied 

to take care of the issue.  

Likewise, Cui et al. (2010) suggested a plan for the issue with the site disruption 

probabilities. Not at all like the model proposed by Berman et al. (2007) that comprises of selected 
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multifarious increased choice determinants, a main non-linear term, which is given to their selected 

model, is a product has decision variable of a single a product of a single continuous and a single 

discrete and continuum approximation (CA) were utilized to define the prototype and approach. 

Using the guess approach, customers are distributed consistently all through various geographical 

locations, and the major parameters are communicated as an element of the area. Supplanting 

unequivocal disturbance probabilities with probabilities relying upon locations permits the normal 

transportation charge or distance to be computed by not utilizing any evaluation method. 

Lagrangian relaxation was utilized to settle this simulation. Another study examined the SCND 

under random variability if having disruptions considering inventory control decisions by  (Qi et 

al. 2010) It was accepted that if retailers are disturbed, any stocks available to the vendors are 

annihilated furthermore the unachieved requests of clients relegated to a trader are accumulated 

with a penalty cost. The subsequent simulation was an inward reduction issue as well as the 

Lagrangian relaxation model was executed to resolve the issue.  

2.5 Type I and Type II Errors  

2.5.1 Type I Errors 

 Type I disruption also known as a false positive disruption occurs when there are faults in 

the inspection systems and thus incorrectly identifying a threat. Also the analytical system may 

wrongly identify, for example, a food threat, which makes a harmless product from being excluded 

from the SCN (Nganje & Skilton 2011). The disruptions would always cause more of the threat to 

the seller, because the vendor becomes unprotected to the threat, which leads to the incorrect 

devaluation of safe products. The public rarely recognizes the Type I disruptions given that the 

consumers are not directly affected. However, the disruptions can lead losses to the company. For 

instance, a Type I disruption may lead to great losses when the shipment of goods are destroyed 
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or delayed at the Port of Entry (POE) as result of an inaccurate “swab” pathogen test that could be 

avoided when a detailed “culture test” is used or a mass recall for good products based on 

inaccurate traceability (Nganje and Skilton 2011).   

 The detection and verification of any Type I errors represents a prospect of improving the 

inspection systems (Stewart et al., 2007; Scazzero & Longnecker 1991) using methods, which 

would directly lead to reduced costs. The structures, which are more sensitive will always lead a 

higher volume of false positives decisions Type I errors; the consequent chances for improvements 

in the inspection systems becomes more prospective to concentrate on rising accuracy and 

rightness and neglecting the sensitivity increment in the system (Fortune, 1979; Stewart et al., 

2007; Scazzero & Longnecker 1991; Baker & Shuck 1975). Increased precise systems of 

inspection may need regular information sharing or the increase testing samples of among the 

stakeholders. A timelier result also needs the colocation of inspection systems with the stations. 

Type I errors also take place when the consistency of the faults increase and also depend on the 

number of threats the systems are programed to sense (Nganje, & Skilton2011).  Notably, the 

inspections at most of the borders majorly concern the detection of agricultural pests and also the 

trafficking of illegal imports (Nganje et al. 2009). As more timely and precise inspections 

obviously increase the expenses the managers assesses the risks of the disruptions with respect to 

the costs. Since the cost of false positives is lower (no illness or deaths) than other forms of 

disruptions, most of the mangers would accept the expense rather than focusing on the 

improvements of the inspection systems. The decision depends on the case when the defect charges 

are reduced because low defect rates are related to a greater incidence of false positives.  
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2.5.2 Type II Error 

 Type II disruptions also known as a false negative usually takes place when a product with 

a defect is supplied to consumers and leads to injury that is huge enough to bring about market 

failure. The harm results from the inaccuracy of the inspection system to detect the threat and 

failure to give proper diagnostics. Therefore, the false negative leads to increased risks to the 

buyers. According to a number of studies on various accidents that occurred in different complex 

systems (Perrow 1999; Sagan 1993) there is a high possibility that the element of lapses in the 

inspection procedures could indicate the large number of Type II errors found in SCN for food 

products. When the severity of any Type II errors gets miscalculated there could arise a number of 

inaccurate evaluations of the systemic risk hence influencing the decision-making processes that 

concern every internal and external safety policy within an organization (Nganje et al., 2009; Cox 

2008).  One of the most prevalent consequences of each Type II disturbance in the supply system 

of particular food industry is the fact that either more than a single consumer of the food could fall 

sick and even die (Nganje, & Skilton, 2011).  

It is notable that the product recalls as well as disruptions of supply chain system are some 

of the most inevitable results that originate from Type II disruption. Far better compared to Type 

I distractions, Type II distractions could lead to a number of calls towards improving the inspection 

centers. Contrary to inspection enhancement activities that result from all Type I disruptions, the 

activities that follow Type II disruptions often get associated with increasing the idea of sensitivity 

and the scope of every inspection efforts and policies. Every time supply chains, products and 

company survival feel vulnerable to a Type II disruption, every manager becomes more or less 

disturbed by the total cost that would be experienced during inspection and prevention 

improvements (Nganje, & Skilton, 2011). The actual desire to carry out the inspection needs to be 



21 

 

viewed as an action that is taken mainly to create new instances that can increase the seller’s risk. 

This is because the real actions that are taken by the managers will not essentially work towards 

improving inspections, review or prevention of the risks (Verduzco, Villalobos & Vega 2001).  

2.6 Diagnosing and Tracing the Errors 

Risks related to Diagnosis tend to be greatest in many supply networks which appear to be 

loosely put together while at the same time too complicated to understand (Skilton & Robinson 

2009). In most of these networks that often appear to be relatively prevalent in the large service 

segments consisting of the food supply structure, accurate diagnosis can sometimes be so difficult 

as a result of the disruptions. Since a number of networks are usually complex and highly 

entangled, wrong diagnosis has the capacity of creating different Type I errors that work in 

compounding the cost accrued by the initial disruption (Nganje, & Skilton, 2011). An example of 

a specific Type I disruption occurs in discovering an improper relationship in tomatoes that were 

contaminated by salmonella in 2007. The false positive detection created a countrywide 

recollection of tomatoes hence costing growers and the packers over $30 million in cash (USDA 

2008).  

Even though the risk associated with diagnostic errors has more complexity, loosely 

coupled networks, safety efforts often appear to be considerably lower in the networks since those 

who participate often have low investments. This makes them look like they have nothing to lose 

in the long run hence making the sector not prevent to errors associated with disruptions. Reduction 

in the prevention and investigation have increased the chances of Type II errors and hindered 

efforts towards improvement (Nganje, & Skilton, 2011). 

In case a precise trace is taken and its source or main agents positively identified, the 

structure gets the opportunity to ensure it improves prevention. Additionally, In the food supply 
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network, preventive security strategies often include the aspect of supplier assortment standards, 

development and authorization of the supplier, design and safety processes of the facility, 

screening and education of employees, tracking of shipment, integration and monitoring of 

processes (Williams, Lueg & May 2008, Voss, Whipple & Closs, 2009; Roth et al., 2007; Lee & 

Whang, 2005; Closs & McFarrell, 2004). Moreover, the availability of recognized inspection and 

scrutiny processes could help in prevention of some types of errors from being fully deployed 

(Chao, 2007). However, tests that appear to be extremely narrow could create other particular types 

of threats. The security personnel in any supply chain ought to always remain aware of any 

intentional threats that will specifically adapt to any alterations taking place with the security 

system (Chalk, 2003; Cox, 2008). 

The aspect of security in a supply chain could be exemplified best through the use of 

knowledge evident that as the investment in sampling and testing of samples increase, the damages 

eminent could produce Type I and Type II errors (Nganje & Skilton 2011). The need for 

investment in a highly sensitive system for scrutiny will reduce the chances of Type II errors 

whereas potentially raising the possibility of errors classified as Type I. Notably, the key question 

in this case is if an investment in accurate detection systems would increase the total threat of the 

combination of Type I and Type II errors in the long run (Nganje, & Skilton, 2011). It is evident 

that in using control oriented systems, there are investments that could improve precision while 

still decreasing any chances of Type II errors. The systems could also work without having to 

increase any errors grouped as Type I since the effectiveness of every controlled unit could be 

enhanced significantly (Nganje & Skilton, 2011). 

 

 



23 

 

2.7 Analyze of damaged cost 

 While these SC disruptions happen with low probability, the outcomes are ordinarily 

deplorable and lead to high expenses. Azad and Davoudpour (2010) considered a facility with 

irregular disturbance issue so as to outline a reliable SCN. They concentrated on disruption in 

appropriation focuses by area and capacity, described the issue as a non-linear integer- 

programming model, and after that linearized it to have an optimal solution. They considered two 

unique calculations to comprehend random disruption risks for huge size cases: tabu search and 

simulated annealing algorithms. They found a better solution by utilizing the tabu search method. 

They considered the transportation costs between reliable/unreliable DCs in this model. 

Aryanezhad et al. (2012) composed a SCN considering an unreliable suppliers and DC. 

They found that the amount of items conveyed may reduce due to unreliable DC. Using a nonlinear 

integer program to reduce the total costs (Aryanezhad et al. 2012). They considered the expenses 

of area, transportation, stock, and lost contracts. They developed Lagrangian relaxation and a 

genetic algorethem in order to solve the issue. In their model, they decided the area of ideal DCs 

and the subset of customers to be served, doled out (assign) customers to DC, and decided the 

request amount. The authors assumed a DC will sereve an infinite capacity of customers’ orders. 

Darwish et al. (2014) combined the products’ quality into two vendor-managed inventory models 

by considering a single-vendor multi-retailer in an SCS. The main model concentrated on building 

up a decentralized SC to enhance the seller's profit, and the second attentive to a centralized SC to 

improve the system benefit.  

Kristianto and Helo (2010) used a strategic safety stock allocation to deal with the item 

advancement process keeping in mind the end goal to give more adaptability to the SCS. 

Additionally, Arshinder (2012) created contracts for completing and measuring SC adaptability 
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while delivering newsvendor type objects. Hatefi and Razmi (2013) utilized integer programming 

with fuzzy targets and relegated an optimal quantity for allocated suppliers as requirements in their 

model so as to perform supplier select and decide request allocation.  

Jabbarzadeh et al. (2012) designed an SCN in light of the danger of disturbance at facilities. 

Facilities can be disturbed by natural disasters, machine breakdowns, terrorism, and wars. The 

problem was proposed as a mixed-integer nonlinear model in order to increase the total profit in 

the SCN. They developed Lagrangian relaxation and a genetic algorithm in order to solve the issue. 

They utilized Lagrangian relaxation to coordinate the whole SCN and the genetic algorithm to get 

the ideal answer for the model. A few analysts (Aryanezhad et al., 2012; Azad and Davoudpour, 

2010; Jabbarzadeh et al., 2012) have assumed that the danger of irregular disturbance can happen 

anytime in the system. Schmitt and Snyder (2012) analyzed unreliable suppliers who brought on 

questionable yield and SCN disruption, and they created cost models to decide the ideal order 

quantity.  

Qi et al. (2010) utilized the idea of disturbances to build up a coordinated SCN that can be 

utilized when suppliers and retailers are unreliable.  In order to minimize the total annual costs 

such as fixed cost, stock cost, transportation cost, and lost contracts cost, they designed the issue 

as a nonlinear integer-programming model. In addition, they coordinated the model to decrease 

disruption to retailers by deciding the quantity of retailers that ought to be open, location of 

retailers, and the rate and order size for every retailer. Thusly, they assumed that suppliers and 

retailers have a deterministic yield. Jaggi et al. (2012) built up a model to acquire the retailer's 

ideal lot size for the stock system. Wang et al. (2010) considered a model to help a firm source 

from a few suppliers keeping in mind the end goal to enhance supplier reliability. Widodo et al. 
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(2011) proposed three situations—lost deals, online facility return, and conventional store 

situation—for overseeing deals return in a double deals channel.  

