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 Attributable to high competition in global manufacturing market and outsourcing suppliers, 
many supply chain systems have become more complex and faced with high risks and low 
performance. Many financial losses and failures are likely to be due to risks among supply 
chain's components. As a prescription to improve quality, performance, and profitability of the 
supply chain, companies would like to measure and optimize the reliability of the entire supply 
chain system. Also, companies are interested in minimizing the cost of processes and 
improvement throughout the supply chain system. This paper explains a statistical method that 
measures the reliability rate of each part in the system as well as the entire supply chain. 
Moreover, the paper elucidates a mathematical model that improves the reliability of the supply 
chain through minimization of cost components. The results and findings of this study confirm 
that the proposed model can be applied to improve the supply chain system. Also, the system 
can be improved to reach a designed reliability rate as given target to the model. The illustrated 
methodology can be used as a guide on how to develop a reliable supply chain system plan 
with low possible costs. 
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1. Introduction 

 
Globalization has a tremendous effect on manufacturing for both local and international industries. 
Through expanding marketplace and high competition, globalization has put pressure on factories to 
increase quality, flexibility, and serviceability, while maintaining competitive costs (Laosirihongthong 
& Dangayach, 2005). More than 50% of the cost of the products are now tied to supply chain delivery 
systems. Hence, companies are focused on reducing the costs associated with the supply chain and to 
also mitigate the impact of uncertainty of demands using analytics and optimization of supply chain 
system design. One of the most popular methods for maintaining a competitive advantage is to enhance 
the value of suppliers, manufactures, and customers while efficiently performing supply chain system 
activities. Consequently, most of the manufacturers show increasing concern about their supply chain 
management applications (Goh & Pinaikul, 1998). An efficient supply chain management is a 
significant multi-disciplinary subject in recent industrial fields and academic research. It increases 
productivity and profit of organizations through the revolution of managing the companies with 
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sustained competitiveness (Gunasekaran et al., 2001, 2004). Supply chain system has become more 
important in the industrial world which supply and deliver products to the final customers (Waller, 
2003). Supply chain management is easier to conceptualize in manufacturing, since the physical flow 
of product is there (Waller, 2003; Christopher et al., 2011). 
 
The typical supply chain includes a network of suppliers providing raw materials, parts, components, 
assemblies, subassemblies, and final products combined together with process and clients (Mentzer et 
al., 2001, 2004).  Effective supply chain includes carrying the right number of the right type of product 
to the right destination at the required time while considering the minimum related costs throughout 
different levels (Saad et al., 2002).  The reliability of the supply chain system is one of the metrics for 
determining its effectiveness.  Reliability has various key roles to play through the supply chain in order 
to have reliability rate (Liu & Peng, 2009). Even though the concept of supply chain reliability 
measurement is not easy as an approach to measure the reliability of each activity in the chain, this 
concept can help to identify indicators that have important contributions in order to measure the 
reliability of supply chain (Cooper et al., 1997; Gu et al., 2013). 
 
According to So (2000), it can be costly to deliver outstanding time performance when delivery time 
performance depends on the operating efficiency of the system and the available capacity. In the 
situation of time-sensitive products for example, products with various characteristics require 
appropriate methods of managing the supply chain for such products.  Moreover, these methods have 
to take into consideration both the operational (and other) costs and the time as well. Therefore, 
companies need to improve the adequacy of its delivery system to achieve the desired time performance 
by spending minimum cost of operating (Eruguz et al., 2013). 
 
Most of the research discuss measuring the reliability of a system from a subjective perspective. Most 
of the studies focused on single-product supply chain system. Thus, there is a lack of significant studies 
investigating the reliability evaluation and cost minimization in supply chain system.  This research 
aims to apply and develop an integrated supply chain reliability assessment framework and reduction 
cost minimization strategy (Kleijnen & Smits, 2003). The method evaluates supply chain system by 
taking different types of uncertainties into consideration. Thus, the proposed method has the potential 
to accurately calculate the reliability of the whole supply chain. Besides, this method will enable 
companies to make enhanced supply chain management decisions at any levels and to calculate the 
reliability against each reliability computation factor. To achieve the overall objective of this research, 
two main points were considered. First, we develop a methodology for ensuring the reliability of the 
supply chain system, by improving the reliability of its entities. Secondly, we ensure that the 
methodology also optimizes the cost of the supply chain system while achieving the required reliability. 

 
2. Literature Review 
 
2.1 Uncertainty of Global Supply Chain Systems 
 
Supply chains are systems that operate within and across other systems, creating the operational 
networks that may strengthen and develop or break and produce a negative effect on the organizations. 
At this point, uncertainty is the greatest risk that a company can face, because it entails increase of risky 
decision-making and controversial results from all parts of the production line. Although there is no 
perfect supply chain either locally or globally, it is possible to approach the most appropriate conditions 
by assessing various scenarios and developing action plans for diverse situations that are more or less 
likely to occur to reduce uncertainty. This review studies the global supply chain as an appropriate 
method to reduce cost and produce high-quality product. In addition, due to high uncertainty and 
ambiguity, the global supply chain has negatively affected each component in the chain as well as the 
overall supply chain. Consequently, in term of optimization, any improved model should be more 
accurate and sensitive in order to build an effective global supply chain. Many challenges lead to better 
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understanding the risks and uncertainty in global supply chain which impact the competition in today's 
business and market. 
 
The previous findings reviewed for assessment of supply chain and risk avoidance demonstrated that 
outsourcing could be a valuable and cost-efficient strategy (Li et al., 2014). The forecasts for the short-
term period suggest that outsourcing has a tendency to increase rapidly compared to the previous 
results, because supply chain can be effectively optimized using proper resources, personnel, materials, 
equipment, facilities, and even laws (some countries offer tax vacation or other privileges or bonuses). 
Outsourcing has several benefits for the organizations, especially in the period or crisis or other 
disruptions, including reduction of costs in a short-term perspective (usually, it concerns the current 
financial period), and better access to assets. The history knows many examples of outsourcing that is 
usually perceived negatively by local population that loses jobs and opportunities because companies 
transfer their production lines to more appropriate locations that enable them to reduce transportation 
and production costs. The present situation shows that outsourcing can also become a competitive 
advantage that reduces production costs and brings the organization ahead of the competitors, enabling 
the company to focus on the quality of their products and customer satisfaction and customer loyalty. 
 
To conclude, supply chain and supply chain management have a number of categories that might 
connect them to logistics, operations management, procurement, and other integrate parts of the 
production process. While some scholars focus on the need to identify the terms accurately and 
differentiate between supply chain and logistics, it is important to remember that the major difference 
between these two concepts lies in the drives that push them and make them progress, as well as the 
scale of decisions made based on certain data available. As such, logistics is the tactical decision-
making that does not have long-term perspectives and is more flexible in terms of changes and 
adjustments. At this point, supply chain is the strategic decision-making driven by long-term 
perspectives and the need to consider global and less internationalized networks for smooth operation. 
In this paper, developing an optimization approach that recognizes the disrupted component that should 
be optimized in order to fulfill the entire supply chain system reliability requirements with minimum 
possible cost while taking uncertainty into an account. 

