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Abstract

Disruptions are large-scale stochastic events that rarely happen but have a major effect
on supply networks’ topology. Some examples include: air traffic being suspended due
to weather or terrorism, labor unions strike, sanctions imposed or lifted, company
mergers, etc. Variations are small-scale stochastic events that frequently happen but only
have a trivial effect on the efficiency of flow planning in supply networks. Some
examples include: fluctuations in market demands (e.g. demand is always stochastic in
competitive markets) and performance of production facilities (e.g. there is not any
perfect production system in reality).

A fail-safe supply network is one that mitigates the impact of variations and
disruptions and provides an acceptable level of service. This is achieved by keeping
connectivity in its topology against disruptions (structurally fail-safe) and coordinating
the flow through the facilities against variations (operationally fail-safe). In this talk, |
will show that to have a structurally fail-safe supply network, its topology should be
robust against disruptions by positioning mitigation strategies and be resilient in
executing these strategies. Considering “Flexibility” as a risk mitigation strategy, I answer
the question “What are the best flexibility levels and flexibility speeds for facilities in
structurally fail-safe supply networks?” Also, | will show that to have an operationally
fail-safe supply network, its flow dynamics should be reliable against demand- and
supply-side variations. In the presence of these variations, | answer the question “What is
the most profitable flow dynamics throughout a supply network that is reliable against
variations?” The method is verified using data from an engine maker. Findings include:

i) there is a tradeoff between robustness and resilience in profit-based supply networks;

XVi



i) this tradeoff is more stable in larger supply networks with higher product supply
quantities; and iii) supply networks with higher reliability in their flow planning require
more flexibilities to be robust. Finally, I will touch upon possible extensions of the work

into non-profit relief networks for disaster management.
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Chapter 1: Frame of References — Forward and After-sales Supply
Networks in Stochastic Environment

High competition in markets forced companies to focus more on their core competencies
and work as a member of a supply network. However supply networks induce price
reduction and quality increment in the companies (improve some of their competitive
advantages), their decentralized nature makes service level preservation much more
challenging (worsen some of their competitive advantages). Therefore, preserving
appropriate service levels is necessary for supply networks. Service level of a supply

network can be improved in two ways:

- by providing after-sales services for the customers, and
- by preserving a constant flow throughout its network from upstream to

downstream against all uncertainties — having fail-safe supply networks.

Therefore, “incorporating after-sales operations” and “having fail-safe networks”
against uncertainties are imperative for the success of supply networks. In this
dissertation, we deal with the problem of improving service levels in the supply networks
through “incorporating and coordinating after-sales services — Chapters 3 and 4 — and
“having fail-safe networks — Chapters 2 and 5 —. Chapter 1 is about the literature of these
two topics to figure out the existing gaps and highlight the contributions of this
dissertation.

1.1. Literature of after-sales services
1.1.1. Importance of after-sales services
In highly competitive markets, products manufactured by rivals become almost

homogeneous from quality and price perspectives. In such markets, to differentiate from



rivals and to leverage competitive advantages, increasing number of companies try to
provide better pre- and after-sales services for their customers (Tsay and Agrawal, 2000;
Cachon and Harker, 2002; Bernstein and Federgruen, 2004; Davies, 2004; Penttinen and
Palmer, 2007; Johnson and Mena, 2008; Bijvank et al., 2010). This marketing strategy
has been called “servitization” in the literature (Vandermerwe and Rada, 1988). Product-
service system (PSS) is introduced by Baines et al. (2007) as an especial case of the
servitization. The servitization motivates customers to buy and stimulates demand. In
competitive markets with homogeneous products (from quality and price facets),
customers tend to buy from a rival providing better service commitment. To stimulate
demand, service commitment must be guaranteed. To keep a brand reputation, the actual
service experienced by customers in pre- and after-sales markets can be higher than the

commitment but should never be lower.

The servitization is an important marketing strategy for most of the pioneer
manufacturers. For example, Rolls-Royce supplies its jet engines to airlines under service
commitments to repair and maintain them for many years (Davies et al., 2006). In high
tech product markets, Lenovo provides after-sales maintenance services for the customers
of its PCs (Li et al., 2014). Dell Company sells its laptops under a default hardware
warranty that states “1 Yr Ltd Warranty, 1 Yr Mail-In Service, and 1 Yr Technical
Support”. However at the additional price of $119, customers are offered an optional 3
year warranty plan (dell.com, 2010). After-sales services are critical in the automobile
industry. Hyundai Company offers a 5 year/60.000 mile bumper-to-bumper and 10
year/100,000 mile power train protection warranty for all of its automobiles sold in US.

In the same industry, Nissan Company is offering 10 years/unlimited mileage warranty



for its cars (Nissan warranty information Booklet, 2011). Retailers of companies like
General Motor, Volkswagen and Toyota provide 4S services (sale, spare parts, service
and survey) for their customers (Li et al., 2014). The after-sales service is one of strategies
used by manufacturers to assure customers of products quality. Hyundai Motor Company
changed customers’ perception by providing an extensive warranty. This warranty
signaled customers that the quality of its cars had improved to match the very best in the
industry (Business Week, 2004). Khajavi et al. (2013) and Vargo and Lusch (2004)
believe that in today’s markets, the focus of competition shifts from quality and price to
delivery of value and the customer value requires having a high probability of having a

working product.

In the past, the after-sales services were considered as a necessary cost generator but
today this role has been changed and they are considered as a source of competitive
advantages and business opportunity (Lele, 1997; Armistead and Clark, 1991 and 1992).
The after-sales service is also considered an important income resource. The yearly
income of after-sales markets of electronic devises, PCs, power tools and vacuum
cleaners is USA is around $6 to $8 billion (Alexander et al., 2002). The Aberdeen
Research Group (2005) estimated the market for spare parts management software to be
more than $100 million in 2005 and it would be much greater in 2014. According to
Gallagher et al. (2005), providing after-sales services by supplying spare parts for
household appliances, automobiles, copy machines, heating and air conditioning, etc. is
a huge business and today’s worldwide market is worth more than $200 billion. In 2009
based on the data of the United States Logistics and Material Readiness Office, the US

military spent $194 billion on the spare parts supply chain (SC) and logistics, with $104,



$70 and $20 billion related to supply, repair and transportation respectively. At the end

of that year the value of the spare parts inventory was $94 billion.

The after-sales business is an important part of the economy and is almost twice as
profitable as the original product business is. Based on the work of Dennis and Kambil
(2003), $9 billion of GM’s after-sales revenue generated $2 billion profit. This is much
greater than GM’s profit from $150 billion revenue from its car sales. On average, after-
sales services contribute 25 percent of total revenue but generate more than 40 to 50
percent of total profit. It is commonly believed that spare parts constitute one third of total
sale, but create two-third of profit (Suomala et al., 2002). In the European car markets,
40 to 50 percent of the total revenue is related to the after-sales services provided by
companies. Gross profit of this income is much higher than the one resulting from new

cars sales (Bohmann et al., 2003).

According to Anon (1999), each year almost $7 billion is paid to maintain Boeing
planes. Fiat use TNT Post to handle its spare parts distribution in Europe and South
America. TNT has 2000 employees and 3 million square feet of warehouse space, handles
120,000 tons of shipments and processes 34.6 million order lines a year on Fiat’s behalf
(Parket, 2002). The importance of the after-sales services is much more in the capital
intensive industries such as aerospace, defense and industrial equipment manufacturers.
For example, in the defense industry, only 28 percent of the system’s total cost is related
to its development and procurement and the rest (more than 72 percent of cost) is due to
its operate and maintenance (GAO report 2003). The USA Department of Defense has a

budget around $70 billion (in 2007) to operate and maintenance of its systems. That is



why there is a severe competition among its supporting industries in providing better

after-sales services.

The after-sales service is also considered as “one of the few constant connections that
customers have with a brand” (Gallagher et al., 2005) and its critical role in continuous
improvement of product design and quality should not be ignored (Armistead and Clark,
1992; Thoben et al., 2001). After-sales services build long-term relationship with the
customers in the most profitable way without any marketing effort. As highlighted by
Alenxander et al. (2002), Goffin and New (2001) and Goffin (1999), after-sales activities

act as a lever to improve the success possibility when new products are introduced.

On the other hand, to protect consumers’ rights some governmental regulations force
some of companies to provide warranty for their customers. Congress of the USA passed
the Magnusson Moss Act and recently European Union passed new legislation requiring

two-year warranty for all products.

4 )

Based on these numbers, we conclude that even a small improvement in the

after-sales services of companies can lead to a significant gain in their

rofitability.
\ P / y
The after-sales service capacity is provided in two different ways:
) In-house service: in-house service means a company itself provides the

requirements (such as spare parts availabilities and repair and service

capacities) to fulfill the after-sales service requests. This in-house capacity



should be ready before the after-sales service demand realization which is

called “prior service capacity”,

i) Outsourcing after-sales services: outsourcing after-sales services is usually
called “service spot market”. In this case, service provision is done after

demand realization (Kosnik et al., 2006).

Although the spot market is usually introduced as a hedge against service demand
uncertainty, its cost and service capacity are inherently uncertain. That is why most of the
companies with well-known brands prefer to use prior service capacity (in-house option).
This option not only is more reliable but also helps them to keep their intellectual
properties. These companies build suitable prior service capacity which maximizes their

expected profit.

For these reasons, providing after-sales services is an unavoidable part of the daily
operations in successful companies. The number of companies providing after-sales
services for their customers and servicing after-sales markets is getting more every day.
These companies have both after-sales and forward supply chains (SCs) / networks (SNs).
While forward SCs / SNs deal with producing and supplying the original products to
target pre-markets, after-sales SCs / SNs provide the required spare parts to fulfill after-
sales commitments. Flow planning in companies with both forward and after-sales SCs /
SNs is much more complicated. Not only do they have to deal with two SCs / SNs, but
also these chains / networks are not independent; what is happening in one SC / SN affects
the performance of the other chain / network. For example, improving the after-sales

service level imposes more cost to the production system of the after-sales SC / SN, but



on the other hand, it stimulates pre-market demands. Higher product sale quantity in pre-
markets augments the spare parts or repair requests in the after-sales SC / SN. Considering
these strong interactions between the forward and after-sales SCs / SNs, there is a huge
synergy in their concurrent flow planning. In this dissertation, this synergy will be

explored by concurrent flow planning in the forward and after-sales SCs / SNs.

Appropriate flow planning throughout the forward and after-sales SCs / SN is critical
to provide desirable services in pre- and after-sales markets. Although a company’s pre-
market service level is usually defined as the product’s demand fulfillment rate to avoid
lost sales, after-sales service is a function of: i) warranty length; and ii) just-in-time

fulfillment of repair requests (called after-sales service level henceforth).

According to Boone et al. (2008), Aberdeen Research Group (2008), Cohen and
Agrawal (2006) and Wangner et al. (2008), the lack of: i) systematic approaches for spare
parts management; ii) considering SC relationships; iii) accurate models for predicting
the demand for spare parts; and iv) practical models for determining appropriate
inventory levels are the main challenges in the after-sales domain. We believe that
considering the interactions between forward and after-sales SCs / SNs significantly
improves the operations of both pre- and after-sales markets by improving demand
predictions and integrated flow management. A Delphi study was done by Boone et al.
(2008) in 18 industries. In this study, senior service part managers are asked about the
challenges in their industries. The top challenge mentioned is "lack of holistic perspective
and system integration among SC partners". Gaiardelli et al. (2007) highlight that SC and
process-oriented literature dealing with after-sales service is very limited and overcoming

obstacles of this industry, mainly related to relationships between involving entities, is
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necessary. This highlights a strong need to improve integration in the after-sales
operations (Zomerdijk and de Viries, 2003). The important gap that exists in the literature
is the paucity of research with an integrated perspective (Bacchetti and Saccani, 2012).
Even though this integration increments the complexity of the problem, it significantly

improves the companies’ overall performance.

1.1.2. Review of previous efforts in after-sales services

For capital goods such as computer networks and complex technical systems such as
medical or defense systems: i) material contracts; ii) performance based warranties; and
iii) end-of-life (EOL) warranties are the most well-known after-sales services offered by
manufacturers. In these systems operational disruptions can lead to a huge loss and the
longer the duration of the disruption, the greater the loss. In material contracts, customers
pay the manufacturer for parts, other resources, labor, etc. (Kim et al., 2007). In the
performance-based warranties, there is an agreement with respect to the availability of
the system in the field (Jung and Park, 2005; Yeh, et al., 2005; Chien, 2005; Chen and
Chien, 2007; Jhang, 2005; Jung and Park, 2005; de Smidt-Destombes et al., 2004, 2006,
2007, and 2009; Chakravarthy and Gomez-Corral, 2009; Kuo and Wan, 2007; Nourelfath
and Dutuit, 2004; Nourelfath and Ait-Kadi, 2007; Cantoni et al., 2000; Marseguerra et
al., 2005; Li and Li, 2010; Finkelstein, 2009; Monga and Zuo, 1998; Oner et al., 2010;
Wang et al., 2009). For more detail refer to the review papers of Cho and Parlar (1991),
Dekker et al. (1997), Pham and Wang (1996), and Wang (2002). The EOL warranties
assure the after-sales service without a time limit. The company provides the required

service as long as the products are in use even if the production has been discontinued



(Kim and Park, 2008). For more detail, refer to Teunter and Fortuin (1999) and

Hasselbach et al. (2002).

For durable consumer goods that are considered in this dissertation: i) rebate
warranties; and ii) failure free warranties are the most common after-sales policies.
Rebate warranty is usually used for non-repairable goods and manufacturers commit to
refund customers some portion of the sale price if the product fails during the warranty
period. Goods such as automobile batteries and tires are usually sold with this type of
warranty. Failure-free warranties are usually used for household appliances and electronic
devices. In this warranty, manufacturers commit to repair product free of charge during
the warranty period. As highlighted by Cohen and Agrawal (2006), Wagner (2002),
Sanders and Manrodt (2003), Niemi et al. (2009), and Wagner et al. (2008), very little
work has been done on warranty service and spare parts management for failure-free
warranties. To review the literature of spare parts classifications and demand predictions

for stock control refer to Bacchetti and Saccani (2012).

Research on the after-sales services covers the following streams as shown in Figure

1-1:

v" Maintenance and replacement activities: These papers include activities done to
prevent system failures and preserve acceptable performance (Wang et al., 2009;
Wang 2012; Bensoussan and Selthi, 2007; Park et al., 2013; Jack and Murthy;

2007; Shahanaghi et al., 2013; Vahdani et al., 2013; Rao, 2011; Chien, 2005).

v’ Repair services in systems failures: These papers include the activities that should

be done in a system / product failure to recover it (Oner et al., 2010; Sahba and
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Balcioglu, 2011; Diaz and Fu, 1997; Graves, 1985; Sherbrooke, 1968;
Sleptchenko et al., 2002; van Ommeren et al., 2006; Rappold and Roo, 2009;
Gross and Pinkus, 1979; Aggarwal and Moinzadeh, 1994; Moinzadeh and

Aggarwal, 1997; Avsar and Zijm, 2000; Sherbrooke, 1968).

Research Streams in the after-sales
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Figure 1-1: Research streams in the after-sales field.

v' Spare parts management to fulfill after-sales commitments: These
papers deal with inventory management (ordering time and quantity) of
spare parts to fulfill after-sales demands (Thonemann et al., 2002; Chien
and Chen, 2008; Kleber et al., 2011; Lieckens et al., 2013; Muchstadt and
Thomas, 1980; Muckstadt, 1973; Cohen and Lee, 1990; Cohen et al.,
2000). As mentioned by Boylan and Syntetos (2010), spare parts are very

varied and have different costs, demand patterns, and requirements. So
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classification of spare parts is critical for appropriate inventory
management (Gelders and Van Looy, 1978; Huiskonen, 2001; Partovi and
Anandarajan, 2002; Braglia et al., 2004; Eaves and Kingsman, 2004;
Syntetos et al., 2005; Ramanathan, 2006; Zhou and Fan, 2006; Ng, 2007;
Snyder, 2002; Willemain et al., 2004; Kalchschmidt et al., 2003;

Kalchschmidt et al., 2006).

Marketing aspect of the warranty: Authors of these papers by considering
warranty as a marketing factor, try to select the best warranty strategy for
companies along with other factors such as price, service level, etc.
(Menke, 1969; Glickman and Berger, 1976; Menezes and Currim, 1992;
Mesak, 1996; Mitra and Patankar, 1997; Matis et al., 2008; Zhou et al.,
2009; Chu and Chintaganta, 2009; Chun and Tang, 1995; Majid et al.,
2012; Su and Shen, 2012; Jack and Murthy, 2001; Huang and Yen, 2009;
Chenetal., 2012; Hua et al., 2007; Hartman and Laksana, 2009; Jiang and
Zhang, 2011; Li et al., 2012). These papers by considering the tradeoff of
its cost and income, investigate the warranty from the marketing

perspective.

Marketing and engineering aspects of the warranty: Authors of these
papers by considering that engineering factors such as product reliability
and quality have an important role in the after-sales service cost,
simultaneously consider the marketing and engineering aspects of the
after-sales services (Murthy and Nguyen, 1987; Nguyen and Murthy,

1988; Murthy, 1990; Dockner and Gaunersdorfer, 1996; Mendez and
11



Narasimhan, 1996; Teng and Thompson, 1996; Mi, 1997; Monga and Zuo,
1998; Pohl and Dietrich, 1999; Zhao and Zheng, 2000; Chen and Chu,
2001; Hussain and Murthy, 2003; Shue and Chien, 2005; Balachandran
and Radhakrishnan, 2005; Kamrad et al., 2005; Lin and Shue, 2005; Wu

et al., 2006; Huang et al., 2007; Oner et al., 2010).

Cost estimation of the after-sales services: These researchers only
concentrate on minimizing the warranty cost by scheduling appropriate
maintenance (replace and repair) activities (Murthy and Nguyen, 1987;
Zuo et al., 2000; Rao, 2011; Iskandar and Murthy, 2003; Hartman and
Laksana, 2009; Vahdani et al., 2011; Tsoukalas and Agrafiotis, 2013;
Sahin and Zahedi, 2001a, b; Chen and Popova, 2002; Yun et al., 2002;
Jack et al., 2003; Bai and Pham, 2004; Bai and Pham, 2005; Baik et al.,
2004; Chukova et al., 2004; Chukova and Hayakawa, 20044, b; Chukova
and Hayakawa, 2005; Huang and Zhuo, 2004; Buczkowski et al., 2005;
Iskandar et al., 2005; Rai and Singh, 2005; Chukova and Johnstone, 2006;
Jiang et al., 2006; Wu and Croome, 2007; Wu and Li, 2007; Sheu and Lin,
2005; Chen and Lo, 2006; Mitra and Patankar, 2006; Chukova et al., 2007;
Williams, 2007; Wu et al., 2007; Jung and Park, 2005; Yeh et al., 2005;

Chen and Chien, 2007; Jhang, 2005; Wang et al., 2008).

Remanufacturing process in the after-sales services: These researchers

concentrate on the remanufacturing process of a system’s failed parts

(Muckstadt, 1973; Muckstadt and Thomas, 1980; Sherbrooke, 1986; Slay,
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1984; van Harten and Sleptchenko, 2000; Avser and Zijm, 2002; Gross et

al., 1983 and 1987; Albright, 1989).

Managing customer relationships: These researchers illustrate the value
of understanding how marketing dollars affect customer profitability and
why this focus may lead to very different conclusions than those obtained

from traditional approaches (Gupta and Lehmann, 2007).

After-sales demand prediction: Demand of large portion of spare parts is
lumpy and intermittent which requires new forecasting methods. On the
other hand, their demands depend on some explanatory variables such as
the product’s failure probability and system’s maintenance activities
(Bartezzaghi et al., 1999; Gutierrez et al., 2008; Hua et al., 2007; Ghodrati
and Kumar, 2005; Tibben-Lemke and Amato, 2001; Dolgui and

Pashkevich, 2008; Chu and Chintagunta, 2009; Barabadi et al., 2014).

Competition between new and remanufactured items: Remanufacturing
failed items is very prevalent in the after-sales industries because inside
warranty failed parts are almost new and usually are worth
remanufacturing (Wu, 2012; Atasu et al., 2008; Debo et al., 2005; Ferrer
and Swaminathan, 2006; Majumder and Groenevelt, 2001; Mitra and

Webester, 2008).

After-sales service competition: These papers are about modeling

competition of rivals in markets by considering the after-sales services as
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one of their marketing strategies (Cohen and Whang, 1997; Kameshwaran

et al., 2009; Kurata and Nam, 2010; Kurata and Nam, 2013).

v Configuration of the after-sales network: These researchers address the
problem of determining the configuration of after-sales SCs / SNs with
respect to the activities should be carried out within them (Khajavi et al.,
2013; Saccani et al., 2007; Armistesd and Clark, 1991; Loomba, 1996 and
1998; Goffin, 1999; Nordin 2005; Amini et al., 2005). One of the
important decisions made in some of these papers is selecting appropriate
strategy: i) selecting manufacturing strategy (Hayes and Wheelwrigh,
1984; Hill, 1995; Bozarth and McDermott, 1998) or ii) selecting service
strategy (Schmenner, 1986; Chase and Hayes; 1991 and 1992;
Fitzsimmonds and Fitzsimmonds, 1998; Silvestro et al., 1992; Johansson

and Olhager, 2006).

As seen in the literature review, the focus of the previous work is mainly on
downstream operations of after-sales services such as scheduling maintenance and repair
activities, inventory management of spare parts, investigating financial burden and
advantages of after-sales services, analyzing its competitive advantages, etc. But
upstream facilities supporting these downstream operations are ignored. Ignoring
upstream facilities leads to lack of holistic and process-oriented consideration in the after-
sales operations. This gap is filled in this dissertation by considering all facilities

involving in after-sales operations in the form of an after-sales SC / SN.
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Also in the literature the after-sales operations are planned independently from pre-
market operations. In this dissertation we show that there are some important interactions
between operations of pre- and after-sales markets which should be reflected in planning
their corresponding SCs / SNs. We fill this gap, by concurrent planning of flow in the all
including facilities of pre- and after-sales operations in the form of forward and after-

sales SCs/ SNs.

1.1.3. Existing gaps in after-sales services literature and research questions

Based on the literature review in Section 1.1.2, it is clear that the manufacturing facilities
supporting after-sales services are mainly ignored in the literature which leads to lack of
a holistic integration and comprehensive planning in the facilities supporting these
services. On the other hand, the interactions of forward and after-sales SCs / SNs,

product-service interplays, are completely ignored in the existing papers.

In this dissertation, we fill this gap by considering the after-sales SC / SN including
all the involving facilities supporting the after-sales services. Not only do we consider
interactions of facilities in the after-sales SC supporting after-sales services, but also we
consider the interplays of this chain / network with the forward SC / SN by concurrently

flow planning throughout their chains/ networks.

Research Questions will be answered in this dissertation in the “after-sales services”

context are as follows:

% Research Question 1: what are the important flow transitions among the facilities

supporting after-sales services?
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Research Question 2: what are the important interactions between forward and

after-sales SN justifying the necessity of their concurrent flow planning?

X/
°

Research Question 3: how do these interactions affect planning flow dynamics in

the forward and after-sales SNs of non-repairable goods?

X/
°e

Research Question 4: how do these interactions affect planning flow dynamics in

the forward and after-sales SNs of repairable goods?

1.2. Literature of uncertainty management in the supply network management
1.2.1. Importance of uncertainty management in the supply network management
Companies are improving their competitiveness by reducing production costs, having
higher productivity, and improving products quality through concentrating on their core
competencies and increasing their flexibility with respond to rapidly changing
expectations of customers. All these requirements disperse traditional centralized produc-
tion systems into a network of core-competency-centered companies called a SC / SN.
Along with all the advantages of SCs / SNs, decentralization reduces their controllability
and makes them more vulnerable to uncertainties. This highlights the importance of
uncertainty management in SCs / SNs to predict, control and mitigate negative effects of
uncertainties on their performance. Uncertainty management capability of a SC / SN is

mainly reflected in one of its performance metrics called service level.

Recently service level has become an important competitive advantage and many
companies attempt to improve their market shares by providing better service levels. For
example two well-known book retailers, Amazon and Barnes and Noble, who share more
than 85 percent of online sales, initiated competition by promising the same business day

delivery in different parts of the country. Blockbuster, a well-known company in the
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video rental industry, advertises its high fill rate and backs its promise up with a free
rental guarantee. The same is happening in the fast food industry, Dominao's, for example,
guarantees 30-minute delivery or free delivery. Black Angus restaurants advertise free
lunch if the customer’s order is not served in 10 minutes. Retailers such as Lucky
emphasize their short checkout times. Well Fargo Bank guarantees less than five minutes
wait for its customers or gives them a $5 reward. Airline companies advertise based on
their percentage of on-time arrival. Several independent internet sites provide information
about the company performance such as their service level warranties, back-up
chargeback agreements, etc. Moreover, specifying a delivery window is common in

business-to-business settings.

Thus, service level is becoming one of the most important competition factors. Service
level is the capability of a company to balance demand and supply quantities. This
balancing is not easy in reality because both demand and supply processes are stochastic.
By assuming perfect production systems, supply side uncertainty is usually ignored in the
extensive service level literature. But in reality, there is no perfect production system.
Increasing the rate of production increases the likelihood of machinery and labor failures
leading to a higher rate of non-conforming items produced (Sana, 2010). Decentralized
and multi-echelon production systems of SCs / SNs amplify the probability of non-

conformation.

Also recently the number of natural and man-made disasters disrupting SCs’ / SNs’
supply processes has been increased dramatically (Baghalian et al., 2013). Disruption in
SCs leads to huge lost sales in target markets and adversely affects their brand reputations.

These trends demand more accurate approaches to determining and preserving
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appropriate service levels in SCs / SNs. In this dissertation, by considering different
uncertainties (affecting SCs / SNs both integration and coordination), we want to respond
to this new need of the business environment which as will be shown later is mainly
ignored in the literature.

1.2.2. Review of previous efforts in the uncertainty management in the supply network
management

There are several uncertainties in SCs / SNs. They can be classified as:

) Operational level uncertainties (variations): Operational level uncertainties
include uncertain customer demand with a fixed mean, uncertain supply
quantities of facilities due to their imperfect production systems, expected
variations in raw material prices, etc. These uncertainties are expected, occur
frequently and have significant probabilities. These uncertainties only in a
limit scale affect the coordination process of facilities in a network and its

flow dynamics;

i) Strategic level uncertainties (disruptions): Disruptions refer to unexpected
events with very low probabilities and very extensive effects changing a SC's
/ SN’s topology such as earthquakes, floods, hurricanes, terrorist attacks,
economic crises, or strikes. These events make parts of a network, some of its

nodes and links, inoperative and out-of-use.

In this dissertation, we consider both of these uncertainty groups to have a fail-safe
network against disruptions threatening its integration and variations threatening the

coordination of its involving facilities (Figure 1-2).
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Figure 1-2: Different uncertainties in SCs/ SNs.

There has been much work in the literature on operational uncertainties in SCs. Many
researchers only consider demand-side variation (Sabri and Beamon, 2000; Miranda and
Garrido, 2004; Shen and Daskin, 2005; Daniel and Rajendran, 2006; Romeijn et al., 2007;
Ko and Evans, 2007; Shen and Qi, 2007; You and Grossmann, 2008; Schutz et al., 2009;
Pan and Nagi, 2010; Park et al., 2010; Cardona-Valdes et al., 2010; Hsu and Li, 2011).
In our work, in addition to demand-side variations, different supply-side variations will
also be considered. Difficulties with supply in one entity disrupt production schedules in
all the subsequent entities of a SC / SN which leads to delay in fulfilling customers'
demands. Poor service levels lead to lost sales and long-term demand attenuation. Hence,
appropriate strategies mitigating the negative effects of the supply-side variations in flow
planning, especially in SCs / SNs with multiple supply echelons, are imperative. The
approach presented here not only does significantly improve the service level estimation
in SCs / SNs, but also improves systems reliability in preserving that service level and

improving competition capabilities. We assume that production systems in SCs’ / SNs’
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echelons are accompanied with stochastic percentage of wastage and nonconforming

outputs making their qualified supply quantities uncertain.

Supply-side uncertainty management in a SC / SN has a richer literature on
disruptions rather than operational uncertainties (Santoso et al., 2005; Azaron et al., 2008;
Yu et al., 2009; Li et al., 2010; Xanthopoulos et al., 2012; Baghalian et al., 2013). There
are few works in the field of operational supply-side uncertainty in SCs/ SNs. Chopra et
al. (2007) consider product flow planning in a SC consisting of a buyer and two suppliers.
The first supplier is cheaper, but prone to unreliability and the second supplier is
completely reliable, but more expensive. Demand in the markets is assumed to be
deterministic. In this paper, supply-side uncertainty is considered and the necessity of
decoupling operational and disruption supply risk is highlighted. Disruption is modeled
by scenarios and operational supply uncertainty is considered as a random variable with
a given distribution function. Schmitt and Snyder (2010) consider optimal ordering and
the required amount of the reserve product of a two-echelon SN of a firm and its suppliers.
One supplier is unreliable whereas the second is completely reliable and available but
more expensive. They compare single-periods and multi-periods and discuss the
advantages of considering multi-periods. Dada et al. (2007) consider a company with
several potential suppliers both reliable and unreliable and decisions about supplier
selection and order splitting are made in a way to maximize the company’s expected
profit. Ross et al. (2008) consider the ordering policy of a firm with a Poisson arrival
demand and a single supplier with a random supply process. Supply and demand
processes have time-dependent probabilities. They set a time varying ordering policy to

decrease the total cost of the system. Li and Chen (2010) develop a model for inventory
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management of a SC with an unreliable supplier and a retailer. They investigate the
impact of supply-side uncertainty and customer differentiation on minimizing average
annual cost. In existing research, SCs’ / SNs’ supply process is restricted to one echelon
and variation in the facility performance of that echelon. Based on this literature, lack of
modeling supply-side variations in SCs / SNs with multiple stochastic echelons and its

effect in improving service level estimation is clear.