 Yu et al. (2009) considered choice strategies between a single-source and dual-source 

procedure to acquire more advantages when a SC disruption happens. A more reliable SCN is 

more costly than the one that is unreliable as a result of the extra flexibility that a reliable or flexible 

SCN will offer. Tomlin (2006) expected that the limit constraint is the supplier, however a reliable 

supplier may have more adaptability. Tomlin (2006) demonstrated that in uncommon 

circumstances in which an unreliable supplier has limitless capacity and the reliable supplier has 

no adaptability, the dual source methodology is more effective to meet multi-target operations. Yu 

et al. (2009) clarified that in a dual source technique, the two suppliers offer distinctive costs and 

quality since they are in various regions. Additionally, the authors caught the probability of SC 

disturbance chance and Figured the expected profit functions for SCN disruption when the 

purchasing firms utilized both sources. Gomez-Padilla and Mishina (2013) created models for 

alternative and capacity contracts for one retailer and one distributor SC, and resolved the issue by 

utilizing simulation to look at both contracts. 

2.8 Recovery Centers and Return Products in Close-Loop SC 

Closed-loop supply chain (CLSC) is favorable method used in the achievement of various 

goals development. CLSC favors both the environmental and economical goals (Winkler, H 2011). 

It has several advantages as compared to the traditional supply chain (Talbot et al. 2007).  

However, CLSC leads to the complication in the management of traditional supply chain (Guide 

et al 2000). Additionally, it is causes complications due to the improbability in the quality, 

quantity, and the time of the returned products (Pochampally, K. K. and Gupta, S. M, 2008, Shi, 

J., Zhang, G., and Shi et al. 2011). The uncertainty has a great effect on the percentage of recovered 



26 

 

products from the specific recovery options such as, refurbish, disposal, reuse and recycle. The 

inventory level of the returned products also gets affected together with the production cost in the 

facility centers.  Amin and Zhang suggest that the maximization of the profits and the minimization 

of the defect rates may depend on a two-phase multi-objective model. Shi et al (2011) also 

proposed a model formulated from the Lagrangian relaxation approach to measure a CLSC 

network where the company may not be certain of the products’ demand and returns. 

 A contingency method was used by Guide et al. (2003) to explore different aspects that 

influence planning process of the production and the control for CLSC that involves product 

recovery. Georgiadis and Vlachos (2004) further examined the effects of the environmental factors 

on long-term characteristics of a single product SC with product recovery. Min et al. (2006) 

recommends a mixed-integer nonlinear model and the application of genetic algorithm in solving 

the reverse logistics complication that involves both the temporal and spatial joining of recovered 

products. Based on the complexity model, stakeholder theory, risk management, and the 

innovation dynamics, the problems of incorporating sustainable developments in the SC are 

discussed by Matos and Hall (2007), especially on the applications of life cycle assessments. 

 In the recent decade there has been much attention in the disruption of supply chain. A 

number of the disruptions such as tsunamis, quakes and tornados have shown a lower chance of 

occurrence as predicted by various researchers.  The lower chances of the SC disruptions 

occurrences are characteristic of being disastrous and usually lead to more expenses.  However, 

during the shipment loses maybe high from the resulting damages. Shear et al. (2002), asserts that 

the products worth $100 billion or more are returned annually.  Together with Guide Jr. et al. 

(2006), Shear et al. (2002) explain the various reasons that lead to the return of the products. The 

common reasons include satisfaction from consumers, evaluation of products, damage caused 
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during the shipment, damaged merchandise and the completion of lease period and life.  The goods 

can be recovered through refurbishing, repair, reassembling, recycling and cannibalization 

(Thierry et al. 1995).  Guide Jr. et al. (2006) and Shear et al. (2002) extensively explained the 

process remanufacturing the goods and making them in a perfect condition to give the new look.  

Further, the remanufacturing supply depends on the amount of available returned products. Since 

it may be difficult in forecasting quality, the amount, and the time for returned products there is 

usually an increased inaccuracy in line with the demanding risks related to the recovery methods. 

The various types used in the packaging while transporting the goods, for example paper-pulp 

trays, polystyrene-soft-cell trays, wood bins, corrugated fibreboard and bulk bins.  As Singh and 

Xu (1993) explain using apples as an example, 80% of the fruits can be damaged when a truck is 

used in the shipment. The example emphasizes on the kind of packaging, the mode of 

transportation, and the arrangement of the packages as the major factors determining the amount 

of damage caused in the shipment. 

 The management of returned products has been researched and explained using various 

models. Fleischmann et al. (1997) studied the quantifiable models used in reverse logistics. The 

major operational areas included distribution planning, production planning and inventory control. 

Francas and Minner (2009) reviewed the results of the network design when a company 

manufactures products and at the same time remanufactures recovered products. The approach 

also evaluated the performance and the capability of the company in relation to the uncertainty 

created by the risks of returned products. The characteristics of the recovery networks can be 

categorized in three groups; product, supply chain, and resource characteristics (Fleischmann et 

al. 2000).  The profitability of remanufacturing goods usually depends on the theory which 

explains that the refurbishment of returned products has a lower production cost than making new 
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products (Aras et al., 2006).  Hishamuddin et al. (2013) came up with product recovery model for 

a two-staged company and a system in the inventory under the shipping disruptions. A heuristic 

model used in finding the results applied by Hishamuddin et al. (2013). 

 As Wilson (2007) explains the disruptions in transportation are not similar to the other 

types of SC disruptions. Wilson (2007) demystifies that the transportation disruption only affects 

the flow of the products in the market while the other SC disruptions not only stops the flow but 

also affects the manufacturing of products. An illustration of a prospective transportation 

disruption leads to risks, which may lead to the downfall of the whole SCS (Giunipero and 

Eltantawy 2004).  Notably, that transportation disruption may not completely stop the flow of the 

product but may lead to late deliveries, which have negative impact to the company (Guiffrida and 

Jaber 2008). The late deliveries may lead to reduce sales due to the loss of consumer’s satisfaction.  

A decision model developed by Guo and Jiang (2006) can be applied in the elimination of returned 

electronics by using certain levels of recycling which includes reusing the product, using the parts 

of the product, and using the products’ material. In order to maximize on the profitability of the 

elimination process a linear-concave program can be used to make decisions on the optimal 

allocation of disassemble products’ parts (Jorjani et al. 2004). The disposal methods include resell 

landfill, refurbish, reuse and recycle.   Moreover another linear program model can be used assess 

the end-of-life alternatives for every part of the product repair scrap and repackage (Tan and 

Kumar 2008).  In 2011, the result of floods in Bangkok was damaged product inventories. The 

report by Schmitt and Snyder (2012) shows that the damage led to an increased cost of production 

as the price of raw materials rose. Cost models were developed to determine the optimum order 

quantity by the consideration of unreliable suppliers who were the main cause of uncertainty and 

the SC disruptions. 
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 Azad and Davoudpour (2010) measured facilities, which experienced regular disruptions, 

and in turn designed a supply chain system that was reliable.  The factors considered included the 

disputes that occurred at the distribution centers. They then developed a nonlinear programming 

model to solve the dispute, and finally linearized the problem to come up with the possible solution. 

Several reviews have helped in solving the random disruption risks.  The studies depend on two 

algorithms for large-size cases. The algorithms include simulated annealing method and tabu 

search method where tabu search provides effective solutions in the models that did not consider 

the transportation disruption costs. Similarly, SCN was designed considering the distribution 

centers and unreliable supplier (Aryanezhad et al. 2012). Aryanezhad et al. (2012) concluded that 

unreliable distribution centers led to the decrease in the amount of delivered products. Further, 

they considered the factor as a nonlinear integer programing used in decreasing the cost of 

production.  Two methods were then formulated while solving the problem. The approaches 

included the genetic algorithm and Lagrangian relaxation, which determined the maximum 

number of distribution centers and the section of customers who were waiting to be served.  

 Qi et al. (2010) applied the model of disruptions to come up with an integrated SCN that 

companies can adopt when retailers and the suppliers become unreliable.  They considered the 

complication as a nonlinear programming model so as to minimize the annual cost, which was 

comprised of fixed costs, the costs on inventory, transportation expenses, and lost sales expenses. 

Additionally, Qi et al. (2010) combined the approaches to lower the risks of disruptions to the 

retailers by ensuring that they determined several factors surrounding retailers. For instance, they 

determined the number of retailers, the locations, and order size for the retailers. However, 

dynamic sourcing was not considered as a method of serving the consumers when there was an 

occurrence retailer disruption that caused random yield at the retailers and the suppliers. In pursuit 
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of improving the supplier reliability, Wang et al. (2010) came up with a model that would help a 

firm get the raw materials from different suppliers.  Yu et al. (2009) researched on the selection 

approaches in both single-source and dual-source strategies to maximize the profits on the 

occurrence of SCN disruption. It is therefore evident that an unreliable SC is cheaper than a reliable 

one because of the variation in the flexibility of the two. 

 In reference to the initial literature, the need for focusing on the recovery of the goods in a 

forward SC arises. It is also crucial to increase the profit at the same time meeting the required 

demand.  Hence, this paper will address different aspects of implementing recovery centers to 

repair damaged items while shipping. The costs of implementing the recovery center in the system 

will be compared to the rejection cost at different stages in the network. 
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CHAPTER 3 

METHODOLOGY 

3.1 Introduction 

Companies have been facing difficulties to deliver their products in good condition due to 

damages during shipping. The probability of damages while transporting a shipment is more likely 

when the SC consists of multiple stages. The yield or the probability of having damaged goods 

between stages is different. When the quantities of shipped goods are high, inspecting an entire 

shipment is time consuming and tedious. To ensure that the damaged products do not exceed the 

rejection limit, statistical sampling techniques/plans are often used to determine whether to accept 

or reject a shipment. The cost of shipping and packing must also include the cost associated with 

rejected shipments. The objective of this research is to develop a methodology for designing the 

supply chain while minimizing the total costs associated with the supply chain system when there 

is a possibility of damages occurring during shipping.  In this research, attention is focused on 

costs such as shipping cost, cost of rejection, and costs of Type I and Type II error during sampling. 

Type I error occurs when based on inspection of the sample – a good lot is rejected.  Type II error 

occurs when a bad lot is accepted, based on the inspected sample.  The shipping costs include the 

cost of shipping per mile, the packing cost, and sampling inspection cost. The cost of rejection is 

the total expenses of shipping the lot back from the rejection point. 

3.2 Statistical Sampling Test 

Taking a sample from the entire package will help to decide whether to ship the entire 

package to the retailer or to send it back to the factory as a rejected shipment. Two different 

scenarios will be considered in making the final decision: 
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 The probability of rejecting the sample when the sample is defective and the entire 

shipment is acceptable (i.e. type I error ()). 

 The probability of accepting the shipment because the sample is within limits while  

shipment has more defects than acceptable limit (i.e. type II error ()).  

After calculating the probabilities of committing type I and II errors, the expected costs of type I 

and II errors at each stage in the supply chain will help to identify the ideal stage to locate the 

inspection point.  

3.3 Notations: 

dij Traveling distance from node “i” to node “j”  

Cij Traveling Cost per mile from node “i” to node “j” 

Un Quantity shipped for product “n” 

H The sample size 

Z 
n Disassembly cost for product “n”  

Ri Repairing cost of damages at stage “i” per unit 

T Total repairing and repackaging costs of damages at stage “i” 

Pa, n Packaging cost using type “a” packaging for product “n”   

Sij Shipping cost from node “i” to node “j” 

Mn Cost of product “n” 

h The half width 

S The standard deviation 
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Re Re-ordering cost 

Xijk  The mean defective Percentage while shipping from node “i” to node “j” and “k” 

σij The standard deviation of the mean defective percentages while shipping from node 

“i” to “j” 

Qik Shipping cost from inspection stage “i” to recovery center “k”  

  The probability of committing type I error 

 The probability of committing type II error 

Yi%  The acceptance percentage at stage “ i ” for the sample 

Ai%  Damage percentage at stage “ i ” for the lot 

N  Number of replication  

G Cost of goodwill   

 3.4   Research Objective: 

The objective of this research is to develop a methodology for the design of supply chain 

systems, that minimizes the total costs associated with the supply chain system when there is a 

possibility of damages to occur during shipping.  