 
2.2 Logistic and Cost of Global Supply Chain Systems 
 
The current business environment creates fierce competition in the global supply chain to maintain cost 
and to effectively meet customer requirements, forcing companies to focus on their SC logistics. 
Typically, a supply chain process includes the production of raw products and materials at factories, 
their further shipment to inventory locations to be kept for storage, and their delivery to retailers. The 
development of effective supply chain strategies should be based on the consideration of exchanges at 
different levels in this chain to achieve the reduction of cost and the improvement of robustness, 
reliability, service, and resilience. The global supply chain should thus be better understood, 
contributing to both reductions of system-wide cost and compliance with robustness, reliability, 
service, and resilience requirements. This paper presents the research, which analyzes the 
implementation of an effective global supply chain and identifies the extent of the effect of the areas 
associated with robustness, reliability, service, and resilience on the organization’s performance 
whereas reducing related cost. It was identified that remaining competitive in the modern challenging 
business conditions in terms of the global supply change requires the development of the supplying 
strategy to make the supply chain system effective and the focus on the significance of logistics in the 
process of controlling the system robustness rate, reliability rate, service level, and resilience rate. It 
will therefore allow for the attainment of cost effectiveness and efficiency throughout all levels of the 
system. 
 
In fact, there are two different points of view on quality in supply chain logistics: objective and 
subjective. Objective quality is responsible for adjusting services to the requirements established by the 
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service provider. Quality here means an accurate measurement or assessment of all stages of the supply 
chain process (Garvin, 1984). Subjective quality implies delivering quality services to the customer, 
i.e. quality and supply chain logistics represents a global perspective related to the high standard of 
service (Parasuraman et al., 2004). This paper offers a unique, developed objective quality 
measurement that involves the robustness rate, reliability rate, service level, and resilience rate. The 
major aspect of this measurement is its ability to assess the entire supply chain system and all members 
of the system. 
 
2.3 Reliability Design Optimization of Supply Chain System 
 

According to Tu et al. (1999), numerous engineering designs have included traditional deterministic 
optimization with the aim of consistently minimizing life-cycle cost and improving system quality. 
Nevertheless, to avoid inaccuracy, there is a need to achieve variability and variation in material 
properties, cost, manufacturing process, and system performance quality. The complexity and the 
nature of processes are the major triggers of the occurrence of uncertainties in engineering design and 
system. Therefore, robust design optimization (RDO) is necessary to decrease the effect of associated 
uncertainty, system cost, and control quality. The current deterministic discrete optimization tools are 
not as effective as RDO in case of uncertainty or dynamic conditions in optimization issues. 

RDO represents a cost-saving optimization method, which leads to the reduction of the functional 
variation of the system and saves the sources of variation. Taguchi was the first to present a robustness 
method (Hwang et al., 2001; Taguchi, 1987; Taguchi & Phadke, 1988), which contributes to the 
generation of a robust solution, and it is able to resist against uncertainties. According to Yadav et al. 
(2010), there are three approaches within RDO: optimization procedures that rely on the series 
expansion of Taylor, a robust design method that depends on the response surface methodology (Chen 
et al., 1999; Eggert & Mayne, 1993), and Taguchi’s experimental design (Phadke, 1995). All 
approaches of RDO aim at the minimization of the effect of performance uncertainties (variance) 
associated with the mean values, retaining the cause of uncertainties to meet performance needs.  

The review of literature demonstrates that research should be primarily focused on the cooperation 
between a linked enterprise, which has an upstream supply chain system, and its effect on the overall 
performance of the supply chain system. Therefore, the use of RDO plays an important role in a supply 
chain system, developing a supply chain system with inherent robustness and reducing cost. The 
implementation of RDO and involvement of its activities and aspects may result in the achievement of 
a robust supply chain system. Almaktoom et al. (2014) focused on assuring service level robustness of 
supply chain system. The mathematical model concentrates on reducing uncertainty and obtaining 
robust system by implementing robust design optimization approach for service level. Generally, RDO 
for SL mathematical model can be expressed as shown in Eq. (1). 

min ଵܹ ൈ ೞሻ	ሺ೉	೔,ೕ	஼்்	ߪ	
ଶ ൅	 ଶܹ ൈ ೞሻ	ሺ೉	೔,ೕ	஼்்	ߤ	 ൅ 	 ଷܹ ൈ ܥ ௜,௝   

subject to   
ೞሻ	ሺ௑	௜,௝ܮܵ 	൒ 		 ௜ܳ,௝	ሺ௑ೞሻ									݅ ൌ 1,2, … ,   (1) ܫ
ܺ	௦௅ 		൑ 		ܺ௦ 	൑ 	ܺ	௦௎, ݆ ൌ 1,2,… ,   ܬ
	ܺ௦ 	൒ 0, ݏ ൌ 1,2, … , ܵ  
෍ܹ	݊ ൌ 1  

 

The objective function of Almaktoom’s (2017) mathematical model minimizes uncertainty and 
processing time. The main constraints maintain required service level and the rest of the constraints 
limit the model to run within allowed boundaries. Also, the decision maker has the advantage to weight 
the objective function and move the model to focus on the desired part of the system. However, the 
model has some consequences for the financial aspect in the organization which may raise the cost of 
achieving robust supply chain system. In addition, the mathematical model has less ability to be 
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applicable for different sectors of businesses since most of the manufacturing facilities focus on a 
reasonable (depends on types of product and organization goals) level of quality, high profit, and low 
expenditures. The perspective of minimizing cost in Almaktoom’s work is not controlled which leads 
to carry extremely high cost in order to accomplish the ultimate objective of the model. 

3. Research Objective 
 
The objective of this paper is to design a new strategy that improves the reliability of the supply chain 
system by taking into consideration the minimization of the cost of improvement. The mathematical 
model will ensure meeting reliability target for the supply chain system. Also, since the reliability rate 
of the system will be enhanced, an amount of cost shall be invested to reach the required improvement. 
The model will ensure the minimum possible cost of investment called the cost of reductions. Variation 
reduction and processing time reduction are the two types of reductions that require costs to improve 
them. Furthermore, the presented model will minimize these costs and maintain the reliability target 
that the model to be obtained. Practically, different scenarios are considered in this study in order to 
test different perspectives and figure out the most effective factors in cost and reliability improvement. 
In the next section, the model will be explained into three parts. The first part is about the reliability 
measurement and the function related to it. Then the second part has the mathematical model which 
includes the objective function and the related constrains. The last part explains the mechanism of the 
reduction cost function and the related types of costs which covered through the model. 
 
4. Research Method 
 
4.1 Reliability and Cost Optimization Model 

 
The reliability rate of any entity in the supply chain can be calculated using the following equation: 

ܴ݁ ൌ
்ܶ െ ሺ∑ ௝ߪ

௡
௝ୀଵ ൅ ∑ ௝ߝ

௡
௝ୀଵ ሻ

்ܶ
, 

(2) 

where, ܴ ௝݁	represents the reliability rate of entity number j to finish the required job. TT represents the 
due time. ߪ௝	represents the standard deviation (uncertainty) of entity distribution functions for entity 
number j and ߝ	௝	represents the delay time at the same component. The optimization model is designed 
to optimize the reliability of the supply chain system and minimize the cost of achieving the desired 
reliability rate. The objective function (Eq. (3)) minimizes the cost of improving reliability of the supply 
chain system that is associated with mean time reduction and standard deviation reduction.  Eq. (4) 
ensures that the achieved reliability for the supply chain is greater than the target reliability to be 
achieved.  