On the other hand, the existing work of the literature only focuses on the flow
coordination in SCs / SNs and their influencing variations or considers disruptions
affecting the topology of a SC / SN and mitigation of their effects. But we believe to
preserve an appropriate service level, we need to architecture a fail-safe SC / SN. A fail-
safe SC / SN mitigates the impacts of both disruptions and variations and provides an
acceptable level of service. This is achieved by controlling its topology (structurally fail-
safe) and coordinating the flow (operationally fail-safe) through the facilities. In this
dissertation, we show that to have a structurally fail-safe supply network, its topology
should be robust against disruptions by positioning mitigation strategies and be resilient
in executing these strategies. Also we show that to have an operationally fail-safe SC /

SN, its flow dynamics should be reliable against demand- and supply-side variations

Three uncertainties are mainly considered in the after-sales research field:

v Failure time / rate of products / systems to determine the after-sales demand
(Barabadi et al., 2014; Glickman and Berger, 1976; Huang et al., 2007; Kim et al.,
2007; Menke, 1969; Murthy, 1990; Nguyen and Murthy, 1984; Nguyen and

Murthy, 1988; Oner et al., 2010; Sahba and Balcioglu, 2011; Wang, 2012; Wang
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etal., 2009; Anderson, 1977; Diaz and Fu, 1997; Sleptchenko et al., 2002; Hussain
and Murthy, 2003; Lieckens et al., 2013; Lin and Shue, 2005; van Ommeren et
al., 2006; Rappold and Roo, 2009; Wu et al., 2009; Faridimehr and Niaki, 2012;
van Jaarsveld and Dekkrer, 2011; Avsar and Zijm, 2000; Sleptchenko et al., 2003;
Park et al., 2013; Matis et al., 2008; Jack and Murthy, 2007; Wu et al., 2006;
Vahdani et al., 2013; Su and Shen, 2012; Hartman and Laksana, 2009; Zhao and

Zheng, 2000; Rao, 2011; Chu and Chintagunta, 2009).

v Repair time of products / systems (Oner et al., 2010; Sahba and Balcioglu, 2011;
Diaz and Fu, 1997; Sleptchenko et al., 2002; Lieckens et al., 2013; van Ommeren
et al., 2006; Rappold and Roo, 2009; Avsar and Zijm, 2000; Sleptchenko et al.,
2003; Sherbrooke, 1968; van Harten and Sleptchenko, 2000; Gross and Pinkus,

1979; Graves, 1985; Perlman et al., 2001).

v Repair cost (Zhou et al., 2009)

As noticed above, most of the work in the literature does not include holistic view
and only concentrates on downstream of after-sales SCs / SNs such as repair demand and
repair process and their corresponding uncertainties and ignores the upstream production
facilities producing and providing the requirements (such as spare parts) for the after-
sales services. In this dissertation, we consider the upstream production facilities of after-

sales SCs and their corresponding uncertainties.

Three groups of operational uncertainties are considered in this dissertation: 1)
demand-side variations; 2) supply-side variations and disruptions and 3) uncertainty in

the performance of product's components. Demand-side variations include the
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uncertainty in the prediction of product demand in pre-markets and spare parts demand
in after-sales markets. We assume that product demand in pre-markets is a stochastic
function of product’s retail price, warranty length and service levels. The spare parts
demands are stochastic and depend on the total product supply by the forward SC / SN
and quality of product's components. Supply-side variations include imperfect production
systems of production facilities such as suppliers and manufacturers which lead to
stochastic qualified outputs and supply quantities of these facilities. Supply-side
disruption refers to disruption possibility in the supply facilities of SCs / SNs.

1.2.3. Existing gaps in the uncertainty management in the supply network management
and research questions

In operational supply-side uncertainty management literature, SCs’ / SNs” supply process
IS restricted to one echelon and uncertainty in the facility performance of that echelon.
However in actuality, most SCs / SNs have longer production chains / networks involving
several echelons of suppliers of suppliers, suppliers, components manufacturers,
assemblers, etc. To fill the gap, we consider SCs / SNs with multi-echelon supply
processes servicing markets with uncertain demands. The SCs’ / SNs’ multi-echelon

supply process includes production facilities’ with uncertain production systems.

In such a complex network-based production system, uncertainties in the production
facilities are accumulated by moving the material / product flow from the SC's / SN’s
upstream to its downstream leading to a larger and larger bias. As shown in the sample
SC of Figure 1-3, due to the uncertainty in the production system of the supplier,
determining the conforming output of the supplier for a given input level is not possible.

Qualified output of the supplier can change in a given range. This uncertain output of the
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supplier is input to the manufacturer which also has an uncertain manufacturing system.
Thus the uncertainty in the manufacturer’s production system is added to its uncertain
input level which leads to a greater uncertainty in its qualified output. The same story
repeats in the SC’s downstream echelons. We call this phenomenon "uncertainty
propagation” in SCs / SNs. In such a SC / SN not only the local effects of these
uncertainties on the performance of their corresponding entities should be investigated,

but also their global effects on the performance of the whole SC / SN should be governed.

At first glance the consequences of supply-side uncertainty propagation which is
introduced in this dissertation and Bullwhip Effect was already introduced in 1960's look
so similar to each other. But their reasons and what is amplified in these two phenomena

are completely different. Details are as follows:

v Bullwhip effect: two factors lead to Bullwhip Effect in a SC / SN: i) uncertainty
in market demand (demand side uncertainty is only considered in this
phenomenon); and ii) existence of time lag in the information transaction among
a SC's / SN’s echelons. This means that all the facilities in the SC / SN do not
recognize demand variations simultaneously. Due to this reason, inventory
volume in the SC’s / SN’s facilities propagates by moving from downstream to
upstream. Uncertain production system of facilities or in the other word supply-

side uncertainty does not have any role in this phenomenon.

v Supply-side uncertainty propagation: this phenomenon happens due to the
uncertainty in the performances of production facilities and their qualified output

volumes in a SC / SN with multi-echelon production process. This uncertainty in
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the qualified and acceptable flow volume propagates by moving of material and
product from upstream to downstream. The speed of information transaction

among the SC’s / SN’s facilities does not have any role in this phenomenon.

In this work, we contributes in the following ways to the uncertainty management in
SCs / SN literature. First the supply-side variations in SCs / SNs with a multi-echelon
supply process is considered. In the literature all supply-side variation work in the context
of SCs / SNis is restricted to a single echelon supply process. In SCs / SNs with a multi-
echelon supply process, the phenomenon of uncertainty propagation is introduced and
quantified. The importance of uncertainty propagation in the global performance of SCs

/ SNs is demonstrated.

In addition to supply-side variations, we also consider the possibility of disruption in
supply facilities of SCs / SNs. We show that to preserve the availability of the required
facilities, a SC / SN needs to have a robust network. Robustness of a SC / SN depends on
the flexibilities levels of its facilities. To minimize a SC / SN injury after disruption, its
facilities should be resilient. Resilience of a facility shows how fast the capacity of that
facility can be ramped up — flexibility speed. We developed a comprehensive model to
select the best flexibility levels and speeds for SCs’ / SNs’ facilities to redesign the most

profitable robust and resilient network for them.

Variations and disruptions have been investigated separately in the literature. But we
show that to have a fail-safe SC / SN, its structure should be robust and resilient against

disruptions and the coordination of its facilities should be reliable against variations.
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Figure 1-3: Uncertainty propagation in a sample SC.

Black line: Product flow planned by the deterministic model;
Dashed line: Product flow that is happening in reality;
Grey line: Solution of reliable model expected to be obtained in this paper.

Detailed information of mostly related papers to our problem is summarized in Table
1-1. In Columns 2-5 of the table, we explain which types of products (capital or durable
consuming goods) are considered in papers and if their repair / replacement time is
incorporated in modeling or not. Columns 6-7 are about the number of echelons and items
considered in the after-sales operations. In Columns 8-11, we show which kinds of
warranty (rebate, failure free, EOL, and Performance based) is considered for products.
In Columns 12-29, we represent decisions (determining warranty parameters, repair
process, spare parts inventory management, demand prediction, network topology, etc.)
made in the papers. In Columns 30-31, objective functions and constraints of models are
explained respectively. In Columns 32, we explain which uncertainties (failure times and

numbers, repair times, demands, etc.) are considered in problems of papers.

Research questions will be answered in this dissertation in the “uncertainty

management” context are as follows:
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X/
°

X/
°

Research Question 5: what are the necessities of having fail-safe SNs?
Research Question 6: what are the characteristics of fail-safe SNs against
disruptions — characteristics of structurally fail-safe SNs?

Research Question 7: what are the characteristics of fail-safe SNs against

variations — characteristics of operationally fail-safe SNs?
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Table 1-1: Literature review table.
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1.3. Organization of the dissertation

In this dissertation we want to design / redesign a fail-safe SN. A fail-safe network is one
which mitigates the impact of uncertainties and provides an acceptable level of service in
markets (pre- and after-sales markets). This is achieved by controlling its topology
(structurally fail-safe) and coordinating the flow (operationally fail-safe) through the

facilities.

In Chapter 2, we show that to have an operationally fail-safe SC and SN, its flow
dynamics should be reliable against demand- and supply-side variations — small scale
expected events. In Chapters 3 and 4, we show that how the concept of operationally fail-
safe SC developed in Chapter 2 can be extended to service both pre-markets — forward
SC — and after-sales markets — after-sales SC. In Chapter 5, we develop a model to plan

flow dynamics in operationally fail-safe SN servicing both pre- and after-sales markets.

Chapter 6 is about redesigning a structurally and operationally fail-safe SN. In this
chapter, we show that to have a structurally fail-safe supply network, its topology should
be robust against disruptions — large scale unexpected events — by positioning mitigation
strategies and be resilient in executing these strategies. Considering “Flexibility” as a
risk mitigation strategy, we answer the question “What are the best flexibility levels and
flexibility speeds for facilities in structurally fail-safe supply networks?” Figure 1-4
depicts the flow of information through the chapters of this dissertation. As seen in the
figure, in Chapters 2 and 6 we develop an operationally and structurally fail-safe SC / SN
respectively servicing only pre-markets. Chapters 3, 4, and 5 extend the SC and SN

problem to service the after-sales markets as well.
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Chapter 1: Frame of
References and Gap Analysis

an ard SC / SN

Chapter 2: Operationally
Fail-safe SC / SN

Chapter 4: Operationally Fail-

Chapter 3: Operationally Fail- safe SCs Servicing Pre- and
safe SCs Servicing Pre- and After-sales Markets with
After-sales Markets Remanufacturing

[ Chapter 5: Operationally Fail-
safe SNs Servicing Pre- and
After-sales Markets

Aftersales SC /SN -

[ Chapter 6: Operationally and
Structurally Fail-safe SNs

E B

Chapter 7: Venfication and
Vahdation, Closure, Future
Research

Figure 1-4: Outline of this dissertation.

In Chapter 2 — Operationally fail-safe SN — we only concentrate on forward SNs (and
ignore after-sales SNs) to simplify the problem. In this chapter, at first we consider a
simple forward SC with only one facility in each echelon servicing a market with a
stochastic demand. We assume that the performance of production systems in the
echelons of this SC is not perfect and includes stochastic rate of non-conforming output.
In this chapter, we show that how we can quantify uncertainty propagation through this

chain and use it to quantify qualified supply quantity in the last echelon. Then we use it
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to determine the most profitable service level for the whole chain and it's supporting local
reliabilities of stochastic facilities. Finally we extend this method to SNs with more than

one facility in each echelon (Figure 1-5).

Supplier Manufacture Retailer Market

Production

SC echelons

Figure 1-5: Problem will be investigated in Chapter 2.

In Chapter 3, we extend the model of Chapter 2 to include an after-sales SC as well.
In this chapter, we are going to consider a company including two SCs: i) a forward SC
producing and supplying products to a pre-market. These products are sold under a
specific price and warranty strategies; and ii) an after-sales SC producing and supplying
spare parts to fulfill after-sales commitments. Again it is assumed that the performance
of production facilities and demands of the pre- and after-sales markets are stochastic. In

this problem, there is one facility from each type in each echelon (Figure 1-6).
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Suppliers Manufacturer Retailer Market

Figure 1-6: Problem will be investigated in Chapter 3.

In Chapter 4, we extend the problem of Chapter 3 to include the remanufacturing
possibility of defective parts of the products returned by customers inside the warranty
period. In Chapter 3, only new spare parts are used to service after-sales demands. But in
this chapter remanufactured parts also can be used to service these commitments. Again
it is assumed that the performance of production facilities and demands of the markets

are stochastic and there is one facility from each type in each echelon (Figure 1-7).

In Chapter 5, we extend the problem of Chapter 3 and 4 to SNs with more than one
facility in each echelon. In this case, the size of the problem and the number of its binary
variables increase significantly in comparison with the models of the previous sections.
Thus the solving methods of the previous chapters are not efficient for the model of this
chapter. Therefore, a specific algorithm is proposed in this chapter to solve the model. At
the end of each chapter, a test problem is used to check the model and solution method.

Sensitivity analysis of the results leads to some managerial insights.

37



Suppliers Manufacturer Retailer Market

e
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(@)
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Supplier 2
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|
|_

)
Remanufacturing
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Figure 1-7: Problem will be investigated in Chapter 4.

In Chapter 6, we extend the previous problems to concurrently redesign the SN
topology (integration in the SN) to be fail-safe against disruptions and plan flow dynamics
throughout its network (coordination in the SN) to be fail-safe against variations. We
redesign the SN topology in a way to be robust against supply side disruptions and be
resilient to minimize their negative effects after occurrence. By considering demand and
supply side variations and their propagated effect, we will plan a reliable flow throughout
the SN’s network. We will develop a comprehensive mathematical model to concurrently

make these decisions in the most profitable way.

In Chapter 7, we have closing remarks and talk about verification and validation, future

research, possible extensions, and other applications for the problems of this dissertation.

The research questions of this dissertation will be answered in the following chapters:
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Table 1-2: Answers of the research questions.

Research Questions

(RQs)

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

RQ1: what are the important flow
transitions among the facilities
supporting after-sales services?

N

~

~

~

N

RQ2: what are the important
interactions between forward and
after-sales SNs justifying the necessity
of their concurrent flow planning?

RQ3: how do these interactions affect
planning flow dynamics in the forward
and after-sales SNs of non-repairable
goods?

RQ4: how do these interactions affect
planning flow dynamics in the forward
and after-sales SNs of repairable
goods?

RQ5: what are the necessities of
having fail-safe SNs?

RQ6: what are the characteristics of
fail-safe SNs against disruptions —
characteristics of structurally fail-safe
SNs?

RQ7: what are the characteristics of
fail-safe SNs against variations —
characteristics of operationally fail-
safe SNs?
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Chapter 2: Operationally Fail-safe Supply Chains / Networks

In this chapter, we deal with having “Operationally Fail-safe SNs”. Flow planning
through these SN is fail-safe against variations. In this chapter, we want to answer the
seventh research question by determining the characteristics of these SNs:

v" Research Question 7: what are the characteristics of fail-safe SNs against

variations?

Firstin Section 2.1, we determine different kinds of variations affecting the flow planning
in SCs / SNs. Then in Sections 2.1.1, 2.1.2 and 2.1.3, we explain that how the variations
affect the performance of facilities in the first echelon, e.g. the retailer, the second
echelon, e.g. the manufacturer, and the third echelon, e.g. the supplier, of the SC. In these
section, we show how uncertainties propagate through the SC and how this phenomenon
adversely affect its performance. In Section 2.1.4, we develop a mathematical model to
neutralize the negative effect of uncertainty propagation. In Section 2.1.5, we propose an
approach to linearize and solve the model. The model is tested on an example in Section
2.1.6. The solution approach is extended from SC to SN in Section 2.2. In Section 2.2.4,
we explore the design space to determine correlations exist between the price and service

level in the SC / SN. Run time of the models is analyzed in Section 2.2.5.

2.1. Operations and variations in a forward supply chain

In this chapter, we consider a SC with a multi-echelon supply process including a
sequence of facilities, supplier and manufacturer with imperfect production systems
(supply-side variations). Components are procured from the supplier, and, after being
manufactured to the final product by the manufacturer, they are supplied to a market with
a stochastic demand by a retailer (demand-side variations). The stochastic demand is an
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increasing function of service level and decreasing function of price. The production
system of the SC's manufacturer has a stochastic percentage of defective output. After set
up, each supplier’s production system deteriorates after a stochastic time and shifts from
in-control to out-of-control leading to a stochastic percentage of nonconforming products.
To have an operationally fail-safe SC, the demand- and supply-side variations should be

incorporated in its flow planning.

In this problem, service level is defined as a percentage of the market’s demand which
can be fulfilled immediately by the retailer's on-hand inventory and is a function of the
local reliability levels of the SC's facilities. Higher reliability levels in each facility
improve the SC's global performance (service level) in charge of imposing costs on the
system. The goal is to determine: (i) the service level providing the highest SC profit by
considering local and propagated uncertainties; (ii) the combination of reliability levels
in the SC's echelons to ensure economic service level (iii) economic production planning
to preserve the local reliability of facilities and the SC's service level. Products for each
production planning period are produced, transported and stored in the SC's retailer before
the start of that period. In the rest of this section, we elaborate our general strategy to deal

with problem.

Optimizing service level is much more difficult in these SCs due to uncertainty
propagation. Each facility in the SC is assigned an appropriate reliability level
representing the probability that it is able to fulfill the order of its downstream facility
completely. rl;, rl, and rl5 are the reliability levels of the SC's retailer, manufacturer and
suppliers respectively. The retailer selects the product stock quantity to ensure, with rl;

probability, that this stock level can fulfill the market’s demand, and the manufacturer
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selects its component procurement and final product manufacturing quantities to
guarantee that the qualified output is equal to the retailer’s requirements with rl,
probability. rl5, the supplier’s reliability level means that its material procurement and
component production quantity can fill the manufacturer’s order with rl; probability.
Thus the SC's supplier is sure with rl; probability that it can provide the manufacturer’s
complete order. The manufacturer is sure with probability rl, that it can provide the
retailer’s order and the retailer is sure with probability rl; that its product stock quantity
will fulfill the market demand. The SC's service level is: sl =rl;.rl,.rl5. In
Operationally fail-safe SCs, not only determining the optimal sl is important, but also it
is necessary to determine the optimal reliability level combination, (rly,rl,,7l3), to

preserve that service level.

Based on the probability distribution function of the market’s demand and chosen
reliability level rl,, the retailer selects the best x product order quantity from the
manufacturer. SC’s manufacturer receives an x product order from the retailer, but due to
the probability of defective product production in its own manufacturing system, the
manufacturer plans to manufacture extra product Ax and orders x + Ax components from
the supplier. This protects the SC against propagated uncertainty in the demand and the
manufacturer’s production system. The supplier receives x + Ax order from the
manufacturer. To compensate its imperfect production system, the supplier produces Ax
more components. Ax and Ax are determined by the stochasticity in the production
systems and reliability levels rl, and rl;, and protect the SC against the propagated

effects of the uncertainties (Figure 2-1). Therefore, considering both demand- and supply-
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side variations in SCs leads to uncertainty propagation through their networks which

should be quantified for service level estimation.

Supplier Manufacture Retailer Market

(et o683 @S @

Production

: i :
x| : X|
L XI! I E
: | . »
SC echelons

Figure 2-1: Uncertainty propagation in the SC.

In Sections 2.1.1, 2.1.2 and 2.1.3, the SC's facilities are considered separately step
by step from downstream to upstream and production planning for each facility is
discussed. The results of these sections are aggregated and formulated into a
comprehensive mathematical model in Section 2.1.4. The notation used in formulating
this problem is summarized in Table 2-1.

2.1.1. Reliable production planning in the supply chain's retailer
Demand of the SC is a stochastic function of its service level and retail price. The service
level is a fraction of the market's realized demand that can be satisfied from the retailer's

on-hand inventory.

The expected market demand, D(sl, p) is an increasing function of the chain's service
level, sl, and a decreasing function of the retail price, p. However the actual demand,

D(sl, p), is stochastic. According to Bernstein and Federgruen (2004 and 2007) demand
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is formulated as D (sl, p) = D(sl,p) x €. € is a general continuous random variable with
G (&) cumulative distribution function independent of the SC's service level and price.
Without loss of generality, E(¢) is normalized to E (¢) = 1 which implies E(D(sl,p)) =
D(sl, p). The price of the product is fixed in the market. The retailer’s order is released
and fulfilled by the manufacturer before the beginning of the planning period. After
realizing the period's real demand, unit holding cost, h*, and unit shortage cost, h~, are
paid by the retailer for each end-of-period inventory or backlogged demand. Then, the

total cost (summation of inventory holding and shortage costs) of the retailer, 11, is:
MIN Im=h"E[x—D(sl p)]+ +h™.E[D(sl,p) — x]+ (2-1)

S.T. Pr[D(sl,p) < x] =7l (2-2)

Table 2-1: Notation for the SC problem.

D(sl,p) Demand of the SC's market as a function of its service level

D(sl,p) Expected demand of the SC's market

3 Continuous random variable representing the uncertain part of the demand function

G(¢e) Cumulative distribution function of ¢

p Price of the product in the market

ht Unit holding cost in the SC's retailer

h~ Unit shortage cost in the SC's retailer

I Expected total cost of the retailer

B Maximum wastage ratio in the production system of the SC's manufacturer

G() Cumulative distribution function of wastage in the production system of the SC's
manufacturer

u Rate of shifting to an out-of-control state in the SC's supplier

y Percentage of defect production in the out-of-control state of the supplier

N Awvailable production schemes in the supplier, N = {n;,i = 1,2, ..., |N|}

a, Unit procurement cost in the SC’s supplier

a, Unit production cost in the SC’s supplier

as Set up cost in the SC’s supplier

h,y Unit inventory cost for a time unit in the SC’s supplier

b, Unit transportation cost from the supplier to the manufacturer

b, Unit manufacturing cost of the SC’s manufacturer

h, Unit inventory cost for a time unit in the SC’s manufacturer

o) Unit transportation cost from the manufacturer to the retailer

Cy Unit handling cost in the SC’s retailer

PR, Production rate in the SC’s supplier
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PR, Production rate in the SC’s manufacturer

SL Set of scenarios defined for the service level of the SC, SL = {sl%, sl?, ..., sl!!1}

RLS' Set of scenarios defined for service level si* distribution among the SC's echelons
as their reliability levels, RLS" = { RLSY = (risY 7188, risY), RLSY =
(i3, rish, riss), . RL| Lsztl (rllRLszt T |Rle' |RLszl|3 }

Variabl

es

rly Reliability level in the SC's retailer

rl, Reliability level in the SC's manufacturer

rls Reliability level in the SC's supplier

sl SC's Service level in the market

x Ordering volume of the retailer from the manufacturer

Ax Extra production in the manufacturer to compensate for the wastage in its production
system

Ax Extra production units in the supplier to compensate the wastage of its production
system

Vi 1 if production scheme n; is selected by the supplier; otherwise 0

Zyi 1 if scenario slt (Vsl € SL) is selected as the service level of the SC, otherwise 0

Weigtt 1 if scenario RE = (rist, vt rlst) (VRLS™ € RL) is selected to distribute
service level si* among the SC's echelons as their reliability levels, 0 otherwise

In this model x represents the ordering quantity of retailer from manufacturer. The
ordering volume x = D(sl,p).G~ 1( ) minimizes the retailer's expected cost. To

conserve the reliability level of the retailer we should have x > D(sl,p).G~1(rl;), so

the best order is:

x =D(sl,p).G™ 1 (Max {rll,h_hﬁ}) (2-3)

By substituting equation (2-3) into (2-1), the cost of the retailer can be rewritten as

follows:

1= (h+.E [6‘1 (Max {rll,h_hﬁ}) - e]+ +h™.E [e -

G 1 (Max {rll,h_hﬁ})r).D(sl,p) (2-4)
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Thus, the SC's retailer, by ordering x = D(sl,p).G ™1 (Max {rll,#}) products

from the manufacturer will be sure with rl; probability that its product stock will fulfill
all the realized demand. In Figure 2-2 a sample probability distribution function is
assumed for the market’s demand. As shown in this figure, ordering quantity x should be
selected in a way that the probability of the market’s demand is equal or less than x is
rl,. The approach of this section explains how demand-side variations should be dealt in

operationally fail-safe SCs.

_Supplier... t. Manufacturer

Retailer Market
"’:4 ! A
............................. 3 r

D(sl,p) ——_

r

X

rl 1 ™ Y
B )
i Uncértain part of
/ma'rket’s demand function
7

Jt

Flow volume throughout the SC

SC sTages
Figure 2-2: Order volume of the retailer based on its reliability level.

2.1.2. Reliable production planning in the supply chain's manufacturer

The SC's manufacturer receives an order of x products from the retailer. Without loss of
generality, it is assumed that a single unit of component is required per product. The
production system of the manufacturer always has some wastage which is determined by
the general state of its machinery and varies in range [0, %] with a cumulative

distribution function G'(.).
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A manufacturer should compensate for the wastage by manufacturing more products
and consequently ordering more components from the supplier. Thus, component
ordering and production volumes of the manufacturer include a surplus, Ax. If the
manufacturer produces x units, this batch may contain Ax € [0, x. %] flawed units. To
compensate for this wastage, the manufacturer orders Ax + x units from the SC’s
supplier. Increasing Ax improves the probability of the manufacturer to fulfill all x
product ordered by the retailer; this is its reliability level, rl,. If the rl, reliability level is
assigned to the manufacturer, the manufacturer should order x. G'~*(rl,) + x units from
the supplier, Figure 2-3. Thus x.G'~"(rl,) surplus order and production quantity of the
manufacturer preserves rl, reliability level for the manufacturer against the variation in

its production system.

. : Manufacturer : Retailer : Market
A

x +x.6' " (B%)

x+x.G’_1(rlz)rl2 :\

Flow volume throughout the SC

SC stages

»

Figure 2-3: Order volume from the supplier against the retailer’s and
manufacturer’s propagated uncertainties.
2.1.3. Reliable production planning in the supply chain's supplier
It is assumed that SC's supplier can use |N| possible schemes to produce the order for the
manufacturer, N = {1, 2, ..., |N|}. The binary variable y; is defined as the production

scheme selection which is equal to 1 if production scheme i € {1, 2, ..., |N|} is selected
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by the supplier; otherwise 0. y; = 1 means that manufacturer's order is divided into i
equal parts and these parts are produced in i runs after setting up the machinery. Therefore
Z'l’;"l y; = 1. Using the assumptions of Rosenblatt and Lee (1986) and Lee and Rosenblatt
(1987) about the production process of the supplier, after setting up machinery,

production runs start in the in-control state. But the machinery starts to deteriorate and
become out-of-control after a stochastic while with an exponential distribution with a
mean 1/M' All the product units produced in the in-control state are satisfactory but y
percent of those produced in the out-of-control state are defective. Once the process shifts
to the out-of-control state, it stays in this state until the batch is completed because
interrupting the run is either impossible or expensive. Hence, the first production scheme,
vy, = 1, which produces the whole order at once, has lower set up costs but leads to greater
numbers of flawed units in the output and the other schemes (producing the order in i >

1 runs) reduces the flawed product units at the price of higher set-up cost.

Therefore, in each run of the supplier's production system the number of flawless

Ax+x

components to be produced is ST But to compensate for flawed components, the
i=1Yi:
supplier produces more components %ﬂ. An extra volume Ax is added to the

i=1Yi
production system of the supplier to replace the defective component units. If it is

assumed that the production rate of the supplier is PRy, it will take CEmE lA,f|+A’f+x

time
S yii).PRy

units to produce this volume. Ax preserves the reliability level 15 of the supplier:

Ax +Ax+x ] Ax + x
time unit =

) —=)
(Zyill%-l)-mﬂ Zlilillyi'l

rl; = Pr(flawless product unit in
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[ Ax + Ax + x Ax + x
= Pr|PR,.t + (1 — y).PR,. —t]=>

(Zlillll}’i-i)-P& Zl’i’lyi-i

o 't> Ax+x ) 1 (1—)/) A%
r = . - .
| ZlNl yll PRl yPRl ZINI yll

i=1 i=1

. Ax+x 1 (1 Ax
# ((lei”l yi-i) "PRy (V-PRl) ' (ZLZL%J)

= EXP

(2-5)

N
[PRl.(Z'iz'lyi-
n

Based on Equation (2-5), A% = 1yTy n(rly) + (Ax + x)] units extra

production in the supplier with Zlﬂyi.i production scheme ensures rl; reliability. By
producing Ax, the supplier is able to fulfill the entire manufacturer’s order with rl;

probability.

In Figure 2-4 the probability function of qualified components in the production
system of the SC’s supplier is shown. The extra production Ax should be selected in a
way that the probability of having Ax + x qualified output equals rl;. By producing Ax
extra components the supplier will be able to fulfill the whole order of the manufacturer
with probability rl5, with an Ax extra product production the manufacturer will be able
to fulfill the whole order of the retailer with probability rl, and this amount of product
stock in the retailer will allow responding to the market’s demand with rl; probability
and Ax + Ax + x production volume in the supplier leads to a volume of product in the
retailer that can respond to the market's demand with rl;.rl,.rl; probability and
preserves service level sl = rl,.rl,.rl; for the whole SC. This attracts D (rl,.rl,.rls,p)

demand for the SC. This leads to the following equations for x, Ax and Ax:
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x=D(rl.rly.rl5,p).G1 (Max {rll,h_hﬁ}) (2-6)
Ax = 6"~ (rly).D(rly.7ly.7l5,p). G2 (Max {rll,h_hﬁ}) 2-7)

IN|
At =L [—"Rr@;ﬂy‘” In(rly) + (G (rly) +

1).D(rly.rly.7l5,p).G™1 (Max {rll,h_hﬁ})] (2-8)

The approach of Section 2.1.2 and 2.1.3 explains how supply-side variations should

be dealt in operationally fail-safe SCs.