3.4.1 Key Research Objectives 

– Design the supply chain to minimize cost when considering sampling tests for 

acceptance or rejection of a lot 

– The cost of type I and type II errors will be used in the design of the supply chain 

– Identifying the optimal location for implementing inspection centers in the supply 

chain 
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Minimize Objective function:  

 Min cost = Expected cost of type 1 Error + Expected cost of type II error 

Min Cost= EC + EC     (3.1) 

- Expected Cost of type I error = Probability of making a type I error * (the cost of 

inspection + the total packaging cost + the shipping costs from inspection to recovery 

and back from recovery to inspection stage)  

EC =%*(CI+CP+ (Qik*2))     (3.2) 

- Expected Cost of type II error = Probability of making a type II error * (the shipping 

cost from retailer back to factory + the reorder cost + the cost of goodwill) 

EC =%*(Sij + Re + G)     (3.3) 

3.5 Mathematical Processes and Equations 

In order to determine the costs involved in the design of the supply chain, the total cost of 

shipping and packaging will be calculated first.  The number of products that arrive at final stage 

in good condition will be also calculated. Recovery models will be used to implement a recovery 

center between stages to minimize the percentage of the damaged products, in order to ensure the 

rejection limit is within the acceptance range.  The cost associated with the damaged units as well 

as the entire shipping costs, will be determined using the following steps: 

 Step 1: Determine parameter for the model – Shipping lot size, sample size, acceptable 

limit at each stage 

 Step 2: Calculate the number of replications for the simulation of the data 

 Step 3: Calculate the type I and II percentage error that could occur at each stage of the 

supply chain 
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 Step 4: Calculate the expected costs of type I and II errors at each stage to select the 

minimum one  

 Step 5: Calculate the overall shipping costs and applying all the possible scenarios  

o Calculate the packing cost 

o Make a statistical sampling test 

o Calculate the shipping cost from factory to the inspection stage 

 Step 6: Compare the overall shipping cost of each scenario with implementing inspection 

units at deferent stages  

 Step 7: Design an efficient SCN 

3.5.1. Calculation of number of replications 

The number of replications necessary for any given system simulation is calculated 

using the equation below (Toledo, T. et al. 2003). 

𝑁 = 𝑡𝛼∕2,𝑛−1
2

𝑠2

ℎ2
 

Where N is the number of replication, and S is the standard deviation. While h is the half 

width of the observed value, and 𝑡𝛼∕2,𝑛−1
2   is the t-distribution value at n-1 degree of 

freedom.  

3.5.2Calculate the Type I and Type II error percentages 

The simulation is run for the appropriate number of replications.  The results of the 

simulation will be used to calculate % and %, two condition will be applied to get the 

type I and II errors percentages:  

• Type 1 error occurs when - 
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D% > Yi% and Yi% ≤ A 

•    Type 2 error errors occurs when -  

D% ≤ Yi% and Yi% > A% 

Where D% is the defective percent in the sample and yi% is the acceptance percentage at 

stage “i”, and A is the total defective percentage in the shipment lot.  After determining the 

% and % for each stage, the expected costs of % and % at each stage in the supply 

chain is calculated. The model will run for N times which is the number of replications and 

using the conditions mentioned above the type I and II errors percentages will be observed.  

The identification of the need for additional inspection along the supply chain and its 

location will be based on identifying the supply chain stage that minimizes the cost of the 

system. 

3.5.2 Calculate the Overall Shipping Costs 

• The cost of packaging 

CP= (Un * Pa)       (3.4) 

 The packaging cost is equal to the number of units in the lot multiply by the cost of 

packing per unit. 

• The cost of sample inspection 

CIH= (H*Ii)       (3.5) 

The sample inspection cost is the cost of inspecting per unit multiply by the number 

of unit in the sample size.  

• The cost of shipping between stages 
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Sij=Un( ∑ 𝑑𝑖𝑗
𝑗
𝑖  * Cij)      (3.6)  

The shipping cost is the number of units in the lot multiply with the summation of 

the traveling distance into the cost per mile.  

• Shipping cost from Inspection to Recovery  

Qik= (Un)(∑ 𝑑𝑖𝑗𝑘
𝑖 *Cik)      (3.7) 

The shipping cost is the number of units in the lot multiply with the summation of 

the traveling distance from inspection stage to the recovery unit multiply with the shipping 

cost per mile. 

• Inspection Cost  

CI= Un *Ii       (3.8) 

The total inspection cost is the cost of inspecting per unit multiply with the number 

of unit in the lot. 

•  Repairing Cost & for damaged products 

  T= (D %* Un) (Ri )     (3.9) 

The total repairing and repackaging costs is the defective percentage multiply with 

the number of units in the lot. Then multiply the results with the repairing cost per unit and 

the packaging cost per unit. 

3.6 Damage Recovery Scenarios 

After making the statistical sampling test, the decision makers will have to determine and 

select the optimal solution in order to minimize the overall cost.  Each one of the three different 

decisions has costs must be calculated. 
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3.6.1 First Scenario 

If the damage percentage exceeds the acceptance limit for the retailer, send the lot 

back to the factory as shown in Figure 3.2.  The equations that are used to calculate the cost 

associated with this scenario are (3.2), (3.3), (3.4), (3.5), (3.6), and (3.6). 

 

Figure 3.1 First Scenario Sending the Lot Back to the Factory 

3.6.2 Second Scenario 

If the damage percentage exceeds the rejection limit and the decision is to send the 

lot to a recovery center see Figure 3.3, then The equations that are used to calculate the 

cost associated with this scenario are (3.2), (3.3), (3.4), (3.4), (3.6), (3.7), (3.7), (3.8), and 

(3.9) . 
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Figure 3.2 Second Scenario Sending the Lot to Recovery for Repairing 

3.6.3 Third Scenario  

If the damage percentage does not exceed the rejection limit, send the lot to the 

retailer as shown in Figure 3.4. The equations that are used to calculate the cost associated 

with this scenario are (3.2), (3.3), (3.4), (3.5) and (3.6).  

 

Figure 3.3 Third Scenario Sending the Lot to the Retailer 
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3.6 The process flowchart 

 

Figure 3.4 The Model Flowchart 

The processes start at Stage i where products are packed and/or transferred to Stage i+1 

and then to Stage i+2. Before sending the entire package to the retailer, an inspection is completed 

on a sample of ‘H’ units from the lot.  The H units are selected randomly from the shipment lot. 

Depending on the percentage of defective products that are found in the sample, the lot may be 

accepted or rejected.  The conditions for accepting or rejecting the lot is given below:  

if {
𝐷% > 𝑌𝑖%               𝑟𝑒𝑗𝑒𝑐𝑡 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝐿𝑜𝑡

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                       𝐴𝑐𝑐𝑒𝑝𝑡 𝑡ℎ𝑒 𝐿𝑜𝑡
 

where D% represents the percentage of damaged units in the sample and Yi% represents the 

threshold percentage for acceptance of the lot at stage ‘i+1’.  All percentages are agreed upon 

between the suppliers and the manufacturer. After determining the damaged products, evaluate the 

total costs of both repairing the damages and implementing a recovery unit at each station, and 
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then select the minimum cost. The expected costs of type I and type II errors at each stage will 

determine the location that has the minimum expected cost when committing type I and type II 

errors. The expected error costs will be added to the total shipping cost, repairing cost, packaging 

and repackaging costs, and the rejecting cost at the retailer stage in order to design the the supply 

chain network SCN.  
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CHAPTER 4 

CASE STUDY AND RESULTS 

In this chapter, different case studies will be addressed in order to validate the methodology 

developed in the previous chapter. Some of the cases will have deterministic values while the other 

will have stochastic data. The first case study has deterministic yields between the stages and 

shipping cost per mile, and the network is a series line starting from the factory ending at the 

retailer.  

4.1 Case Study (1) 

In this case study, the lot size that is shipped is 1,000 units. The SC network consists of 5 

stages and the probability of having damaged products at each stage was determined from 

historically available data. The rejection level is set at 10% at the final stage.  The sample size for 

testing at any stage in the supply chain is 50 units.  If the defective units of the selected sample 

exceed the rejection level, a recovery center will be implemented between stages based on the total 

costs of rejection of the entire shipment.  The parameters of the case study are provided in Table 

4.1.  For this case study, it is assumed that the cost per unit distance is 0.03 for all legs of the supply 

chain.  The mean of the percent defective at the end of each leg of the supply chain is 3%, 5%, 7% 

and 10% - i.e. at stage 1, 2, 3, and 4 based on historical data.  The standard deviation of these 

values are 1%, 1.5%, 1%, and 1.5%.   

Table 4.1.  Input Data for Case Study 1   

Parameter Value Parameter Value 

Cij($) 0.03 Pa ($) 5 

H 50 I1 ($) 4 
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Table 4.1 (continued) 

Y1 0.03 I2 ($) 7 

Y2 0.05 I3 ($) 10 

Y3 0.07 X0,1 (%) 3 

σ0,1 (%) 1 X1,2 (%) 2 

σ1,2 (%) 1.5 X2,3 (%) 2 

σ2,3(%) 1 X3,4   (%) 3 

σ3,4(%) 1.5 Xi,K (%) 1 

Mn ($) 40 Ri ($) 15 

Re ($) 20 Confidence level 90% 

G($) 10,000   

 

 

Figure 4.1.  SCN for Case Study 1 

At first testing the hypothesis is recommended to determine if the sample is defective or 

not. The null hypothesis is H0 ≤10% ; 0 ≤ 5 units and the alternative hypothesis is greater than the 

rejection limit Ha  10%; a > 5 units. It can be noticed that the sample size is 50 products and 

probabilities of having damaged products between stages are representing as Xi,j . The methodology 

used to solve this case study consists of four steps  

Step 1: Calculating the number of replication for the system using Toledo, T. et al. (2003) equation 
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𝑁 = 𝑡𝛼∕2,𝑛−1
2

𝑠2

ℎ2
 

The number of replications was initially set at 30 (N=30) and 𝑡𝛼∕2,𝑛−1
2  = 1.699 from the t-

distribution table at 90% confidence level. The result of the half width (h) was 1.01 compared to 

the mean of the data from the simulation, which was relatively high.  Hence, the number of 

replication was increased steadily in order to reduce the half width (h). At N= 50 replications the 

value of half-width was obtained as h= 0.8, which was small compared to the mean data in the 

simulation.  Hence the number of replications was fixed at 50 for this case study. 

Step 2: Calculate the type I and II percentage error  

The Monte-Carlo simulation was replicated 50 times to calculate the type I and II error 

percentages at each stage in the supply chain system. For each replication a random sample is 

taken from the lot.  Based on the inspection data for the random sample in each replication, a 

decision to accept or reject the lot is made.  By examining the entire lot, it can be determined if a 

type I or type II error has been made.  The results of the experiment for this case study is shown 

in Table 4.2.  For example, after Stage 1, the average type I error percentage was found to be 36%, 

while the average type II error percentage was 22%.   

Table 4.2 Type I and Type II error Percentages 

 Stage 1 Stage 2 Stage 3 

Type I error (α%) 36 26 38 

Type II error (β %) 22 20 12 

Step 3: Calculate the expected costs of type I and II errors 
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The cost of type I and type II errors is also calculated.  The expected cost of type I and II 

errors at stage 1 are calculated below using equations 3.2 and 3.3 respectively.  

 Cost of type I error: 

EC1 = 44%((4*50)+(4*950)+(1,000*5)+(1,000*100*0.03)*2)= $3,20  

 Cost of type II error:  

EC1 =10%*(1,000*(1,450*0.03)+(1,000*20)+(10,000))= $16,100 

 

Figure 4.2. Cost of type I and type II errors at Stage 1. 

The cost of type I and type II errors is also calculated.  The expected cost of type I and II 

errors at stage 2 are calculated below using equations 3.2 and 3.3 respectively.  

 Cost of type I error is calculated using Equation 3.2. 

 

EC2 = 30%((7*50)+(7*950)+(1,000*5)+(1,000*100*0.03)*2)= $3,120 

 Cost of type I error is calculated using Equation 3.3. 

EC2 =10%*(1,000*(1,450*0.03)+(1,000*20)+(10,000))= $14,700 
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Figure 4.3. Cost of type I and type II errors at Stage 2 

The cost of type I and type II errors is also calculated.  The expected cost of type I and II 

errors at stage 3 are calculated below using Equations 3.2 and 3.3 respectively. 