Eq. (5) ensures that the standard deviation for each entity is bounded by the upper and lower limits of 
the achievable standard deviation.  Eq. (6) ensures that the mean times that are obtained for each entity 
is between the upper and lower bound of the achievable mean time for that entity.  Eq. (7) ensures that 
the mean time and standard deviation of all entities are not negative. 

In this paper, the objective functions of all the entities are assumed to be equally significant. However, 
cases are different from field to field; therefore, different weightings for objective functions of 
components have been addressed by other scholars. Examples of unequally weighted objective 
functions can be found in Deb (2001), Nixon et al., (2012), Rambau and Schade (2010), Konak et al. 
(2006), Murata et al. (1996) and Yildirim and Mouzon (2012).  In this study, the objective function will 
not be weighted because of the equal importance of the cost at each part of the objective function which 
ensures reducing mean time and standard deviation as well in the same component. Table 1 
demonstrates the summary of the notations used for the proposed method of this paper. 
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Table 1  
Symbols and its description. 

்ܶ the due time or target time that the system required to not exceed 

μ	௝
௎

 the upper mean processing time that bounds the model for not exceeding the upper limit 

μ	௝
௅
 the lower mean processing time that bounds the model for not exceeding the lower limit 

࣌	௝
௎

 the upper standard deviation that limits the model for not exceeding the upper standard 
deviation 

࣌	௝
௅
 the lower standard deviation that limits the model for not exceeding the lower standard 

deviation 
 ௝,௜ the mean processing time for entity j and step interval mean time reduction iߤ
 ௝,௞ the mean processing time for entity j and step interval standard deviation reduction kߪ
 the mean processing time (decision variable) ߤ
 the standard deviation (decision variable) ߪ

ܴ݁௦௬௦௧௘௠ the reliability rate of the system 
்ܴ݁ the reliability target which need to be achieved 
 ௝,௜ the fixed cost for step interval mean reduction i for entity jܨ
௝ܸ,௜ the variable cost for step interval mean reduction i for entity j 
௝ܷ,௞ the fixed cost for step interval standard deviation reduction k for entity j 
 ௝,௞ the variable cost for step interval standard deviation reduction k for entity jܥ

j the entity or component number 
݅ the number of step interval for mean time reduction at entity j 
݇ the number of step interval for standard deviation reduction at entity j 

 

Based on the notations given in Table 1, the proposed model of this paper is presented as follows, 

min ෍෍ሺܨ௝,௜ ൅ ௝ܸ,௜ሻ

௠

௜ୀଵ

௡

௝ୀଵ

+෍෍ሺ ௝ܷ,௞ ൅ ௝,௞ሻܥ

௛

௞ୀଵ

௡

௝ୀଵ

 
 

(3)  

where 

	 ௝ܸ,௜ ൌ ௝,௜ߤ൫					௝,௜ݒ				 െ ௝,௜ାଵ൯ ⍱ߤ ݆ ൌ 1,2, . . ݊ & ݅ ൌ 1,2, …݉ 
௝,௞ܥ ൌ 				 ௝ܿ,௞			൫ߪ௝,௞ െ ௝,௞ାଵ൯ ⍱ߪ ݆ ൌ 1,2, . . ݊ & ݇ ൌ 1,2, …݄ 

 

subject to 

ܴ݁௦௬௦௧௘௠	 ൒ 	்ܴ݁ (4)  

࣌	௝
௅
	 ൑ 	࣌	௝ ൑ 	࣌	௝

௎
 (5)  

μ	௝
௅
	 ൑ 	μ	௝ ൑ 	μ	௝

௎
 (6)  

௝ߤ ൒ ௝ߪ				&					0 ൒ 0 (7)  
 

The cost function associated with the mean time reduction and the standard deviation function for each 
entity may be defined as a linear or a nonlinear function.  In this study, cost functions are associated 
with each entity in the supply chain.  The optimal reliability rate and the cost associated with achieving 
the reliability rate for all entities and the supply chain can be determined by implementing the following 
procedures to: 
 

1. Determine the current cycle time for all processes in the supply chain, 
2. Determine the cost function associated with reducing cycle time of all entities in the supply 

chain, 
3. Determine the cost function associated with reducing standard deviation for each entity in the 

supply chain system, 
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4. Define distribution function, mean, and standard deviation, based on collected data. Using 
Monte Carlo Simulation to generate samples for each process, 

5. and to Calculate Reliability rate ܴ ௝݁ for each process and for the overall supply chain based on 
Eq. (2). 

 

We apply the mathematical model using Eq. (3) at different reliability targets, to achieve the required 
reliability rate for the overall supply chain system with minimum possible cost. 

 
4.2 Reduction Cost Function in the Model 

 
The cost of mean time and standard deviation reductions in the supply chain system fluctuate due to 
the type of operation, function, or the improvement target on activities. Step functions are used in this 
model to represent the cost function.  This function ensures a fixed cost within certain limits and a 
variable cost that will be determined by the optimization. The following equations illustrate the step 
function of the reduction cost initially used in the mathematical model as an objective function. ݂൫ݔ௝൯ 
is the cost for mean time reduction for entity j and ݂൫ݕ௝൯ is the cost for standard deviation reduction for 
entity j. 
 

݂൫ݔ௝൯ ൌ

ە
ۖ
۔

ۖ
ۓ ௝,௜	ݐݏ݋ܿ	݀݁ݔ݅ܨ ൅ ௝,௜ݐݏ݋ܿ	݈ܾ݁ܽ݅ݎܸܽ ߤ																	 െ ௜ݐ ൒ ௝ݔ ൐ ߤ െ ௜ାଵݐ

௝,௜ାଵ	ݐݏ݋ܿ	݀݁ݔ݅ܨ ൅ ௝,௜ାଵݐݏ݋ܿ	݈ܾ݁ܽ݅ݎܸܽ ߤ					 െ ௜ାଵݐ ൒ ௝ݔ ൐ ߤ െ ௜ାଶݐ
:
:

௡,௠	ݐݏ݋ܿ	݀݁ݔ݅ܨ ൅ ௡,௠ݐݏ݋ܿ	݈ܾ݁ܽ݅ݎܸܽ ߤ											 െ ௜ାሺ௠ିଵሻݐ ൒ ௝ݔ ൐ ߤ െ ௜ା௠ݐ

 (8)  