Supplier Manufacturer Retailer Market

e

x+x.G' T (B%)

x + Ax o
rl,

rl;

»
»

AX + Ax + x

Flow volume throughout the SC

SC stages

Figure 2-4: Production volume of the supplier based on the whole SC’s
propagated uncertainties.
2.1.4. Mathematical model for reliable flow planning in the supply chain
In Sections 2.1.1, 2.1.2 and 2.1.3, we found the relationship between the reliability levels
of the SC's entities and their production levels. The appropriate selection of reliability
levels is important because it determines service level and its captured demand and
income and affects the SC's production levels and manufacturing cost. A mathematical

model of reliable production planning determines the SC's best reliability levels by
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considering the tradeoff between captureable income and manufacturing cost. The

mathematical model of this problem is formulated:

— +
Max 7 = <p - h+.E [G_l (Max {T‘ll,m}) - 8]

h +
—h .E [e -G (Max {rll,m})] ).D(rll.rlz.rl3,p)

- Ial. (x + Ax + A%) + a,. (x + Ax + AX) + a;. (Zl’illyi Jd)+

2PZiE;-|;ZA|1x)):l)2 + by.(x + Ax) + b,. (x + Ax) + hzz_'lf?; +ci.x+cpx
(2-9)
Where
x =D(rly.rly.7l3,p).G1 (Max {rll,h_hﬁ}) (2-10)
Ax = G’ (rly). D(rly.rly.7ls,p). G2 (Max {rll,#}) (2-11)
v [PReG yid) -1

ai =L [+ln(rl3) + (6N (rly) +
1).D(rly.7ly.7l5,p).G™1 (Max {rll,h_hﬁ})] (2-12)
Subject to
sy =1 (2-13)
0<rly,rl, rils<1 (2-14)
y, € {0,1} ie1,2 .., IN}D (2-15)

In this objective function, the total profit of the SC is maximized. The first term

addresses the profit of the chain in the market by selling the supplied products and their
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corresponding shortage and extra inventory costs. The first and second parts of the second
term are the procurement and production costs in the SC’s supplier. The third and fourth
parts are the set up cost of the supplier’s machinery and their inventory holding costs.
The fifth and sixth parts are the transportation costs from the supplier to the manufacturer
and the manufacturing cost in the manufacturer. The seventh, eighth and ninth parts are
inventory holding costs in the manufacturer, transportation cost from the manufacturer to
the retailer and handling costs in the retailer. Equations (2-10) - (2-12), as shown in the
previous sections, specify the relationship between production quantities in the SC's
facilities and their reliability levels. Based on constraint (2-13), only one production
scheme in the chain's supplier is selected. This is a mixed integer nonlinear model with a
highly nonlinear objective function. In the next section, an approach is proposed to solve

this model.

Notice that there are some critical functions in this model such as D(sl, p) function
and cumulative distribution functions (G and G') used to quantify variation in different
echelons’ facilities. To implement the model of this chapter in reality these functions
should be identified appropriately. Usually historical data of the same or different but
similar product can be used to identify D(sl,p) function. For example by having
historical triples of (demand, price, service level) we can find the best fitting D(sl, p)
function by using different statistical approaches such as regression. By having
nonconforming production rate of a facility in the previous production periods, statistical
methods such as “goodness of fit” can be used to fit the best cumulative distribution

function to quantify the uncertainty of its production system.
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2.1.5. Solution for the supply chain's reliable flow planning model

In this section a solution approach is proposed for the model in the previous section.
Important continuous design variables in this model are rl,, rl, and rl; which take values
on the [0, 1] interval or, it would be more rational to assume, the [0.5, 1.0] interval.
Having range-restricted design variables makes discretization an efficient solution
approach. After discretization, nonlinear parts of the model's objective function become
linear ones. Linear models are very well-formed mathematical models and can be solved
globally. To discretize the model we define SL = {si*, sl?, ..., sII!!}, a set of scenarios
for the SC's service level. For each member of SL, a set of reliability levels is defined to
preserve that service level for the SC:

RLSll {RLSl - (rllll i?lzl, ) RLSl - (Tl21, ;lzl,rlgéi L] RLSli i =

]

(T‘lSl ’ lSl ,T‘lSli . )}

|RLS” |RLS” |RLS”|3

zgi (Vslt € SL) and W si (VRLj-li € RLSli) are new binary design variables to
j

select service level, sIt, and reliability level distribution, RLJS-li. By defining the above

new design variables, the following terms in the mathematical mode of the problem can

be revised as:

X = YL X s zsli.wRLili. [D (rlflli.rllei.rljsg,p) .G71 (Max {rl o })]

17 h—+n+
(2-16)

i i h~ 2
= 2 . W | (i i) 67 (wax ot )|

SL ppstt
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(2-17)

Ax =

Vst Xy sti Zagi- W s [(G'_1 (rljszli) .D (rljslli. rljszli. rljs3li,p) .Gt (Max {rl]slll#})]

J

(2-18)
—1 i
Ax +x = z z Zgi- W, it [(G (T‘lle )
SL RLSli /
n 1) D ( lsli lsli lsli ) ¢ (M lSli h—_
. T'Jl.T'JZ.T'j3,p. ax r}l;h_+h+
(2-19)
—1 i
(Ax + x)? = z z Zgi- W i [(G (rlle )
. j
SL RLSll
o . hT 2
It It it -1 1t
+ 1) .D (rljsl Tyl ,p) .G (Max {rljsl = h+}>]
(2-20)
i _ )/ PRl k Sli
Ax + Ax +x = ZN:Z Z yk.zsll.wRLi.ll 1= ” [ P In (rlj3 )
RLSll
+ (G'_1 (rljszli>
1).D lSli lSli lSli G—l M lSli h~
(2-21)
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The first five of these equations are linear functions of z_:. W si and the last term

is a linear function of yj. g w (vslt € SL, VRL]S-’i € RLY, vk € N). By defining
j

=Zgi W i and yzw

i pysit
Ji k,Sl ’RL]

Wsli RISV
RLj

become completely linear. However, the following constraints must be added:

Z itw i
sl RLS!

Zgit+w i—1|<zw ., i<——2L
( stt RLSY ) sttRLSY 2

<M.z

Wsli RISV
RLj

zw SMw_ i
RL>

i st =
sl ,RL]

Zw i € {0,1}

iprs
sl ,RL]-

yk+zsli+ w

(yk +zg i+ W st~ 2) < yZWk,szi,RL-j.li s—

]

yZw S M.z

. i
k,szl,RLj-l

VAL i< Mw
Y k,szl,RLj-l RLj-l

VZW < M.y,

L
k,sl‘,RL“;‘-l

yZw € {0,1}

. i
k,szl,RLj.l

= Vi Zggi W i

LSt

J

Equations (2-16)-(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)

(2-28)

(2-29)

(2-30)

By substituting these equations into the mathematical model (2-9)-(2-15), the model

becomes:
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Max Z =Yg X qilzw X D (rl]$1li.rllei.rlf3fi,p) X

i prsit
sl ,RL]

(p _htE [G‘l (Max {rl]$1li’h—h+_h+}) _ g]+ —h .E [e —

671 (Max (it 2])] )

—ay. (x + Ax + A%) — a,. (x + Ax + Ax) — as. (Z'fi'lyi )

__haGrAo? - _ha@? - -
TN, by.(x + Ax) — b,. (x + Ax) 2pR, (1% T C2X (2-31)

Where

_ ) ] sté st yslt -1 stt h”
X =Yg ZRLS” Zwsli,RLj.” . [D (rlj1 .l Tl ,p) X G (Max {rljl ,h_+h+})]

(2-32)
% = 1 T W g D (rif i vt p) x 671 (Max {rigt, h_’fm})]z
(2-33)
D3 = ot Tyt W, (67 (rif) + 1) x D (it rist vt p)
6 (Max {ril, -=—})] (2-34)

(Ax +x)* =X X i Zwsli,RLj..li. [(G'_1 (rllei) + 1) X D (rlflli.rllei.rljssfi,p) X

¢ (Max {rit, h_"+_h+})]2 (2-35)
Ax +Ax+x =YnXs1 ZRLS”- yzw, sliRLS-li'lz_Y [%ln (rlféi) + (G’_1 (rljszli) + 1) X

SURL)
D (rljslli.rllei.rlféi,p) x Gt (Max {rljslli, h_h+_h+})] (2-36)
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Subject to:

sy =1 (2-37)
YLsiZgi =1 (2-38)
Tt Wi = Z (VRL" € RIS, st € SL) (2-39)
]
z li+w i
S LS i i .
(zsli +w i 1) <zw_, u<——2 (VRL" €RL", Vsl € SL)
RLS sULRLS 2
(2-40)
. . stt stt i
W gyt < M7t (VRL" € RL, st € SL)
(2-41)
w . g <SMw (VRL;" € LV, wsli € SL)
st',RL; RLj
(2-42)

yk + Zsli + WRLSll
J

<yk + 2z + W, i 2) < yzw

i pystt =<
] k,sl',RL; 3

(vSli € SL, VRL" € RIS, vk € N) (2-43)

yZWk,sli,RL‘;‘-li < M'Zsli (vsli € SL, VRL}gll € RLSli,Vk c N) (2-44)
' - i sl st ]
VIV st < MW (vsi' € SL, VRL" € RL*V, ¥k € N) (2-45)
yaw ot < Moy (vsti € 5L, VRL" € RL", vk € N) (2-46)
Y |

Zgi, WRLj.'li, Vi, ZW i yZWk,szi,RL§li € {0,1}

iprs
sl ,RL]-

(vsti € SL, VRL" € RV, ¥k € N) (2-47)
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2
D" iy the objective function. By
Z-PRI-(Zizl Yi-l)z

The only nonlinear term in this model is
the above substitutions its numerator is linearized and by using the same approach

elaborated above for linearizing the zy:.w . multiplication, the dominator can be
j

linearized too. Thus, this term transforms into a linear fractional term. Several approaches
have been proposed in the literature to linearize fractional linear terms. We utilized the
approach proposed by Chang (2001). Based on constraint (2-38), only one service level
scenario can be selected by the SC. According to constraint (2-39), only one reliability
level distribution scenario for the selected service level can be selected. Thus the model
becomes linear with binary design variables.

2.1.6. Example: Computational results

In this section, a sample SC is considered. The price of its product is $12.00, holding cost
of dead inventory at the end of planning period is $0.30 and the cost of unmet demand is
$0.70. The SC's supplier procures the required material with a cost of a;=$2.50 and
manufactures the component with a a,=$1.50 cost. The production rate is PR; = 9000
(components per time unit). The supplier’s machinery has a setup cost a; = $100, and
starts in an in-control state. After an exponential time with u = 2 (average number of
shifts in time unit), the machinery shifts to an out-of-control state with y = 20% of non-
conforming production. Qualified components are transported to the manufacturer with
unit cost b; = $0.5. The manufacturer produces the final product at a rate of PR, = 8000
(products per time unit), a unit manufacturing cost b, = $2.00 and conveys them to the
retailer with unit transportation cost ¢; = $1.00. The manufacturer’s production system
has a wastage percentage uniformly distributed on [0, f = 10%]. The retailer’s unit

handling costs are ¢, = $1.50. Only one production scheme is possible for the supplier
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and all planned material is produced at once, |[N| = 1. Unit inventory holding costs of the
supplier and manufacturer per unit time are h; = $0.40 and h, = $0.40 respectively. The
stochastic part of the demand in the market, &, follows a uniform distribution on the [0.7,

1.3] interval. As seen in Table 2-2, in this problem SL = {si' =0.82,sl? =

0.83, ..., slISt1 = 0.93}. Reliability level sets for some of service level values are listed

below:

v' Reliability levels of facilities preserving si* = 0.82 is RL%®2 = {R19%2? =
(1982 = 0.91,r1%98% = 0.91, r1%8% = 0.99), RLI®? = (r198% = 0.91,r198?% =
0.99, 7198% = 0.91), RLY®* = (r13F? = 0.99,r138% = 0.91, r13$* = 0.91) }.

v' Reliability levels of facilities preserving sI' = 0.91 is RL*%! = {RL9°! =
@192 = 0.91, r1%7t = 1.0, 7199 = 1.0),RLS° = (v197 = 1.0, 7197t =

0.91, 7139 = 1.0), RLY*! = (r137* = 10,7135 = 1.0,7139* = 0.91) }.

The mathematical model of this problem ((2-31)-(2-47)) is formulated and solved on
a Intel(R)Core(TM)4 Duo CPU, 3.6 GHz, with 12276 MB RAM using the default
settings. CPLEX is used to solve the linearized mathematical model of the problem and
it took less than 1 minute to solve it. The solution obtained is, rl; = 1.0, rl, = 1.0 and

rl; = 0.90.

The SC’s profit with respect to its service level is shown in Figure 2-6; it is equal to
rly.rl,.rl5. When the service level is less than 0.90, incrementing the service level leads
to higher profit. When the service level is 0.90, the SC has the greatest profit. Beyond
0.90, incrementing the service level leads to lower profit which means that the negative
effect of service level augmentation on the system's cost is more than its positive effect
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on the system's income. Thus 0.90 is the best choice for this SC (Table 2-2). However,
finding the best service level is not enough. There are many rl,, rl, and rl; combinations
with rly.rl,.rl; = 0.90 (see the white arrow in Figure 2-6) but the profit of the SC is
different for each combination, Table 2-3. Formulating and solving the mathematical
model of this problem helps us find the best combination of reliability levels in the
different echelons of the SC (black dot in Figure 2-5). rl; = 1.0, rl, = 1.0 and rl; =

0.90 are the best reliability levels for service level 0.90 in this SC (Row 22 in Table 2-3).

Table 2-2: The best captureable profit in the SC with respect to its service level.

Service
level

Profit | $6056.7 | $6079.9 | $6105.6 | $6125.3 | $6146.6 | $6165.5 | $6179.3 | $6193.5 | $6199.6 | $6158.9 | $6118.6

0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.90 0.91 0.92 0.93

$6078.
5

B200

Profit

6000 -

&800

5600 -

400

6200

a0 ‘ . s . s
07 075 08 0.es 08 095 1 ' .
» SC's service level

Figure 2-5: Profit of the SC with respect to its service level.
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Table 2-3: Profit of the SC with respect to different reliability level combinations
in service level 0.90.

Row rll rlz rls Profit Row rll rlz rls Profit
1 0.970 0.940 0.985 $5637 2 0.970 | 0.945 | 0.980 $5662
3 0.970 0.955 0.970 $5712 4 0.970 | 0.960 | 0.970 $5720
5 0.970 0.975 0.950 $5812 6 0.980 | 0.915 | 1.000 $5600
7 0.980 0.920 0.995 $5626 8 0.980 | 0.940 | 0.975 $5729
9 0.985 0.910 1.000 $5619 10 | 0.985 | 0.930 | 0.980 $5723
11 0.990 0.905 1.000 $5638 12 | 0.990 | 0.910 | 0.995 $5665
13 0.990 0.920 0.990 $5701 14 | 0.990 | 0.930 | 0.975 $5769
15 0.995 0.900 1.000 $5657 16 | 0.995 | 0.915 | 0.985 $5736
17 0.995 0.925 0.975 $5789 18 | 0.995 | 0.945 | 0.955 $5892
19 1.000 0.900 0.995 $5702 20 | 1.000 | 0.900 | 1.000 $5687
21 1.000 0.910 0.985 $5755 22 1 1 0.900 $6199

2.2. Operations and variations in a forward supply network

In this section, we extend the problem to a three-echelon SC consisting of several
suppliers, manufacturers and retailers which is called Supply Network (SN) henceforth
(Figure 2-7). Retailers order their products before the beginning of each planning period.
Manufacturers integrate the orders received from retailers and order the required

components from suppliers and manufacture products and supply them to retailers.

As in Section 2.1, it is assumed that the demands of the markets are stochastic
increasing functions of service levels and decreasing functions of retail price. In addition
to this demand-side variation, it is assumed that the production systems of manufacturers
always include a stochastic percentage of deficient output and the suppliers' production
systems deteriorate after exponential times and shift from in-control to out-of-control
state which leads to a percentage of nonconforming component production. The aim is to
determine: (i) the most appropriate service level set for the SN to balance the costs of

unmet demand and supply costs and (ii) the appropriate reliability level (and production
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and ordering quantities) in the SN’s facilities to provide reliable material and product
flow to preserve the desired service levels and maximize the captureable profit .

2.2.1. Mathematical model for reliable flow planning in the supply network

To formulate the planning problem in the SN, we modify the approach developed for the
SC with single-facility echelons. A SN is a composite of SCs with single-facility
echelons. In this paper, the constituent SCs with single-facility echelons of the SN are
called potential supply routes. Each route starts from a supplier in the third echelon and
passes through a manufacturer in the second echelon and ends at a retailer and its market
in the first echelon (Figure 2-6). For production planning in the SN the following

decisions are needed:

1) Which potential routes should be selected?

i) How many products should be supplied by each selected route?

After selection of routes and their assigned supply quantities, flow augmentation
through each route due to propagated uncertainty is determined using the method of

Section 2.1. The notation is in Table 2-4.
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Figure 2-6: Network structure of the SN with multiple facilities in each

echelon (sample potential route t = (2, |0], 1) is shown in the SN).

Table 2-4: Notation for the SN problem.

N OoOW

Em

Gin (€m)
NS

D,,(sl,,, p,) Demand in the SN's market m as a function of its service level and retail price,

D.,, (sl Pm) EXpected demand in the SN's market m (vm € M)

Set of suppliers in the third echelon of the SN, § = {1, 2, ..., |S|}

Set of manufacturers in the second echelon of the SN, 0 = {1,2, ...,|0[}

Set of markets and their corresponding retailers in the first echelon, M = {1,2, ..., |[M|}
Set of potential routes in the SN. Each route, t, starts from a supplier, s, in the third echelon
and passes a manufacturer, o, in the second echelon and ends to a retailer and its
corresponding market, m, in the first echelon. So each potential route of this set is a triple
of entities in different echelons: t = (s,o,m) (Vt € T), T ={1,2,...,|T|}

Subset of SN's potential routes starting from supplier s, T® =

{t € T|first element in triple t = s}

Subset of SN's potential routes passing through manufacturer o, T° =

{t € T|second element in triple t = 0}

Subset of SN's routes ending in market m, T™ = {t € T|last element in triple t = m}

Dm(SIm: pm) = Dm(Slmt pm) X &y (Ym € M)

Continuous random variable represents the uncertain part of demand at the SN's market
m (Vm € M)

Cumulative distribution function of ¢, (vm € M)

Auvailable production schemes for the SN's supplier s, Ny = {ng;,i = 1,2, ..., |N|} (Vs €
S)

Unit procurement cost in the SN’s supplier s (Vs € S)

Unit production cost in the SN’s supplier s (Vs € S)

Set up cost in the SN’s supplier s (Vs € S)

Unit Inventory holding cost per time unit in the SN’s supplier s (Vs € S)

Unit transportation cost from the supplier s to the manufacturer o (Vs € S, Vo € 0)

Unit manufacturing cost in the SN’s manufacturer 0 (Vo € 0)

Unit Inventory holding cost per time unit in the SN’s manufacturer 0 (Vo € 0)

Unit holding cost of extra inventory in retailer m at the end of planning period (v € M)
Unit shortage cost of unmet demand in retailer m at the end of planning period (v € M)
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Ciom Unit transportation cost from manufacturer o to retailer m (Vo € 0,vm € M)

Com Unit handling cost in the SN’s retailer m (Vm € M)
Do Price of product in the SN's market m (vm € M)
PRy, Production rate of the SN’s supplier s (Vs € §)
PR,, Production rate of the SN’s manufacturer 0 (Vo € 0)
Bo Maximum rate of flawed product production in the SN’s manufacturer 0 (Vo € 0)
Go(.) Cumulative distribution of flawed production in the SN’s manufacturer 0 (Vo € 0)
s Rate of shifting to the out-of-control state in the SN's supplier s (Vs € S)
Vs Percentage of nonconforming production in the out-of-control state of supplier s (Vs €
S
SL : i i N R T ) ISLm|
m Set of service level scenarios for market m, SL,,, = {slm, Sl e, Sk }(Vm €M)
RLgi Set of scenarios defined for service level s, distribution among the SN's entities in

different echelons as their reliability levels, RLy; = yrij; = (i1}, ,ri2}; ,ri3};),

sty sthy’ s

‘RL |RL ‘RL i ‘
sl
: Slrin

= (rl1 “*'“‘,rlz 5’5"|,rl3

‘RL i
Sm
ik, stb, sth,

. rls )}. In all scenarios

J J Joo— i - Y-
rit), izl i3l = sl (V=12 ... |RLy |);
PER!, Set of scenarios defined for the percentage of market m’s demand that can be assigned
to patht (vm € M,Vt € T™), PER}, = {per,fﬂ,per,ﬁlz, ...,per;|PER1tn|}

Variables

rlim Reliability level in the SN’s retailer m (Vm € M)

rly, Reliability level in the SN’s manufacturer 0 (Vo € 0)

rlsg Reliability level in the SN’s supplier s (Vs € S)

Slm Service level of the SN in market m (Vvm € M)

X; Quantity of product supplied by route t to marketm (vm € M,vt € T™)

X + Ax; Production quantity in the manufacturer of route t to fulfill its order (vt € T)

X + Axg Production quantity in the supplier of route t to fulfill the order of its manufacture (vt €
+ Ax, T)

Ve 1 if route t is selected to supply products to market m; O otherwise (vm € M,Vt € T™)
Zsi 1 if production scheme i is selected by supplier s; O otherwise (Vs € S, Vi € N;)
v, 1 if service level scenario sl¢, is selected for market m; O otherwise (Ym € M, Vsl}, €
SL,)
w’, 1 if service level distribution scenariorl’ ; = (ri1’; ,ri2’ ; ,r13’ ;) isselected by route
st Sl slm slm slm

t to provide service level sl to its market m (vm € M, vVt € T™, Vsli, € SL,,, Vrlizi €
m
RL ;i ); 0 otherwise
m

Yk 1 if scenario per,, is selected as the market m’s percentage of demand assigned to route
t(vm € M,Vt € T™, Vper}, € PERL); 0 otherwise

In each market there is a stochastic demand D,,(SLy,, Pm) = D (Sl Prm)- € Which
is an increasing function of the retailer's service level, sl,,, and a decreasing function of
retail price, p,,. &, IS the stochastic part of demand and is a random variable with G,,,(.)

cumulative density function. The mathematical model of this problem is:
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[M]| _ +

_ hin
Max Z = {z (pm — Wt E [Gml (Max {rllm,_—Jr}) - em]
o) hy, + hy,

_ ) h 2\
- hm- E [Sm - Gm (Max {T‘llm,m}>] ) X
m m

(HlT ISlm ye+ (1 - %)»Pm)} Z|S|1(als + azs). Z'T I(xt + Ax, + Ax,) —

2
|T*]
Ih Z xt+Axt s 0
S| |Ns| S| 15( t=1 ISI 0] $IT ﬂT I
ZS 1a35 Z ZSl [ 25 1 IN Z 0=14&t= blso (xt
2.PRys (215 ;. 1)

T
20 Z o m
Axy) — ZI0I12IT Ibzo (xp + Ax,) — Zlol MZ'OHZ'MH |t7;1nT lclom-xt -

2.PRy,
ZlMl Com- Zt 1 xt
(2-48)

Where
Ax, = Gy (rlyy). %, (V0 € 0,Vt € T°) (2-49)
A = s (Zisl ) Pl + A, + x|y (Vs € S,VE € T9) (2-50)
S.T.
Xy < M.y, (VteT) (2-51)
Sty ye 2 (¥m € M) (2-52)
ZItT 1' X¢ = Dy (Sl D). G (Max {rllm, h‘h%fn}) (Ym € M) (2-53)
Vsl 2 =1 (Vs € S) (2-54)
Ve (Plss.Tlyo. Tlim) < Sl < yi. (Y. 1l . Tlim) + (1 —y,)

(Yme MVt eT™ t = (s,0,m)) (2-55)
0<rly, <1 (Vm € M) (2-56)
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0<r,,<1 (Vo € 0) (2-57)

0<rlp; <1 (Vs €S) (2-58)
Ve, Zgi € {0,1} (VteT,Vs € §,Vi € Ny) (2-59)
Sk, X¢, Axe, A%y 20 (Vs€S,VYmeEM,Voe O,VteT) (2-60)

In the objective function the total profit is maximized. The income of the SN after
discarding the shortage cost of unmet demand and the inventory holding cost of dead
inventory in the retailers is computed with the first term. The second term is the sum of
procurement and production cost in the SN’s suppliers. Production volume in supplier s
is the sum of propagated flows in the selected routes originating from that supplier,

'tT:l'(xt + Ax; + Ax,). The third and fourth terms address the sums of set up costs in
suppliers and their inventory holding costs. The fifth and sixth terms are the sum of
transportation costs of components from suppliers to manufacturers and the sum of
manufacturing costs in the SN’s manufacturers. The seventh, eighth and ninth terms are
the sum of inventory holding costs in the manufacturers, transportation costs of products
from manufacturers to retailers and retailers’ handling costs. The production quantity

augmentation in each potential route of the SN with respect to the reliability levels of the

facilities throughout that route are given in Equations (2-49)-(2-50).

Based on constraint (2-51), a product can flow only through the selected routes of
the SN. According to constraint (2-52), at least one of the potential routes ending in each
market is selected. Constraint (2-53) requires that the demand of each market is fulfilled
by the flow in routes ending in that market. Based on constraint (2-54), one production

scheme is selected for each supplier. Constraint (2-55) ensures that the reliability levels
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of the facilities in the selected routes ending in a market will preserve that market's service
level. Constraints (56-60) determine the bounds and the nature (binary or continuous) of
the design variables. This model is mixed integer and nonlinear with a highly nonlinear
objective function and nonlinear constraints, (2-53) and (2-55).

2.2.2. Solution approach for the supply network’s reliable flow planning model

The SN model is similar to the SC with single-facility echelons model in that it has very
range-restricted design variables, rlss, 7ly, and rl;,,. These variables are discretized
similarly. The main difference in the SN model is that more than one route can fulfill the
demand of each market. To discretize this part of the model, a new discrete (binary)
design variable is defined, v ,, representing the percentage of market m’s demand

assigned to route t ending to that market. This variable v.,, is defined for each member
of set PER}, = {per,fll,per,’ilz, ""pervillPEanl} which is the set of scenarios defined for

the percentage of market m’s demand that is assigned to route t (vm € M, vVt € T™).
Using this new variable we can discretize and consequently linearize the SN model. The

discretized SN model is:

Max z=yM! Z|5Lm|Z’ sthn i lell t-(pm_

h}.E [G;l1 (Max {rllil;-n,h;i%}) — em]+ —h,.E [gm —

G (Max {Tllj ) hm })]+) . Dm<1_[|t7::|521|7:73::5+(1—37t),?m) Z|S|1(a15

slin” ki +hit,

9] ?
Ts , S N S IhlS' Zt=1xt+Axt
@5)- ZATACre + Bx + M%) = I8 g (210 20.1) — 20, ( ) _

N R
2. PRls.(le.:ilzsi.l)z

TS| w0l STy e+ Axg) = XL ST b, (e, + Ax,) —
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0 M TONT™ M Tm
o=1 2.PRyg ZI | Zlm=|1 L=1 Iclom-xt Z| | CZm-Z!t=1|xt
(2-61)
Where
SLomim sty | «|PERG| . j , i - hm
X, = Z| [ et|2‘ ik L=1 |Wsjl%.n,t.yfnk_perﬁlk,Dm(sl;n, pm). Gm (Max {rllil%n'h +h;;1})
(Vt €T) (2-62)

S %) =

|T°| |5Lm|mEt| |PERm|

Z Z Z‘ sty

|5Lm|met| ‘ siby |PERm| |5Lm|met| | sk, ‘PERt |

z Z Z z 2 2 Wzl Vmie X é.j/fhkx
k=1 =1  j=1 k=1 "

(Vt, teTot=t) i=1 j=1

- 2

t i - j hm
Z szl, V- [permk.Dm(slm,pm).Gm <Max{rl1 s })] +

{[perrglk' Dm(Sl;'ru pm)' G (Max {rllj Lh hi,*;l})] X

sl

. . _ j o
[perr’;k. Dm(slﬁh, pm)- G (Max {rllizih' h;h+h:;l})]} o

(Vo € 0) (2-63)

|5Lm|met| |Rle£n

t
Ax, = L P Goper (1127 t e D (sl o)
Xt = Wsl,‘,,l,t'ymk' olo€t r sth, -PeTmi- Vm\Stm, Pm )-
i=1 j=1 k=1

Gt (Max {rin/, ,—mt) (Vt €T) (2-64)

sty hip+hih,

(ETx + am)’ =
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|PERL|

) L b Din (sl pm)- Gt (M l1fh—_2
2 Sll Ymk- Permk- Vm\StmsPm )- bm ax,r “h +h+

x <1 + Gojoce (rl2£l1,-n)>2

Logmee] [ Bt

|5Lm|met|| sty IPER$n||5Lm|met| sl‘ ‘PER|

J ot j a
P IED N WD M N R
k=1 i=1 j=1 k=1

(Vt, teTs,t#t) i=1 j=1

{[perﬁlk.Dm(sfn, Pm)- Gt (Max {rlljll e hchr }) (1 +
GO'OEt_l (rlzil,in)>

. , _ h3, . -1 ;
[perfhk.Dm(s,‘h, P Gt (Max {rllfll e }) : (1 + Ggoei (rlZilil ))l} + o

(VsES)  (2-65)

X

SLmjmet] | |Ns|sEt| Ys PRygxe j
=4 Z MY s szl ¢ Zse: (1_]/5). [(_us ).ln (rle;'n) + x; + Axt]
(VteT) (2-66)
Subject to:
yiskml i = 1 (YmeM) (2-67)
|RLSl£n j i m i
ijl Wi o= Vm: Yt (vm e M,vt € T™, Vsli, € SL,) (2-68)
SLm|me slm j j SLmime sty . .
(g tmimed z' 4 |wsfw.rz1;l%1) < iy, < (3 Smime z| 4 |w;l£mt.rz1;%) +
1.(1—-y) (Vs €S, VteTS)  (2-69)

69



(z'“*"'ma'z‘ bl 2! ><r12(,s(z'“m”"“'z| ) (T2l )+

sll sll sll sll

1.(1-y) (Vo€ O,vVteT?  (2-70)
(gt mimed z| el whi 13 ) S vl < (e z' wh i3l )+
1.(1—y.) (VmeM,vteT™) (2-71)

LPEfml Yy =V, (VmeM,vteT™) (2-72)
S gl rtnl g pert, (YmeM)  (273)
Xe < M.y, (VteT) (2-74)
T ye = (VvmeM) (2-75)
SV e = (Vs€S) (2-76)

YVt Zse, vrin' W;lin,t' 5]15191 € {011}
(Vt €T,Vs € S,Ve € N, Vslk, € SL,,, Vrlf € RLy; Vpeny, € PERY) (2-77)
rlim, Tlo, Tlsg, x¢, Axy, Axp =0

(VseS,yme M, Vv0OeO,VteT) (2-78)

In this model the multiplication of binary variables is linearized by the approach

described in Equations (2-22)-(2-30). In constraint (2-66) there are multiplications of

continuous variables (x; and Ax;) and binary variables (Ws]zi . and zg.). To linearize
m»

nonlinear term w’, .z..x,, we define a new variable such as wzx? =

sliyt stk t.se
Wsjzi o Zse Xt and the following constraints should be added to the model:
mr
wzx! <M.w, (2-79)

sliyt,se — sliyt
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wzx’ <M.z, (2-80)

sliy t,se

X¢ + M. (Wsj,in,t + Zgo — 2) < wzx’ <M. (2 — le%pt — Zse) + x; (2-81)

l slﬁn,t,se S

The multiplication of Wsjzi .+ Zse- Bx¢ can be linearized in the same way. After these

manipulations the above model is transformed to a mixed integer linear programming
with binary variables which can be solved globally.