 Cost of type I error is calculated using Equation 3.2: 

EC3 = 30%((10*50)+(10*950)+(1,000*5)+(1,000*100*0.03)*2)= $5,700 

 Cost of type II error is calculated using Equation 3.3 as: 

EC3 =10%*(1,000*(1,450*0.03)+(1,000*20)+(10,000))= $8,820 
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Figure 4.4: Cost of Type I and type II errors at Stage 3 

 It can be seen that the minimum expected costs of type I and II errors is obtained when 

performing inspection at stage 3 for this case study.  Calculating the costs of all possible scenarios 

to validate that the location that has the minimum cost.   

• Inspection at Stage 1 

 

Figure 4.5 Inspection and Recovery Center at Stage 1 
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First scenario, if the damage did not exceed the acceptance limit at stage 1, the total shipping cost 

was calculated using equations (3.2), (3.3), (3.4), (3.5), and (3.6). 

• The cost of packaging was calculated using Equation (3.4) 

 CP = 1,000 * 5 = $5,000 

• The sample inspection cost was calculated by applying Equation (3.5) 

 CIH= 50 * 4 = $200 

• Total shipping cost from S0 to S4 using Equation (3.6) 

S0,4 = 1,000 * (1,450 * 0.03) = $43,500 

• Total shipping for the lot 

Total S0,4 =5,000 +200 +43,500 + 3,241 + 16,100 = $68,100 

After calculating costs associated with each decision such as - costs of sending the lot to retailer, 

cost of sending the lot to inspection and recovery center, and the cost of rejection at retailer stage, 

the costs for this case study showed that the cost of rejection is high once the shipment is rejected 

at the retailer stage as shown in Figure 4.6. The total cost of shipping from the factory to the retailer 

stage when the rejection limit is not exceeded is $68,100 and the results were obtained using 

equations (3.2), (3.3), (3.4), (3.5) and (3.6).  The total cost of shipping and repairing costs when 

the acceptance limit is exceeded is $80,300 and is obtained using the equations (3,2), (3.3), (3.4), 

(3.4),  (3.5), (3.6), (3.7), (3.7), (3.8), and (3.9) .  The cost of rejection at retailer stage when the 

acceptance limit is exceeded is $111,600 which is calculated using equations (3.2), (3.3), (3.4), 

(3.5), (3.6), and (3.6). Moreover, the expected number of units that would arrive in good condition 

at retailer stage based on the probability of number of damaged units is presented in Figure 4.7.  If 

the supply chain system does not conduct an inspection the expected number of units that arrive 
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in good condition at the retailer stage (S4) is 900. If inspection is carried out at Stage 1, the 

expected number of units that arrive in good condition at the retailer stage (Stage 4) is 920. 

 

Figure 4.6 The Total Shipping Costs at Stage 1 

 

Figure 4.7 Number of Units in Good Condition at Stage 1 
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• Inspection at Stage 2 

 

 

Figure 4.8 Inspection and Recovery Center at Stage 2 

After calculating costs associated with each decision such as - costs of sending the lot to retailer, 

cost of sending the lot to inspection and recovery center, and the cost of rejection at retailer stage, 

the costs for this case study showed that the cost of rejection is high once the shipment is rejected 

at the retailer stage as shown in Figure 4.9. The total cost of shipping from the factory to the retailer 

stage when the rejection limit is not exceeded is $66,670 and the results were obtained using 

equations (3.2), (3.3), (3.4), (3.5) and (3.6).  The total cost of shipping and repairing costs when 

the acceptance limit is exceeded is $82,070 and is obtained using the equations (3,2), (3.3), (3.4), 

(3,4) (3.5), (3.6), (3.7), (3.7), (3.8), and (3.9).  The cost of rejection at retailer stage when the 

acceptance limit is exceeded is $110,170 which is calculated using equations (3.2), (3.3), (3.4), 

(3.5), (3.6), and (3.6). Moreover, the expected number of units that would arrive in good condition 

at retailer stage based on the probability of number of damaged units is presented in Figure 4.10.  

If the supply chain system does not conduct an inspection the expected number of units that arrive 

in good condition at the retailer stage (S4) is 900. If inspection is carried out at Stage 1, the 

expected number of units that arrive in good condition at the retailer stage (Stage 4) is 940. 
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Figure 4.9: The Total Shipping Costs at Stage 2 

 

Figure 4.10 Number of Units in Good Condition at Stage 2 
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• Inspection at Stage 3 

 

Figure 4.11 Inspection and Recovery Center at Stage 3 

After calculating costs associated with each decision such as - costs of sending the lot to 

retailer, cost of sending the lot to inspection and recovery center, and the cost of rejection at retailer 

stage, the costs for this case study showed that the cost of rejection is high once the shipment is 

rejected at the retailer stage as shown in Figure 4.12. The total cost of shipping from the factory to 

the retailer stage when the rejection limit is not exceeded is $63,000 and the results were obtained 

using equations (3.2), (3.3), (3.4), (3.5) and (3.6).  The total cost of shipping and repairing costs 

when the acceptance limit is exceeded is $82,700 and is obtained using the equations (3,2), (3.3), 

(3.4), (3,4) (3.5), (3.6), (3.7), (3.7), (3.8), and (3.9).  The cost of rejection at retailer stage when 

the acceptance limit is exceeded is $107,170 which is calculated using equations (3.2), (3.3), (3.4), 

(3.5), (3.6), and (3.6). Moreover, the expected number of units that would arrive in good condition 

at retailer stage based on the probability of number of damaged units is presented in Figure 4.13.  

If the supply chain system does not conduct an inspection the expected number of units that arrive 

in good condition at the retailer stage (S4) is 900. If inspection is carried out at Stage 1, the 

expected number of units that arrive in good condition at the retailer stage (Stage 4) is 960.  
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Figure 4.12 The Total Shipping Costs at Stage 3 

 

Figure 4.13 Number of Units in Good Condition at Stage 3 
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As a result, implementing the inspection and recovery center at stage 3 would ensure having the 

minimum expected cost of type I and II errors and the rejection limit will not be exceeded. The 

final design of the SCN for the given case study is below. 

 

 

Figure 4.14 Recommended SCN Design 

4.2 Case study (2) 

In this case study, the lot size that is shipped is 1,000 units. The SC network consists of 6 

stages and the probability of having damaged products at each stage was determined from 

historically available data. The rejection level is set at 10% at the final stage.  The sample size for 

testing at any stage in the supply chain is 50 units.  If the defective units of the selected sample 

exceed the rejection level, a recovery center will be implemented between stages based on the total 

costs of rejection of the entire shipment.  The parameters of the case study are provided in Table 

4.1.  For this case study, it is assumed that the costs per unit distance are varied for each legs of 

the supply chain.  The mean of the percent defective at the end of each leg of the supply chain is 

5%, 9%, 12% and 14% - i.e. at stage 1, 2, 3, and 4 based on historical data.  The standard deviation 

of these values are 2%, 2.5%, 1%, and 1%. 
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Table 4.3.  Input Data for Case Study 2 

       Parameters Values       Parameters Values 

Cf,1 ($) 0.05 Y1 0.05 

C1,2 ($) 0.03 Y2 0.09 

C2,3 ($) 0.01 Y3 0.12 

C3,4 ($) 0.03 Y4 0.14 

C4,R ($) 0.02 Xf,1 (%) 5 

Ci,k ($) 0.01 X1,2 (%) 4 

σf,1 (%) 2 X2,3 (%) 3 

σ1,2 (%) 2.5 X3,4 (%) 2 

σ2,3 (%) 1 X4,R (%) 1 

σ3,4 (%) 1 Pa 8 

σ4,R (%) 0.5 H 50 

I1 ($) 5 M ($) 40 

I2($) 8 G ($) 10,000 

I3($) 12 Re 20 

I4 ($) 15 Confidence Level 95% 

 

 

Figure 4.15 SCN for Case Study 2 

The steps that were followed to obtain all the possible scenarios’ costs are listed below. 
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Step 1: Calculating the number of replication for the system. The number of replications was 

calculated using the equation below (Toledo, T. et al. 2003). 

 𝑁 = 𝑡𝛼∕2,𝑛−1
2

𝑠2

ℎ2
 

 The number of replications was initially set at 50 (N=50) and 𝑡𝛼∕2,𝑛−1
2  = 2.010 from the t-

distribution table at 95% confidence level. The result of the half width (h) was 1.00 compared to 

the mean of the data from the simulation, which was relatively high.  Hence, the number of 

replication was increased steadily in order to reduce the half width (h). At N= 200 replications the 

value of half-width was obtained as h= 0.5, which was small compared to the mean data in the 

simulation.  Hence the number of replications was fixed at 200 for this case study.  

Step 2: Calculate the type I and II percentage  

 The Monte-Carlo simulation was replicated 200 times to calculate the type I and II error 

percentages at each stage in the supply chain system. For each replication a random sample is 

taken from the lot.  Based on the inspection data for the random sample in each replication, a 

decision to accept or reject the lot is made.  By examining the entire lot, it can be determined if a 

type I or type II error has been made. The results of the experiment for this case study is shown in 

Table 4.4.  For example, after Stage 1, the average type I error percentage was found to be 30%, 

while the average type II error percentage was 20%. 

Table 4.4 Type I and Type II Error Percentages 

  Stage 1 Stage 2 Stage 3 Stage 4 

Type I error (α %) 27.5 33 20 31.5 

Type II error (β %) 15.5 19.5 26.5 20.5 
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Step 3: Calculate the expected costs of type I and II errors  

The expected costs of type I and II errors at each stage are calculated and the results are 

shown in Figure 4.16 using equations (3.2) and (3.3).  

 

Figure 4.16 Type I error and type II error 

 It can be seen that the minimum expected costs of type I and II errors is when making 

inspection at stage 1. However, to validate this point, calculate the total shipping costs adding to 

them the expected costs of type I and type II errors of all the three possible scenarios at all stages. 

 After calculating the all possible scenarios’ costs which are sending the lot to retailer, 

sending the lot to inspection and recovery center, and the cost of rejection at retailer stage, the 

costs showed that the rejection cost would be costly if the shipment was rejected at retailer stage 

as shown in Figure 4.17. The blue bars represent the total costs of shipping plus the expected costs 

of type I and II errors from the factory to the retailer stage when the rejection limit is not exceeded 

at all stages, and the results were calculated using equations (3.2), (3.3), (3.4), (3.5) and (3.6). 

While the gray bars represent the total cost of shipping after repairing plus the expected costs of 
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type I and II errors when the rejection limit is exceeded and that were obtained using equations 

(3,2), (3.3), (3.4), (3,4) (3.5), (3.6), (3.7), (3.7), (3.8), and (3.9), and the orange bars represent the 

cost of rejection with the expected costs of type I and II errors at retailer stage when the rejection 

limit is exceeded, and that were obtained using equations (3.2), (3.3), (3.4), (3.5), (3.6), and (3.6) 

Figure 4.17 Total Shipping Costs 

 The expected number of units that arrive in good condition at the retailer stage based on 

the probability of number of damaged units is presented in the diagram was calculated and drew 

in Figure 4.18. If the supply chain system does not conduct an inspection, the expected number of 

units that arrive in good condition at the retailer stage (R) is 850. If inspection is carried out at 

Stage 1, Stage 2, Stage 3, or Stage4 the expected number of units that arrive in good condition at 

the retailer stage (R) is 890, 930, 960, or 980 units respectively.  
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Figure 4.18 Expected Number of Units in Good Condition 

 As a result, implementing the inspection and recovery center at stage 2 would ensure 

having the minimum expected cost of type I and II errors and the rejection limit will not be 

exceeded. The final design of the SCN for the given case study is below. Even thought, the 

minimum expected cost of type I and II errors was at stage 1, the expected number of good units 

to be arrived at retailer stage after making the inspection and recovery unit at stage 1 would not be 

within the acceptance limit. Since the shipping cost and the distance between S1 and S2 were not 

high, and the probability of having damage were high, making the inspection and recovery unit at 

stage 2 would ensure delivering most of the products to retailer stage in good condition.  