݂൫ݕ௝൯ ൌ

ە
ۖ
۔

ۖ
ۓ ௝,௞ݐݏ݋ܥ	݀݁ݔ݅ܨ ൅ ௝,௞ݐݏ݋ܥ	݈ܾ݁ܽ݅ݎܸܽ ߪ														 െ ௞ݐ ൒ ௝ݕ ൐ ߪ െ ௞ାଵݐ

௝,௞ାଵݐݏ݋ܥ	݀݁ݔ݅ܨ ൅ ௝,௞ାଵݐݏ݋ܥ	݈ܾ݁ܽ݅ݎܸܽ ߪ		 െ ௞ାଵݐ ൒ ௝ݕ ൐ ߪ െ ௞ାଶݐ
:
:

௡,௛ݐݏ݋ܥ	݀݁ݔ݅ܨ ൅ ௡,௛ݐݏ݋ܥ	݈ܾ݁ܽ݅ݎܸܽ ߪ								 െ ௞ାሺ௛ିଵሻݐ ൒ ௝ݕ ൐ ߪ െ ௞ା௛ݐ

 (9) 

 
The fixed cost may vary from one stage to another in the supply chain system. This is true for the 
variable cost as well, which can vary based on the reduction in time ‘t’ within each time interval. 
Initially, the step functions strategy is used to identify the cost for each process.  However, a fitted 
curve solution can be applied to approximate the cost equation for the entire supply chain system that 
is shown in this study.  These cost reduction equations are applied for reducing uncertainties (࣌) 
throughout the supply chain as represented by Eq. (9) and also for improving mean processing time (μ) 
as shown in Eq. (8). The following two equations give more understanding of how the mean reduction 
cost and standard deviation reduction cost will be involved in the objective function of the mathematical 
model. 
 

෍෍ሺܨ௝,௜ ൅ ௝ܸ,௜ሻ

௠

௜ୀଵ

	

௡

௝ୀଵ

 
(10) 

෍෍ሺ ௝ܷ,௞ ൅ ௝,௞ሻܥ

௛

௞ୀଵ

௡

௝ୀଵ

 
(11) 

 
where ܨ௝,௜ is the fixed cost of reducing mean time for entity j and ௝ܸ,௜ is the variable cost for the same 
entity and purpose. Also, ௝ܷ,௞ is the fixed cost of reducing standard deviation for entity j and ܥ௝,௞ is the 
variable cost for the same entity and purpose. Moreover, i and k represent the number of step interval 
of reduction for each factor which are mean and standard deviation respectively. Eq. (10) ensures 
minimizing the cost of mean time reduction and Eq. (11) ensures minimizing the cost of standard 
deviation reduction. 
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5. Case Study and Results 
 

In this section, a case study will be provided in order to test the validity of the methodology that was 
developed and explained in the previous section of this research. 

5.1 Case Study 

This case study considers a supply chain system which has seven entities, as shown in flow process 
(Fig. 1) below. These entities, which are connected in series, consists of the following components: 
Supplier, shipping route from supplier to factory, factory, shipping route from factory to distribution 
center, distribution center, shipping route from distribution center to retailer, and then the retailer.  The 
mean time and standard deviation for each entity is given in Table 2. 
 
Table 2  
Data used in the model 

Process 
Mean 
time 

(hour) 

Standard 
Deviation. 

(hour) 

Minimum 
Standard 
Deviation 

Maximum 
Standard 
Deviation 

Minimum 
Mean 

Maximum 
Mean 

S 95 21 4 25 80 100 
R1-2 72 16 3 20 60 90
F 88 18 4 25 75 95 
R2-3 90 22 4 30 78 100 
DC 101 24 5 30 80 105 
R3-4 80 20 2 25 66 90 
V 77 13 2 19 65 85 

 
The due time to have one batch delivered to the retailer is 500 hours (TT = 500). The cost of each entity 
can be classified into two different types: fixed cost and variable cost. The fixed cost is the amount of 
money that has to be spending in order to reduce the mean time of the operational activities of an entity 
in the supply chain system to a predefined level.  The variable cost at that level of reduction is the 
variable cost of reducing processing time per unit time of reduction. The same concept of fixed cost 
and variable costs for each level of reduction is applied to standard deviation reduction as well. Thus, 
both cost functions for mean time reduction and standard deviation reduction use a step function in 
order to represent the combined cost at each stage. The overall cost for time reduction can be calculated 
by adding the cost for all entities in the supply chain system. The objective of this case study is to 
measure the system reliability and to identify the optimal cost of the system by utilizing the developed 
model. Another aim of this case is to demonstrate the efficiency of the performed methodology for 
assessing and optimizing the reliability of each entity in the system, as well as the overall system. 
Moreover, the model can be used to calculate the minimum cost of the processes through the supply 
chain system at different reliability rates. The target reliability rate of the case study is to reach at 90% 
zone at the minimum possible cost. 

 
Fig.1. Case study’s components. 

 

Fig. 1 shows the entity of the supply chain system under study.  The parameters used in the equations 
as follows: 
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S denotes the supplier’s entity which is the first entity in the supply chain. 
F denotes the factory’s entity which is the third entity in the supply chain. 
DC represents the distribution center which is the fifth entity. 
V denotes the retailer which is the seventh entity in the supply chain. 
R denotes route which is the second, fourth, and sixth entity in the supply chain. 
 
In this case, it is assumed that the factory does not start manufacturing the required parts until it has 
received all required materials. For instance, factory F cannot start working until it receives the required 
raw materials from the supplier. The parameters used in this case study were assumed to be normally 
distributed. Each entity in the supply chain system has a mean time to finish the required job. Also, the 
standard deviation has to be identified for each entity. Before the optimization of cost can be performed, 
the costs associated with each level of reduction have to be identified. The data of costs for each entity 
in the supply chain system are provided (see Appendix A). MATLAB was used to model and solve this 
case study. The model has calculated the reliability rate and obtained minimum cost to reach reliability 
target for each entity as well as for the overall system. 
 
5.2 Results of Case Study 

The current reliability of the supply chain system was calculated using Eq. (2). Based on the data and 
by applying the developed model, it has been determined that the initial cycle time is 840 hours, and 
the initial reliability rate of the system is steady at 60.09% (see Table 3). Also, the initial delays reached 
103 hours, which means that when a retailer made a request for a batch of products, it could take 840 
hours and have possibly 103 hours as the delay. Hence, to improve the reliability, the optimization 
model was utilized to reach the reliability that was required and to determine the minimum cost at 
different reliability targets while taking the uncertainty into consideration. 