2.2.3. Computational results: An example from the automotive industry

Consider a SN involved in the procurement and supply process of an automotive industry
in the Middle East. Variations, especially on the supply side are more prevalent in this
region. IKC and SAC are two large automotive manufacturers in this region (for reasons
of confidentiality, the names of these companies are omitted). SMAC is one of the well-
known suppliers producing and supplying fifth gear pins to the markets. IKC and SAC
are the main customers of SMAC. However, recently some external suppliers of fifth gear
pins entered the market with comparable prices. SMAC procures its component, CK45
steel, from two suppliers: YIIC and FMC with similar production systems but different
production costs. The fifth gear pins are supplied to two markets. SMAC has many
customers in each market but its main customers in the first and second markets are IKC
and SAC respectively. Recently, due to the entrance of external suppliers, the markets
have become competitive. Thus, the appropriate selection of service levels is important.
However, determining and implementing the best service level is not straightforward
because in addition to demand variations they are faced with variations in their production
systems and those of their suppliers. SMAC's network is shown in Figure 2-7. The costs

are summarized in Table 2-5.
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Suppliers

First supplier | ! >
pp: Manufactures j @
(s=1) — e /'

" Ve \

SM
Figure 2-7: SMAC's network structure and its potential usable routes.

Second supplier
(s=2)

Table 2-5: Costs of SMAC's network.

Parameter AURELIE L Parameter AL Parameter AL Parameter AL
parameter parameter parameter parameter
B 10% asq 100 PRy, 9000 Ci11 0.900
Y1 0.15 as, 100 PR, 8000 Ci12 0.700
Y2 0.15 ayq 1.50 D1 and 2 17.00 Cyq 1.500
Uy 2.00 a,, 1.25 biq4 0.500 Cyo 1.400
Uy 2.00 agq 2.50 bisq 0.500
Thyq 0.40 a, 2.50 b, 2.000
Ihy, 0.30 PR{4 9000 Th,, 0.400

Materials are produced by the first and second suppliers with $2.50 and $2.50
procurement costs; $1.50 and $1.25 production costs; and $100 and $100 set-up costs
respectively. Qualified components are transported to the manufacturer with $0.50 unit
transportation cost. A manufacturer produces the final product at rate of 8000 (units per
time) and cost of $2.00. Flawless products are transported to the first and second retailers
with a cost of $0.90 and $0.70. Unit handling costs in the first and second retailers are
$1.50 and $1.40. It is assumed that there are two production schemes for the SN's
suppliers. In the first, all the material is produced at once and in the second, the required
material is produced in two batches: N; 4nq2 = {1, 2}. Unit inventory holding costs are
$0.40, $0.30 and $0.40 in the first supplier, the second supplier and the manufacturer
respectively. Based on historical data, the demand functions in the first and second
markets, &; and &,, follow uniform distributions on [0.8, 1.2] and [0.7, 1.3]. Demand in

the first and second markets are D, (sl;, p) = [100 + 6400.sl, — 640.(p — 17)].¢, and
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D,(sl,, p) = [120 + 6500.sl, — 640. (p — 17)]. &,. SMAC’s production system yields
a percentage of defective output uniformly distributed on [0, 10%]. The suppliers'
production systems deteriorate after exponential times with p; 442, = 2.0 and shift from
in-control to out-of-control leading t0 ¥; gna2 = 15% of nonconforming component

production. Sl,, and Rlslrinsets in this problem are defined in the similar way as the SC

with single-facility echelons problem. New part of this model is PER{, set which is
defined as follow:
PER}, = {per,";ll = 0,pert, = 0.2, ...,perrfllpERm = 1.0}

The best solution is 0.9 reliability levels in the SN's both suppliers, 1.0 reliability
levels in the manufacturer and first retailer and 0.95 reliability level in the second retailer.
This leads to 0.81 and 0.73 service levels in the first and second markets. In the first
market this is produced by 1187.8 product units in route t,,, and 4751.4 product units in
route t,,4. Service level of 0.73 in the second market is obtained by 1155.8 product units

of route t,,, and 4623.1 product units of route t,,, (Figure 2-8).

Suppliers Retailers Markets
t;;,=1187.8 .
Manufactures —> 1

rl3,=0.9 713,=1.0 si;=0.81

tr42=1155.8

()

7135209 Trle,=005 sl 20.73

Figure 2-8: Reliable material and product planning in SMAC's network.

In Figures 2-9 and 2-10 the profit of the SMAC's network with respect to its service
level in the first and second markets respectively is displayed. As seen in Figure 2-10,

there is a clear tradeoff between the cost of improving service level in the first market
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(production and distribution cost of more extra production in the facilities locating
throughout the routes ending to this market) and the income resulted in this market
through providing better service for its customers. A service level of 0.81 in the first
market leads to the best combination of cost and income which results in the highest profit
for the company in this market. But it seems that in the second market, the cost of

improving the service level is more than in the first one. Hence, the service level 0.73 is

T T T
lllll
1 L
0.85 08 0.

% 1
Figure 2-9: Profit of SMAC's network in the first market with respect to sl:.

assigned by the SN to this market.
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2.2.4. Optimal price determination and exploring the design space

In these models, the product price is a given exogenous factor. However retail price is an
important bargaining chip for companies. Determining an appropriate retail price is
difficult due to its conflicting effects on marginal profit and demand volume. In this
section the outputs of the proposed models are extended by determining the product's
optimal retail price by sensitivity analysis. Companies are not completely free to
determine their prices. Usually there is a given interval whose bounds are determined by
factors such as the prices of similar products or governmental regulations. In the SMAC
problem, the appropriate price interval is [$17, $23]. This problem is solved for different
values of price from this interval, Table 2-6 and Figure 2-11. In the interval [$17.0,
$20.5], the positive effect of the price increment on sale profitability is greater than its
negative effect on demand reduction which leads to greater profits. The profit reaches its

highest value at p = $20.50 and then declines.

Table 2-6: Optimal price for the SMAC problem (all values are in dollars).

Price
®)
Profit
®)

17.0 | 175 | 18.0 | 185 | 19.0 | 195 | 20.0 | 205 | 21.0 | 21.5 | 220 | 225 | 23

56,258|58,208(60,115|61,771|62,823|64,239(65,063|65,197|64,643| 63400 (61,467|58,845|55,534
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Profit

Figure 2-11: Optimal price for the SMAC problem.

To determine the relationship between the optimal retail price and service levels and
to explore the design space, we ran the model for different values of the retail price and,
drew the profit function of the company with respect to the markets' assigned service
levels. In Figure 2-12 the company’s profit with respect to the first market's service level
for different retail price values is shown. Black dots represent the service levels for which
the priorities of at least two price strategies change. In the price interval [$17, $23] the
highest profit is related to the price strategies p = $18.50, $19.00, $19.50, $20.00 and
$20.50. Stars represent the first market's service levels at which the best retail price
strategy changes in the SMAC problem. The results are summarized: i) for sl; < 0.77
the most profitable retail price is p = $18.50; ii) for 0.77 < sl; < 0.84 the most profitable
retail price is p = $19.0; iii) for 0.84 < sl; < 0.93 the most profitable retail price is p =
$19.5; iv) for 0.93 < sl; < 0.98 the most profitable retail price is p = $20.0; and v) for
0.98 < sl; the most profitable retail price is p = $20.50.

In Figure 2-13, the profit of the company with respect to the second market's service
level for different retail prices is shown. Red dots in this figure represent the second

market's service level values in which the best retail price strategy changes. The results
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are: i) for sl, < 0.758 the most profitable retail price is p = $18.50; ii) for 0.758 < sl, <

0.792 the most profitable retail price is p = $19.00; iii) for 0.792 < sl, < 0.877 the

most profitable retail price is p = $19.5; iv) for 0.877 < sl, < 0.980 the most profitable

retail price is p = $20.0; and v) for 0.98 < sl, the most profitable retail price is p =

$20.50. Combining the results in Figures 2-12 and 2-13 the service level of the first and

second markets must be selected from the highlighted regions in the matrix in Figure 2-

14. For each highlighted region we determine the optimal retail price strategy to maximize

the company’s profit. As expected, service level increases allow the company to select

higher retail prices.

% 10% 4 %E
=
S L s el K S U 1.
p=190
p=185
58 ——p=180
4 .
i& p=175
L‘g e e .
-H-""'-h-m__‘h__ --_--%'-'""=p= 16.5
_ e
~~—_ p=160
4.3 »
0.725 0.775 0.825 0.875 0.925 0.975

First market’s service level

Figure 2-12: SMAC profit with respect to the first market's service level in

different product prices.
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2.2.5. Run time of the supply network model

The linearized model of SN problem is a mixed integer linear mathematical model with
binary variables. The computational time of this kind of model mainly depends on the
number of binary variables. The model of SMAC problem is solved by a computer with
the following feature: Intel(R)Core(TM)4 Duo CPU, 3.6 GHz, with 12276 MB RAM
using the default settings and the time of solving the model is less than a second. However
itis clear that by increasing the size of the problem and consequently the number of binary
variables the model's computational time increments. So to demonstrate the size of the
problems which are solvable globally by this approach, we increased the size of the
SMAC problem gradually by adding some new facilities to the problem. Data related to
these new facilities generated randomly in consistent with the data of the facilities in the

SMAC problem. Results are summarized in Table 2-7.
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0.0 0.770 0.840 0.930 0.980 1.0
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p=$205

1.0

sl

Figure 2-14: Service level matrix for the SMAC problem.
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Table 2-7: Computational time for randomly generated test problems.

No. of No. of No. of No. of | Solving time
PIEsE suppliers | manufacturers | retailers | paths | of problem
1 2 1 2 4 <1"
2 2 1 4 6 4"
3 2 1 8 13 334"
4 3 2 12 21 46".51"
5 3 2 16 27 5:29":48"
6 4 2 20 35 31:56":43"
7 5 3 30 54 >72

Computation time for the model of SMAC problem is less than a second. As expected
by increasing the size of the problem the computational time increments. For the last
problem (last row in Table 2-7), we could not gain a solution even after 72 hours. Based
on these results, it seems that for bigger problems using heuristic or meta-heuristic
approaches to find local optimal solution instead of global optimal solution is more

rational.

2.3. Closure of Chapter 2
Controlling material / product flow in SCs / SN is difficult because of their decentralized
production systems. It is much more complicated when there are also variations in the
performance of the entities inside the chain / network and variations in environmental
factors. Operationally fail-safe SCs / SNs are able to handle the variations appropriately
and preserve the most profitable service levels in markets to improve their competitive
advantages. In this chapter we answer the following question:

v" Research Question 7: what are the characteristics of fail-safe SNs against

variations?
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In Section 2.1, we show that there are two variation groups in SCs / SNs:

1. Supply-side variations: Performance of the production system inside the facilities
of SCs / SNs is not perfect. Imperfect production system leads to stochastic
qualified output in these facilities.

2. Demand-side variations: Demand of markets is stochastic and always has some

fluctuations around its mean value.

In Sections 2.1.1, 2.1.2, and 2.1.3, we show that how these variations affect the
performance of the facilities in the first echelon, e.g. the retailer, the second echelon, e.g.
the manufacturer, and the third echelon, e.g. the supplier. We show that in SCs / SNs with
stochastic facilities, qualified flow quantity depreciates by moving from upstream to
downstream which adversely affects its service level in markets. To neutralize uncertainty
propagation and flow depreciation, we suggest that orders should be amplified from
downstream to upstream of the SCs / SNs. In Sections 2.1.5 and 2.1.6 respectively, we
develop a mathematical model to formulate order amplification and to solve it. This
model and its solution approach are extended from SC to SN in Section 2.2 by using path

concepts.

In this chapter we show that in SCs / SNs with demand- and supply-side variations
calculation and determination of service level is critical but not easy. In these SCs / SNs
investigating the local effects of the variations on the performance of the corresponding
facilities may not be enough; it is necessary to consider their cumulative effects on the

SC / SN performance.
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This problem is an example in the business environment, but it can easily be applied
to problems in other fields in which variation has a significant role and where a high
service level is critical. For example, it can be applied to humanitarian relief planning
where a high service level is critical. Also this model can be applied by transportation
companies dealing only with product distribution. These companies do not have
production facilities but variation also exists in the performance of transportation and
warehousing facilities in the distribution process. Transportation and inventory holding
processes always include stochastic percentage of broken, lost, spoiled and even expired
items which makes their qualified output uncertain. The approach in this chapter will not
only improve service level estimation for the SCs / SNs but also offers the foundations

for service level improvement.

In this chapter we only consider the problem of having an operationally fail-safe
forward SCs / SNs. In the next chapter, Chapter 3, we extend it to a company including

both forward and after-sales SCs / SNs.
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Chapter 3: Operationally Fail-safe Supply Chains Servicing Pre- and
After-sales Markets

In this chapter, we deal with having “Operationally Fail-safe SNs” in companies
supplying product — service package to markets. These companies have two SNs: 1)
forward SN dealing with producing and supplying original products to pre-markets; and
2) after-sales SN dealing with fulfilling the after-sales commitments of the company.
Having two highly convoluted SNs complicates the process of flow planning in these
companies. These complications are discussed in this chapter and a quantitative method
is proposed to have an operationally fail-safe flow planning in these companies.
Therefore, in this chapter we answer the first, second and third research questions for
companies having two convoluted SCs — SNs with a single facility in each echelon —

dealing with forward and after-sales markets:

v’ Research Question 1: what are the important flow transitions among the facilities

supporting after-sales services?

v/ Research Question 2: what are the important interactions between forward and after-

sales SCs justifying the necessity of their concurrent flow planning?

v Research Question 3: how do these interactions affect planning flow dynamics in the

forward and after-sales SCs of non-repairable goods?

In Section 3.1, we answer the first and second research questions by explaining the
operations in the forward and after-sales SCs to determine: 1) the flow transactions exist
between the facilities of the SCs; and 2) the interplays exist between the operations of the
two SCs. These interactions between the facilities and SCs are quantified in Section 3.2.
In Sections 3.2.1-3.2.5, we formulate equations explaining performance of the forward
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SC’s facilities and how they are affected by the operations of the after-sales SC. In
Sections 3.2.6-3.2.7, we formulate equations explaining performance of the after-sales
SC’s facilities and how they are affected by the operations of the forward SC. The
equations derived in Section 3.2, are used in Section 3.3 to develop a mathematical model
that concurrently determines an operationally fail-safe flow planning in the forward and
after-sales SCs. An appropriate approach is proposed in Section 3.4 to solve the model.
The model is tested on an example in Section 3.5 and results are discussed. Result analysis

leads to some interesting managerial findings.

3.1. Operations and variations in a forward and after-sales supply chains

In this problem, a company producing and supplying a durable product to a target market
is considered. Production and distribution processes of this product are done through the
facilities of the forward SC. This product includes r critical components manufactured in
suppliers of the first echelon. The components are transported to a manufacturer in the
second echelon and, after assembly, the final product is supplied to the final customers
through a retailer (Figure 3-1). The products of each sale period are produced, transported

and stored in the SC's retailer before the beginning of that period.

Suppliers Manufacturer Retailer Market

1

Figure 3-1: Network structure and flow dynamics through the forward SC (for

a product with two critical components).

84



The product demand is stochastic and depends on the product's price, its availability
in the pre-market (called the pre-market service level), the spare parts' availability in the
after-sales (called the after-sales service level), and warranty length. Whenever a product
is sold, a failure-free warranty is provided which is implementable from the time of sale.
Within this warranty time any failure in the product, which is mainly caused by the failure
of its key components, is repaired without charge. Without loss of generality, it is
assumed that typically the first n; (i = 1,2, ...,r) failures of these components are

repaired but then failed components are substituted with new ones stored in the retailer.

Producing and supplying the required components to provide the after-sales services
for the customers are done by the company’s after-sales SC. The required components to
fulfill the after-sales commitments of each sale period are produced by the suppliers and
directly transported to the retailer and stored there before the beginning of that period
(Figure 3-2) —first research questions. Accurate prediction of the required components is
an important element of this problem and has a key role in preserving a recommended

after-sales service level.

Suppliers Manufacturer Retailer Market

Figure 3-2: Network structure and flow dynamics through the after-sales SC

(for a product with two critical components).
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Two important interactions between these two SCs are (second research question): 1)
the demand of the forward SC in the pre-market depends on the service level provided by
the after-sales SC; and 2) the after-sales demand of the components depends on the total
products supplied by the forward SC to the market and the quality of the product’s
components. These interactions are incorporated in the concurrent flow planning of these

two SCs.

In this problem we consider several different sources of uncertainty: 1) Demand-side
variation: there are several sources of demand-side variation in this problem. The first
variation is related to the product's demand in the pre-market. The pre-market's demand
is assumed to be a stochastic function of price, warranty length and service levels in the
pre- and after-sales markets. The after-sales demands for spare parts are functions of the
quantity of product sales in the pre-market and the quality of the product’s components.
Both of these are nondeterministic. We assume failure times of the product’s components
are stochastic and follow given density functions depending on their reliability
parameters. 2) Supply-side variation: to make the problem more compatible with actual
conditions, it is assumed the production systems of the SCs’ facilities are not perfect and
their output always has stochastic percentage of nonconforming production. In our
problem, the performance of the suppliers and the manufacture includes stochastic

percentage of nonconforming output.

In a company with these specifications, it is important to make the following decisions
in order to maximize its total profit: 1) the best marketing strategy for this company (price,
warranty length, and, service levels); and 2) the best reliable flow dynamics throughout

the SCs preserving its service levels in the pre- and after-sales markets.
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3.2. Mathematical model for the problem

This problem includes two distinct but highly interconnected parts: the forward SC and
the after-sales SC. There are several interactions between the forward and after-sales SCs
(second research question). For example, total product sales in the forward SC determines
the potential demand for the spare parts in the after-sales market. Also the after-sales
services provided by the after-sales SC such as warranty and spare parts availability have
important role in the forward SC's captured demand in the pre-market. Therefore, there

is considerable synergy in simultaneous flow planning of the forward and after-sales SCs.

In the rest of this section, first we deal with planning flow dynamics through the
forward SC with stochastic facilities and then shift to the after-sales SC. Thereafter, by
considering the interactions between these two SCs a comprehensive mathematical model
is proposed which yields the most profitable marketing strategies (price, warranty, and
service levels) and their preserving flow plan for the company under consideration. In
this mathematical model, we see that how the operations in the forward and after-sales
SCs affect each other (third research question). The solution of this model includes the
synergy of concurrent coordination in comparison with hierarchical decision making

processes which is much easier but leads to sub-optimal solutions for this problem.

The notations used in this section are summarized in Table 3-1.

Table 3-1: Notation for the concurrent forward and after-sales SCs problem.

Variables

rly Reliability level of the retailer

rl, Reliability level of the manufacturer
rl; Reliability level of the suppliers

Slp Service level in the pre-market

sl, Service level in the after-market

w Warranty time

X Product order quantity by the retailer
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yrlli
yrlzi
yrl3i
Z i

w

Parameters

T Hd39 =

ﬁ(p, sly, slg, W)

D(p, sy, slg, w)
€

h+

Extra production volume in the manufacturer

Extra production volume in Supplier i for forward SC (i=1,2, 3, ..., 1)
Order quantity of Component i by retailer (i=1,2,3, ..., 1)

Extra production volume in Supplier i for after-sales SC (i=1,2,3, ..., 1)
Binary variable equal to 1 if the reliability level r11 is selected from set
RL1 for the retailer; 0 otherwise (vri1! € RL1)

Binary variable equal to 1 if the reliability level r12¢ is selected from set
RL2 for the manufacturer; 0 otherwise (VrI2¢ € RL2)

Binary variable equal to 1 if reliability level rI3¢ is selected from set RL3 for
the suppliers; 0 otherwise (VrI3! € RL3)

Binary variables equal to 1 if warranty length w' is selected from set W
(Yw!i e W)

Profit of the company

Total cost of retailer

Production planning period

Price of product in the pre-market

Stochastic product demand function in the pre-market
Expected product demand in the pre-market

Random part of the pre-market demand

Cumulative distribution function of &

Unit holding cost of extra product inventory at the end of planning period in
the retailer

Unit shortage cost of lost product sale at the end of planning period in the
retailer

Number of critical components in the product

Cumulative distribution function of wastage ratio in the manufacturer
Maximum wastage ratio in the manufacturer of the sample problem
Average number of failures in the time unit in the Supplieri (i=1,2,3, ..., 1)
Defective component ratio in the out-of-control state of Supplieri (i=1, 2, 3,
.eer 1)

Unit procurement cost of material in the Supplieri (i=1,2,...,1)

Unit production cost of Component i in the Supplieri(i=1,2,...,1)

Unit inventory holding cost for a time unit in the Supplieri (i=1,2,...,1)
Unit transportation cost of product from Supplier i to the manufacturer (i =
1,2,...,1)

Unit product manufacturing cost in the manufacturer

Unit inventory holding cost for a time unit in the manufacturer

Unit transportation cost of product from the manufacturer to the retailer
Unit handling cost of product in the retailer

Unit transportation cost of Component i from Supplier i to the retailer (i = 1,
2,...,1)

Production rate of the Supplieri (i=1,2,...,1)

Production rate of the manufacturer

Reliability parameter of the Componenti (i=1,2,3,...,r)

Density function of failure time of the Componenti (i=1,2,3, ..., 1)

Cumulative distribution function of failure time of the Component i (i = 1, 2,
3,...,0
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Cumulative distribution function of total time to the m™ failure of the

m
FE( )(') Componenti(i=1,2,3,...,1)
n; Number of first failures of Component i that are repairable (i=1,2,3, ..., 1)
cn; Unit repair cost of Componenti (i=1,2,3,...,1)
cr Average repair cost of the product unit;
Random number of Component i substitutions for a product unit in warranty
Num, time (i=1,2,3, ..., )
E Average number of Component i substitutions for a product unit in warranty
i time(i=1,2,3,...,r)
2 Variance of number of Component i substitutions for a product unit in
i warranty time (i=1,2,3,...,r)
D Average number of Component i substitutions in warranty time in the after-
i sales market (i=1,2,3,...,1)

kq Number of planning periods inside the warranty time
E Biggest time period inside the planning period in which it is logical to

r assume that product demand occurs at its beginning

k, Number of TS inside the planning period

D, Required quantity of Component i to repair product lot x /k in the j

Y period T of its selling time;

RL1 Sets of scenarios for the reliability level of the retailer RL1 =
{rlll,rllz, ...,rll'R“'}

RL2 Sets of scenarios for the reliability level of the manufacturer RL2 =
{rlZl,rIZZ, ...,rlZ'RL2|}

RL3 Sets of scenarios for the reliability level of suppliers RL3 =
{rlSl,rl32, ...,rl3|RL3|}

w Set of warranty length W = {w*,w?, ..., w1}

3.2.1. Forward supply chain formulation

In this section, only decisions related to the flow dynamics in the forward SC will be
considered. As has been mentioned, there are several sources of variation in the forward
SC: i) variation in the product demand in the pre-market; and ii) variation in the
performance of the manufacturer’s and suppliers’ production systems. In the rest of this
section, all the forward SC's facilities are sequentially investigated from downstream to
upstream and a procedure for reliable flow planning is done in each facility against its
corresponding uncertainty. In addition to investigating the local effects of these
uncertainties, we also investigate their global effects on the performance of the whole

forward SC.
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As shown in Figure 2-3, the forward SC considered here has three echelons and the
facilities in each echelon are faced with some uncertainties. The retailer of the first
echelon faces with uncertain market demand with a given distribution function. The
production system of the manufacture in the second echelon is always accompanied with
some stochastic waste. After setting up, the production processes of the suppliers in the
third echelon start their machinery in-control. But the state of the machinery deteriorates
and it shifts to an out-of-control state after a stochastic while which leads to a stochastic
percentage of nonconforming output. Due to the imperfect production systems of the
suppliers, the exact volume of their qualified component output for given material input
quantity cannot be determined. Thus, the qualified output volumes can change and are
stochastic. The output components of the suppliers are the input for the manufacturer.
Variation in the input volume of the manufacturer is amplified because of the stochastic
wastage ratio in the manufacturer's production system and it leads to a higher variation in
the qualified product output of the manufacturer. This process continues by moving
material, components, and product from upstream to downstream in multi-echelon SCs
with imperfect facilities. We call this phenomenon “uncertainty propagation” which

leads to the qualified flow depreciation throughout the SCs’ networks (see Figure 3-3).

In such a SC, determining an optimal service level is much more difficult due to the
flow depreciation which occurs by moving the flow from upstream to downstream. In
such a network with multiple stochastic facilities, a local reliability is assigned to each
facility to manage the uncertainty of its own system. It is assumed that rl;, rl,, and rl5

represent the local reliability in the retailer, manufacturer, and suppliers of the SC
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respectively (Without loss of generality, we consider similar reliabilities for the suppliers.

For different reliabilities, the same logic can be applied).

In this problem, we are exploiting the newsboy problem style for managing the
inventory system of the retailer. Based on this system before the beginning of each sale
period and realizing its actual demand, the products should be procured and stocked by
the retailer and extra product transfer between the manufacturer and retailer is not
possible during the period. So rl;, the local reliability of the retailer, means that before
the beginning of the next sale period, the retailer must select its product stock quantity to
be sure with rl; probability that this stock level can respond to the market demand. The
retailer orders the required products from the manufacturer. Furthermore, the rl, local
reliability for the manufacturer means that the manufacturer must manufacture the
appropriate product quantity to guarantee the qualified output is equal to the order of the
retailer with rl, probability. The rl; local reliability in each supplier means that the
material procurement and component production quantity should preserve the order of
the manufacturer with rl; probability. In this case, the suppliers will be sure with 715"
probability that they can fulfill the manufacturer’s component orders. The manufacturer
will be sure with rl, probability that it provides the complete order of the retailer and the
retailer is sure with rl; probability that its product stock quantity can fulfill the demand
of the market. Therefore, the final service level of the forward SC in the pre-market is:
sl, = rly.7l,.(rl3)". In this problem, not only determining the optimal si,, is important,
but also it is essential to govern the optimal local reliability combination, (rly,rl,, rl5),

which preserves that service level.
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3.2.2. Retailer in the forward supply chain

The company positions itself in the market by choosing its service levels in the pre- and
after-sales markets, its warranty time, and retail price. The expected product demand in
the pre-market, D (p, sl,,, sl5, w), in the sale period, T, is an increasing function of the
chains’ service levels and warranty time and a decreasing function of the product's price.
Therefore the after-sales service level affects the product demand in the pre-market
(second research question). Because customers are mainly willing to buy from a company
providing better after-sales services. However, the actual demand is a stochastic function
and has some deviation from its mean value. It is assumed that the stochastic demand

function of the pre-market has a multiplicative form as ﬁ(p,slp,sla,w)z

D(p,slp,sla,w) X & (Bernstein and Federgruen, 2004 and 2007). Where ¢ is a general
continuous random variable with a stationary distribution function and a cumulative
distribution function, G (¢), which are independent of the service levels, warranty time,

and price. Without loss of generality, E(e) =1 is normalized which implies that

E[D(p, sy, slg, w)] = D(p, sly, slg,w).
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Figure 3-3: Uncertainty propagation in the forward SC.