 

Figure 4.19 Recommended SCN Design  
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CHAPTER 5 

DISCUSSION 

The results of the case studies will be addressed and analyzed in this chapter. The results 

will be criticized and the factors that play main roles in increasing or decreasing the overall costs.  

Also, the limitations of the study will be explained. 

In 2015, Alsobhi and Krishnan developed different models to reduce the defective products 

and to maximize the profit in the SCN. One of the limitations that they had in the design of the 

supply chain system was that they assumed a 100% inspection, of all units.  This could be 

expensive and not often used in practice.  This could also lead to increased time in the supply 

chain.  It could also lead to increased inspection costs and packaging costs.  

In this research, statistical sampling tests are used to determine the probability of units 

damaged during each stage of shipping.  The results showed that calculating the expected costs of 

type I and type II errors in order to determine where the optimal location to implement the 

inspection center and recovery unit were beneficial. The decision has been made on the location 

that would ensure having the minimum costs of committing type I and type II errors and would 

ensure delivering the shipment without exceeding the acceptance limit. So, the recovery unit will 

ensure a higher yield in the supply chain system and lead to better customer satisfaction. 

 In case study one, the shipping cost between stages was assumed it’s the same while the 

probability of having damages and the inspection costs were different. By having the model 

replicated 50 times the percentage of committing type I and type II errors (α and β) at each stage 

were obtained to calculate the expected cost of (ECα and ECβ). The number of replication was 

calculated first at 30 replications, but the half width h=1.01 was relatively big comparing to the 

mean of the defective units, which was 5.10. By increasing the number of replications to N=50 the 
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half width reduced to h=0.8.  The results suggested that having the inspection and recovery unit at 

stage three would ensure having the minimum costs when committing type I and II error and when 

making the decision either to make full inspection or sending the lot without inspection.  The 

reason that led to have minimum cost at stage three was that the percentages of (α and β) were 

small comparing to other stages percentages.  

In the second case study, the shipping cost per mile and the probability of having damage 

were varied at stages as well as the inspection cost per unit. To calculate (α and β) at each stage 

the model was replicated 200 times to ensure the performance of the system. At first, starting with 

N=50 to calculate the half width h, and h was big comparing to the mean of the defective units. 

Then the N was increased up to 200 replications in order to reduce h to give a better precision of 

the system performance. After attaining the (α and β), the expected cost of type I and type II errors 

(ECα and ECβ) were calculated and the minimum cost was at Stage 1. However, making the 

inspection and recovery at Stage 1 would not ensure delivering the lot within the rejection limit, 

which was 10% defective unit in the lot. So, implementing the inspection and recovery center at 

Stage 2 was recommended. Other factors that affected in making decision were the shipping cost 

per mile and the probability of having damage between Stage 1 and 2.  

The confidence level had an effect on the number of replications. In the first case study, 

the confidence level was 90% thus the number of replication required to have better precision of 

the system performance was 50 replications. In the second case study, the confidence level was 

95% thus the required number of replication to have better precision of the system performance 

was 80 replications. By increasing the confidence level, the probability of committing type I and 

type II errors will increase too.   
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5.1 Sensitivity analysis 

In this section, examining the effects of changing the sample size and the acceptance limit 

at each stage of the SCN on the percentage of type I and type II errors is addressed. The first case 

study data is used to demonstrate the effects of making the changes to calculate the overall costs. 

5.1.1 The impact of changing the sample size 

The first case study assumed H=50.  In order to determine the impact of the sample 

size on type I and type II errors, the same case study was modeled with varying quantities 

of sample size.  After applying the case study data with different sample size quantities, 

the effect on the type I and type II errors percentages were obtained.  The percentage of 

type I error and the associated costs shows an inversely proportional relationship.  When 

the sample size increases, the percentage of type I error decreases and vice-versa.  The 

effect on sample size on type II error does not reflect a steady increase with increasing 

sample size. It was noticed and it was fluctuated (Figure 5.1). When the sample size was 

30 units the type II error percentage was small then it increased significantly when the 

sample size is increased to 40 units. However, the type error percentages decreased when 

using sample sizes from 40 to 60.  However, type II error percentages started increasing 

beyond a sample size of 60.  The same phenomenon was seen in all stages for this case 

study.   
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Figure 5.1 The Sample Size Effect on The Expected Costs of Type I and II errors 

After determining the type I and type II error percentages and the overall costs 

associated with different sample size quantities, Stage 3 was identified as the best location 

for the inspection station for all sample sizes except 30.  Thus the sample size did not have 

an impact on the design of the supply chain with respect to location of the inspection 

station.  When the sample size was 30 units, the system determined that Stage 1 is the best 

location for the inspection station. The minimum cost was obtained at Stage 1 because the 

type II error percentage was small and type I error recorded the highest percentage. The 

costs of type I and II errors at all stages with respect to sample size quantities are 

represented in Figure 5.2. The line with circles represents the cost of type II errors, while 

the smoothed line represents the cost of type I errors. The line with squares is the total cost 

of type I and II errors.   The overall costs when the sample size is H=30 units is shown in 

Figure 5.3. The blue bars represent the total costs of shipping plus the expected costs of type I and 

II errors from the factory to the retailer Stage when the rejection limit is not exceeded at all stages. 

While the gray bars represent the total cost of shipping after repairing and the expected costs of 

type I and II errors when the rejection limit is exceeded, and the orange bars represent the cost of 
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rejection with the expected costs of type I and II errors at the retailer Stage when the rejection limit 

is exceeded. 

 

Figure 5.2 Type I and II Error Costs 

 

Figure 5.3 Total Shipping Costs 
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The second case study assumed H=50.  In order to determine the impact of the 

sample size on type I and type II errors when having more replications comparing to case 

study one, the same case study was modeled with varying quantities of sample size.  After 

applying the case study data with different sample size quantities, the effect on the type I 

and type II errors percentages were obtained.  The percentage of type I error and the 

associated costs shows an inversely proportional relationship.  When the sample size 

increases, the percentage of type I error decreases and vice-versa.  When the sample size 

increases, the percentage of type II error increases too and it decreases when the sample 

size quantities decrease see Figure 5.4. 

 

Figure 5.4 The Sample Size Effect on The Expected Costs of Type I and II errors 

After determining the type I and type II error percentages and the overall costs 

associated with different sample size quantities, Stage 1 was identified as the best location 

for the inspection station for all sample sizes. The costs of type I and II errors at all stages 
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represents the cost of type II errors, while the smoothed line represents the cost of type I 

errors. The line with squares is the total cost of type I and II errors. Thus the sample size 

did not have an impact on the design of the supply chain with respect to location of the 

inspection station on this case study. The result was similar to what was obtained before 

and implementing the inspection and recovery center at stage 2 would ensure having the 

minimum expected cost of type I and II errors and the rejection limit will not be exceeded. 

 

Figure 5.5. Type I and II Error Costs 

5.1.2 The Effect of the acceptance limit 

The first case study assumed acceptance limits of 0.03, 0.05, 0.07 for Stage 1, Stage 

2, and Stage 3 respectively.  In order to determine the impact of the acceptance limit on 
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one, the results showed that when increasing the acceptance limit at each stage the type I 

error percentages decreased and type II error percentages increased. Also, when decreasing 

the acceptance limit the type I error percentages increased and the type II error percentages 

decreased. Figure 5.6 shows the effect of changing the acceptance limit on the error 

percentages at Stage1. The smoothed line represents type I error percentage and line with 

circles represents type II, while the line with squares is the total percentages of type I and 

II errors with respect to varying the acceptance limit at Stage1. The same effect was seen 

in all stages for this case study.   Those changes will result in changing the expected costs 

of type I and II errors as shown in Figure 5.7.  

The costs of type I and II errors with respect to acceptance limit at Stage1 are 

represented in Figure 5.7. The line with circles represents the cost of type II errors, while 

the smoothed line represents the cost of type I errors. The line with squares is the total cost 

of type I and II errors. It can be seen that the cost decreases when the acceptance limit is 

decreased and it increases when the acceptance is increased.  

 

Figure 5.6 The Effect of Acceptance Limit on Type I and II Percentages 
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Figure 5.7 The Effect of Acceptance Limit on Type I and II Percentages 
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

This thesis is concerned about designing a methodology to help in designing an efficient 

supply chain network SCN in order to ensure delivering the highest amount of products to 

customers. Since the probability of having damages between stages are different, inspection units 

were implemented in various places in SC to inspect for the percentages of damages in the 

Shipment. Using sampling statistical test at different stages with respect to the probability of 

committing type I and type II errors when making final decisions was applied in this thesis. The 

results show that there is a possibility of implementing recovery units at various stages to repair 

the defective products then shipping them to the final destination. The shipping cost per mile plays 

role in determining the optimal location to implement the inspection and recovery center. Also, 

the sample size can increase or decrease the probability of committing type I and type II errors in 

the system.     

6.1 Future work  

This thesis can be enhanced to cover the type of transportation to determine the probability 

of having damages based on the transportation method. Considering the time of delivering the 

shipment to the final destination as one of decision variables in designing the SCN and to make 

the system more reliable. Another future work that can be used is considering multi- suppliers and 

multi-retailers.      

6.3 Limitations    

Some of the limitations in this thesis are the product types, the type of packaging, which 

were not addressed.  Defining the product type will provide clear image of the probability of having 

damages during shipping. Fragile products need better transportation methods because the 
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probability that the products will be defective is higher comparing to other products. Also, the type 

of packaging can help in reducing the damage percentages. Another limitation of this thesis was 

considering only single supplier and single retailer.    
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APPENDIX A 

THE ACTUAL DEFECTIVE PERCENTAGES FOR CASE STUDY 1 (Ai%) 

Replications Stage 1 Stage 2 Stage 3 Replications Stage 1 Stage 2 Stage 3 

1.  0.029 0.073 0.066 31.  0.039 0.046 0.055 

2.  0.021 0.034 0.077 32.  0.023 0.071 0.086 

3.  0.043 0.07 0.061 33.  0.041 0.033 0.072 

4.  0.025 0.025 0.08 34.  0.024 0.047 0.068 

5.  0.022 0.046 0.054 35.  0.032 0.066 0.079 

6.  0.018 0.055 0.046 36.  0.049 0.057 0.079 

7.  0.016 0.06 0.069 37.  0.053 0.034 0.068 

8.  0.033 0.049 0.074 38.  0.026 0.062 0.082 

9.  0.027 0.034 0.083 39.  0.03 0.01 0.074 

10.  0.038 0.032 0.072 40.  0.041 0.043 0.082 

11.  0.03 0.04 0.08 41.  0.037 0.074 0.073 

12.  0.028 0.035 0.073 42.  0.028 0.058 0.069 

13.  0.013 0.042 0.077 43.  0.028 0.062 0.088 

14.  0.023 0.036 0.061 44.  0.023 0.049 0.063 

15.  0.032 0.069 0.07 45.  0.008 0.045 0.077 

16.  0.026 0.055 0.065 46.  0.029 0.061 0.091 

17.  0.043 0.055 0.068 47.  0.019 0.085 0.066 

18.  0.012 0.038 0.093 48.  0.028 0.046 0.077 

19.  0.029 0.055 0.056 49.  0.055 0.072 0.074 

20.  0.032 0.055 0.071 50.  0.031 0.042 0.067 

21.  0.023 0.036 0.067     

22.  0.032 0.033 0.074     

23.  0.047 0.021 0.088     

24.  0.02 0.064 0.08     

25.  0.027 0.035 0.064     

26.  0.016 0.051 0.056     

27.  0.038 0.052 0.079     

28.  0.018 0.052 0.061     

29.  0.022 0.041 0.063     

30.  0.045 0.047 0.075     
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APPENDIX B 

THE TOTAL DEFECTIVE PERCENTAGES IN THE SAMPLE FOR CASE STUDY 1 (Di%) 