 
Table 3  
Initial output of the model. 
 Initial Cycle Time Initial Delay Initial Reliability Rate 
Entire System 840 103 0.609 

 

The model was implemented at three different reliability rates which are 70, 80, and 90 to see the 
increase in cost as the reliability improved. Also, taking the uncertainty into account is necessary in 
term of system reliability optimization. When attempting to reach a 70% reliability rate, the model 
achieved 73.8% reliability rate. The following values also were indicated as the optimal mean and 
standard deviation with their reduction cost intervals for each of the entity in the system. 
 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
1000ۓ ൅ ቀ70			ሺ95 െ 90ሻቁ ൌ 1,350														90 ൒ ௝ܵୀଵ ൐ 87

700 ൅ ቀ20			ሺ72 െ 70ሻቁ ൌ 740																	72	 ൒ ௝ܴୀଶ ൐ 69

800 ൅ ቀ70			ሺ88 െ 83ሻቁ ൌ 1,150															85	 ൒ ௝ୀଷܨ ൐ 82

800 ൅ ቀ30			ሺ90 െ 85ሻቁ ൌ 950																			87	 ൒ ௝ܴୀସ ൐ 84

1000 ൅ ቀ70			ሺ101 െ 94ሻቁ ൌ 1,490									95 ൒ ௝ୀହܥܦ ൐ 92

1100 ൅ ቀ50			ሺ80 െ 71ሻቁ ൌ 1,550												71	 ൒ ܴ௝ୀ଺ ൐ 68

800 ൅ ቀ70			ሺ77 െ 73ሻቁ ൌ 1,080															74	 ൒ ௝ܸୀ଻ ൐ 71

 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۓ 900 ൅ ቀ50			ሺ21 െ 16ሻቁ ൌ 1,150								18	 ൒ ௝ܵୀଵ ൐ 15

800 ൅ ቀ50			ሺ17 െ 09ሻቁ ൌ 1,200								11	 ൒ ௝ܴୀଶ ൐ 08

1100 ൅ ቀ80			ሺ18 െ 8ሻቁ ൌ 1,900									09	 ൒ ௝ୀଷܨ ൐ 06

900 ൅ ቀ60			ሺ22 െ 12ሻቁ ൌ 1,500								13	 ൒ ௝ܴୀସ ൐ 10

1100 ൅ ቀ80			ሺ24 െ 14ሻቁ ൌ 1,900						15	 ൒ ௝ୀହܥܦ ൐ 12

900 ൅ ቀ50			ሺ20 െ 12ሻቁ ൌ 1,300										14 ൒ ௝ܴୀ଺ ൐ 11

1300 ൅ ቀ80			ሺ14 െ 5ሻቁ ൌ 2,020										05	 ൒ ௝ܸୀ଻ ൐ 02
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The model recorded 64.5 as delay time in hours for the entire processes with a cycle time of 697 hours. 
In Fig. 2, the performance and reliability rate of the system is at 73.8. 

 

 
Fig.2. Distribution of mean total cycle time. 

 
After applying the model, the reliability rate of each entity was improved in order to achieve the target 
which successfully obtained 73.8%. Also, the model ensured minimum cost of improving the supply 
chain system which was only $ 19,280 to achieve the required target. Table 4 shows the initial reliability 
rate for each entity in the system and the obtained reliability rate for the same entities when the target 
reliability for the entire system is 70%.  Table 5 shows the final achieved reliability for the system 
along with the additional cost required to achieve the target reliability rate of 70%. 
 
Table 4  
Initial and optimal reliability rates each entity. 

Entity Initial Reliability Rate Obtained Reliability Rate 
Supplier j=1 0.958 0.968 
Route j=2 0.933 0.960
Factory j=3 0.929 0.962 
Route j=4 0.921 0.954 
D Center j=5 0.893 0.949 
Route j=6 0.925 0.955 
Customer j=7 0.939 0.968 

 
Table 5  
The overall initial and optimal reliability rates. 

Initial Reliability Reliability Target Obtained Reliability Rate Total Cost 
60.9% 70% 73.8% $ 19,280 

 

The second required reliability target was 80% but after running the mathematical model, it achieved 
84.2%. This optimal rate was obtained when the model picked up the optimal values for mean and 
standard deviation with their costs which were the minimum possible cost to achieve the goal. The 
following values identify the optimal mean and standard deviation with their reduction cost intervals. 
 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
1100ۓ ൅ ቀ80			ሺ95 െ 85ሻቁ ൌ 1,980																87	 ൒ ܵ௝ୀଵ ൐ 84

1000 ൅ ቀ40			ሺ72 െ 64ሻቁ ൌ 1,360																	66 ൒ ௝ܴୀଶ ൐ 63

1000 ൅ ቀ80			ሺ88 െ 79ሻቁ ൌ 1,720																	79	 ൒ ௝ୀଷܨ ൐ 76

1100 ൅ ቀ50			ሺ90 െ 81ሻቁ ൌ 1,550																81	 ൒ ܴ௝ୀସ ൐ 78

1200 ൅ ቀ80			ሺ101 െ 88ሻቁ ൌ 2,240										89	 ൒ ௝ୀହܥܦ ൐ 86

1000 ൅ ቀ40			ሺ80 െ 73ሻቁ ൌ 1,360																74 ൒ ௝ܴୀ଺ ൐ 71

800 ൅ ቀ70			ሺ77 െ 72ሻቁ ൌ 1,150																	74	 ൒ ௝ܸୀ଻ ൐ 71
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൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
1200ۓ ൅ ቀ80			ሺ21 െ 7ሻቁ ൌ 2,320															09	 ൒ ௝ܵୀଵ ൐ 06

900 ൅ ቀ60			ሺ17 െ 6ሻቁ ൌ 1,560																08	 ൒ ௝ܴୀଶ ൐ 05

1200 ൅ ቀ80			ሺ18 െ 5ሻቁ ൌ 2,240															06	 ൒ ௝ୀଷܨ ൐ 03

1000 ൅ ቀ70			ሺ22 െ 8ሻቁ ൌ 1,980														10	 ൒ ௝ܴୀସ ൐ 07

1300 ൅ ቀ100			ሺ24 െ 08ሻቁ ൌ 2,900						09	 ൒ ௝ୀହܥܦ ൐ 06

1100 ൅ ቀ70			ሺ20 െ 7ሻቁ ൌ 2,010														08	 ൒ ௝ܴୀ଺ ൐ 05

1300 ൅ ቀ80			ሺ14 െ 3ሻቁ ൌ 2,180														05	 ൒ ௝ܸୀ଻ ൐ 02

 

 
84.2% reliability rate was obtained with recording 616 hours as cycle time for the entire supply chain 
system. The delay was minimized and reached to 37 hours. The performance and reliability rate of the 
system at 84.2% (Fig. 3). 
 

 
Fig.3. Distribution of mean total cycle time  

 
By running the model, the reliability rate of each entity was improved which achieved value beyond 
the target and recorded 84.2%. Also, the cost of improving the supply chain system to reach a reliability 
rate of 84.2% was $ 26,550. Table 6 and Table 7 show the initial and improved values. 
 

Table 6  
The initial and optimal reliability rates each entity 

Entity Initial Reliability Rate Obtained Reliability Rate 
Supplier j=1 0.958 0.986 
Route j=2 0.933 0.974 
Factory j=3 0.929 0.976 
Route j=4 0.921 0.969 
DC j=5 0.893 0.970 
Route j=6 0.925 0.972 
Customer j=7 0.939 0.980 

 
Table 7  
The overall initial and optimal reliability rates. 