In this section, we only focus on the operation of the forward SC. Therefore, the pre-
market's service level is the focus here. The pre-market's service level is defined as the
fraction of pre-market's realized product demand that can be satisfied from the on-hand
product inventory available in the retailer. The retailer must order the product stock, x,
from the manufacturer before the beginning of the sale period. By realizing the period's
real product demand, unit holding cost, h*, and unit shortage cost, h~, are paid by the

retailer for each end-of-period extra inventory and lost sale respectively.

The expected value of the retailer's cost, I1, is computed with Equation (3-1).
Constraint (3-2) preserves the retailer's local reliability which guarantees that in a rl;
percentage of time the retailer's product stock can fulfill the pre-market's product demand.

Thus, the product order quantity of the retailer from the manufacturer is computed:
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MIN 1 =h*"E[x- ﬁ(p,slp,sla,w)]+ +h™.E[D(p,sl,, sly,w) — x]+(3-1)

S.T. Pr[D(p,sly, sly,w) <x]=rl (3-2)

h-
h—+ht

Based on the objective function x = D(p,slp,sla,w). GI( ) minimizes the

expected cost of the retailer and for preserving the constraint there should be x >
D(p, sly, slg, w). G~1(rl)). Accordingly, the best product ordering amount of the retailer

from the manufacturer is:

x =D(p,sl,,sly,w).G™1 (Max {rll,h_hﬁ}) (3-3)

By substituting Equation (3-3) into (3-1), the least total cost of the retailer is calculated:

I = (h+.E [G‘l (Max {rll,h_hﬁ}) — s]+ +h™.E [s —

G 1 (Max {rll,h_hﬁ})]-k).D(p,Slp,Sla,W) (3-4)

When the retailer orders x product units from the manufacturer, this protects the pre-
market's product demand can be fulfilled from the retailer’s on-hand product inventory
with rl; probability (see the retailer in Figure 3-3). In Section 3.2.3, it is shown how this
product's flow quantity must be amplified by moving backward to the manufacturer in

the forward SC.

3.2.3. Manufacturer in the forward supply chain
The forward SC's manufacturer receives an order of x product units from the retailer and
then orders the required components from the suppliers. Without loss of generality; it is

assumed that for producing one unit of product, one unit of each component is required.
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However, the production system of the manufacture is always accompanied by some
wastage. The ratio of wastage to qualified product depends on the general state of its
machinery which varies from time to time. It is assumed that the wastage ratio of the
manufacturer's output changes over the range [0,8] with a cumulative distribution
function G'(.). The manufacturer tries to compensate for this wastage in its production
system by manufacturing extra product and consequently orders extra components form

the suppliers.

If the manufacturer produces x product units, this production lot contains less than
Ax = a.x (a € [0,8]) flawed product units with a G'(a) probability. Therefore, the
manufacturer plans to produce Ax + x product units to be sure with G'(a) probability to
fulfill the whole order of the retailer. Since the local reliability of the manufacturer is
assumed to be rl, (=G'(«)), the extra production quantity of the manufacturer is Ax =
G~(rl,).x. Thus, the manufacturer should order Ax + x component units from each
supplier in the forward SC. As mentioned before, the manufacturer only fulfills the x
product order of the retailer before the beginning of the next period and extra product

acquisition during the next sale period is impossible;

Procuring and producing Ax + x product units by the manufacturer ensures that it can
fulfill the x product order of the retailer with rl, probability (see the manufacturer in
Figure 3-3). In Section 3.2.4, it is shown how these components' flow quantities will be

amplified by moving backward to the suppliers of the forward SC.
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3.2.4. Suppliers in the forward supply chain

Each supplier receives an order of Ax + x component units from the retailer. After setting
up the system, the production run starts in an in-control state of Supplier i's machinery (i
=1, 2, ..., r). But the machinery state deteriorates and shifts to an out-of-control state

after a while. The time for deterioration is stochastic and roughly has an exponential
distribution with mean 1/ﬂi (Rosenblatt and Lee, 1986; Lee and Rosenblatt, 1987). All

the component units produced in the in-control state are qualified but from the units
produced in the out-of-control state, y; percent are defective. Once the process shifts to
the out-of-control state, it stays in this state until the whole production batch is finished

because interrupting the machinery is either impossible or too expensive.

Each supplier should produce Ax + x flawless component units. To compensate for
the flawed component production in its production system, the supplier should plan to
produce some more components, Ax; + Ax + x . The extra quantity of units, Ax;, is added

to the production system of Supplier i to replace the defective component units. If it is

Ax;+Ax+x

assumed that the production rate of Supplier i is PRy, it takes time units to

1i
produce this component volume. The extra volume Ax; should be determined in a way to

preserve the local reliability of the supplier, rl5:

rl; = Pr(flawless component units produced in Y- — time unit
1i
> Ax + x)
Ax;+Ax+x

= Pr[PRy;.t + (1= 7,). PRy

()~ (e - %0
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— EXP [_“i' ((Alj‘:‘ ) - (Vil_;gil i) . (Aaéi))l (3-5)

Based on the equation above, Ax; = %[%ln(rg) + (Ax+x)] units of extra

component production in Supplier i, ensures rl; local reliability for that supplier. This
means that with this amount, Ax;, the supplier is able to fulfill the order of the
manufacturer in rl; percent of time and preserve local reliability rl; for itself (see the
suppliers in Figure 3-3). Therefore, with these amounts of Ax; (i=1, 2, ..., r) the suppliers
are able to fulfill the orders of the manufacturer with ;" probability. With the amount
of Ax determined in Section 3.2.3, the manufacturer is able to fulfill the product order of
the retailer with r1, probability. With x product volume, the retailer is able to respond the
realized product demand of the pre-market with rl; probability. Thus, Ax; + Ax + x (i
=1, 2, ..., r) production volumes of the suppliers are able to fulfill the product demand

in the pre-market with rl,.7rl,.rl;" probability and preserve service level sl, =

rly.rl,.rl3" for the whole forward chain against uncertainty propagation in its entities.

3.2.5. After-sales supply chain formulation

In this section, flow planning decisions in the after-sales SC are considered. This flow
planning is done by considering transitions exist between the after-sales SC’s facilities.
This means first research question is answered in this section. The after-sales SC has
several variations: i) variation in the demands of spare parts in the retailer to repair or
substitute failed components of returned products and ii) variation in the performance of
the production systems in the suppliers. In the rest of this section, the performance of the

after-sales SC's facilities is formulated sequentially from the retailer in the downstream
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to the suppliers in the upstream. Here, flow planning in the after-sales SC is determined
that not only locally assures appropriate reliabilities for the chain's facilities against their
uncertainties but also yields an acceptable performance for the whole after-sales SC (first

research question).

3.2.6. Retailer in the after-sales supply chain

Based on Section 3.2.1, if it is assumed that rl; and rl5 represent the local reliabilities in
the retailer and suppliers respectively, then the service levels provided by the forward and
after-sales SCs are sl,, = rl;.rl,.rl3" and sl, = (rl;.7l3)" respectively. Similarly to the
forward SC, in the after-sales SC, the first after-sales operation starts in the retailer.
Variation in the after-sales SC's retailer is related to the demand for spare parts. The
demand for spare parts in the retailer is caused by the failed components in returned
products which require part substitution. Thus, the demand for spare parts in the after-
sales market is a function of total product sale in the pre-market and the reliability of the
product's key components. Now for a given product sale in the pre-market, x, and a given
component reliability, A; (i =1, 2, ..., r), it is necessary to find an appropriate density

function for the demand of the component.

It is assumed that the performance of the components in the product is independent.
The failure time of Component i has density function f; and cumulative density function
F; including the reliability parameter A; (i =1, 2, ..., r). Lower values of the A; parameter
imply higher reliability and lower failure of Component i. It is assumed that typically in
each product the first n; failures of Component i are repaired in the retailer with repair

cost cn; but after that, the failed component is replaced with a new one. Note that nj =0
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implies a non-repairable component in the product. We also assume that the breakdown
probability of a failed component does not change after repair and the time required for
repair or substitution of components is negligible in comparison to the warranty time, w

(Nguyen and Murthy, 1984).

If Fi(m) is defined as the cumulative density function of the total time to the m™ failure
and Numi(w) represents the random number of failures in [0, w], then we have (Nguyen

and Murthy, 1984):
Pr{Num;(w) = m} = F™ (w, 1) — F™Vw, 1) (vi=1,2,..,7) (3-6)

Based Equation 3-6, it is shown that:

Lemma 1: The average number of Component i substitutions, E;(w,n;), for a product

unit is calculated as follows:

Ew,n) =X FPw, 1) Vi=12,..,7) (3-7)

j=ni+1 5

Lemma 2: The variance in the of number of Component i substitutions, a?(w, n;), for a

product unit is calculated as follows:

+00 + oo
Fwn) = Y 2.G-n)-1LE w )~ ) FPw2)P
j=n;+1 j=n;+1

Vi=1,2,..,7) (3-8)

Now the total number of required Component i substitutions for a lot size of x product

units can be estimated to represent the demand for Component i in the after-sales market,
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D;. D; is the sum of required Component i substitutions for x individual units. Since X is

large, based on the central limit theorem, it is claimed that:

Lemma 3: The demand of Component i in the after-sales market, D;, can be approximated

as being normally distributed with x. E; (w, n;) mean and x. /*(w, n;) variance.

Di~Normal (pp, = x. Ex(w,ny), 03, = x.02(w,n)) (Vi =1,2,..,7) (3-9)

Thus, the after-sales SC faces normally distributed random demand for components.
Based on Equation (3-9), the spare parts demands in the after-sales market are functions
of the total product, x, supplied by the forward chain to the pre-markets. This is another
interaction existing between forward and after-sales SCs (second research question).
Since local reliability rl, is assumed for the retailer, the stock quantity of Component i

that preserves this local reliability in the retailer is:

x; =x.E;(w,n;) + (zﬂl. ’x.aiz(w, ni)> (Vi=1,2,..,1) (3-10)

We assume that the retailer provides the same reliability for both forward and after-
sales SCs. Assigning different reliabilities for the retailer would simplify the problem

because, in that case, service levels of the forward and after-sales SCs are independent.
Assuming that the first n; failures of Component i in each product are repaired by the

retailer with repair cost cn;, the average repair cost of the product in the retailer is:

cr = {zlz?ilj. cri. Pr{Num;(w) = j} = irzlz;lilj. cr;. [Fi(j)(w, A) —

I w, )] (3-11)
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In Equation (3-10), the prediction of the demand for spare parts in the sale period, T,

is based on w which is usually longer than the sale period: w = k;.T.

3.2.7. Suppliers in the after-sales supply chain
In the previous section, it is shown that for local reliability rl, in the after-sales SC's

retailer, the following stock quantity of Component i is required:

x; = x. E;(w,n;) + (zﬂl. /x.aiz(w,ni)> (vi=1,2,..,1

These quantities of components are ordered directly by the retailer from the
corresponding suppliers. Hence, the supplier of Component i not only should produce and
supply Ax + x units of Component i to the manufacturer to assemble and produce the
final product, but also should produce and supply x; units of Component i to the chain's
retailer to substitute the failed Components i of the returned products which have already
been repaired n; times. So the total component order received by Supplier i is x; + Ax +
x units. To compensate for the nonconforming output of its production system, it should
plan to produce some extra components represented by Ax;. In Section 3.2.4, the quantity
of Ax; was determined by assuming that Ax + x component units are ordered to this
supplier. As explained here, in addition to this order for the forward SC another order
with x; quantity is received from the after-sales SC. In this section, we revise the quantity
of Ax; in order to considering the after-sales SC. By following the approach described in
Section 3.2.4 and the local reliability of the suppliers, rl, the extra production guantity

of the suppliers should be modified as follows:

A%; = # [%ﬂln(rg) +x; + Ax + x] Vi=12,..,7) (3-12)
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We assume that the shortage in fulfilling the component order is divided proportionally
between the order of the manufacturer and the order of retailer. In this case, we are sure
with rl; probability that the conforming output of Supplier i can fulfil the order of the
retailer. With x; stock of Component i, the retailer is sure with rl; probability that it can
respond to all Component i substitutions needed to repair the returned products.
Therefore, the after-sales SC is sure with rl;. rl; probability that it will be able to respond
to all Component i substitutions needed for the returned products inside the sale period.
By considering all key components of the product, the after-sales SC's service level is:

sly = (rly.rl3)".

In Sections 3.2.6 and 3.2.7 we answer the first research question by showing that how
orders should be amplified through the facilities of the after-sales SC to deal with

uncertainty propagation — qualified flow depreciation — in its stochastic facilities.

3.3. Mathematical model for concurrent flow planning in the supply chains

The appropriate selection of local reliabilities in different echelons of the SCs and the
warranty time is very critical for our problem. As described in the previous sections, the
chains’ service levels in the pre- and after-sales markets are functions of these reliabilities.
This means service levels in the pre- and after-sales markets depend on each other. This
is another interaction between forward and after-sales SCs (second research question).
Higher local reliabilities improve service levels and consequently the quantity of sales of
the company in the pre-market. On the other hand, higher reliabilities lead to higher
production volumes in the facilities which incur more costs to the system. The same issue

is true for the warranty time. Longer warranty times make the product more attractive to
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the customers and also it improves the pre-market's demand quantity. On the other hand,
it imposes more after-sales costs on the system. By considering all these tradeoffs and
interactions between the forward and after-sales SCs, we develop a comprehensive
mathematical model to determine the best service levels and warranty time for the
company in its pre- and after-sales markets and their preserving best local reliabilities and
flow plan in a way to maximize the company’s total profit. This mathematical model
incorporates the quantified interactions existing between the operations of the forward

and after-sales SCs (third research question). This mathematical model is formulated as

follows:
Max I1=
h— +
(P — ek [ (wax {rta ) - o
h— +
e S GO =]
— cr> D(p,rly.rly.rly", (rly.7rl3)", w)
(B + a2, G+ Ax + xp + k) + Bf, MEEEOTD
. 11
2
Yi=1 b1i- (x + Ax) + b,. (x + Ax) + % + (1 +c)x+ Yieg cgi.xi]
(3-13)
Subject to
x=D(p,rli.rlrls", (rly.rl)",w). Gt (Max {rll,h_hﬁ}) (3-14)
Ax = G' "M (rly).x (3-15)

x; = x. E;(w,n;) + <Zrll. ’x. af(w, ni)> (vi=1,2,..,71) (3-16)
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A%y = 7 [%m(rg) +x + Ax + x| Vi=1,2..,7) (3-17)
0<rl,rl, rlz<1 (3-18)
w >0 (3-19)

The first term of the objective function is used to compute the profit captured by the
retailer of the company in the pre-market. In this term, the average extra inventory,
average shortage and average repair costs are removed from the captured income (see
Equations 3-4 and 3-11). The second term is the sum of procurement, production,
inventory holding, and transportation costs throughout the forward and after-sales SCs.
The first item of the second term is the sum of procurement and production costs in the
suppliers. Its second and fifth items are the inventory holding costs in the suppliers and
the manufacturer respectively. The third and seventh items are the product transportation
costs from the suppliers to the manufacturer and the spare parts transportation costs from
the suppliers to the retailer respectively. The fourth term is the manufacturing cost in the
manufacturer. The sixth term is the sum of transportation costs from the manufacturer to
the retailer and the handling cost in the retailer. Equations (3-14)-(3-17) represent the

relationships between the local reliability of the facilities and their production volumes.

This model is a nonlinear formulation with highly nonlinear terms in the objective
function and constraints. The forms of some of these terms are not fixed and depend on
the density functions of the uncertainties (Equations 3-14 and 3-15). Solving this type of
models is not straightforward. But our model has some special characteristics which
differentiate it from other models. In the next section, we propose a solution approach to

solve the model.
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3.4. Solution approach

The model proposed in Section 3.3 for concurrent flow planning in the forward and after-
sales SCs is not only highly nonlinear but also the mathematical forms of some of its
nonlinear terms such as Equations (3-14) and (3-15) depend on the density functions
considered for modeling uncertainty. This means that by changing the type of density
function, the mathematical form of these terms change. This makes it more challenging
to solve. On the other hand, important design variables such as rl;, rl,, and rl; take value
on a very restricted interval [0,1]; it is even more reasonable to assume that this interval
is [0.5, 1.0]. Also in reality, 6 months, 1 year, 18 months and 2 years warranty lengths are
common. These properties of this model makes discretizing it an appropriate method for

solving it.

To discretize the model, it is necessary to define some new notations. RL3 =
{ri3t,r132, ..., rI3IRL31}, RL2 = {ri2%, 7122, ..., rI2IRL21}, and RL1 =
{ri1t,r112, ..., 11”11} are defined as sets of scenarios for the local reliability of the
suppliers, the manufacturer, and the retailer respectively. For scenario selections from
these sets, we need to define some new binary variables. Binary variables y, i (vril' €
RL1),y,,i (Vrl2" € RL2), and y,,i (V713" € RL3) are equal to 1 if the local reliability
ri1t, ri2¢ and, rI3' are selected from the sets RL1, RL2, and RL3 for the retailer,
manufacturer and suppliers respectively; and 0 otherwise. In the same way, we define a
set of warranty length W = {w,w?, ...,w!"!} and binary design variables z,: (vw' €
W) for warranty selection from this set. Only one local reliability and warranty length

can be selected from these sets:
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Sy =1 (3-21)

Sy =1 (3-22)
Sy =1 (3-23)
MWl =1 (3-24)

By defining these new sets and variables, we revise Equations (3-14)-(3-18)
representing the relationships between the production volume and local reliability of the

SCs’ facilities:

X
|RL1| |RL2| |RL3| |W|

= Z Z Z Zyrlli.yrlzj.ymk.Zwt.D(p,rlli.rZZj.(rlSk)r, (ri1t.rizkr, wh).
i=1 j=1 k=1 t=1

¢ (Max {rin,——}) (3-25)

|RL1| |RL2| |RL3| |W|

Ax = Z Z Z Zyrllz.yrlzj.ymk.zwf.G’_l(rlzj).D(p,rlli.rIZf.(rl3")r, (ri1t.ri35)T, wh).

i=1 j=1 k=1 t=1

Gt (Max {rlli, i }) (3-26)

h~+ht

|RL1| |RL2]| |RL3| |W|

Xi = Z Z Z Zyrui-yrzzf-yrwk-zwt-
i=1 j=1 k=1 t=1

[D(p, ri1t. 2/, (r135)7, (ri1t. r13K)7, wt). G2 (Max {rlli o

"h—+ht

}) E;(whn) +

"h—+h*

Vi=1,2,..,7) (3-27)

<zmi. Jn(p,rz1i.rzzf.(rl3k)r,(rl1i.rl3k)r,wt).a-1(Max {rini, = }).aiz(wt,ni)>]
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Ax;
|RL1| |RL2| |RL3| |W| (

. Rl
DIDI ) RBEE EN TS

+ (G’_l(rlzf) +1).D(p, ri1t 7120, (ri35)7, (ridt. r135)T, wt). 67 (Max {rlﬂ, h_}:h+})

}) : Ei(wt! ni)
h=+ht
Vi=12,..,7) (3-28)

i j kT i kT |t -1 i
+D(p,rl1 127, (3, (ri1t. rl3%)", w ).G (Max {rll e

+ Zrlli.\jD(p, rl1iri2). (ri30)7, (ri1t.rI3K)7, wt). G 1 (Max {rlli, }).aiz(wt, n;)

After substituting these equations in the objective function (Equation 3-13) and
linearizing the multiplication of binary variables, the mathematical model of the problem
is transformed to a mixed integer linear model with binary variables which can be solved
globally using software such as CPLEX, GAMS, GROOBI and LINGO. We used CPLEX

to solve it.

3.5. Example, results, and discussion: Correlations among marketing factors

In this section, a company is considered which produces and supplies a durable consumer
product to a target market with a stochastic and elastic demand function for the retail price
p = $10.00. This product includes two critical components: Component 1 and
Component 2. Component 1 and 2 are manufactured by Supplier 1 and 2 with
procurement and production costs of a;; + a,; = $3.50 and a;, + a,, = $2.50
respectively. Then, these components are transported to the manufacturer and assembled
into the final product with the cost of b, + b;; = b, + by, = $1.00. After that the final
products are transported and handled in the retailer with the cost of ¢c; + ¢, = $0.5. Based

on historical sales, the average product demand in the pre-market is treated as a linear
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function of the retail price, warranty time and service levels: D(p,slp,sla,w) = 500 +

200 X w — 250 X (p — 10) — 500 x (1 — slg) — 900 x (1 — sl,).

The products of this company are offered with a warranty. The company has four
options for the warranty length: 6, 12, 18, and 24 months. Dead inventory and lost sales
at the end of the sale period impose h~ = $0.10 and A* = $0.15 costs on the company
respectively. Component 1 and 2 of this product have reliability parameters A; = 0.1 and
A, = 0.4. Component 1 is not repairable. Thus, if the failure of a returned product inside
the warranty time is due to Component 1, then that part is replaced with a new one by the
retailer. But for Component 2, the story is different. It is more economic to repair
Component 2 the first time it fails, but after the first failure, it is substituted with a new
component. Similarly to the final product, the required components for repairing returned
products should be produced and stored in the retailer before the beginning of the sale
period. The components are produced in the first and second suppliers with the production
rates of PR, = 8000 (number per time unit) and PR, = 9000 (number per time unit)

respectively. The average deterioration times in the first and second suppliers are similar
and equal to 1/ll1 ana 2 = 0-5. After deterioration, 10 and 20 percent of Component 1 and

Component 2 production in the first and second suppliers is non-conforming (y; = 0.10
and y; = 0.20). The uncertain part of the pre-market’s demand function, &, is normally
distributed with mean of 0.0 and variance 1.0. Also the flawed production rate in the
manufacturer is uniformly distributed over the range [0, = 0.15]. Components 1 and 2
produced in Suppliers 1 and 2 for after-sales market operations are transported directly to
the retailer with transportation costs c;; = ¢z, = $1.00. Solving the mathematical model

of this problem leads to the following results: the local reliabilities in the retailer,
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manufacturer, and suppliers are rl; = 0.99, rl, = 0.86 and rl; = 0.85 respectively. The
best warranty option is 6 months. To preserve these local reliabilities x = 632.9 product
units are ordered by the retailer from the manufacturer. For fulfilling this order of the
retailer, the manufacturer plans to manufacture Ax = 81.64 extra product units to
compensate for the malfunction of its system. To produce this product volume, the
required components are ordered to the corresponding suppliers. In addition to this
component order from the manufacturer, suppliers receive another order from the retailer,
x; (i = 1and 2), to provide the required components for repairing returned products.
Similarly, the first and second suppliers plan to procure and produce A xl/ =12.13 and

Ax; =0.908 extra Component 1 and Component 2 volumes to compensate for

defective production in their production systems respectively. The results are summarized

in Figure 3-4.
Suppliers Manufacturer Retailer Market
X+ Ax + Ax] = 726.6
1 1
rl; = 0.85
x + Ax + Ax; = 71548 2 N A ;
> — xt X = 714.54 __—

— ——

Figure 3-4: Flow dynamics in the SCs.

This flow planning leads to IT = $615.60 profit for the company which is the highest

in retail price p = $10.00.

In the model used in this chapter and also in the sample problem investigated in this

section, the retail price of the product is assumed to be a fixed exogenous factor. However,
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the retail price has always been one of the most important competition factors for rivals
in the markets. Determining appropriate retail price is not straightforward because of its
conflicting effects on the company’s sales volume and unit marginal profit. The price
increment augments the unit marginal profit of each sale but, on the other hand, reduces
the attractiveness of the product for customers and leads to lower sales volume. In the rest
of this section, we analyze the correlation between the retail price and the after-sales
service of the company by defining several hypotheses. It is assumed that retail price of
the product can be selected on the [$9.0, $13.5] interval. This interval is determined by
different factors such as the retail price of similar rival or substitutable products and

governmental regulations to support domestic production or customers.

Observation 1: Price increment or reduction has non-homogenous effects on the

company’s profit in a given warranty option.

Observation 2: The trend of the profit function changes with respect to the price is

homogeneous for different warranty options.

To test these observations, the mathematical model of the problem is solved for
different values of the price on the [$9.0, $13.5] interval and different options of the
warranty time. The results are presented in Figure 3-5. As seen in Figure 3-5, the price
increment has almost the same effect on the company’s profit for different warranty
length options which is consistent with Observation 2. At first, the price increment leads
to higher profit in the company because the positive effect of unit marginal profit
increment on the profit of the company dominates the negative effect of the reduction of

sales. So gradually the company’s profit starts to increase. In the 6-month warranty
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length, the highest profit is achieved is p = $10.75 which is equal to IT = $782.20. At
this price, the difference between positive and negative effects of the price increment
become zero and beyond that, its negative effect dominates the positive effect. Thus, the
company’s profit starts to decrease. Therefore as claimed in Observation 1, the retail price
increments have non-homogeneous effects on the company’s profit in a given warranty
length. Based on these observations, we conclude that “price increments or reductions
have non-homogeneous effects on the profit of a company in a given warranty length, but

the trend of these changes are almost similar for all warranty options”.

Observation 3: The priority of the warranty options with respect to the profit changes

in different price intervals.

After solving the mathematical model of the problem for different values of the retail
price and different warranty length options, a function representing the profit function of
the company for each warranty length with respect to the retail price values is fitted. These
functions are displayed in Figure 3-5. These profit functions have several intersections
indicated by red dots in this figure. These dots represent the critical retail price values at
which the priority and profitability of the warranty options changes. In this problem, these

critical price values are as follows:

-If  p <p; = $11.25 then the priority of the warranty options is: 6, 12, 18 and 24
months.
-If  p; <p <p, =$11.57 then the priority of the warranty options is: 12, 6, 18 and

24 months.
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-If p, <p <p; =$11.82 then the priority of the warranty options is: 12, 18, 6 and
24 months.

-If p3 <p <p, =$12.07 then the priority of the warranty options is: 18, 12, 24 and
6 months.

-If p, <p < ps = $12.37 then the priority of the warranty options is: 18, 24, 12 and
6 months.

- If ps = 12.37 < p thenthe priority of the warranty options is: 24, 18, 12 and 6 months.

As claimed in Observation 3, the priority of the warranty options with respect to

profit changes over different price intervals.

Observation 4: Appropriate selection of the warranty length is more important in

price-sensitive markets.

To test this observation, the price sensitivity parameter of the market is doubled (is
increased from 250 to 500) and all of the models are re-computed with this new
parameter. The results are summarized in Figure 3-6. As seen in this figure, the optimal
price in all the warranty functions shifts to the left. This means that in price sensitive
markets, the highest profit of the company occurs at lower retail prices regardless of the
warranty length. On the other hand, the differences among the profitability of the
warranty options become more significant. This means that an inappropriate selection of
the warranty length leads to a higher profit loss in this market in comparison with less
price sensitive markets. Also the intervals between the critical retail price values in which

the priority of the warranty options changes become smaller. In this kind of market, the
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priority of the warranty options is more fragile and changes faster with retail price

variations. These outcomes are consistent with Observation 4.

A
Profit ($)
900
y=34.281x* - 1473.8x* + 23395x% - 162411x + 416206
300 | R2= 0.9995
700 1 By - 37.696x* * 16989 + 28347x2 - 207488x + 562395 — % = 6months
R%=0.9997 warranty
600 = i}~ = 12 months
= 21.877x% - 1034.7x + 18054x% - 137689x + 387438 warranty
500 1 ' : R*=0.9995 18 months
warranty
400
= @& = 24 months
warranty
300
Vi 53.079x* - 2587.1x3 + 46968x? - 376403x + 1E+06
200 \ R%=0.9983
100
Price ($)

5 9.5 £0 10I.5 1‘1 11I.5 1‘2 12‘.5 1I3 13:.5 1;1
Figure 3-5: Profit of the company with respect to the price in different

warranty lengths.

In the price sensitive market, the critical price values are as follows:

If p <p, =%$10.90 then the priority of the warranty options is: 6, 12, 18 and 24
months.

If p; <p <p,=9%11.05 then the priority of the warranty options is: 12, 6, 18 and
24 months.

If p, <p < p; = $11.20 then the priority of the warranty options is: 12, 18, 6 and 24
months.

If p; <p < p, = $11.38 then the priority of the warranty options is: 18, 12, 24 and 6

months.
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- If p, <p <p,=9%$1155 then the priority of the warranty options is: 18, 24, 12 and
6 months.

- If p, <p thenthe priority of the warranty options is: 24, 18, 12 and 6 months.

Therefore, we conclude that in price sensitive markets: i) an inappropriate selection of
the warranty length leads to higher profit loss; and ii) the priority of the warranty options

from the profit perspective is more fragile with respect to price variations.

Profit ($)
A

700

y =155.14x* - 6386.7x% + 97910x? - 662454x+ 2E+06
2 R?=0.9977

600

500

= 4= 6 months warranty

400 — - - 12 months warranty

y=20086x* - 8477.6x% + 133552x2- 930687x + 2E+06
R?=0.9985 18 months warranty

300
& =24 months warranty

200

yi=23.2x%- 1124.7x% + 19833x%- 151631x+ 425676
R?=0.9901
100

y=-273.04x2 + 6195.8x - 35092 .
R?=0.9949 Price ($)
| -
T L

9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14

Figure 3-6: The profit of the company with respect to the price in price

sensitive markets.