Replications Stage 1 Stage 2 Stage 3 Replications Stage 1 Stage 2 Stage 3 

1.  0.04 0.04 0.04 31.  0.02 0.06 0.02 

2.  0.06 0.06 0.08 32.  0.02 0.04 0.1 

3.  0.06 0.04 0.08 33.  0.06 0.04 0.08 

4.  0.04 0.06 0.04 34.  0.04 0.06 0.1 

5.  0.02 0.08 0.12 35.  0.06 0.06 0.12 

6.  0.02 0.04 0.1 36.  0.04 0.04 0.06 

7.  0.02 0.06 0.14 37.  0.06 0.04 0.14 

8.  0.02 0.02 0.1 38.  0.04 0.08 0.04 

9.  0.04 0.06 0.04 39.  0.04 0.08 0.08 

10.  0.04 0.08 0.1 40.  0.04 0.06 0.1 

11.  0.04 0.02 0.06 41.  0.04 0.08 0.12 

12.  0.04 0.06 0.08 42.  0.02 0.06 0.06 

13.  0.02 0.02 0.08 43.  0.04 0.06 0.04 

14.  0.04 0.06 0.06 44.  0.02 0.1 0.12 

15.  0.04 0.04 0.08 45.  0.04 0.04 0.1 

16.  0.04 0.06 0.1 46.  0.06 0 0.02 

17.  0.04 0.02 0.12 47.  0.06 0.02 0.1 

18.  0.04 0.04 0.04 48.  0.02 0.06 0.02 

19.  0.04 0.06 0.06 49.  0.04 0.06 0.1 

20.  0.04 0.06 0.06 50.  0.04 0.12 0.12 

21.  0.04 0.06 0.1     

22.  0.04 0.04 0.14     

23.  0.04 0.1 0.12     

24.  0.06 0.06 0.12     

25.  0.06 0.04 0.08     

26.  0.02 0.04 0.06     

27.  0.04 0.06 0.1     

28.  0.02 0.08 0.14     

29.  0.02 0.04 0.1     

30.  0.02 0.08 0.12     
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APPENDIX C 

THE TYPE I ERROR PERCENTAGES FOR CASE STUDY 1 (α%) 

Replications Stage 1 Stage 2 Stage 3 Replications Stage 1 Stage 2 Stage 3 

1.  - - - 31.  - - - 

2.  - - 0.08 32.  - - 0.1 

3.  0.06 - - 33.  0.06 - 0.08 

4.  - - - 34.  - - - 

5.  - - - 35.  0.06 0.06 0.12 

6.  - - - 36.  0.04 - - 

7.  - 0.06 - 37.  0.06 - - 

8.  - - 0.1 38.  - 0.08 - 

9.  - - - 39.  0.04 - 0.08 

10.  0.04 - 0.1 40.  0.04 - 0.1 

11.  0.04 - - 41.  0.04 0.08 0.12 

12.  - - 0.08 42.  - 0.06 - 

13.  - - 0.08 43.  - 0.06 - 

14.  - - - 44.  - - - 

15.  0.04 - 0.08 45.  - - 0.1 

16.  - 0.06 - 46.  - - - 

17.  0.04 - - 47.  - - - 

18.  - - - 48.  - - - 

19.  - 0.06 - 49.  0.04 0.06 0.1 

20.  0.04 0.06 - 50.  0.04 - - 

21.  - - -     

22.  0.04 - 0.14     

23.  0.04 - 0.12     

24.  - 0.06 0.12     

25.  - - -     

26.  - - -     

27.  0.04 0.06 0.1     

28.  - 0.08 -     

29.  - - -     

30.  - - 0.12     
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APPENDIX D 

THE TYPE II ERROR PERCENTAGES FOR CASE STUDY 1 (β%) 

Replications Stage 1 Stage 2 Stage 3 Replications Stage 1 Stage 2 Stage 3 

1.  - - 0.04 31.  - - 0.02 

2.  - - - 32.  0.02 - - 

3.  - - - 33.  - 0.04 - 

4.  - - - 34.  - - - 

5.  0.02 - - 35.  - - - 

6.  0.02 - - 36.  - - - 

7.  0.02 - - 37.  - 0.04 - 

8.  - 0.02 - 38.  - - - 

9.  - - - 39.  - - - 

10.  - - - 40.  - - - 

11.  - 0.02 - 41.  - - - 

12.  - - - 42.  0.02 - 0.06 

13.  0.02 0.02 - 43.  - - - 

14.  - - 0.06 44.  0.02 - - 

15.  - - - 45.  - 0.04 - 

16.  - - - 46.  - - - 

17.  - - - 47.  - - - 

18.  - 0.04 - 48.  0.02 - - 

19.  - - 0.06 49.  - - - 

20.  - - - 50.  - - - 

21.  - - -     

22.  - 0.04 -     

23.  - - -     

24.  - - -     

25.  - 0.04 -     

26.  0.02 - 0.06     

27.  - - -     

28.  0.02 - -     

29.  0.02 0.04 -     

30.  - - -     
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APPENDIX E 

THE ACTUAL DEFECTIVE PERCENTAGES IN CASE STUDY 1 (Ai%) 

Replications Stage1 Stage2 Stage3 Stage4 Replications Stage1 Stage2 Stage3 Stage4 

1.  0.059 0.124 0.119 0.141 101.  0.064 0.112 0.113 0.157 

2.  0.01 0.074 0.117 0.133 102.  0.033 0.062 0.12 0.127 

3.  0.06 0.112 0.128 0.126 103.  0.042 0.114 0.127 0.148 

4.  0.059 0.133 0.12 0.144 104.  0.058 0.122 0.13 0.143 

5.  0.029 0.124 0.139 0.135 105.  0.056 0.088 0.114 0.131 

6.  0.032 0.106 0.108 0.144 106.  0.022 0.088 0.116 0.124 

7.  0.039 0.058 0.106 0.152 107.  0.056 0.125 0.112 0.132 

8.  0.038 0.149 0.11 0.14 108.  0.058 0.102 0.108 0.14 

9.  0.067 0.057 0.122 0.134 109.  0.015 0.102 0.123 0.145 

10.  0.048 0.073 0.12 0.144 110.  0.027 0.087 0.118 0.147 

11.  0.033 0.09 0.118 0.149 111.  0.08 0.07 0.134 0.137 

12.  0.061 0.109 0.13 0.145 112.  0.04 0.079 0.116 0.138 

13.  0.07 0.097 0.119 0.14 113.  0.028 0.101 0.129 0.147 

14.  0.016 0.07 0.126 0.14 114.  0.043 0.068 0.115 0.149 

15.  0.075 0.066 0.137 0.13 115.  0.075 0.09 0.125 0.153 

16.  0.03 0.053 0.132 0.139 116.  0.059 0.072 0.133 0.122 

17.  0.012 0.081 0.116 0.14 117.  0.005 0.057 0.119 0.128 

18.  0.052 0.083 0.143 0.147 118.  0.039 0.131 0.123 0.143 

19.  0.073 0.087 0.13 0.148 119.  0.019 0.112 0.094 0.151 

20.  0.075 0.081 0.123 0.143 120.  0.038 0.085 0.116 0.132 

21.  0.043 0.103 0.11 0.132 121.  0.012 0.119 0.122 0.138 

22.  0.064 0.087 0.138 0.127 122.  0.064 0.093 0.122 0.136 

23.  0.048 0.076 0.119 0.141 123.  0.071 0.102 0.137 0.14 

24.  0.047 0.084 0.119 0.138 124.  0.067 0.101 0.124 0.136 

25.  0.074 0.131 0.121 0.142 125.  0.07 0.098 0.12 0.148 

26.  0.055 0.092 0.123 0.117 126.  0.075 0.091 0.126 0.125 

27.  0.07 0.117 0.143 0.147 127.  0.034 0.09 0.108 0.161 

28.  0.06 0.081 0.134 0.144 128.  0.04 0.072 0.116 0.127 

29.  0.038 0.073 0.12 0.14 129.  0.023 0.12 0.125 0.151 

30.  0.062 0.125 0.136 0.137 130.  0.011 0.083 0.118 0.152 

31.  0.047 0.106 0.117 0.146 131.  0.032 0.089 0.097 0.139 

32.  0.026 0.075 0.11 0.143 132.  0.024 0.064 0.128 0.142 

33.  0.055 0.125 0.116 0.133 133.  0.052 0.091 0.107 0.136 

34.  0.05 0.085 0.114 0.141 134.  0.043 0.128 0.108 0.148 

35.  0.04 0.089 0.119 0.131 135.  0.059 0.063 0.125 0.144 

36.  0.053 0.089 0.12 0.133 136.  0.032 0.109 0.118 0.143 

37.  0.034 0.087 0.129 0.156 137.  0.057 0.054 0.113 0.149 

38.  0.089 0.098 0.113 0.122 138.  0.054 0.104 0.105 0.14 



86 

 

APPENDIX E (continued) 

39.  0.019 0.055 0.131 0.128 139.  0.018 0.129 0.114 0.153 

40.  0.02 0.104 0.117 0.167 140.  0.011 0.094 0.099 0.14 

41.  0.072 0.029 0.126 0.141 141.  0.004 0.062 0.124 0.147 

42.  0.035 0.09 0.139 0.144 142.  0.037 0.133 0.12 0.141 

43.  0.038 0.062 0.122 0.154 143.  0.052 0.064 0.107 0.146 

44.  0.038 0.102 0.126 0.121 144.  0.061 0.074 0.119 0.142 

45.  0.068 0.065 0.114 0.158 145.  0.031 0.101 0.15 0.146 

46.  0.053 0.112 0.123 0.151 146.  0.042 0.1 0.123 0.136 

47.  0.06 0.073 0.113 0.13 147.  0.005 0.089 0.124 0.152 

48.  0.013 0.067 0.119 0.138 148.  0.086 0.097 0.137 0.137 

49.  0.015 0.097 0.113 0.145 149.  0.035 0.101 0.124 0.144 

50.  0.055 0.081 0.121 0.132 150.  0.058 0.086 0.121 0.129 

51.  0.013 0.077 0.112 0.134 151.  0.018 0.097 0.121 0.154 

52.  0.089 0.077 0.129 0.135 152.  0.041 0.081 0.124 0.149 

53.  0.057 0.112 0.123 0.139 153.  0.07 0.077 0.131 0.138 

54.  0.077 0.078 0.108 0.134 154.  0.026 0.078 0.124 0.132 

55.  0.015 0.088 0.101 0.146 155.  0.06 0.092 0.132 0.137 

56.  0.061 0.076 0.105 0.141 156.  0.027 0.065 0.119 0.144 

57.  0.06 0.086 0.111 0.154 157.  0.063 0.073 0.129 0.145 

58.  0.073 0.071 0.12 0.133 158.  0.06 0.087 0.115 0.147 

59.  0.044 0.103 0.124 0.15 159.  0.048 0.099 0.129 0.135 

60.  0.023 0.097 0.108 0.146 160.  0.086 0.085 0.109 0.141 

61.  0.036 0.112 0.103 0.147 161.  0.018 0.09 0.116 0.139 

62.  0.04 0.097 0.116 0.14 162.  0.061 0.075 0.115 0.134 

63.  0.044 0.099 0.103 0.14 163.  0.086 0.052 0.139 0.149 

64.  0.046 0.095 0.118 0.127 164.  0.057 0.075 0.11 0.144 

65.  0.056 0.129 0.109 0.152 165.  0.065 0.076 0.108 0.137 

66.  0.093 0.087 0.125 0.139 166.  0.047 0.126 0.123 0.137 

67.  0.034 0.082 0.114 0.144 167.  0.068 0.116 0.108 0.14 

68.  0.037 0.097 0.121 0.148 168.  0.015 0.103 0.11 0.134 

69.  0.086 0.08 0.111 0.138 169.  0.028 0.121 0.125 0.132 

70.  0.1 0.057 0.138 0.142 170.  0.029 0.093 0.123 0.14 

71.  0.036 0.076 0.121 0.136 171.  0.028 0.076 0.134 0.137 

72.  0.012 0.077 0.118 0.152 172.  0.098 0.112 0.124 0.138 

73.  0.06 0.102 0.107 0.131 173.  0.085 0.074 0.135 0.145 

74.  0.036 0.104 0.124 0.154 174.  0.038 0.071 0.128 0.158 

75.  0.049 0.085 0.11 0.151 175.  0.059 0.104 0.137 0.132 

76.  0.049 0.096 0.109 0.155 176.  0.017 0.076 0.122 0.159 

77.  0.057 0.068 0.113 0.143 177.  0.036 0.064 0.1 0.142 

78.  0.024 0.088 0.114 0.155 178.  0.045 0.071 0.114 0.134 

79.  0.055 0.083 0.114 0.14 179.  0.057 0.075 0.118 0.147 
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APPENDIX E (continued) 