Initial Reliability Reliability Target Obtained Reliability Rate Total Cost 
60.9% 80% 84.2% $26,550 

 
Since the objective of this case study is to lead the system to 90 reliability rate zone as well as obtaining 
minimum possible cost, the reliability target was changed to 90%. The following values identify the 
optimal mean and standard deviation with their reduction cost intervals. 
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൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
1200ۓ ൅ ቀ80			ሺ95 െ 83ሻቁ ൌ 2,160 			 											84 ൒ ܵ௝ୀଵ ൐ 81

1100 ൅ ቀ50			ሺ72 െ 62ሻቁ ൌ 1,600															63	 ൒ ܴ௝ୀଶ ൐ 60

1000 ൅ ቀ80			ሺ88 െ 77ሻቁ ൌ 1,960																79	 ൒ ௝ୀଷܨ ൐ 76

1100 ൅ ቀ50			ሺ90 െ 80ሻቁ ൌ 1,600															81	 ൒ ܴ௝ୀସ ൐ 78

1400 ൅ ቀ90			ሺ101 െ 82ሻቁ ൌ 3,110									83	 ൒ ௝ୀହܥܦ ൐ 80

1100 ൅ ቀ50			ሺ80 െ 70ሻቁ ൌ 1,600															71	 ൒ ܴ௝ୀ଺ ൐ 68

1200 ൅ ቀ80			ሺ77 െ 64ሻቁ ൌ 2,240 				 										65 ൒ ௝ܸୀ଻ ൐ 62

 

 

 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
1300ۓ ൅ ቀ80			ሺ21 െ 5ሻቁ ൌ 2,580													06	 ൒ ௝ܵୀଵ ൐ 03

1000 ൅ ቀ70			ሺ17 െ 4ሻቁ ൌ 1,910												05	 ൒ ௝ܴୀଶ ൐ 03

1200 ൅ ቀ80			ሺ18 െ 5ሻቁ ൌ 2,240													06	 ൒ ௝ୀଷܨ ൐ 03

1100 ൅ ቀ80			ሺ22 െ 5ሻቁ ൌ 2,460												07	 ൒ ௝ܴୀସ ൐ 04

1400 ൅ ቀ110			ሺ24 െ 6ሻቁ ൌ 3,380							06	 ൒ ௝ୀହܥܦ ൐ 03

1300 ൅ ቀ80			ሺ20 െ 4ሻቁ ൌ 2,580												05	 ൒ ௝ܴୀ଺ ൐ 02

1500 ൅ ቀ100			ሺ14 െ 2ሻቁ ൌ 2,700									02	 ൒ ௝ܸୀ଻ ൐ 00

 

 

Also, the obtained cycle time was 571 hours with recording only 20 hours as delay time for the overall 
supply chain system. The performance and reliability rate of the system at 90.59% is represented by 
the line legend in Fig. 4. 
 

 
Fig.4. Distribution of mean total cycle time 

 

After running the model, the reliability rate of each entity was improved to achieve the target of 90.59% 
as an overall rate. Also, the model ensured possible minimum cost of improving the entire supply chain 
which was only $ 32,120 to achieve the required target. Table 8 and Table 9 show the initial and 
improved reliability rates. 

 

Table 8  
Initial and optimal reliability rates each entity. 

Entity Initial Reliability Rate Obtained Reliability Rate 
Supplier j=1 0.958 0.990 
Route j=2 0.933 0.986 
Factory j=3 0.929 0.984 
Route j=4 0.921 0.984 
Distribution Center j=5 0.893 0.982
Route j=6 0.925 0.986 
Customer j=7 0.939 0.991 
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Table 9  
The overall initial and optimal reliability rates. 
Initial Reliability Reliability Target Obtained Reliability Rate Total Cost 
60.9% 90% 90.59% $32,120 

 
It is clear, that there is a negative correlation between cost and time in the model. In order to improve 
processing activities, which results in reducing cycle time, additional money has to be invested. Also, 
to reduce the uncertainty factors money has to be invested as well. Fig. 5 shows the different total cost 
at different reliability targets. By applying the MATLAB model, the cycle time of each process in 
supply chain system is acquired as well as the overall cycle time. 
 

 
Fig. 5. Cost of optimizing reliability rate of supply chain system 

 
It is obvious that there are varied differences in cost between the different reliability targets achieved 
after applying the model. The system at first target spent $ 19,280 as reduction cost while the optimized 
system at 90.59% reliability rate recorded about $ 32,120 as cost for time reduction. The results of the 
case study are shown in Table 10. Table 10 shows the initial mean time at each entity, as well as the 
optimal mean time. For example, the supplier’s initial mean time reached to 95, whereas the optimal 
mean time for the same entity recorded minimum value, which was steady at 83 hours. 
 

Table 10  
Initial and optimal mean time. 

Process Initial Mean time Optimal Mean Time 
S 95 83 
R1-2 72 62 
F 89 77 
R2-3 90 80 
DC 101 82 
R3-4 80 70 
V 77 66 

 
In addition, each achieved reliability target has also identified the cycle time that has to be obtained in 
order to achieve the reliability target. Table 11 and Fig. 6 shows the improvement in cycle time as well 
as the reliability rate. 
 
Table 11  
The optimal cycle time with obtained reliability rate 

Optimal Cycle Time hour 840 696 616 571 
Reliability Rate 60.9% 73.8% 84.2% 90.59% 
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Fig. 6. illustrates System Reliability Improvement 
 
From Table 11, while the initial cycle time for delivering one batch was 840 hours, with optimization 
the cycle time has been reduced to 571 hours. The delay recorded is only 20 hours per batch. Also, the 
reliability rate increased to reach the rate of 90.59%.  Hence, all constraints and requirements, such as 
the overall supply chain system reliability rate and the optimal total cost, were satisfied. 
 
6. Conclusion and Future Study 
 

There is always a need to address the reliability concept in supply chain system as more companies, 
departments, organizations, and other divisions are being involved in the supply chain’s structure. Also, 
from a business perspective, minimizing costs is a significant matter that has to be addressed to have 
reliable and robust supply chain system. This research has concentrated on evaluating reliability rates 
at each entity through the supply chain system. Also, this work explains how the supply chain system 
optimization model could be applied to obtain minimum possible total cost while fulfilling the 
reliability requirements. Moreover, applying different scenarios of reliability targets makes the model 
more applicable to utilize for different business sectors. The effects of uncertainty driven by production 
and transportation on overall reliability were examined in the paper as well. Results and analysis of this 
study have accentuated that the presented mathematical model can be applied to rebuild the supply 
chain system where the system can be improved to reach a desired reliability target, which can be used 
as a guide to design supply chain systems that reduces costs. In conclusion, the optimization approach 
that has been presented in this study is to provide an appropriate method that helps to satisfy the 
reliability requirements at the minimum possible cost. Also, the mathematical model has the flexibility 
and the potential to be implemented for any supply chain system regardless to the complexity or the 
type of the system. As a future study, this study will spend more investigation in how reliability 
performance affects the total cost of managing internal and external subsystems in the supply chain, as 
well as for the overall supply chain system. Also, it will continue to consider multi-products factor and 
multi-levels (complex) supply chain systems. 
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Appendix A 

 
Costs of Reduction for Each Entity in The Supply Chain System 

Amount of Time Intervals Reduction and Associated Costs of Reduction 
 
 
Mean Time Reduction for 
Supplier (S) 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
700ۓ ൅ ቀ50 		ሺ95 െ 93ሻቁ 									95 ൒ ௝ܵୀଵ ൐ 93