Observation 5: In warranty sensitive markets, optimal retail prices are higher.

In order to test this observation, the warranty sensitivity parameter of the market in

the problem is doubled (is increased from 200 to 400) and all of the models are re-
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computed with this new parameter. The results are summarized in Figure 3-7. As seen in
this figure, in this case, the warranty options with higher lengths are more attractive and
the highest profit is achieved with a 24 months warranty option. Furthermore, greater
warranty lengths justify the optimality of higher retail prices in this market as the positive
effect of the warranty increment dominates the negative effects of price augmentation on
the market’s demand volume. The optimal retail price is p = $13.30 in this case. In
warranty sensitive markets, the critical priority changing price points become farther from
each other. This means that the warranty strategies are more stable in this market and the
priority of the warranty options is more stationary with respect to variations of the retail
price. This corroborates Observation 5.

Profit ($)
A

1400
Y= -14.775% + 1079.5 - 32771x" + 529007%" - SE+06%* + 2E407x - SE+07

R*=0.9987
1200

¥ = 26.294x" - 1269.45° + 2257%¢ - 175425% +503138 [ =
oV =-8.1578x° ¥ B4D:41xC - 20887x* + 362221%° - 4E+06x? + 2E+07x - 4E+07

R*=0.9987

1000 -
y=39x¢ - 1702.8%° + 27503x" - 1946144

R 0.9985 =% =6 months
warranty
800 A
= = =12 months
600 warranty
18 months
400 | warranty

& =24 months

200 warranty

Price ($)

9 9.5 10 10.5 11 115 12 125 13 135 14

Figure 3-7: The profit of the company with respect to the price in warranty

sensitive markets.

In the warranty sensitive market, critical price values are as follows:
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If p<p,=9%11.17 then the priority of the warranty options is: 6, 12, 18 and 24
months.
If p; <p <p, =9$11.57 then the priority of the warranty options is: 12, 6, 18 and 24
months.
If p, <p <ps;=$11.95 then the priority of the warranty options is: 12, 18, 6 and 24
months.
If p; <p < p, = $12.40 then the priority of the warranty options is: 18, 12, 24 and 6
months.
If p, <p <p, =9$12.75 then the priority of the warranty options is: 18, 24, 12 and 6
months.

If p, < p then the priority of the warranty options is: 24, 18, 12 and 6 months.

Therefore, we conclude that in warranty sensitive markets: i) optimal retail prices are
higher; and ii) the priority of the warranty options from the profit perspective is more

stable with respect to price variations.

3.6. Closure of chapter 3

In this chapter, a company is considered that produces and supplies its products to the
customers of a market under a failure-free warranty. Hence, producing and providing
enough spare parts to repair the returned products of the customers inside the warranty
time is an important responsibility of this company. While the product is produced
through the forward SC, the required spare parts for repairing its failures are produced

through the after-sales SC. In this chapter, we show that the operations of these two SCs
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are not independent and there is a huge synergy in their concurrent flow planning. To

demonstrate the necessity of this concurrent planning, we answer the following questions:

v Research Question 1: what are the important flow transitions among the
facilities supporting after-sales services?

v Research Question 2: what are the important interactions between forward and
after-sales SCs justifying the necessity of their concurrent flow planning?

v Research Question 3: how do these interactions affect planning flow dynamics

in the forward and after-sales SCs of non-repairable goods?

In this chapter we answer these questions in the following ways:

v’ Answer of Research Question 1: In Section 3.1, we explain the operations and
flow transaction through the facilities of the after-sales SCs. In the three-
echeloned test problem, we show that suppliers and retailer are involved in the
after-sales operations. By analyzing the failure probability of the supplied
products and total product supply quantity through the forward SC, the retailer
makes decision about the required spare parts quantity. Orders of the retailer

are fulfilled by the suppliers.

v’ Answer of Research Question 2: In Section 3.1, we show that there are two
important interactions between the forward and after-sales SCs: 1) the demand
of the forward SC in the pre-market depends on the service level provided by
the after-sales SC; and 2) the after-sales demand of the components depends on
the total products supplied by the forward SC to the market and the quality of

the product’s components..
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v’ Answer of Research Question 3: The interactions between the facilities of the
forward SC are qualified in Sections 3.2.1-3.2.5 and these interactions in the
after-sales SC are quantified in Sections 3.2.6-3.2.7. The interplays between the
forward and after-sales SCs are considered in modeling product and spare parts
demands in the pre- and after-sales markets. These equations are used in Section

3.3 to develop a mathematical model for concurrent flow planning in the SCs.

We show that in SCs with stochastic facilities, qualified flow depreciates by moving
from upstream to downstream. To neutralize its negative effect and plan a reliable flow
dynamics throughout the chains’ networks, we develop an approach which amplifies the
orders between the facilities from downstream to upstream. This method is incorporated
in the mathematical model of Section 3.3. The outcomes of this model are as follows: 1)
the best retail price, warranty length, and service levels for the company in its pre- and
after-sales markets to maximize the company’s total profit; and 2) the appropriate local
reliabilities in the echelons of the forward and after-sales SCs and their corresponding
flow planning to preserve the company’s service levels. Analyzing the computational

results of the model reveals some interesting insights:

v’ Effect of the retail price on the profitability of the warranty options: Price
increments or reductions may have non-homogeneous effects on the profit of the
company in a given warranty length. But the trend of these changes are almost

similar for all warranty options.

v" Priority of the warranty options in different price intervals: Priority of the

warranty options with respect to profit changes in the critical price values.
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Therefore in the price intervals between sequential critical price values, they have
different priority (or profitability order).

v Importance and stability of the warranty options in price-sensitive markets: In
price sensitive markets, an inappropriate selection of the warranty length leads to
higher profit loss. This means that an appropriate warranty length selection is
more important in price-sensitive markets. However, the priority of the warranty
options from the profit perspective is more fragile with respect to price variations
in these market.

v' Optimal price and stability of the warranty options in warranty-sensitive
markets: In warranty-sensitive markets, optimal retail prices are higher and the
priority of the warranty options from the profit perspective is more stable with

respect to price variations.

Although the focus of this chapter is on durable consumer products for which repairing
the returned products is the main responsibility of the after-sales SCs and a failure-free
warranty strategy is considered, this formulation can be modified for other product types
with different warranty strategies, e.g., non-repairable products with rebate warranties. In
addition, the concepts developed here can be modified to make it applicable for capital
goods such as computer networks, medical and defense systems, infrastructure, and so
on, for which performance-based contracts are usual. In these industries developing,
installing, or constructing systems are done by the forward SCs and maintaining the
system to keep them performing at an acceptable level of availability is the responsibility

of after-sales SCs.
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Chapter 4: Operationally Fail-safe Supply Chains Servicing Pre- and
After-sales Markets of Repairable Products

In this chapter, we consider a company producing and supplying a product-service
package to a target market. The service provided for customers is a failure-free warranty.
Inside the warranty period, repair requests of the sold products are fulfilled free of charge.
In spite of Chapter 3, we assume that the product is repairable and the failed components
of the defective products returned by the customers inside the warranty period can be
repaired and used in the repair process of the future returned products. The repair process
of a failed component is done in the repair section of its corresponding supplier. In this
problem, the company has two SCs: 1) a forward SC deals with producing and supplying
the products to the pre-market; and 2) an after-sales SC deals with producing and
supplying required components to fulfill the after-sales repair request of products failed
inside the warranty period. Since failed components of defective products are repairable,
there are two component flows in the after-sales SC: flow of repaired components and
flow of new components. The new components are used when repaired ones are not
available. Having two highly convoluted flow types complicates the operations
throughout the after-sales SC and its flow planning problem and the interactions exist
between the forward and after-sales SCs. Therefore, in this chapter we are going to answer

the fourth research question for SCs:

v’ Research Question 4: how do the interactions between the forward and after-

sales SCs of repairable goods affect planning their flow dynamics?

In Section 4.1, we define the problem in detail and talk about its assumptions, objective

function, and constraints. The flow transactions between the facilities of the forward and
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after-sales SCs and the interactions between the operations of the SCs are explained
qualitatively in this section. These flow transactions and interactions are mathematically
quantified in Section 4.2. Section 4.2.1 is dealing with flow transactions between the
facilities of the forward SC. In Section 4.2.2, we model the new and repaired components’
flow transactions between the facilities of the after-sales SC. An integrated mathematical
model is developed in Section 4.2.3 dealing with simultaneous flow planning in the
forward and after-sales SCs considering their interactions. In Section 4.3, we propose an
approach to solve the integrated model. The model and its solution approach are applied
for a test problem from automobile industry in Section 4.4. By analyzing the results, we
investigate the correlations between the marketing strategies — price, service levels, and

warranty period — of the company and find the best combinations.

4.1. Operations and variations in the supply chains of repairable products

In this problem, we consider a company producing and supplying a product to a target
market through its forward SC. This product is sold to the customer under a retail price
and a warranty period. This product includes several key components which are produced
by suppliers in the first echelon. These components are transported to a manufacturer in
the second echelon. After assembly, final products are supplied to the market through a
retailer. The flow of components and final products through the forward SC are displayed

in Figure 4-1 for a sample product with two key components.
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Suppliers Manufacturer Retailer Market

1

Figure 4-1: The flow of components and products through the forward SC (for a

product with two key components).

The products of this company are sold under a warranty and all the defective products
returned inside the warranty period must be fixed free of charge. The flow of returned
defective products is represented by orange lines in Figure 4-2. Spare parts required to
fix these returned products are provided through the after-sales SC. The after-sales SC
has repair sections inside the suppliers to repair failed components of the returned
products. As seen in Figure 4-2, defective components are sent by the retailer to the repair
sections for repair. Then, the repaired components are returned and stored in the retailer

for use in repairing the next defective product.

If there is not a repaired component in the retailer, new components provided and
stored by the suppliers in the retailer are used for the repairs. The storage of new
components in the retailer preserves an appropriate service level for the after-sales SC.
The flow of the repaired and new components through the after-sales SC are displayed in

Figure 4-2 by the green and pink lines respectively.

The required products and new components needed to fulfill the product demand and
inside-warranty repair requests for each sales period are produced by the forward and

after-sales SCs respectively and stored in the retailer before its beginning. Before the
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beginning of each sales period, the retailer orders the required products and components
from the manufacturer and suppliers respectively. Based on the retailer's order and the
performance of its production system, the manufacturer orders the required components
from the suppliers. This means that suppliers receive two orders: one order from the
manufacturer and another order from the retailer. Then, based on the capabilities of their

production systems, the suppliers estimate and order the required material.

Suppliers Manufacturer Retailer Market
&
e y <
Repair section 9 ©
@) §

Supplier 1

Supplier 2

Repair section

Figure 4-2: The flow of new and repaired components through the after-sales SC

(for a product with two key components).

We consider two types of variation in this problem: i) demand-side variations; and ii)
supply-side variations. The demand-side represents the variation in the prediction of
product demand in the pre-market and the prediction of demand for spare parts in the
after-sales. Supply-side variations are related to imperfect production systems in the SCs’
production facilities (e.g., the suppliers and the manufacturer). Production in the

production facilities is always accompanied by a stochastic percentage of non-
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conforming output which depends on the state of the machinery and labor and varies from
time to time. The variations in the qualified output of the facilities accumulate and
become larger and larger by moving the flow from the upstream to the downstream of the
chains. In this chapter we term this “uncertainty propagation”. Due to uncertainty
propagation, the quantity of the qualified flow depreciates by moving from the upstream
to the downstream which leads to a stochastic qualified supply quantity in the last echelon
(see Figure 4-3). The capability of the forward and after-sales SCs in balancing the
stochastic supply and demand quantities in the pre- and after-sales markets is the pre- and
after-sales service levels respectively. These service levels represent the capability of the
chains to fulfill demand. The product demand in the pre-market is an increasing function

of the warranty length and service levels and a decreasing function of the retail price.

In this complex production system, which includes two interactive SCs with multiple
stochastic facilities and services pre- and after-sales markets with stochastic demand, we
want to determine the best marketing strategies (price, warranty, and service levels) for
the company and the best reliable flow dynamics through its SCs preserving the

marketing strategies in the most profitable way.

4.2. Mathematical model for the problem

This problem has two critical parts with different missions: i) the forward SC servicing
the pre-market and ii) the after-sales SC fulfilling the after-sales commitments.
Operations in the forward and after-sales SCs are analyzed separately in Section 4.2.1
and 4.2.2 respectively. Finally with the help of the equations derived in these two sections,

we develop a mathematical model in Section 4.2.3 for concurrent reliable flow planning
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through the networks of these SCs. Notation used in this chapter are summarized in Table

4-1.
Table 4-1: Notation for the forward and after-sales SCs of repairable
products.
Variables
w Warranty length of product;
s; Safety stock of Component i in the retailer (i = 1, 2, ..., N);
rl, Local reliability of retailer;
Tly, Local reliability of manufacturer;
rig Local reliability of suppliers;
sl, After-sales SC’s service level;
sl Forward SC’s service level;
X Product order quantity of retailer from manufacturer;
Ax Extra product assembly quantity in the manufacturer;
Ax; Extra component production in Supplieri (i = 1,2, ..., N);
p Price of the product supplied to the market by the company;
Vi 1 if reliability scenario rl1° is selected from RL1 set and O otherwise;
Vi 1 if reliability scenario rl2 is selected from RL2 set and O otherwise;
Vyzi 1 if reliability scenario r3" is selected from RL3 set and O otherwise;
Z,t 1 if warranty scenario w' is selected from W set and 0 otherwise;

Parameters and Functions

N Number of product’s components (i = 1,2, ..., N);
K Number of sale periods inside the warranty;

K Number of time units inside the sale period;

T Sale period;

T Time unit;

D

(p, sly, slg, W) Stochastic function of product demand in the pre-market. We assume that
D(p, sly, sly,w) = D(p, sl,, sly, w) x € and E[D(p, sl,,, slg, w)]| =
D (p, sly, slg, w);

£ Random variable representing the stochastic part of product demand
function;

G() Cumulative density function of ¢ variable;

ht Unit holding cost of extra inventory at the end of sale period in the retailer;

h~ Unit shortage cost of lost sale at the end of sale period in the retailer;

B Maximum defective assembly rate in the manufacturer;

G'() Cumulative density function of defective assembly rate in the
manufacturer;

U; Average rate of shifting from in-control to out-of-control for the
machineries of Supplier i in producing each production batch (i =
1,2,..,N);

Vi Average rate of non-conforming production in the out-of-control state of
Supplier i‘s machineries (i = 1, 2, ..., N);

PRy; Production rate of Supplieri (i=1,2, ..., N);

PR,, Production rate of manufacturer;

T Reliability index of Componenti (i=1, 2, ..., N);

F; Cumulative distribution function of Component i's failure time (i =
1,2,..,N);

Fi(m) Cumulative distribution function of total time up to the m™ failure in

Componenti (i =1,2,...,N);
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Ny
N;

Ni(t)

Cay;
Chli
Cbli

ch,

Random variable represents the number of Component i's failures inside the
warranty interval (i = 1, 2, ..., N);

Average number of failures for a unit of Component i inside the warranty
time(i=1,2,..,N);

Expected failure number of Component i during each sale period (i =
1,2,..,N);

Random variable represents the repair time of Component i in the repair
section of its corresponding supplier (i = 1, 2, ..., N);

Steady state number of Component i in the in-pipeline (i = 1,2, ..., N);
Steady state number of Component i in the repair section of Supplier i (i =
1,2,...,N). These parts are either waiting in the queue or being serviced;
Steady state number of Component i in the out-pipeline (i = 1,2, ..., N);
Steady state inventory level at the repair section of Supplier i (i =
1,2,..,N);

Steady state inventory level of Component i in the retailer (i = 1,2, ..., N);
Steady state backorder level in the repair section of Supplieri (i =
1,2,..,N);

Steady state backorder level of Component i in the retailer (i = 1, 2, ..., N);
s moment of service time in the repair Sectioni (i = 1,2, ..., N);
Average shipment time between retailer and repair section of Supplieri (i =
1,2,..,N);

Utilization of repair section of Supplieri (i = 1,2, ...,N);

Number of success parameter of negative binomial distribution used to
approximate first convolution;

Success probability parameter of negative binomial distribution used to
approximate first convolution;

Number of success parameter of negative binomial distribution used to
approximate second convolution;

Success probability parameter of negative binomial distribution used to
approximate second convolution;

Expected number of Component i in the corresponding in-pipeline and
repair section (i = 1, 2, ..., N);

Variance of number of Component i in the corresponding in-pipeline and
repair section (i = 1, 2, ..., N);

Expected number of Component i backordered by the repair section or
transferring to the retailer through the out-pipeline (i = 1,2, ..., N);
Variance of number of Component i backordered by the repair section or
transferring to the retailer through the out-pipeline (i = 1,2, ..., N);
Negative binomial cumulative distribution function used to approximate
density of Ni(t) + Bi(b);

Total inventory and shortage cost in the retailer;

Unit transportation cost of Component i from retailer to Supplieri (i =
1,2, ..,N);

Unit service cost in the repair section of Supplieri (i = 1,2, ..., N);

Unit transportation cost of Component i from Supplier i to the retailer (i =
1,2,..,N);

Total cost of repairing unit of Componenti (i = 1,2, ..., N);

Average repair cost of the product unit;

Total profit of whole company;

Unit procurement cost of material in Supplieri (i=1, 2, ..., N);

Unit production cost of Component i in Supplieri (i=1, 2, ..., N);

Unit inventory holding cost for a time unit in Supplieri (i=1, 2, ..., N);
Unit transportation cost of a component from Supplier i to the manufacturer
(i=1,2,...,N);

Unit product assembling cost in the manufacturer;
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chy, Unit inventory holding cost for a time unit in the manufacturer;

ccy Unit transportation cost of product from manufacturer to the retailer;

ce Unit transportation cost of Component i from Supplier i to the retailer (i = 1,
3t 2, .., N);

RI1 Set of discretized values that can be selected as the local reliability of

retailer, RL1 = {ri1%, 7112, ..., rl1IRLY};
Set of discretized values that can be selected as the local reliability of

RL2 manufacturer; RL2 = {ri2%, 7122, ..., rI2RL2};

Set of discretized values that can be selected as the local reliability of
RL3 . 1 2 |RL3[Y-

suppliers; RL3 = {r(3', 7132, ..., ri3IRL3l};
w Set of available options for warranty, W = {w*,w?, ..., w!"1};

4.2.1. Forward supply chain formulation for repairable products

In this section, we only focus on the process of producing and supplying products through
the forward SC. The forward SC, as shown in Figure 4-1, includes a retailer, a
manufacturer and suppliers. Each of these facilities faces a variation. The retailer faces
variation in the product demand in the pre-market. The manufacturer always has a
stochastic percentage of defective assemblies in its production system. In the suppliers,
the production process starts in an in-control state after setting up the machinery. But after
a stochastic time, it shifts to an out-of-control state in which a given percent of output is
non-conforming. Due to the imperfect performance of the facilities along the SC, the
quantity of the qualified output (variation in the qualified output) decreases (accumulates
and increases) by moving the flow from the upstream to the downstream. In this section,
we propose an approach to neutralize the negative effects of this flow depreciation
(uncertainty propagation) though the chain. Based on this approach, the order quantities

are amplified by moving from the downstream to the upstream of the chain.

To model the flow deprecation, we assume rl,., rl,, and rl; represent the local
reliabilities of the retailer, manufacturer and suppliers respectively. The market’s actual
demand in each sales period is stochastic with a given density function. Before the
beginning of each period, the retailer orders the required products, x, from the
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manufacturer based on its local reliability, rl,.. This amount of product stock ensures that
the entire product demand will be fulfilled by the retailer with rl,. probability. Therefore,
the manufacturer receives an order of x products from the retailer. To compensate for the
defective assemblies in its production system, the manufacturer must plan to manufacture
extra products, Ax. The size of Ax depends on the local reliability of the manufacturer,

rl,.

By manufacturing x + Ax products, the manufacturer must be sure with rl,,
probability that it can fulfill the whole order of the retailer. Thus the manufacturer orders
x + Ax components from each supplier. Supplier i (i = 1,2, ..., N) receives an order of
x + Ax Component i units from the manufacturer. To compensate for the non-conforming
output of its production system, Supplier i plans to produce extra components, Ax;. The
local reliability of the supplier, rl, governs the amount of Ax;. By Ax; extra production,
Supplier i will be sure with rl; probability that it can fulfill the whole order of the
manufacturer. As seen above, we neutralize the negative effect of the flow depreciation
by amplifying the orders transferred between the facilities form the downstream to the

upstream.

In this case, the manufacturer will be sure with ;" probability that it will receive all
the ordered components. With Ax extra production, the manufacturer will be sure with
rl,, probability that it can fulfill the whole order of the retailer. Product stock x ensures
that the retailer will be able to fulfill the whole product demand with rl, probability.

Therefore, the forward SC will be able to fulfill the pre-market’s demand with sl,, =

N

rls" .rly. 7l probability which is its service level, sl,,. The forward SC's service level,
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sl,, determines the percent of the pre-market’s demand that is fulfilled immediately by
the retailer’s on-hand inventory. The forward SC’s service level depends on the reliability

of its included facilities

In Figure 4-3, we represent the qualified flow depreciation throughout the forward SC.
In this problem, we assume the facilities only fulfill the order of their downstream
facilities and more flow transitions during the sales period is not possible. We analyze the
relationship among rl,., rl,,, and rl; (local reliabilities) and x, Ax, and Ax; (order and

production quantities) in the retailer, manufacturer, and suppliers in next sections.

Suppliers Manufacturer Retailer Market

»
»

R BN

Production quantities

rl,.

i
x : x
i

SC echelons‘

»

P

Figure 4-3: Flow depreciation in the forward SC.
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Relationship between the order quantity of the retailer and its local reliability

In this section, we analyze the retailer’s performance in the forward SC. In each sales
period, the product demand in the pre-market is D(p, sl,, slg, w) = D(p, sly, slg, w) X
£.D(p, sly,slg,w) is a deterministic decreasing function of the price (p) and an
increasing function of the pre-market service level (sl,), the after-sales service level
(sly), and the warranty length (w). Therefore, the average product demand in the pre-
market depends on the service level provided by the after-sales SC. This is one of the
interactions considered between forward and after-sales SCs (fourth research question).
Because customers are mainly interested to purchase from the companies providing better
after-sales services. ¢ is a random variable with a given cumulative distribution
function, G(¢), which is independent of p, sl,, sl,, and w. Without loss of generality,
we assume that E () = 1 which implies E[D(p, sl,, slo, w)] = D(p, sl,, sls, w). Before
the beginning of each sales period and based on its local reliability, the retailer selects its
product stock quantity represented by x. Higher x means higher reliability in the retailer
to fulfill the entire demand and increases the probability of having extra inventory at the
end of the period. Unit holding cost h* is incurred by the retailer for each extra inventory
unit. Lower values for x increase the probability of lost sales at the end of the period. The
unit shortage cost h~ is incurred by the retailer for each lost sales unit. To make an
appropriate tradeoff between these two cost components, the retailer selects its stock

quantity as follows:
MIN TC, = h+.E[x — f)(p,slp,sla,w)]Jr + h_.E[ﬁ(p,slp,sla,w) — x]+

(4-1)
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S.T.  Pr[D(p,sl, sly,w) <x] =71, (4-2)

Obijective function (4-1) is the sum of expected extra inventory cost and expected lost
sales cost which should be minimized. Constraint (4-2) preserves the retailer’s local

reliability.

h-

The product order quantity x = D(p, slp, sla, w). 6™ (=

) minimizes the expected

total cost of the retailer. To conserve the retailer's local reliability, we should have x >
D(p,slp,sla,w). G~1(rl.). Accordingly, the best product order quantity of the retailer

from the manufacturer is:

x =D(p,sl,,sly,w).G™1 (Max {rlr,h_hﬁ}) (4-3)

Substituting Equation (4-3) into (4-1) leads to the following least cost in the retailer:

TC, = (h+.E |6 (Max {ri,,-=—]) - s]+ +h™.E |e -

~+h*t

G 1 (Max {rlr, #})r) . D(p, sly, slg, W) (4-4)

In the above -equation, the first term, h+.E[G‘1 (Max {Tlr,h_h;m})—

£]+ +h™.E [e -Gt (Max {rlr,_h—_+})]+, is the unit average handling cost of the
h=+h

product in the retailer. Equation (4-3) represents the relationship between the retailer’s

local reliability, rl,, and its product order quantity, x. By ordering x product units from

the manufacturer, the retailer is able to fulfill the realized product demand with rl,

probability (see the retailer in Figure 4-3). In the next section, we describe how the order

of the retailer is amplified in the manufacturer.
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Relationship between the production quantity of the manufacturer and its local

reliability

The manufacturer receives an order of x product units from the retailer. But the
manufacturer knows that its production system is always accompanied with a stochastic
percentage of defective assembly. To compensate for the defective assemblies, the
manufacturer must plan to produce some extra products, Ax, and consequently order some
extra components from the suppliers. We assume the defective rate of assembly in the
manufacturer is in the range [0,8] with a given cumulative distribution function, G'(.).
Also without loss of generality; we assume that to produce a product unit, a unit of each

component is required.

Producing x product units by the manufacturer leads to at most a.x (a € [0, 8])
defective assemblies with G'(a) probability. Therefore, Ax = G~'(rl,).x extra
production enables the manufacturer to fulfill the whole order of the retailer with rl,,
probability. Assembling G~ (rl,,).x + x product units preserves rl,, local reliability for
the manufacture (see the manufacturer in Figure 4-3).

Equation

Ax +x =[G (rl,) +1].x (4-5)

represents the relationship between the local reliability of the manufacturer and its
production quantity. For producing Ax + x product units, the manufacturer orders Ax +
x component units from each supplier. In the next section, we describe how the orders of

the manufacturer are amplified in the suppliers.
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Relationship between the production quantity of the suppliers and their local

reliabilities

Each supplier receives an order of Ax + x component units from the manufacturer. But
the production system of the suppliers is not perfect. According to Rosenblatt and Lee
(1986) and Lee and Rosenblatt (1987), we assume the production run of each supplier
starts in an in-control state after setting up its equipment. But they deteriorate and shift to
an out-of-control state after a stochastic time following exponential distribution with 1/ 1
(i=1,2,...,N) mean. However, in-control production systems only produce conforming
components, y; (i=1, 2, ..., N) percentage of the components produced in the out-of-
control state is nonconforming. Once the production system shifts to an out-of-control
state, it stays in that state until the end of the production period, because interruption of

machines is prohibitively expensive.

Supplier i (i =1, 2, ..., N) receives an order of Ax + x component units from the
manufacturer. To compensate for the nonconforming components of its production
system, Supplier i plans to produce Ax; + Ax + x units of Component i. Ax; + Ax + x
production units in Supplier i should preserve with rl probability that this supplier will

have Ax + x sound output to fulfill the order of the manufacturer. Thus, we have

rlg = Pr [sound component units produced in PR, time unit
1i

2Ax+x]
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Axi+Ax+x
PRlL

(520 @] = e [ (852) - (2521 oo )|

Ax+x)

= Pr [PRu- t+(1- Vi)-PRli-( PRy;

—t)2Mx+x| =Prft=(

(4-6)

where PRy; is the production rate in Supplieri (i=1, 2, ..., N). Based on Equation (4-6),

to preserve rl, local reliability, Supplier i should plan to produce

8%; = - [Zin(rly) + (Ax + %) (4-7)

extra components in its production system (see the suppliers in Figure 4-3).

Ax; (i=1,2, ..., N) extra production ensures that Supplier i will be able to fulfill the
order of the manufacturer with rl, probability. In this case, the manufacturer will be sure
with 71" probability that it will receive all the component orders issued to the suppliers.
With Ax extra product assembly, the manufacturer will be sure with rl,,, probability that
it can fulfill the whole order of the retailer. By ordering x product units, the retailer will
be able to fulfill the whole product demand of the pre-market with rl,. probability.
Therefore, (rl,, rl,,, rl;) the local reliability combination in the retailer, manufacturer and

suppliers provides sl,, = rl,.7ly,. ri" service level for the forward SC in the pre-market.

The equation, sl, = rl..rl,.rl", is used to determine the relationship between the

service level of the forward SC and the local reliabilities of its stochastic facilities.
Equations (4-3), (4-5), and (4-7) indicate the way orders should be amplified from the

downstream to the upstream of the forward SC to neutralize the negative effect of flow
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depreciation throughout its network. Similar equations are developed for the after-sales

SC in the next section.

4.2.2. After-sales supply chain formulation for repairable products

Since failure free warranty is provided, the company must also provide the required spare
parts to repair defective products returned inside the warranty period. These parts are
produced and provided through the after-sales SC. The prerequisite for production
planning in the after-sales SC is estimating the after-sales demands of the spare parts.
First, we describe the failure processes to estimate after-sales demand for the product and
its components. Then we model the performance of the repair sections in the suppliers to
compute the percentage of the after-sales demands can be fulfilled by repaired
components. After that we determine how many new components should be ordered by
the retailer from the suppliers to preserve a given after-sales service level. Finally we

show how the orders of the retailer should be amplified in the suppliers.

Product failure

Demand of each component in the after-sales depends on: i) the total number of products
supplied through the forward SC to the pre-market (this constitutes the potential demand
for each component in the after-sales market); and ii) the reliability index of that

component, 7; (i =1, 2, ..., N).