80.  0.042 0.108 0.137 0.139 180.  0.075 0.056 0.122 0.144 

81.  0.021 0.112 0.127 0.136 181.  0.063 0.072 0.116 0.135 

82.  0.048 0.077 0.134 0.145 182.  0.05 0.104 0.126 0.142 

83.  0.03 0.042 0.094 0.136 183.  0.075 0.145 0.123 0.126 

84.  0.108 0.092 0.118 0.14 184.  0.047 0.076 0.14 0.115 

85.  0.052 0.12 0.119 0.138 185.  0.064 0.105 0.108 0.144 

86.  0.049 0.118 0.117 0.138 186.  0.091 0.135 0.121 0.13 

87.  0.046 0.106 0.137 0.119 187.  0.027 0.09 0.117 0.147 

88.  0.048 0.115 0.115 0.138 188.  0.045 0.081 0.133 0.147 

89.  0.075 0.067 0.112 0.123 189.  0.031 0.096 0.126 0.151 

90.  0.023 0.059 0.124 0.144 190.  0.019 0.096 0.129 0.147 

91.  0.035 0.102 0.108 0.148 191.  0.07 0.07 0.119 0.148 

92.  0.071 0.087 0.137 0.134 192.  0.041 0.093 0.13 0.138 

93.  0.06 0.061 0.131 0.147 193.  0.016 0.076 0.136 0.163 

94.  0.047 0.108 0.144 0.145 194.  0.03 0.063 0.114 0.143 

95.  0.078 0.125 0.126 0.141 195.  0.07 0.093 0.111 0.144 

96.  0.049 0.097 0.123 0.158 196.  0.063 0.113 0.121 0.154 

97.  0.069 0.098 0.133 0.148 197.  0.053 0.105 0.114 0.13 

98.  0.05 0.094 0.122 0.14 198.  0.019 0.091 0.133 0.171 

99.  0.086 0.073 0.12 0.148 199.  0.04 0.108 0.118 0.128 

100.  0.067 0.091 0.111 0.147 200.  0.031 0.117 0.109 0.155 



88 

 

APPENDIX F 

THE DEFECTIVE PERCENTAGES IN THE SAMPLE (Di%) 

Replications Stage1 Stage2 Stage3 Stage4 Replications Stage1 Stage2 Stage3 Stage4 

1.  0.06 0.08 0.12 0.08 101.  0.04 0.1 0.1 0.2 

2.    0.04 0.12 0.12 0.26 102.  0.04 0.12 0.1 0.16 

3.  0.04 0.04 0.1 0.3 103.  0.06 0.14 0.14 0.18 

4.  0.08 0.16 0.1 0.1 104.  0.08 0.04 0.2 0.12 

5.  0.02 0.12 0.08 0.14 105.  0.02 0.04 0.1 0.04 

6.  0.04 0.02 0.12 0.28 106.  0.1 0.12 0.1 0.2 

7.  0.08 0.14 0.1 0.12 107.  0.04 0.04 0.06 0.12 

8.  0.06 0.08 0.2 0.26 108.  0.08 0.02 0.08 0.12 

9.  0.08 0.12 0.14 0.2 109.  0.08 0.14 0.16 0.16 

10.  0.06 0.1 0.18 0.16 110.  0.08 0.08 0.12 0.32 

11.  0.08 0.06 0.12 0.12 111.  0.04 0.16 0.18 0.3 

12.  0.04 0.12 0.12 0.26 112.  0.06 0.04 0.16 0.06 

13.  0.06 0.08 0.2 0.2 113.  0.06 0.08 0.16 0.12 

14.  0.02 0.08 0.22 0.1 114.  0.04 0.12 0.18 0.22 

15.  0.08 0.12 0.14 0.18 115.  0.06 0.12 0.22 0.02 

16.  0.06 0.06 0.22 0.1 116.  0.06 0.12 0.16 0.24 

17.  0.08 0.14 0.16 0.16 117.  0.06 0.1 0.16 0.12 

18.  0.04 0.1 0.16 0.24 118.  0.06 0.08 0.12 0.24 

19.  0.06 0.06 0.26 0.18 119.  0.12 0.08 0.06 0.1 

20.  0.08 0.14 0.22 0.1 120.  0.06 0.12 0.1 0.1 

21.  0.02 0.12 0.18 0.18 121.  0.08 0.08 0.14 0.3 

22.  0.02 0.16 0.16 0.1 122.  0.06 0.12 0.06 0.18 

23.  0.02 0.06 0.1 0.28 123.  0.04 0.14 0.16 0.12 

24.  0.08 0.06 0.12 0.04 124.  0.06 0 0.14 0.08 

25.  0.06 0.12 0.24 0.1 125.  0.08 0.18 0.14 0.22 

26.  0.04 0.14 0.02 0.2 126.  0.04 0.08 0.14 0.18 

27.  0.08 0.14 0.1 0.1 127.  0.02 0.16 0.14 0 

28.  0.06 0.1 0.12 0.16 128.  0.06 0.16 0.12 0.1 

29.  0.02 0.08 0.14 0.2 129.  0.06 0.04 0.12 0.34 

30.  0.04 0.12 0.04 0.24 130.  0.06 0.1 0.18 0.14 

31.  0.04 0.18 0.16 0.08 131.  0.06 0.26 0.12 0.02 

32.  0.08 0.14 0.18 0.14 132.  0.08 0.1 0.1 0.1 

33.  0.04 0.1 0.08 0.12 133.  0.08 0.12 0.14 0.12 

34.  0.04 0.08 0.12 0.14 134.  0.04 0.12 0.18 0.2 

35.  0.04 0.12 0.06 0.18 135.  0.02 0.16 0.2 0.14 

36.  0.04 0.08 0.22 0.1 136.  0.08 0.14 0.08 0.16 
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37.  0.08 0.12 0.16 0.2 137.  0.06 0.06 0.18 0.14 

38.  0.06 0.14 0.12 0.18 138.  0.04 0.08 0.14 0.08 

39.  0.06 0.14 0.08 0.12 139.  0.08 0.12 0.12 0.22 

40.  0.06 0.12 0.14 0.16 140.  0.06 0.1 0.14 0.12 

41.  0.06 0.16 0.22 0.22 141.  0.06 0.22 0.12 0.12 

42.  0.04 0.18 0.14 0.22 142.  0.06 0.12 0.14 0.16 

43.  0.08 0.02 0.14 0.2 143.  0.08 0.12 0.14 0.14 

44.  0.04 0.02 0.06 0.14 144.  0.1 0.06 0.1 0.12 

45.  0.04 0.06 0.14 0.1 145.  0.06 0.04 0.08 0.16 

46.  0.04 0.02 0.18 0.16 146.  0.02 0.14 0.18 0.28 

47.  0.08 0.08 0.06 0.12 147.  0.08 0.1 0.12 0.18 

48.  0.08 0.08 0.2 0.12 148.  0.04 0.12 0.2 0.1 

49.  0.02 0.12 0.26 0.22 149.  0.08 0.06 0.08 0.1 

50.  0.06 0.12 0.04 0.24 150.  0.04 0.14 0.1 0.14 

51.  0.06 0.06 0.02 0.18 151.  0.08 0.02 0.2 0.04 

52.  0.04 0.06 0.12 0.28 152.  0.04 0.18 0.2 0.26 

53.  0.08 0.14 0.18 0.06 153.  0.04 0.14 0.08 0.16 

54.  0.06 0.08 0.12 0.16 154.  0.08 0.1 0.14 0.08 

55.  0.06 0.04 0.12 0.16 155.  0.04 0.04 0.2 0.16 

56.  0.04 0.1 0.14 0.26 156.  0.08 0.08 0.2 0.06 

57.  0.08 0.1 0.08 0.18 157.  0.06 0.12 0.06 0.18 

58.  0.08 0.08 0.04 0.12 158.  0.06 0.16 0.22 0.14 

59.  0.06 0.12 0.22 0.18 159.  0.06 0.06 0.16 0.16 

60.  0.06 0.12 0.14 0.2 160.  0.1 0.16 0.14 0.18 

61.  0.08 0.1 0.06 0.16 161.  0.06 0.22 0.12 0.2 

62.  0.04 0.1 0.18 0.02 162.  0.06 0.08 0.08 0.1 

63.  0.06 0.12 0.06 0.22 163.  0.04 0.12 0.14 0.06 

64.  0.08 0.08 0.12 0.16 164.  0.04 0.08 0.12 0.14 

65.  0.06 0.06 0.18 0.04 165.  0.04 0.02 0.26 0.1 

66.  0.04 0.1 0.08 0.12 166.  0.1 0.16 0.14 0.18 

67.  0.1 0.1 0.12 0.24 167.  0.06 0.14 0.12 0.02 

68.  0.06 0.12 0.14 0.12 168.  0.04 0.08 0.12 0.2 

69.  0.06 0.1 0.24 0.28 169.  0.06 0.1 0.1 0.16 

70.  0.04 0.08 0.16 0.2 170.  0.08 0.08 0.24 0.08 

71.  0.06 0.12 0.1 0.14 171.  0.04 0.04 0.16 0.12 

72.  0.06 0.1 0.12 0.1 172.  0.08 0.1 0.14 0.2 

73.  0.06 0.14 0.12 0.12 173.  0.04 0.08 0.2 0.3 

74.  0.06 0.1 0.2 0.18 174.  0.06 0.08 0.12 0.12 

75.  0.08 0.1 0.12 0 175.  0.02 0.06 0.12 0.24 

76.  0.04 0.1 0.08 0.18 176.  0.08 0.02 0.1 0.1 

77.  0.06 0.06 0.14 0.16 177.  0.08 0.08 0.1 0.16 
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78.  0.02 0.06 0.12 0.2 178.  0.04 0.1 0.22 0.14 

79.  0.06 0.06 0.18 0.28 179.  0.06 0.06 0.18 0.18 

80.  0.1 0.18 0.18 0.12 180.  0.06 0.12 0.14 0.12 

81.  0.08 0.1 0.18 0.08 181.  0.08 0.08 0.22 0.06 

82.  0.06 0.14 0.16 0.22 182.  0.06 0.1 0.14 0.14 

83.  0.06 0.12 0.16 0.2 183.  0.08 0.04 0.14 0.18 

84.  0.08 0.18 0.24 0.14 184.  0.06 0.06 0.06 0.12 

85.  0.08 0.14 0.06 0.12 185.  0.04 0.12 0.16 0.14 

86.  0.06 0.04 0.12 0.16 186.  0.06 0.06 0.06 0.18 

87.  0.1 0.08 0.04 0.08 187.  0.06 0.1 0.08 0.18 

88.  0.04 0.14 0.18 0.16 188.  0.08 0.18 0.18 0.1 

89.  0.02 0.12 0.14 0.1 189.  0.06 0.14 0.14 0.14 

90.  0.04 0.2 0.12 0.1 190.  0.04 0.14 0.08 0.2 

91.  0.06 0.1 0.04 0.22 191.  0.06 0.2 0.1 0.18 

92.  0.06 0.04 0.14 0.16 192.  0.08 0.16 0.14 0.06 

93.  0.04 0.12 0.12 0.24 193.  0.06 0.12 0.14 0.26 

94.  0.08 0.06 0.06 0.08 194.  0.04 0.18 0.04 0.1 

95.  0.02 0.1 0.06 0.16 195.  0.08 0.06 0.06 0.1 

96.  0.06 0.14 0.08 0.08 196.  0.06 0.06 0.04 0.06 

97.  0.04 0.12 0.12 0.2 197.  0.06 0.2 0.12 0.14 

98.  0.06 0.12 0.04 0.24 198.  0.04 0.12 0.04 0.14 

99.  0.04 0.1 0.12 0.22 199.  0.04 0.1 0.16 0.12 

100.  0.06 0.1 0.16 0.02 200.  0.04 0.12 0.08 0.1 
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APPENDIX G 