800 ൅ ቀ60			ሺ95 െ 90ሻቁ 								93	 ൒ ௝ܵୀଵ ൐ 90	

1000 ൅ ቀ70			ሺ95 െ 87ሻቁ 									90 ൒ ௝ܵୀଵ ൐ 87

1100 ൅ ቀ80			ሺ95 െ 84ሻቁ 						87	 ൒ ௝ܵୀଵ ൐ 84		

1200 ൅ ቀ80			ሺ95 െ 81ሻቁ 							84	 ൒ ௝ܵୀଵ ൐ 81	

1300 ൅ ቀ80			ሺ95 െ 78ሻቁ 								81	 ൒ ܵ௝ୀଵ ൐ 78

1400 ൅ ቀ80 		ሺ95 െ 75ሻቁ 		 				78 ൒ ܵ௝ୀଵ ൐ 75

 

Standard Deviation Reduction for 
Supplier (S) 

൫Standard Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
800ۓ ൅ ቀ40 		ሺ21 െ 18ሻቁ 				 							21 ൒ ௝ܵୀଵ ൐ 18	

900 ൅ ቀ50			ሺ21 െ 15ሻቁ 														18	 ൒ ௝ܵୀଵ ൐ 15	

1000 ൅ ቀ70			ሺ21 െ 12ሻቁ 												15	 ൒ ௝ܵୀଵ ൐ 12	

1100 ൅ ቀ80			ሺ21 െ 9ሻቁ 															12	 ൒ ௝ܵୀଵ ൐ 09

1200 ൅ ቀ80			ሺ21 െ 6ሻቁ 															09	 ൒ ௝ܵୀଵ ൐ 06

1300 ൅ ቀ80			ሺ21 െ 3ሻቁ 															06	 ൒ ௝ܵୀଵ ൐ 03

1400 ൅ ቀ80 		ሺ21 െ 2ሻቁ 													03 ൒ ௝ܵୀଵ ൐ 02
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Mean Time Reduction for Route 
(R) 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۓ 700 ൅ ቀ20 		ሺ72 െ 69ሻቁ 															 	72 ൒ ௝ܴୀଶ ൐ 69	

800 ൅ ቀ30			ሺ72 െ 66ሻቁ 															69	 ൒ ௝ܴୀଶ ൐ 66	

1000 ൅ ቀ40			ሺ72 െ 63ሻቁ 																	66 ൒ ௝ܴୀଶ ൐ 63

1100 ൅ ቀ50			ሺ72 െ 60ሻቁ 															63	 ൒ ܴ௝ୀଶ ൐ 60	

1200 ൅ ቀ60			ሺ72 െ 57ሻቁ 																	60	 ൒ ܴ௝ୀଶ ൐ 57	

1300 ൅ ቀ70			ሺ72 െ 54ሻቁ 															57	 ൒ ܴ௝ୀଶ ൐ 54

1400 ൅ ቀ80 		ሺ72 െ 51ሻቁ 				 										54 ൒ ܴ௝ୀଶ ൐ 51

 

Standard Deviation Reduction for 
Route (R) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
600ۓ ൅ ቀ30 		ሺ17 െ 14ሻቁ 										17 ൒ ௝ܴୀଶ ൐ 14	

700 ൅ ቀ40			ሺ17 െ 11ሻቁ 											14	 ൒ ௝ܴୀଶ ൐ 11	

800 ൅ ቀ50			ሺ17 െ 08ሻቁ 											11	 ൒ ௝ܴୀଶ ൐ 08	

900 ൅ ቀ60			ሺ17 െ 5ሻቁ 												08	 ൒ ௝ܴୀଶ ൐ 05

1000 ൅ ቀ70			ሺ17 െ 3ሻቁ 												05	 ൒ ௝ܴୀଶ ൐ 03

1100 ൅ ቀ80 		ሺ17 െ 0ሻቁ 										03 ൒ ௝ܴୀଶ ൐ 00

 

Mean Time Reduction for 
Factory (F) 
 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
800ۓ ൅ ቀ50 		ሺ88 െ 85ሻቁ 																	88 ൒ ௝ୀଷܨ ൐ 85	

800 ൅ ቀ70			ሺ88 െ 82ሻቁ 																			85	 ൒ ௝ୀଷܨ ൐ 82

1000 ൅ ቀ70			ሺ88 െ 79ሻቁ 																	82 ൒ ௝ୀଷܨ ൐ 79

1000 ൅ ቀ80			ሺ88 െ 76ሻቁ 																	79	 ൒ ௝ୀଷܨ ൐ 76

1200 ൅ ቀ80			ሺ88 െ 73ሻቁ 																76	 ൒ ௝ୀଷܨ ൐ 73	

1300 ൅ ቀ90			ሺ88 െ 70ሻቁ 																	73	 ൒ ௝ୀଷܨ ൐ 70

1400 ൅ ቀ80 		ሺ88 െ 67ሻቁ 				 											70 ൒ ௝ୀଷܨ ൐ 67

 

Standard Deviation Reduction for 
Factory (F) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۓ 800 ൅ ቀ40 		ሺ18 െ 15ሻቁ 						 			18 ൒ ௝ୀଷܨ ൐ 15	

900 ൅ ቀ50			ሺ18 െ 12ሻቁ 													15	 ൒ ௝ୀଷܨ ൐ 12	

1000 ൅ ቀ70			ሺ18 െ 09ሻቁ 												12	 ൒ ௝ୀଷܨ ൐ 09	

1100 ൅ ቀ80			ሺ18 െ 6ሻቁ 														09	 ൒ ௝ୀଷܨ ൐ 06

1200 ൅ ቀ80			ሺ18 െ 3ሻቁ 															06	 ൒ ௝ୀଷܨ ൐ 03

1300 ൅ ቀ80 		ሺ18 െ 0ሻቁ 							 					03 ൒ ௝ୀଷܨ ൐ 00

 

Mean Time Reduction for Route 
(R) 
 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۓ 700 ൅ ቀ20 		ሺ90 െ 87ሻቁ 																	90 ൒ ௝ܴୀସ ൐ 87	

800 ൅ ቀ30			ሺ90 െ 84ሻቁ 															87	 ൒ ௝ܴୀସ ൐ 84	

1000 ൅ ቀ40			ሺ90 െ 81ሻቁ 																	84 ൒ ௝ܴୀସ ൐ 81

1100 ൅ ቀ50			ሺ90 െ 78ሻቁ 															81	 ൒ ܴ௝ୀସ ൐ 78

1200 ൅ ቀ60			ሺ90 െ 75ሻቁ 																	78	 ൒ ܴ௝ୀସ ൐ 75	

1300 ൅ ቀ70			ሺ90 െ 72ሻቁ 															75	 ൒ ܴ௝ୀସ ൐ 72

1400 ൅ ቀ80 		ሺ90 െ 69ሻቁ 				 										72 ൒ ܴ௝ୀସ ൐ 69

 

Standard Deviation Reduction for 
Route (R) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
600ۓ ൅ ቀ30 		ሺ22 െ 19ሻቁ 													22 ൒ ௝ܴୀସ ൐ 19	