We assume the performance of the components is independent and the failure time of
each Componenti (i =1, 2, ..., N) is arandom variable with an F; cumulative distribution
function. F; is a function of the component’s reliability index, ;. Lower t; value implies

higher reliability and vice versa. When a product with a defective Component i is returned
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inside the warranty period, its defective part is removed and immediately substituted with
another repaired or new component if the inventory level of Component i in the retailer
is positive. Otherwise, the customer must wait until a repaired component is sent to the
retailer from the repair section. The removed defective Component i is sent to the repair
section of Supplier i for repair. Also it is assumed the probability of failure of the

component does not change after repair.

We define Fi(m) as the cumulative distribution function of total time up to the m™
failure in Component i. Num;(w) is a random variable representing the number of failures

inside the warranty interval, [0,w]. Based on Nguyen and Murthy (1984), we have:
Pr{Num;(w) = m} = F™ (w,7;) = F™"Yw,7;)  (Vi=1,2,..,N)
(4-8)

According to Equation (4-8), the average number of failures, E;(w), for a unit of

Component i inside the warranty time is:
Ew) =319 FP w, 1) vi=12..,N) (4-9)
In each sales period, at most x product units are supplied to the market through the

forward SC. Therefore, the average number of Component i failures for the product lot

size of each sales period, x, inside the warranty period, A;, is:

Ai = x.Ei(W) (Vl = 1, 2, ,N) (4-10)

Assuming the total cost for repairing a unit of Component i (this is the sum of the unit

transportation cost from the retailer to Supplier i (cr®), the unit service cost in Supplier
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i (cr’) and the unit transportation cost from Supplier i to the retailer (cr°")) is cr; (Vi =

1,2,...,N), the average repair cost for a unit of product, cr, is:

cr =YN >  n.cr. Pr{Num;(w) =n} = YN >  n.cr. [Fi(n) w,1;) —

FM 0w, )] (4-11)

In this problem, we consider a single sales period and need to determine the number
of failures in the components inside that period. For this purpose, we assume the warranty
period is an integer multiple of the sales period which is consistent with what happens in
reality, w = K. T (K is an integer number). In the same way, we consider the sales period
as an integer multiple of time unit, T, which means T = K. T (K is an integer number). If
we assume the pre-market rate of demand is almost constant, then in each time unit X/ K
products are supplied to the market. In Figure 4-4, we consider the beginning of a sales
period as the origin of the time on the horizontal axis. We want to determine how many
Component i failures will be received during this sales period. First, we do it for the first
time unit of the sales period. The procedure for the other time units is similar. As shown

in Figure 4-4, the warranty period for the supply lot size x/K which was sold K. K time

units before is finished. But warranty period for the other lot sizes are as follows:

- For lot size x/K sold K.K — 1 time units before, we will receive %.[Ei(w) —

E; (K:;l w)] failures;

- For lot size x/K sold K. K — 2 time units before, we will receive =. [Ei (K',K_lw) —
K K.K

E; (Klf;z w)] failures;
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- For lot size x/K sold K. K — 3 time units before, we will receive =. [Ei (K',K_Z w) -
K K.K

E; (Klf;’ w)] failures;

K.K—(K.K-1) ) _

- For lot size x/K sold 0 time units before, we will receive =. [Ei( -
K K.K

Ei(O)] failures;

Therefore, %.Ei (w) failures will be received in the first time unit of the sales period.

There are K time units inside the sales period. Thus, the retailer will receive x. E;(w)
Component i failures in each sales period (Vi = 1,2, ..., N). This means the after-sales
demand for each component depends on the total product units, x, supplied by the forward
SC to the pre-market. This is the other interaction between the forward and after-sales
SCs that is considered in the concurrent flow planning model in Section 4.2.3 (fourth

research question).
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Figure 4-4: Previous supply lot sizes for which warranty commitment have not

been expired by the end of [0, T] time interval (In this figure it is assumed that w =

3T and T = 47).

Repair process of the defective components

Defective components of the returned products are sent to the repair sections of their
corresponding suppliers for repair. Repair process of each component is treated a two
echelon system with one server center (the repair section) and one user (the retailer).
When a defective product is returned to the retailer, first fault diagnosis is preformed to
discover the source of problem. Assume that the problem is related to Component i (i =
1,2,...,N). Then the retailer sends the defective component to the repair section of
Supplier i. When the failed component enters the repair section, if there is no queue, it
immediately receives the repair service. Otherwise, it waits in a queue. The repair time,

t;, is stochastic with a given distribution function.

When the repair process is completed, the repaired component is sent back to the
retailer. There is storage capacity only in the retailer. Also the retailer has a safety stock,

s; (i=1,2,..,N), this includes new components manufactured and stocked by the
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supplier in before the beginning of each sales period. This safety stock preserves local
reliability rl, for the retailer in the after-sales services. In Figure 4-5, we represent the

queuing system in the repair section of Componenti (i = 1, 2, ..., N).

....................................... »

"\ *Out-pipeline N3i(t) O

N (t) I Retailer I'\/Ef(t)

Nli(t)'n-pipeline

o—

Figure 4-5: Queuing system in the repair section of Component i.

HG)

Supplieri
Repairer i

The inventory policy of the components in the retailer is (S, S-1). This means whenever
a failed component is found in a returned product, the retailer sends it to the supplier’s
repair section and applies a repaired one from the repair section. N/ (t) is a random
variable that represents the number of components in state k (k =1, 2, 3, 4, and 5) at time
t. These states are shown in Figure 4-5. NX(t), Ni(t), and Ni(t) represent respectively
the number of components in the in-pipeline transferring the defective components from
the retailer to the repair section, the number of waiting components or components being
serviced in the repair section, and the number of repaired components in the out-pipeline
being transferred from the repair section to the retailer. N:(t) and N.(t) are the inventory
levels at the repair section and retailer respectively. Demands are fulfilled when the
inventory levels are positive. Otherwise, they become outstanding orders. Bj(t) and
BL(t) represent the backorder levels in the repair section and retailer respectively.

Therefore, we have:
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Bi(t) = Max{—NL(t),0} = Max{N{(t) + Ni(t),0} (4-12)

Bi(t) = Max{—N.(t),0} = Max{Ni(t) + Bi(t) — s;, 0} (4-13)

In Equation (4-12), term N (t) + NL(t) represents the total number of the components
in the server and in-pipeline. For each of these components, the repair section received
an order from the retailer which has not been fulfilled yet. In Equation (4-13), terms Ni(t)
and BE(t) represent the released but not fulfilled orders of the retailer which shows
Component i's demand in the retailer and s; represents the stock quantity in the retailer.
Therefore, the retailer’s backorder is the difference between these two terms. To show
that we are only dealing with steady-state quantities of the above system, we remove the
t argument henceforth. In this problem, the probability of having no backorders in the
retailer, Pr(Ni(t) + B{(t) <'s;), is important because it represents the retailer’s local
reliability, rL,., in the after-sales. To compute this probability, it is critical to find the
distribution function of Ni(t) + B (t). If we assume a mutual independence between the
pipelines and the repair section’s server, the above problem reduces to two convolutions:
i) obtaining the distribution of Bj(t) at the repair section from the distribution of the
components in the in-pipeline (Ni(t)) and the distribution of the components being
repaired (N.(t)) in the server; and ii) obtaining the distribution of inventory at the retailer
(N&(t)) from the repair section’s backorder distribution (B(t)) which is derived from

the first convolution and the distribution of the components in the out-pipeline (N:(t)).

Diaz and Fu (1997) show that a negative binomial distribution approximates both of
these convolutions with great accuracy. We use this approximation to simplify the

calculations. Then the mean and variance of the outstanding orders in Repair Section i
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must be calculated to determine the parameters a) and b} of the negative binomial

approximating the distribution function of B.

T(x+ad)

E[B] = 5000 L i (1 — b’ (4-14)

_ i
Where a§ = K 0/

Var[N{(t)] + Var[Ni(t)].

0%

(azi/ > l bo—“O/ i b = E[NA(O)] + E[N}(D)] and 02 =
of . ]-1
25

In the same way, parameters a} and b} are computed to generate the negative binomial
distribution function of B! in the retailer. Then, the expected backorder and backorder

probability in the retailer is:

B[BI] = 5, 0x — 50. 22 i (1 - b’ (4-15)
PrVACE) + B () 2 5) = 5, i (1 - b} (4-16)

where a} = M/KUZi/ > ) 1I, bl = ”1/023, i = E[NI(D)] + E[BL(D)] and 0%} =
K1

Var[Ni()] + Var[Bi(t)].

If we assume the M/G/1 queuing system for the repair process in the repair section in

which E[t]] represents the s moment of the service time, then we have:

l 2
E[N{] = p, + 225 pi = A E[t] (4-17)
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i N3 3 RY} 2142 33 2 2 2 —20.
VaT[NZl] — (49)°.E[¢t]] + (A)*-(E[E D) + (A4)°-E[t{].E[t] (A)“.E[t{].(3—2p;)

3.(1-py) 2.(1-py)? 1-pp) 1-p)

+p; —

(E[N3])* (4-18)

Considering M/G/1 queuing system for the repair process requires the assumption that
the failure time of Component i follows an exponential distribution. This means the
failure mode of this component is Poisson. We also model the in-pipeline and the out-
pipeline as M/G/co queuing systems which is consistent with the assumption of
independence of the numbers of components in the server and in the pipelines. Therefore,
we have E[N{(t)] =Var[Nj(t)]=2,.0; and E[Ni(t)]=Var[Ni(t)] = 2;.0;
(Mirasol, 1963). In these equations, O; represents the shipment time between the retailer
and the repair section of Supplier i (i = 1,2, ..., N). The main objective of the above
calculations is to determine the distribution function of Ni(t) + Bi(t). This negative
binomial distribution is used to determine the relationship between the retailer’s local
reliability and its safety stocks. If we assume Gij represents the negative binomial

cumulative distribution function approximating the density of Ni(t) + B(t), then we

have:
Pr(Ni(t) + B{(t) < s;) =71, (4-19)
si=Ghs (L) (4-20)

This means to preserve the rl, local reliability for the retailer in the after-sales SC in
each sales period, the retailer should order s; (i = 1,2, ..., N) new Component i units
from Supplier i before the beginning of that period. In the next section, we explain how

this order of the retailer will be amplified in the suppliers.
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Safety stock production in the suppliers

Each supplier not only receives the order of Ax + x component units from the
manufacturer to produce new products, but also receives the order of s; component units
from the retailer to fulfill a part of the after-sales demand that cannot be fulfilled by the
repaired components. Therefore, each supplier should produce s; + Ax + x component
units for the forward and after-sales SCs. Based on this, a new order, s;, is issued by the
retailer from the suppliers, and we modify the extra production quantity of the suppliers

(Equation 4-7) as follows:

A%, = L

T [Zahn(rl) + (si + Ax + %) (i=1,23,..,N) (4-21)

If a supplier does not fulfill the whole s; + Ax + x order, the unfulfilled part of this

Ax+x
Si+Ax+x

order is divided proportionally between the forward ( ) and after-sales SCs

ASi
SitAx+x

(

). Therefore, each supplier is able to fulfill the component order of the retailer

with rl probability. The retailer by ordering s; component units from the supplier is sure
with rl,. probability that the order can fulfill the whole after-sales demand of Component
i. In this case, the fulfillment rate of Component i's demand is rl,.. rl. Since the product
includes N critical components, the after-sales SC’s service level in fulfilling the after-

sales demand of all components is sl, = (rl,.rl)".

Therefore, the service levels in the forward and after-sales SCs are completely
convoluted and both are functions of the local reliabilities. This is the other interaction
that should be incorporated in the concurrent flow planning of the forward and after-sales

SCs (fourth research question).
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4.2.3. Mathematical model

In this section, by the help of the equations derived in Sections 3.1 and 3.2 (Equations (4-
3), (4-4), (4-5), (4-11), (4-20), and (4-21)), we concurrently determine the best flow
dynamics through the network of forward and after-sales SCs in a way to maximize the

total profit of the whole company. The model is as follows:

Max II =

[(p —h*.E [G‘l (Max {rlr, h_hﬁ}) — e]+ —h".E [e -Gt (Max {rlr, h_hﬁ})r —
cr) X D(p, (riN vl rl), (rl,. i)V, W)] — {[Z’i\’zl(cali +cay). (x+Ax +s; +

Al + [ZN w] + XX by (x + Ax)] + [ cby. (x + Ax)] + [Chm = ] +

2.PRy; 2.PRp
[ccy.x] + [EN ccs;. si]} (4-22)
Where

x = D(p, (rls" .7l 71, (rly 7N, w). G (Max {rl#}) (4-23)

= - h™
Ax = 67 (). D(p, (rls" Tl 7L, (Pl )N, w). 67 (Max {rl,,——1})  (4-24)
s; = Gig (1) (Vi=1,2,..,N) (4-25)
A%y = 5[ B2in(rl) + Gl (L) + (677 () +
—_ h~
1).D(p, (L™ 7l 71, (L 71N, w). G (Max {rlm})]

(Vi=1,2,..,N) (4-26)

Subject to:

05<rl, rl, rl;<1 (4-27)
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pw=0 (4-28)

The first term in the objective function (4-22) represents the average profit captured
by the retailer through selling the products in the pre-market. This term is equal to the
retailer’s income, p. D(p, sly, sl, w), minus the average handling cost, Equation (4-4),
and average repair cost, Equation (4-11), of the products in the retailer. The second term
of (4-22) represents the cost of producing and supplying the products and components in
the SCs’ first and second echelons. The first item in the second term is the cost of
procuring material and producing the components in the suppliers. The second item in
the second term is the average holding cost of the qualified components produced and
stocked in the suppliers. The third item is the transportation cost of the qualified
components from the suppliers to the manufacturer. The fourth item is the cost of
assembling the products in the manufacturer. The fifth term is the average holding cost
of the qualified products in the manufacturer. The sixth and seventh terms respectively
represent the transportation cost of the products and components from the manufacturer

and suppliers to the retailer.

Equations (4-23), (4-24), (4-25), and (4-26) explained before show the relationship
between the local reliabilities of the echelons and their production quantities. This
mathematical model determines the best local reliabilities for the SCs’ facilities (and
consequently the best pre- and after-sales service levels), price, and warranty length for
the company to maximize the total profit. This formulation of the problem is a
mathematical model with a strictly nonlinear objective function and continuous variables.

In Section 4.3, an approach is proposed to solve this model.
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4.3. Solution approach

The mathematical model formulated for the problem in Section 3 includes a strictly
nonlinear objective function. As you may know, finding the best solution is not
straightforward for nonlinear models. Analyzing the problem’s model shows the most
important variables which mainly appear in the nonlinear terms of the model are rl,., rl,,
and rl,. These variables take value from a very restricted range, [0.5, 1]. Having a very
restricted feasible range justifies discretizing these variables. By discretizing on the [0.5,
1] range, substituting this interval with a set of discrete values, and assuming rl,., ri,,,
and rl variables only take values from this set, we transform the problem’s nonlinear
model to a linear one which is much easier to solve globally.

The other variable in the model is warranty length, w. This variable does not have a
restricted feasible range but, in reality, few warranty options are available in markets and
usually offered by companies for customers such as 6, 12, 18 and 24 months. But the
price variable, p, neither has a restricted feasible range, nor has few options. Therefore in
this section, we assume the product price is given exogenously. By introducing price as
a parameter in the model, discretizing reliability and warranty variables looks an
appropriate technique to linearize and globally solve this model. In Section 4.4, we

determine the best price for the company by sensitivity analysis of the results.

We discretize the feasible continuous range of rl,. by defining a set of discrete values
RL1 = {ri1%, 7112, ..., 7111’11} To use this set, we define new binary variables
vr1r (Vrl1” € RL1) for selecting scenarios from this set. Variable y,,~ is equal to 1 if
the reliability scenario r11¢ is selected from this set and 0 otherwise. In the same way,

sets RL2 = {ri2%,r12?,...,r12/R:2l} and RL3 = {r13%, 7132, ..., r13IRL31} and their
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corresponding binary variables y,;,m (Vri2™ € RL2) and y,;3s (Vri3° € RL3) are
defined to discretize the continuous ranges of rl,, and rls. Set W = {w',w?, ..., w!"I}
represents the available warranty length options and binary variables z,,c (vw* € W) are
defined for warranty strategy selection from this set. By defining these new sets and

variables, the important nonlinear terms of Model (4-22)-(4-28) become:

|RL1| |RL2| |RL3| |W|

Z Z Z ZlelT Vrizm. Yri3s- Zyt- [D(p, (ria”.rizm. rl35N) (ri1".ri3$HN, w )]

r=1 m=1 s=1 t=

x [671 (Max {ri17,-=—})| (4-30)

h=+ht

|RL1| |[RL2| |RL3]| W]

D= D D> > Yo Yriam Y 2 [67 (12

r=1 m=1 s=1 t=1

D(p, (rllr.rIZm.rl?)SN), (ri1". 739N, wt) x 671 (Max {Tllr.h_h_ })]

+ht

(4-31)

— .
= S S v |Gl (L] (Vi=12,...,N) (4-32)

i |PRyj
Ax ZlRLllleLaleLngLWl Yriam- Yrizm- Y135 Zyt- llyh [#_11 Ln(TBS) +

Gip (L) + (671 (ri2™) + 1) x D(p, (ri1. 712m. 7135V, (r117.7135)N, wt) X

6= (max friv 2] Vi=12..N) @)
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Since the product of binary variables can be linearized easily, the above items
appearing in the second term of the objective function will be linear. Also the first term

of the objective function can be rewritten as:

e e B
)]

|RL1| |RL2| |RL3| |W|

Z Z Z Zymr Vriam. Vygas: Zut. lD(p, (ri17. 712 7135V, (riAT. 7 135)N, wt)

r=1 m=1 s=1 t=

ht.E(G1 (M 1nr - '
X|[p—~h". ax 3r o ——— — &

—h.E [e —G1 (Max {rllr, h‘}fl- h+}>]+ — cr)l (4 — 34)

In this way, the first term of the objective function will be linear too. Also notice that
only one reliability and one warranty option can be selected from the sets. Therefore, the

following constraints are added:

Sy =1 (4-35)
S yram =1 (4-36)
S s =1 (4-37)

Wlz,e=1 (4-38)

By treating the price as an exogenously given factor and discretizing the feasible range
of the warranty and reliability variables, the mathematical model of the problem is

transformed to a mixed integer linear model with binary variables which can be solve
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globally by the available software such as CPLEX, GAMS, GROOBI and LINGO. We
used CPLEX to solve it. In the next section, by analyzing the sensitivity of the company’s

profit with respect to the price, we determine the optimal value for the product’s price.

4.4. Computational results

4.4.1. An example from the automotive industry

The problem in this chapter is based on the need of a company, SMAC (due to
confidentiality issues, we do not disclose the names of companies), located in the Middle
East and supplying products to the regional automotive manufacturers of that area such
as IKC. SMAC is a well-known Reverse Idler Gear Shaft (RIGS) supplier in the
automotive industry in that region. However, recently the entrance of some new external
suppliers with comparable prices and warranties has made the markets more competitive.
In such competitive markets, determining the best price and warranty length and
providing appropriate pre- and after-sales service levels is mandatory to keep customers.
Due to low efficiency and the high rate of defective production, variations in the qualified
output of the production facilities is significant. Therefore, considering supply-side

variations in balancing demand and supply and estimating service levels is necessary.

The main components of RIGS are CK45 steel and barbed pins procured from the
companies YIIC and AKC respectively. After shipping the conforming CK45 steel order
from YI1IC to SMAC, several processes are performed on the steel such as stretching it to
the required diagonal, cutting stretched steel to suitable lengths, and rough grinding. Then
the first puncturing, bathing, milling, second puncturing, and tapping are done on the

work pieces. After plating and smoothing, the work piece is assembled with barbed pin
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procured from AKC. Then the final product is cleaned and inspected. In the inspection
process, defective products are removed from the batch and returned to the manufacturing
process. Qualified products are sent to the retailer to supply to the market. The network
structure of RIGS SC is shown in Figure 4-6. This SC includes CK45 and barbed pin
suppliers in the third echelon (YIIC and AKC), one RIGS manufacturer in the second
echelon (SMAC), and a retailer in the first echelon supplying the SC's product to the

market.

This company provides a failure free warranty for its customers. The products returned
inside the warranty period are checked by the retailer to determine whether the problem
is related to the work piece made from CK45 steel or the barbed pin. If it is related to the
steel work piece, the defective work piece is sent to SMAC’s repair section and a repaired
piece is ordered from this section. If the problem is related to the barbed pin, the defective

pin is sent to AKC’s repair section and a repaired pin is ordered from it (Figure 4-6).

This product includes two critical components: Component 1 (CK45) and Component
2 (barbed pin). Component 1 and 2 are manufactured with the procurement and
production costs of ca,; + ca,; = $3.5and ca,, + ca,, = $2.5 respectively. The sound
components are shipped to the manufacturer and assembled into the final products with
cost a of chy; = chy, = $0.2 and cb, = $0.8. After inspection, the qualified final
products are shipped to the retailer with transportation cost cc; = $0.5. Analyzing the
company’s historical sales data shows the pre-market’s demand can be approximated as
a linear function of price, warranty length, and service levels: D(p, sk, slg, w) = 500 +

200 x w — 250 X (p — 10) — 500 x (1 — sl,) —900 X (1 — sl,,). The company has
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four options for warranty length - 6, 12, 18, and 24 months. Cost components h~ = $0.10
and h* = $0.15 are considered for unit extra inventory and unit lost sales at the end of

each sales period.

The CK45 work piece and the barbed pin respectively have reliability indices t; = 0.1
and t, = 0.3. The repair cost of components and the moments of their service time in the
repair sections are: cr; = $1.5, cr, = $1.0, E[t?] = 0.0044, E[t3] = 0.0003, E[t?] =
0.00027, and E[t3] = 0000046. The transportation times of the defective components
from the retailer to the repair sections of SMAC and AKC are 0; = 0.05 (month) and

0, = 0.05 (month) respectively.

Suppliers Manufacturer Retailer Market
Q)
— e o\e
® o
o
> e ¢

Retailer HOHO

A —

Repair section

Figure 4-6: Network structure of RIGS SC.

The CK45 work pieces and the barbed pins are produced in the suppliers with PR, =
8000 (number in time unit) and PR, = 9000 (number in time unit) production rates. The

average deterioration time in the production system of the suppliers is equal to

152



1/#1 ana 2 = 0-5. In the out-of-control state, the rates of nonconforming production for

CK45 and barbed pin are y; = 0.10 and y, = 0.20 respectively. The stochastic part of
the pre-market demand, &, follows a normal distribution with mean 0.0 and variance 1.0.
SMAC’s defective assembly rate has uniform density in in the range [0, § = 0.15]. The
transportation cost of the repaired components from SMAC and AKC to the retailer is

CC31 - CC32 - $1

In this problem, the flow of defective CK45 components is somewhat different. Instead
of the supplier, they are returned to the manufacturer, SMAC. Thus, we modify Equations

(4-24) and (4-26) as follows:

Bx = 6" ()| D(p, (1l Tl 71N, (L 71V, w). 67 (Max {rly,—=—1) +

Ghs (L) (4-39)

, R -
Ak, = 1{;1 M“ln(rls)+(G Yol +

1). [D(p, (1l vl v, (L vl )N, w). G2 (Max {rlr,#}) + G,%,B_l(rlr)”

(4-40)
Aty = L [E2in(rl) + 635 () + (677 () +
1).D(p, (rly- L. 7LN), (Pl 7)Y, w). G (Max {rlr, hhﬁ})] (4-41)

Solving the mathematical model of this example leads to the following results: local

reliabilities in the SCs' echelons are rl,. = 0.95, rl,,, = 0.95 and rl; = 0.94 respectively.
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For retail price p = $16.0, the optimal warranty strategy is 6 months. Based on local
reliabilities, x = 263 RIGS units are ordered by the retailer at the beginning of each sales
period. To fulfill this order and the required CK45 work pieces as the retailer’s safety
stock (s; = 3), SMAC plans for Ax = 41 extra production. The required CK45 and
barbed pins are ordered from YIIC and AKC respectively. In addition to SMAC’s order,
AKC receives another barbed pin order from the retailer, s, = 6, to preserve the retailer’s
local reliability in the after-sales market. In the same way, Y1IC and AKC plan to procure
and produce Ax, = 6 and Ax, = 7 extra units of CK45 and barbed pin to compensate for
their non-conforming production. The results are summarized in Figure 4-7. This flow

planning leads to IT = $1841.4 profit for the company which is the highest for the retail

price p = $16.0.
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Figure 4-7: Results of solving RIGS model.
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4.4.2. Sensitivity analysis

In Section 4.3, it is assumed the price of the product is given exogenously. However,
price always has been one of the strongest competitive advantages for companies in the
markets. In reality, the appropriate selection of the retail price is critical. Therefore in this
section, we consider the price as a variable to be optimized by the company. We assume
the price is selected in the range [pmin = $15, Pmax = $17.65 ]. Several factors should
be considered to determine this feasible range for price, for example, the product’s
manufacturing cost, the prices of rival products in the market, and the governmental
regulations supporting consumers’ rights. In the rest of this section, first we analyze the
sensitivity of the company’s profit with respect to price and warranty length to determine
the correlation between these two marketing strategies. For different values of price in
the feasible range and warranty options, we solve the model. The results are summarized
in Figure 4-8, 4-9, and 4-10. In Figure 4-8 the profit of the company with respect to the

price for different warranty options is shown.

Based on Figure 4-8, for a 6 month warranty the best price that leads to the highest
profit ($1934) is $16.32. However, solving the model for different combinations of price
and warranty leads to better results. As seen in Figure 4-8, the best price and warranty
combination is p = $17.12 and w =18 months which vyields the highest profit
IT* =$2017 for the company. In different warranty options, the behavior of the profit
function with respect to the price is similar but shifts to right by the warranty length
increment. This means changing the warranty does not change the effect of price on the
company’s profitability. By increasing price, first the company’s profit starts to increase

because the positive effect of the price increment on the marginal profit is more than its
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negative effect on the demand. The difference of these effects becomes zero at the best
price for that warranty option. After the best price, the negative effect of the price
increment dominates its positive effect. Therefore, the profit starts to decrease. As

expected, a longer warranty length leads to a higher best price.

Profit ($)

A
2100

2000 4

1300

% & Months
1800 4 m 12 Moniths
© 18 Months

& 24 Months

1700 4

1600

Price ($)

1500

145 154 159 164 165 174 173

Figure 4-8: The company’s profit with respect to the price in different warranty

options.

The red dots in Figure 4-8 represent the intersections of the profit functions for
different warranty options. These dots show the critical price values at which the priority
(or, in the other words, the profitability) of the warranty options changes. Based on these

price values, the priority of the warranty options in different price intervals is as follows:

- If p <p; =$16.41 then the priority of the warranty options is: 6, 12, 18 and 24

(month).
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- If p; <p < p, = $16.54 then the priority of the warranty options is: 12, 6, 18 and
24 (month).

- If p, <p < p; = $16.63 then the priority of the warranty options is: 12, 18, 6 and
24 (month).

- If p3 <p < p, = $16.82 then the priority of the warranty options is:12, 18, 24 and
6 (month).

- If py <p < ps = $16.95 then the priority of the warranty options is:18, 12, 24 and
6 (month).

- If ps <p < pg = $17.65 then the priority of the warranty options is:18, 24, 12 and
6 (month).

- If pg < p then the priority of the warranty options is: 24, 18, 12 and 6 (month).

In Figure 4-9, we represent the profit of the company with respect to the pre-market’s
service level, sl,, = ri,.rl,,.rl%, for different warranty options. As seen in this figure,
the behavior of the profit function with respect to the service level is similar for all the
warranty options without any significant shift to the left or right. This means all of these

profit functions have almost similar optimal service levels.

Therefore, finding the best service level for one warranty option gives us a good
approximation of the best service level for the other options. Therefore, it is seen that
there is a very weak correlation between the warranty length and service level and they
can be selected separately. Based on Figure 4-9, the highest profit corresponds to an 18

month warranty and occurs in sl;, = 0.865. However, the functions cross each other a

157



few times, the red dots represents the pre-market’s service level values at which the

priority (or, in the other words, the profitability) of the warranty options changes.

($)Profit
2100 4
2000 A
1800
%6 Months
1800 012 Months
@18 Months
A 24 Months
1700
1600
Pre-market's
service level
1500 r " - : : : T - >
0.6 0.65 0.7 0.75 0.8 0.85 0.9 025 1

Figure 4-9: The company’s profit with respect to the service level in different

warranty options.
Based on these results, we have:

- If sl, < sl = 0.785 then the priority of the warranty options is: 24, 18, 12, and 6
(month).

- If sl < sl, < sl; = 0.817 then the priority of the warranty options is: 18, 24, 12,
and 6 (month).

- f sl}, < sl,, then the priority of the warranty options is: 18, 12, 24, and 6 (month).

158



Summarizing the results in Figure 4-8 and 4-9 leads to the following best combinations

of the price, service level, and priority of the warranty options (Figure 4-10):

In Figure 4-11 the positive correlation between the price and service level for different
warranty options is shown. As seen in the figure, the trend of this correlation is similar
for different warranty options. Increasing the warranty length only shifts the price and
service level function to the right. This means that regardless of the warranty length, a
given increment in the service level leads to almost the same increment in the price.
However the ratio of the best price increment to the best service level increment decreases
at higher prices.

$16.82 < p < $16.95 $16.95 < p < $17.65 $17.65<p

sl, <0.785 - _ 24,18,12 and 6

0.78 < sl,, < 0.817 - 18, 24,12 and 6

0.81 < sl 18,12, 24 and 6 - R

Figure 4-10: Combinations of the best price, service level, and priority of

warranty options.