TYPE I ERROR PERCENTAGES FOR CASE STUDY 2 (α%) 

Replications Stage1 Stage2 Stage3 Stage4 Replications Stage1 Stage2 Stage3 Stage4 

1.  0.06 - - - 101.  - 0.1 - 0.2 

2.    - - - - 102.  - - - - 

3.  - - - - 103.  - 0.14 0.14 0.18 

4.  0.08 0.16 - - 104.  0.08 - 0.2 - 

5.  - 0.12 - - 105.  - - - - 

6.  - - - 0.28 106.  - - - - 

7.  - - - - 107.  - - - - 

8.  - - - 0.26 108.  0.08 - - - 

9.  0.08 - 0.14 - 109.  - 0.14 0.16 0.16 

10.  - - 0.18 0.16 110.  - - - 0.32 

11.  - - - - 111.  - - 0.18 - 

12.  - 0.12 - 0.26 112.  - - - - 

13.  0.06 - - 0.2 113.  - - 0.16 - 

14.  - - 0.22 - 114.  - - - 0.22 

15.  0.08 - 0.14 - 115.  0.06 0.12 0.22 - 

16.  - - 0.22 - 116.  0.06 - 0.16 - 

17.  - - - 0.16 117.  - - - - 

18.  - - 0.16 0.24 118.  - - - 0.24 

19.  0.06 - 0.26 0.18 119.  - - - - 

20.  0.08 - 0.22 - 120.  - - - - 

21.  - 0.12 - - 121.  - - 0.14 - 

22.  - - 0.16 - 122.  0.06 0.12 - - 

23.  - - - 0.28 123.  - 0.14 0.16 - 

24.  - - - - 124.  0.06 - 0.14 - 

25.  0.06 0.12 0.24 - 125.  0.08 0.18 0.14 0.22 

26.  - 0.14 - - 126.  - - 0.14 - 

27.  0.08 0.14 - - 127.  - 0.16 - - 

28.  0.06 - - 0.16 128.  - - - - 

29.  - - 0.14 0.2 129.  - - - 0.34 

30.  - 0.12 - - 130.  - - - - 

31.  - 0.18 - - 131.  - - - - 

32.  - - - - 132.  - - - - 

33.  - 0.1 - - 133.  0.08 0.12 - - 

34.  - - - - 134.  - 0.12 - 0.2 

35.  - - - - 135.  - - 0.2 - 

36.  - - 0.22 - 136.  - 0.14 - 0.16 

37.  - - 0.16 0.2 137.  0.06 - - - 

38.  0.06 0.14 - - 138.  - - - - 
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39.  - - - - 139.  - 0.12 - 0.22 

40.  - 0.12 - 0.16 140.  - 0.1 - - 

41.  0.06 - 0.22 0.22 141.  - - - - 

42.  - 0.18 0.14 0.22 142.  - 0.12 0.14 0.16 

43.  - - 0.14 0.2 143.  0.08 - - - 

44.  - - - - 144.  0.1 - - - 

45.  - - - - 145.  - - - 0.16 

46.  - - 0.18 0.16 146.  - 0.14 0.18 - 

47.  0.08 - - - 147.  - - - 0.18 

48.  - - - - 148.  - 0.12 0.2 - 

49.  - 0.12 - 0.22 149.  - - - - 

50.  0.06 - - - 150.  - - - - 

51.  - - - - 151.  - - 0.2 - 

52.  - - - - 152.  - - 0.2 0.26 

53.  0.08 0.14 0.18 - 153.  - - - - 

54.  0.06 - - - 154.  - - 0.14 - 

55.  - - - 0.16 155.  - - 0.2 - 

56.  - - - 0.26 156.  - - - - 

57.  0.08 - - 0.18 157.  0.06 - - 0.18 

58.  0.08 - - - 158.  0.06 - - - 

59.  - 0.12 0.22 0.18 159.  - - 0.16 - 

60.  - 0.12 - 0.2 160.  0.1 - - 0.18 

61.  - 0.1 - 0.16 161.  - 0.22 - - 

62.  - 0.1 - - 162.  0.06 - - - 

63.  - 0.12 - 0.22 163.  - - 0.14 - 

64.  - - - - 164.  - - - - 

65.  0.06 - - - 165.  - - - - 

66.  - - - - 166.  - 0.16 0.14 - 

67.  - - - 0.24 167.  0.06 0.14 - - 

68.  - 0.12 0.14 - 168.  - - - - 

69.  0.06 - - - 169.  - 0.1 - - 

70.  - - 0.16 0.2 170.  - - 0.24 - 

71.  - - - - 171.  - - 0.16 - 

72.  - - - - 172.  0.08 0.1 0.14 - 

73.  0.06 0.14 - - 173.  - - 0.2 0.3 

74.  - 0.1 0.2 0.18 174.  - - - - 

75.  - - - - 175.  - - - - 

76.  - 0.1 - 0.18 176.  - - - - 

77.  0.06 - - 0.16 177.  - - - 0.16 

78.  - - - 0.2 178.  - - - - 

79.  0.06 - - 0.28 179.  0.06 - - 0.18 
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80.  - 0.18 0.18 - 180.  0.06 - 0.14 - 

81.  - 0.1 0.18 - 181.  0.08 - - - 

82.  - - 0.16 0.22 182.  0.06 0.1 0.14 - 

83.  - - - - 183.  0.08 - 0.14 - 

84.  0.08 0.18 - - 184.  - - - - 

85.  0.08 0.14 - - 185.  - 0.12 - - 

86.  - - - - 186.  0.06 - - - 

87.  - - - - 187.  - 0.1 - 0.18 

88.  - 0.14 - - 188.  - - 0.18 - 

89.  - - - - 189.  - 0.14 0.14 - 

90.  - - - - 190.  - 0.14 - 0.2 

91.  - 0.1 - 0.22 191.  0.06 - - 0.18 

92.  0.06 - 0.14 - 192.  - 0.16 0.14 - 

93.  - - - 0.24 193.  - - 0.14 0.26 

94.  - - - - 194.  - - - - 

95.  - 0.1 - 0.16 195.  0.08 - - - 

96.  - 0.14 - - 196.  0.06 - - - 

97.  - 0.12 - 0.2 197.  0.06 0.2 - - 

98.  0.06 0.12 - 0.24 198.  - 0.12 - - 

99.  - - - 0.22 199.  - 0.1 - - 

100.  0.06 0.1 - - 200.  - 0.12 - - 
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APPENDIX H 

TYPE II ERROR PERCENTAGES FOR CASE STUDY 2 (β%) 

Replications Stage1 Stage2 Stage3 Stage4 Replications Stage1 Stage2 Stage3 Stage4 

1.  - - 0.12 - 101.  - - 0.1 - 

2.    0.04 - 0.12 - 102.  0.04 - - - 

3.  - - - - 103.  - - - - 

4.  - - - - 104.  - - - - 

5.  0.02 - - 0.14 105.  - 0.04 0.1 0.04 

6.  0.04 - 0.12 - 106.  - - 0.1 - 

7.  - - 0.1 - 107.  - - 0.06 0.12 

8.  - - - - 108.  - - 0.08 - 

9.  - - - - 109.  - - - - 

10.  - - - - 110.  - 0.08 0.12 - 

11.  - - 0.12 - 111.  - - - - 

12.  - - - - 112.  - 0.04 - 0.06 

13.  - - - - 113.  - - - - 

14.  0.02 0.08 - - 114.  0.04 - - - 

15.  - - - - 115.  - - - - 

16.  - 0.06 - 0.1 116.  - - - - 

17.  - - - - 117.  - - - 0.12 

18.  - - - - 118.  - - - - 

19.  - 0.06 - - 119.  - - 0.06 - 

20.  - - - - 120.  - - 0.1 0.1 

21.  0.02 - - - 121.  - - - - 

22.  - - - 0.1 122.  - - - - 

23.  0.02 0.06 0.1 - 123.  - - - - 

24.  - 0.06 0.12 0.04 124.  - - - 0.08 

25.  - - - - 125.  - - - - 

26.  - - - - 126.  - - - - 

27.  - - - - 127.  0.02 - - - 

28.  - - - - 128.  - - 0.12 0.1 

29.  0.02 0.08 - - 129.  - - - - 

30.  - - - - 130.  - - - - 

31.  0.04 - - - 131.  - - 0.12 0.02 

32.  - - - - 132.  - - - - 

33.  - - 0.08 0.12 133.  - - - 0.12 

34.  - 0.08 0.12 - 134.  0.04 - - - 

35.  0.04 - 0.06 - 135.  - - - - 

36.  - 0.08 - 0.1 136.  - - 0.08 - 

37.  - - - - 137.  - 0.06 - - 

38.  - - 0.12 - 138.  - - - - 
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39.  - - - 0.12 139.  - - 0.12 - 

40.  - - - - 140.  - - - - 

41.  - - - - 141.  - - - - 

42.  0.04 - - - 142.  - - - - 

43.  - 0.02 - - 143.  - - - - 

44.  0.04 - - 0.14 144.  - 0.06 0.1 - 

45.  - 0.06 - - 145.  - - - - 

46.  - - - - 146.  0.02 - - - 

47.  - 0.08 0.06 0.12 147.  - - - - 

48.  - 0.08 - 0.12 148.  - - - 0.1 

49.  0.02 - - - 149.  - - - - 

50.  - - - - 150.  - - - 0.14 

51.  - 0.06 0.02 - 151.  - - - - 

52.  - 0.06 - - 152.  0.04 - - - 

53.  - - - 0.06 153.  - - - - 

54.  - 0.08 0.12 - 154.  - - - 0.08 

55.  - 0.04 0.12 - 155.  - - - - 

56.  - - - - 156.  - 0.08 - - 

57.  - - 0.08 - 157.  - - - - 

58.  - 0.08 - 0.12 158.  - - - - 

59.  - - - - 159.  - - - - 

60.  - - - - 160.  - - - - 

61.  - - 0.06 - 161.  - - 0.12 - 

62.  0.04 - - - 162.  - 0.08 0.08 0.1 

63.  - - 0.06 - 163.  - - - - 

64.  - - 0.12 - 164.  - 0.08 0.12 - 

65.  - - - - 165.  - 0.02 - 0.1 

66.  - - - 0.12 166.  - - - - 

67.  - - 0.12 - 167.  - - 0.12 - 

68.  - - - - 168.  0.04 - 0.12 - 

69.  - - - - 169.  - - - - 

70.  - 0.08 - - 170.  - - - - 

71.  - - - 0.14 171.  0.04 0.04 - 0.12 

72.  - - 0.12 - 172.  - - - - 

73.  - - 0.12 0.12 173.  - 0.08 - - 

74.  - - - - 174.  - 0.08 - - 

75.  - - 0.12 - 175.  - - - - 

76.  0.04 - 0.08 - 176.  - 0.02 - - 

77.  - 0.06 - - 177.  - 0.08 0.1 - 

78.  0.02 0.06 0.12 - 178.  0.04 - - 0.14 

79.  - 0.06 - - 179.  - 0.06 - - 
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80.  - - - 0.12 180.  - - - - 

81.  - - - 0.08 181.  - 0.08 - 0.06 

82.  - - - - 182.  - - - - 

83.  - - - - 183.  - - - - 

84.  - - - - 184.  - 0.06 - 0.12 

85.  - - 0.06 0.12 185.  - - - - 

86.  - - 0.12 - 186.  - - - - 

87.  - - - 0.08 187.  - - 0.08 - 

88.  0.04 - - - 188.  - - - - 

89.  - - - 0.1 189.  - - - - 

90.  0.04 - - - 190.  0.04 - - - 

91.  - - 0.04 - 191.  - - 0.1 - 

92.  - 0.04 - - 192.  - - - 0.06 

93.  - - - - 193.  - - - - 

94.  - - - - 194.  0.04 - 0.04 - 

95.  - - - - 195.  - - 0.06 - 

96.  - - - - 196.  - - - - 

97.  - - - - 197.  - - 0.12 0.14 

98.  - - - - 198.  0.04 - - - 

99.  - - - - 199.  0.04 - - 0.12 

100.  - - - - 200.  0.04 - 0.08 - 

 

 

 

 

 