700 ൅ ቀ40			ሺ22 െ 16ሻቁ 													19	 ൒ ௝ܴୀସ ൐ 16	

800 ൅ ቀ50			ሺ22 െ 13ሻቁ 													16	 ൒ ௝ܴୀସ ൐ 13	

900 ൅ ቀ60			ሺ22 െ 10ሻቁ 														13	 ൒ ௝ܴୀସ ൐ 10

1000 ൅ ቀ70			ሺ22 െ 7ሻቁ 														10	 ൒ ௝ܴୀସ ൐ 07

1100 ൅ ቀ80 		ሺ22 െ 4ሻቁ 													07 ൒ ௝ܴୀସ ൐ 04

 

Mean Time Reduction for 
Distribution (DC) 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
800ۓ ൅ ቀ50 		ሺ101 െ 98ሻቁ 								101 ൒ ௝ୀହܥܦ ൐ 98	

800 ൅ ቀ70			ሺ101 െ 95ሻቁ 												98	 ൒ ௝ୀହܥܦ ൐ 95

1000 ൅ ቀ70			ሺ101 െ 92ሻቁ 												95 ൒ ௝ୀହܥܦ ൐ 92

1000 ൅ ቀ80			ሺ101 െ 89ሻቁ 											92	 ൒ ௝ୀହܥܦ ൐ 89

1200 ൅ ቀ80			ሺ101 െ 86ሻቁ 									89	 ൒ ௝ୀହܥܦ ൐ 86	

1300 ൅ ቀ90			ሺ101 െ 83ሻቁ 										86	 ൒ ௝ୀହܥܦ ൐ 83

1400 ൅ ቀ90 		ሺ101 െ 80ሻቁ 							83 ൒ ௝ୀହܥܦ ൐ 80
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Standard Deviation Reduction for 
Distribution (DC) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
800ۓ ൅ ቀ40 		ሺ24 െ 21ሻቁ 									24 ൒ ௝ୀହܥܦ ൐ 21	

900 ൅ ቀ50			ሺ24 െ 18ሻቁ 										21	 ൒ ௝ୀହܥܦ ൐ 18	

1000 ൅ ቀ70			ሺ24 െ 15ሻቁ 								18	 ൒ ௝ୀହܥܦ ൐ 15	

1100 ൅ ቀ80			ሺ24 െ 12ሻቁ 									15	 ൒ ௝ୀହܥܦ ൐ 12

1200 ൅ ቀ90			ሺ24 െ 09ሻቁ 									12	 ൒ ௝ୀହܥܦ ൐ 09

1300 ൅ ቀ100			ሺ24 െ 06ሻቁ 						09	 ൒ ௝ୀହܥܦ ൐ 06

1400 ൅ ቀ110 		ሺ24 െ 03ሻቁ 			06 ൒ ௝ୀହܥܦ ൐ 03

 

Mean Time Reduction for Route 
(R) 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
700ۓ ൅ ቀ20 		ሺ80 െ 77ሻቁ 												80 ൒ ௝ܴୀ଺ ൐ 77

800 ൅ ቀ30			ሺ80 െ 74ሻቁ 												77	 ൒ ௝ܴୀ଺ ൐ 74	

1000 ൅ ቀ40			ሺ80 െ 71ሻቁ 												74 ൒ ௝ܴୀ଺ ൐ 71

1100 ൅ ቀ50			ሺ80 െ 68ሻቁ 											71	 ൒ ܴ௝ୀ଺ ൐ 68

1200 ൅ ቀ60			ሺ80 െ 65ሻቁ 										68	 ൒ ܴ௝ୀ଺ ൐ 65	

1300 ൅ ቀ70			ሺ80 െ 59ሻቁ 										65	 ൒ ܴ௝ୀ଺ ൐ 62

1400 ൅ ቀ80 		ሺ80 െ 56ሻቁ 			 				62 ൒ ܴ௝ୀ଺ ൐ 59

 

Standard Deviation Reduction for 
Route (R) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
700ۓ ൅ ቀ30 		ሺ20 െ 17ሻቁ 										20 ൒ ௝ܴୀ଺ ൐ 17	

800 ൅ ቀ40			ሺ20 െ 14ሻቁ 											17	 ൒ ௝ܴୀ଺ ൐ 14	

900 ൅ ቀ50			ሺ20 െ 11ሻቁ 												14 ൒ ௝ܴୀ଺ ൐ 11	

1000 ൅ ቀ60			ሺ20 െ 08ሻቁ 									11	 ൒ ௝ܴୀ଺ ൐ 08

1100 ൅ ቀ70			ሺ20 െ 5ሻቁ 											08	 ൒ ௝ܴୀ଺ ൐ 05

1300 ൅ ቀ80			ሺ20 െ 2ሻቁ 											05	 ൒ ௝ܴୀ଺ ൐ 02

2000 ൅ ቀ90 		ሺ20 െ 0ሻቁ 	 								02 ൒ ௝ܴୀ଺ ൐ 00

 

Mean Time Reduction for 
Customer (V) 

൫Mean Time Reduction൯ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
800ۓ ൅ ቀ50 		ሺ77 െ 74ሻቁ 																	77 ൒ ௝ܸୀ଻ ൐ 74	

800 ൅ ቀ70			ሺ77 െ 71ሻቁ 																			74	 ൒ ௝ܸୀ଻ ൐ 71

1000 ൅ ቀ70			ሺ77 െ 68ሻቁ 																	71 ൒ ௝ܸୀ଻ ൐ 68

1000 ൅ ቀ80			ሺ77 െ 65ሻቁ 																	68	 ൒ ௝ܸୀ଻ ൐ 65

1200 ൅ ቀ80			ሺ77 െ 62ሻቁ 																65 ൒ ௝ܸୀ଻ ൐ 62	

1300 ൅ ቀ90			ሺ77 െ 59ሻቁ 																	62	 ൒ ௝ܸୀ଻ ൐ 59

1400 ൅ ቀ90 		ሺ77 െ 56ሻቁ 				 											59 ൒ ௝ܸୀ଻ ൐ 56

 

Standard Deviation Reduction for 
Customer (V) 

൫Standard	Deviation Reduction൯ ൌ

ە
ۖۖ
ۖ
۔

ۖۖ
ۖ
1000ۓ ൅ ቀ40 		ሺ14 െ 11ሻቁ 											14 ൒ ௝ܸୀ଻ ൐ 11	

1100 ൅ ቀ50			ሺ14 െ 08ሻቁ 											11	 ൒ ௝ܸୀ଻ ൐ 08	

1200 ൅ ቀ70			ሺ14 െ 5ሻቁ 														08	 ൒ ௝ܸୀ଻ ൐ 05

1300 ൅ ቀ80			ሺ14 െ 2ሻቁ 														05	 ൒ ௝ܸୀ଻ ൐ 02

1500 ൅ ቀ100 		ሺ14 െ 0ሻቁ 										02 ൒ ௝ܸୀ଻ ൐ 00

 

 

  

 
 

 

© 2019 by the authors; licensee Growing Science, Canada. This is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