As expected, for a given warranty length, increasing the product’s price is always
accompanied with a service level increment because the positive effect of the service
level increment compensates for the negative effect of the price increment on the market’s
demand. Also for a given retail price, the service level improvement leads to reduction in
the warranty length. For a given service level, the price increment leads to selecting a

longer warranty. All of these results demonstrate that this model behaves rationally.
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Figure 4-11: The price and service level correlation in different warranty

options.

4.5. Closure of chapter 4

In this chapter, we model the flow of repaired components in the after-sales SC of
repairable products. The repaired components are used to substitute the failed
components of defective products returned by customers inside the warranty period. In
the after-sales SCs of the repairable products, there are two types of component flow: 1)
flow of repaired components; and 2) flow of new components. A new component is used
when there is not any repaired component. The new components help the company to
keep an appropriate after-sales service level in the after-sales markets. Having two highly
convoluted flow types in the after-sales SC complicates the problem of managing
operations in companies providing repairable product-service package to their customers.

Therefore, in this chapter we dealt with the following question:
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v" Research Question 4: how do the interactions between the forward and after-

sales SCs of repairable goods affect planning their flow dynamics?

We answered this question as follows:

v" In Section 4.2.2 and under “Product failure” title: we determine the demand

for the after-sales service in the after-sales market by considering the failure
possibility in the sold products and the total product supply quantity through the
forward SC.

v" In Section 4.2.2 and under “Repair Process of Defective Components” title:

we model the process of transferring defective components from the retailer to
the repair section of the corresponding supplier, repairing defective components
in the repair sections, and transporting repaired components to the retailer. These
processes determine the flow of repaired components in the after-sales SC.

v" In Section 4.2.2 and under “Safety Stock Production in the Suppliers” title:

we determine how many new components are required to be used in the cases
repaired components are not available. Existence of new components help the
after-sales SC to preserve an appropriate service level in the after-sales market.
v In Section 4.2.3: we integrate the forward SC equations developed in Section
4.2.1 and the after-sales SC equations developed in Section 4.2.2 to formulate an
integrated mathematical model for concurrent flow planning in the forward and

after-sales SC.

In this problem, we consider different variations: i) supply-side variations related to
the imperfect performance of the production systems in the SCs' production facilities; and
i) demand-side variations related to the stochastic demand for the product in the pre-
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market and for the spare parts in the after-sales market. We show that supply-side
variations propagate by moving flow from the SCs’ up to downstream which yields
qualified flow depreciation throughout the networks. We suggest the approach of order
amplification between the SCs’ facilities from down to upstream to neutralize the
negative effects of the flow depreciation. This approach is used in the mathematical model

to plan reliable flow throughout the SCs’ networks.

The results of applying this model for an example in the automobile industry reveal
the following insights:

v The effect of warranty length on the trend of profit changes with respect to
the price: In different warranty options, the behavior of the profit function with
respect to the price is almost similar but only shifts to right by the increment of
warranty length. This means that changing the warranty length does not change

the price effects on the company’s profitability

v The effect of warranty length on the trend of the change of profit with respect
to the service level: The behavior of the profit function with respect to the service
level is similar for all the warranty options without any significant shift to the left
or right. This means that all of these profit functions have almost the same optimal
service level. Therefore, finding the best service level for one warranty option
gives us a good approximation of the best service level for other options. This
shows there is a very weak correlation between the warranty length and service

level and they can be selected separately.

v' The effect of warranty length on the correlation between the price and

service level: The trend of the price and service level correlation is similar for
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different warranty options. Increasing the warranty length only shifts the price and
service level function to the right. This means that regardless of the warranty
length, a given increment in the service level and price leads to almost the same
increment in the price and service level respectively. However the ratio of the best

price increment to the best service level increment decreases in higher prices.

A failure free warranty is the after-sales service considered in this chapter. However,
the procedures in this chapter can be extended to cover other kinds of after-sales services
such as rebate warranties, end-of-life (EOL) warranties, and performance-based logistics.
Considering supply-side variations and their propagated effects significantly improves
the accuracy of the service level estimation. Therefore, the methods presented in this
chapter for reliable flow planning can be extended to non-profit domains in which
providing a high service level is critical such as in humanitarian logistics. In the problem
presented here, we only consider the supply-side variations in the performance of
production facilities. There are similar variations in the connecting links between the SCs’
facilities. Considering the variations in the connecting links of the chains improves the

flow planning reliability.
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Chapter 5: Operationally Fail-safe Supply Networks Servicing Pre-
and After-sales Markets

In this chapter, we consider a product-service providing company with two supply
networks (SNs): 1) a forward SN dealing with producing and supplying original products
to multiple pre-markets; and 2) an after-sales SN dealing with fulfilling the after-sales
commitments. A SN is a SC with more than one facility in each echelon. In this chapter,
we show that how the model and solution approach developed in Chapter 3 for forward
and after-sales SCs can be extended to forward and after-sales SNs. Therefore in this
chapter, we answer the following questions for a company with forward and after-sales

SNs:

v’ Research Question 1: what are the important flow transitions among the

facilities supporting after-sales services?

v’ Research Question 2: what are the important interactions between forward and
after-sales SNs (SCs with more than one facility in each echelon) justifying the

necessity of their concurrent flow planning?

v’ Research Question 3: how do these interactions affect planning flow dynamics
in the forward and after-sales SNs (SCs with more than one facility in each

echelon) of non-repairable goods?

In Section 5.1, we explain the operations through the facilities of the forward and after-
sales SNs. It this section, we qualitatively describe the flow transactions between the
facilities of the SNs and the interactions exist between the forward and after-sales SNs.
In Section 5.2, we introduce the concept of “path” in SNs and propose a “path-based”

approach to model flow through the SNs. In this approach, a SN is considered as a set of
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SCs. Therefore, the SCs model developed in Chapter 3 can be readily extended to model

flow through the SNs.

In Section 5.2.1, we quantify the flow transactions through the paths of the forward
SN. Flow modeling through the paths of the after-sales SN is explained in Section 5.2.2.
In Section 5.2.3, we incorporate the equations derived in the previous sections to develop
an integrated mathematical model for concurrent flow planning through the forward and
after-sales SNs. A solution approach is proposed in Section 5.3 to solve the integrated
model. The model and its solution approach are tested on an example from engine

industry in Section 5.4.

5.1. Operations and variations in supply networks

In this problem, we consider a company producing and supplying products to objective
pre-markets through a forward SN. These products are sold to the customers under a
specific retail price and warranty strategy. This product includes several key components
which are produced by suppliers of the first echelon. These components are transported
to manufacturers in the second echelon and after assembling, the final products are
supplied to the pre-markets through retailers. The products are sold with a failure-free
warranty and all the defective products returned by the customers inside the warranty
period should be fixed free of charge. Spare parts required to fix the returned products
are provided by an after-sales SN. The after-sales SN has two echelons (first research
question): i) the suppliers in the first echelon produce the required components to fix the
returned products; and ii) these parts are transported to the retailers in the second echelon
for substitution and repair. This is the flow transactions among the facilities of the after-
sales SN to support the company’s warranty commitments — first research question. The
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required products and spare parts to fulfill the pre-market product demands and the
warranty repair requests (called the after-sales market demands) of each sales period are
produced in these forward and after-sales SNs and stored in the retailers before the

beginning of that sales period.

Before the beginning of each sales period, the retailers order the required products of
the pre-markets and the spare parts of the after-sales markets from the manufacturers and
suppliers respectively. Based on the retailers' orders and performance of their production
systems, the manufacturers order the required components from the suppliers. The
suppliers receive the orders of the manufacturers and suppliers and based on the
performance of their own production systems order the required materials from outside
suppliers. This is the sequence of order transition among the facilities of the forward and
after-sales SNs to fulfill the product and spare parts demands in the pre- and after-sales
markets — first research question. We consider different variations in modeling this
problem: i) variation in the pre- and after-sales market demands; ii) variation in the
qualified supply quantities of the suppliers; iii) stochastic flow deterioration in the
intermediate manufacturing nodes; and iv) variation in the performance of the sold
products’ components. The demand-side variations include uncertainty in the product
demand prediction in the pre-markets and the spare parts demand prediction in the after-
sales markets to repair the defective products returned by customers. The variations in
the supply and intermediate manufacturing facilities are related to their imperfect
production systems. These systems include a stochastic percent of nonconforming

production. Thus, the qualified flow deteriorates by moving from upstream to
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downstream in these networks and this deterioration increases as the uncertainty

propagates.

In such complex production systems by considering all of these variations, the

following questions arise:

1. What are the best service levels for the forward and after-sales SNs?

2. What are the best local reliabilities for the SNs' stochastic facilities supporting their
service levels?

3. What are the best material, component, and product flow through the SNs supporting
the local reliabilities of the facilities?

4. What are the best price and warranty strategies for the company?

5. What are the correlations between the best marketing strategies (service levels, price,

and warranty)?

5.2. Mathematical model for concurrent flow planning in supply networks

Without loss of generality and for the purpose of modeling the problem, we consider a
sample three-echelon forward SN including suppliers, manufacturers, and retailers. The
modeling approach proposed here is applicable for any kind of network with any number
of echelons. In Figure 5-1, a sample forward SN is shown with three suppliers (S =
{s1,S2,53}), one manufacturer (M = {m,}), and two retailers (R = {ry,7,}). The product
of this SN includes two critical components, N = {n,,n,}. The first component is pro-
vided by a first group of suppliers, S™) = {s,,s,}, including the first and second sup-
pliers. The second component is provided by the third supplier which alone is considered

as a second group of suppliers, S(2) = {s;}. Flow streams of components starting from
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the suppliers of the first echelon are assembled in the manufacturer and as final products
transported to the retailers of the last echelon to supply to the markets. In the structure of
the forward SN, there are several potential paths that can be used to produce and supply

products to the markets.

We use the concept of “path” to model this problem. In the sample SN of Figure 5-1,
each path starts from a set of suppliers in the first echelon (one supplier for each
component), passes through the manufacturer in the intermediate echelon, and ends at a
retailer in the last echelon. The potential paths of the sample forward SN are shown in
Figure 5-1. Here each path corresponds to a triple, t = (s,$,7) Vs € S, vs €
$™2) and vr € R. It includes the starting suppliers of the first and second components
and the ending retailer. As there is a single manufacturer in this example, it is not included
in the path definition. However this must be considered in a problem with several

manufacturers.

Suppliers Manufacturer Retailers Markets

t; = (51,53,71)

o~
N
Il
~
&
R
©
@
=
-
—

ty = (52,53,72)
S3

Figure 5-1: Potential paths available in the structure of a sample forward SN.

Using the concept of path in modeling this problem helps us to be able to use the

developed mathematical model for any kind of network after a little manipulation. In a
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different network, we only need to modify the definition of path and apply it in a same

way in the mathematical model.

The set of potential paths for the sample SN of Figure 5-1 is T ={t; =
(51,83,11),t, = (55,83, 11),t3 = (51,83, 13), ta = (53,53, 75)}. The most profitable
subset of these paths must be selected to produce and supply the products to the pre-
markets. The products of this chain are supplied to the market with a specific price, p,
and failure free warranty, w. Eventually a stochastic percentage of the supplied products
is returned by the customers to the retailers and their defective components should be
fixed free of charge. The components required to fix these defective products must be
provided by the suppliers. We assume that the required components to fix the defective

items supplied by a path should be provided by the corresponding suppliers of that path.

For example, if we assume that t; is a selected active path in the sample forward SN

in Figure 5-1 and its flow quantity is x, , then the required first and second components
to repair the returned items of these x,, products, which are represented by chgll) and

325112), will be supplied directly by the associated suppliers of path t; (s; and s3) to its

ending retailer, r; (Figure 5-2). So by determining the selected paths of the forward SN
and their assigned flow quantities, the active paths of the after-sales SN and their cor-

responding flow quantities are determined automatically.

Table 5-1: Notation for the forward and after-sales SNs.

Sets:

S={s} Set of suppliers in the supply network;

M={m} Set of manufacturers in the supply network;

R={r} Set of retailers in the supply network;

N={n} Set components in the product;

smcg Subset of suppliers producing component n (Vn € N);
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T = {8}

T® cT
TMCcT

TOcT
SL =

{sl = (slp,sla)}
W = {w}

S1={s1}

5261 = {52}

Givens:

p
DT(Slp, slg,w,p)

EX
D, (sly, slg,w,p)

D, (sly, slg,w,p)
g‘l"

Gr(.)

Dm,t|m€t (xt)
Gt ()

Ds,t|s€t (xt)

Set of potential paths in the supply network which can be used to fulfill
markets. Each potential path starts from suppliers (one supplier per component)
in the first echelon and after passing a manufacturer in the second echelon ends
to a retailer in the third echelon to fulfill the demand of its corresponding
retailer t = (s; € SW,s, € §@, w0, Sin| € SUND m € M,r € R);

Subset of potential paths starting from Supplier s (Vs € S), T® = {t|s € t};
Subset of potential paths passing through Manufacturer m (vm € M), T(™ =
{tlm € t};

Subset of potential paths ending to retailer r (vr € R), T™ = {t|r € t};

Set of possible scenarios for the service level strategy of the company in the pre
and after-sales markets;

Set of company's possible warranty strategies;

Set of all the path selection possibilities in the network to fulfill the demand of
all markets;

Set of facilities' local reliabilities that can provide si,, service level in the pre-
markets and sl, service level in the after-sales markets

Price of product;
Demand of retailer r's market which is considered as a product of a
deterministic function, D,.(sl,, Sy, w, p), and a stochastic variable, &. Without

loss of generality we assume E (Dr(slp, Slg,w, p)) = D,(sl,, slq, w,p);

Average demand of retailer r's market. Retailer's average demand is an
increasing function of service level and warranty length and decreasing
function of price (Vr € R);

Stochastic variable representing the uncertain part of retailer r's demand (vVr €
R);

Cumulative distribution function of ¢, variable (vr € R);

Defective product quantity in manufacturer m in the manufacturing process of
its passing path t (m € t) order which is a stochastic increasing function of the
path's flow, x¢|met;

Cumulative distribution function of D,,, , (vm € M,Vt € T),

Nonconforming component quantity in supplier s in the production process of
its ending path t (s € t) order which is a stochastic increasing function of the
path's flow, x; 5., and its reliability level, rl;

Cumulative distribution function of D, , (Vs € S,Vt € T);

z-score of standard normal distribution for probability of «;

Unit procurement cost in supplier s (Vs € S);

Unit production cost in supplier s (Vs € S);

Unit manufacturing cost in manufacturer m (vm € M);

Unit transportation cost between supplier s and manufacturer m (Vs € S,vm €
M);

Unit transportation cost between manufacturer m and retailer r (vm € M, vr €
R);

Unit transportation cost between supply s and retailer r (Vs € S,Vr € R);

Unit holding cost of extra product inventory at the end of planning period in
retailer r (Vr € R);

Unit cost of product shortage at the end of planning period in retailer r (Vr €
R);

Maximum wastage ratio in manufacturer m (vm € M);

Average number of deterioration in the time unit in supplier s (Vs € S);
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Defective component ratio in the out-of-control state of supplier s (Vs € S);

Vs
PR, Production rate of supplier s (Vs € S);
6, Reliability parameter of Component n (vn € N);
() Density function of failure time of Component n (vn € N);
E,(.) Cumulative distribution function of failure time of Component n (Vn € N);
(m) Cumulative distribution function of total time to the m® failure of Component n
B (0) (Vn € N);
An Number of first failures of Component n that are repairable (vn € N);
cry, Unit repair cost of Component n (Vn € N);
Num,(w) Random number of Component n failures in warranty time (Vn € N);
AD,( Average number of Component n substitution for a product unit in warranty
n(W) time (Vn € N);
Variance of number of Component n substitution for a product unit in warranty
VD, (w) .
n time (Vn € N);
Dr After-market demand of component n of path t (vn € N; Vt € T);
I, Total cost of retailer r at the end of each sale period (Vr € R);
Variables:
Ve 1 if potential path t is used to supply products, 0 otherwise (vt € T);
X¢ Product flow through path t (vt € T);
. 1 if service level strategy sl is selected by the company, 0 otherwise (Vsl €
sl .
SL);
Uy 1 if warranty strategy w is selected by the company, 0 otherwise (Yw € W);
Ax Extra production of path t in its corresponding manufacturer (Yw € W, Vvt €
A,'Ct(s) Extra production of path t in supplier s of this path (Vs € t,Vt € T);
rl Reliability level of supplier s (Vs € S);
Tl Reliability level of manufacturer m (vm € M);
rl, Reliability level of retailer r (Vr € R);
(n) Component n flow through path t to fulfill after-sales demand (vt € T,vn €
xt N);
Suppliers Manufacturer Retailers Markets
After-sales demand of n, for the products
., (n1) of path ¢, = Returned products of x, having
""" Xt defective component n,

Xt,

1

-sales demand of n, for the products
of path t; = Returned products of
x;, having defective component n,

th 0 2

Figure 5-2: After-sales services provided by active Path t;.

171




In this problem, we consider demand- and supply-side variations by assuming that
demand prediction in the demand nodes is stochastic and the performance of the
production systems in the supply and intermediate manufacturing facilities is imperfect.
Imperfect production systems in the supply and manufacturing facilities means their
qualified output quantities are stochastic. Having several uncertain echelons in a SN leads
to a problem which we call uncertainty propagation. Considering and quantifying this
propagation of uncertainty is critical for determining service levels in pre- and after-sales
markets. The uncertainty propagation occurs through all the active paths of the networks.
We display one of the paths of the forward SN as a sample in Figure 5-3. In the rest of
this section, we describe the process of quantifying uncertainty propagation throughout

this path of the forward SN.

5.2.1. Forward supply network formulation

The pre- and after-sales markets’ service levels show the global reliabilities of the forward
and after-sales networks against all the variations and their propagated effect. The service
level which represents the capability of a network in balancing supply and demand
quantities depends on the local reliabilities of its constituting facilities. In this problem,
we introduce and use the concept of path to produce and supply products and spare parts
to markets. Therefore in this section (Section 5.2.1) and Section 5.2.2, respectively we
explain that how to manage the flow in the paths of the forward and after-sales SNs
against variations. This means in Section 5.2.2, we answer the first research question by
modeling the flow transactions among the facilities of the after-sales SN. Common
variables in the equations of these two sections determine the interactions exist between

the forward and after-sales SNs — second research questions. These interactions justify
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the necessity of concurrent flow planning in the SNs. Finally, we use the outcomes of
these sections in Section 5.2.3 to develop a comprehensive mathematical model to
manage the performance of the entire system. This mathematical model avoids sequential
decision making in the SNs — first forward and then after-sales SNs — which ignores the

interactions (third research question).

In this section, we elaborate a way to quantify uncertainty propagation and plan a
reliable flow through the paths of the forward SN. The paths of the forward network
include a retailer, a manufacturer, and suppliers (one supplier for each component).
However, in each path of the after-sales SN there are a retailer and suppliers (one supplier
for each component, Figure 5-2). We assume that the local reliability of Retailer r,
Manufacturer m, and Supplier s are represented by rl,.,rl,,, and rl; respectively. To
quantify uncertainty propagation through each path, we start from the last echelon

including a retailer, then variations of the manufacturer and suppliers are addressed later.

Uncertainty management in the retailers

The company positions itself in the markets by choosing its pre- and after-sales service
levels, warranty length, and retail price. This means the service level provided by the
after-sales SN directly affects the demand and sale quantity in the pre-markets — one of
the interactions between the forward and after-sales SNs (second research question). The
average product demand in Market r, D, (slp,sla, w,p), in a sales period is an increasing
function of the service levels, (sl,,sl,;), and warranty length, w, and a decreasing
function of price, p. However, the realized actual demand is stochastic and has a deviation
from its mean. Consistently with Bernstein and Federgruen (2004 and 2007), we assume

that the stochastic actual demand in the market is multiplicative as D,(sl,, sl w,p) =
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& xﬁr(slp,sla,w,p). Where ¢, is a general continuous random variable with a
cumulative distribution function, G, (&), which is independent of the service levels,
warranty length, and retail price. Without loss of generality, we assume E (g,) = 1 which

means E[Dr(slp,sla,w, p)] = ]jr(slp,sla,w,p).

Before the beginning of each sales period, Retailer r (Vr € R) orders the required
products from the manufacturers. These products are provided by the active paths ending
at this retailer, ), x., before the beginning of the period. Additional product
transactions during the period and after real demand realization are not possible. The
demand of Market r is stochastic with G,.(.) cumulative distribution function (demand-
side uncertainty). Extra inventory and inventory shortage at the end of each sales period
impose unit cost h and h; on the retailer respectively. Thus, subject to the local
reliability of Retailer r (rl,.), the product ordering quantity of the retailer, ).« x, should

be determined to minimize its end-of-period total cost.

Product ordering quantity of Retailer r is:

MIN I, = hf.E[Zrm x; — Dr(slzﬁ,,sla,w,p)]+ + h;. E[Dr(slp,sla,w,p) -

Yo xe] (5-1)

S.T. Pr[D,(sly,sly,w,p) < Trmxe] =7l (5-2)

The first term of the objective function (5-1) is the expected holding cost of the end-
of-period extra inventory and the second term is the expected shortage cost in Retailer r.
Therefore, the objective function is minimizing the total cost in the retailer. Constraint

(5-2) preserves the local reliability of the retailer (Figure 5-3). Minimizing the model’s
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objective function without considering constraint (5-2) leads to Yo x; =

hy
hy +hit

D, (sl,, slg,w,p). G ( ). Also to preserve the local reliability of the retailer, we

have Yr x; = Dy (sly, sl w,p). G (rL,).

Accordingly, the best amount of the product should be ordered by the retailer is

Yo xe = Dy(sly, sly, w,p). Gt (Max {rlr, L1 }) This order is distributed among

hy+h
the active paths ending at this retailer and Path t’s share from this order is x; (assuming
that Path t ends at Retailer r). Therefore, x, products must be provided by the
manufacturer of this path. In the next section we study the manufacturer’s performance

with respect to the retailers’ order.

Uncertainty management in the manufacturers

Order share of each path should be produced by the manufacturer of that path. By
assuming that Path t is passing through Manufacturer m, so this manufacturer should
produce x; qualified products for this path. But the production system of the manufacturer
is not perfect and is always accompanied by stochastic percentage of defective items. To
compensate these defective items, manufacturer should plan to produce some extra
products such as Ax;. Amount of Ax;, depends on the local reliability of Manufacturer m.
Ax, should be determined in a way that manufacturer will be sure with r1,,, probability
that it can fulfill the whole product order assigned to the path. So the probability that
defective product quantity in the manufacturing process of Path t’s ordered products,
Dy, ¢, would be less than Ax, should be equal to 71, (G is the cumulative distribution

function assumed for D, ;):
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Pr(Dm,t < Axt) =rl, - Ax; = G;l’lt(rlm) (5-3)

For example if we assume that defective production rate in Manufacturer m is a
stochastic variable, a,,, uniformly distributed in [0, 8,,] range, then appropriate Ax; is

computed as follow:
Axy
Pr(a,,.x; < Ax;) = Pr (am < x—) =rl, - Ax; = 1l B Xt (5-4)
t

So to preserve local reliability rl,,, manufacturer should plan to produce x; + Ax,
products for Path t. accordingly it should order x; + Ax; components from the suppliers
of this path. In the next section, we study the performances of Path t’s suppliers respect

to the component orders received from the manufacturer.

xtl
L ry

T

Production volumes

Echelons of c_!]am

T

Production volumes

Echelons of Chﬂm

Figure 5-3: Uncertainty propagation in Path t; = (s4, s3, 1) of the forward SN.
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Uncertainty management in the suppliers

We assume that Supplier s is a supplier of Path t. This supplier receives an order of x; +
Ax,; component units from the manufacturer. But we know that its production system is
not perfect and has some nonconforming output. To compensate for these nonconforming
items, the supplier plans to produce extra components, A)'ct(s). The amount of Aa&t(s)
depends on the local reliability of Supplier s. Aa&t(s) insures the supplier with rlg
probability that it can fulfill the manufacturer’s order. Therefore, the probability that the
nonconforming component quantity in the production process of Path t’s order, D, is
less than Aaét(s) and is equal to rl; (G is the cumulative distribution function assumed

for Dy ¢):

Pr(Dy, < A%Y) = 71, > A% = G (rly) (5-5)

Assume that in the supplier after setting up the machines to produce the required
components, they start to work in an in-control state in which all the components
produced are qualified. Gradually their state deteriorates and after a stochastic time, they

shift to an out-of-control state in which y, percent of components is nonconforming. We
assume the deterioration time follows exponential distribution with 1/#5 mean. After
shifting to the out-of-control state, they stay in that state until the whole batch is
completed because interrupting the machines is prohibitively expensive (Rosenblatt and
Lee, 1986; Lee and Rosenblatt, 1987). To fulfill the component order of Path t, Aatt(s) +

Ax; + x, components should be produced by this supplier. By considering PR as the
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X§5)+Axt+xt

production rate of the supplier, it takes 2 time units to produce this batch.

N

Assuming rl; as the supplier’s local reliability, the probability that the quantity of non-

conforming components produced during this time period is less than AJ'ct(S) should be
equal to rl,. Thus, the probability that the conforming component quantity is greater than
or equal to Ax; + x; should be equal to rl;:

AZS + Ax, + x,

time unit
PR

rly = Pr(conforming component units produced in

> Ax; + x¢)

AX§5)+Axt+xt ¢
PRy

= pefez (22) - (). (067)] = o (2522 -
(ﬁ) . (AJ'CF))N (5-6)

= Pr [PRS. t+ (1 - ys).PRS.( ) > Axy + x; ]

- 8% = L [P n(rl) + (Ax, + %) (5-7)

This means that with this Aa&t(s) extra production, Supplier s will be sure with rlg
probability that it can fulfill the order of the manufacturer.

To sum up, with Aaét(s) (Vs € t — all the suppliers of Path t) extra production, the
suppliers of Path t in the first echelon will be sure with []yser) ls probability that they
can fulfill the whole component order of this path’s manufacturer. Also the manufacturer
by producing Ax; extra products will be sure with rL,,, probability that it can fulfill the

product order of the path’s retailer. By ordering x; products from this path, the retailer
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will be sure with rl,. probability that it can fulfill a x./Y.;a x, portion of the
corresponding pre-market’s demand in the coming sales period. The global reliability

provided by this path is:

Global relaibility of Patht = ([ryseryTls) X Tl X7l (VEET) (5-8)

The demand of each pre-market and the order of its corresponding Retailer r can be
fulfilled by all the potential paths ending at that retailer, vt € T, To determine the
active paths of this set, we define binary variables y, (vt € T). Variable y; is 1 if

potential Path t is active and used to produce and supply products and 0 otherwise.

Therefore, Retailer r will be sure with H(VtET(T)) [((H(Vset)rls) X 1l X rlr) Ve +

1- yt)] probability that it can fulfill the demand of its corresponding market in the next

sales period. Thus, the service level (demand fulfillment rate) of the forward SN in the

pre-market of Retailer r will be:

Pre — market service level in the market of retailer r

— 1_[ Hrls X1y X1l |y + (1 —y¢)
(veer®) (Vs€b)

(Vr€R)  (5-9)

5.2.2. After-sales supply network formulation
We assume that the after-sales services of the products supplied by a path to a market
should be provided by that path. In this section, we answer the first research question by

modeling the flow transactions among the after-sales SN’s facilities. Also we show that
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how these operations are affected by the decisions made in the forward SN — Second
research question. These displays will be incorporated in the model of Section 5.2.3 for
concurrent flow planning — third research question. The first step for planning flow
dynamics in the after-sales SN is to predict the after-sales requests for the products of
each path. After determining the after-sales flow of each path, this flow is amplified from

downstream to upstream to deal with uncertainty propagation in that path.

After-sales demand prediction and spare parts order guantity

Assume that x, products are supplied by Path t € T™ of the forward SN to the pre-
market of Retailer r. The required components to repair the defective products of x;
returned by the customers inside the warranty period is the after-sales demand for Path t.
Here, we compute the quantity of this demand for each component. This demand depends
on the product quantity supplied by Path t in the forward SN (this is one of the interactions
between the forward and after-sales SNs), the length of the warranty (this is another
interaction between the forward and after-sales SNs) and the reliability of the components
represented by 6, (vn € N). We assume that the performance of the product’s
components is independent and the failure time of Component n is a random variable with
fn(6,) density and E,(6,,) cumulative density function. Lower 6, means higher
reliability for Component n and longer time between failures. We assume the first A,
failures of Component n are repairable but after that it is more economical to replace it
with a new one. The repair cost of Component n is cr;,. We assume that behavior of the

components do not change after repair; the repaired and new components have similar

breakdown behavior. Assuming that Fn(m) and Num,(w) represents the cumulative
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distribution function of total time up to the m™ failure and the number of failures of

Component n in [O,w] interval, we have (Nguyen and Murthy, 1984):
Pr{Num,(w) = m} = E™w,6,) — E™Y(w,6,) (vn € N) (5-10)

Then the average number of new Component n required to repair a unit of product

inside the warranty period, AD,,(w, 6,,, 1,,), IS:
ADy (W, 0, 1) = T2 11 EX (W, 6) (vnenN) (5-11)

In the same way, the variance of the number of new Component n required to repair

a unit of product inside the warranty period, VD, (w, 6,,, 1,,), is:
VDA(W, 00, n) = T2 a[2: (m = ) = 11 E™ (W, 60) = [Z5:22, 41 B (W, 6)12
(vn e N) (5-12)

By using the Central Limit theorem, the total Component n required in the after-

sales market of Path t, D}*, has a normal distribution with the following features:

Dl*~Normal (#by = x;. AD, (W, Hn,/ln),ag? = x;. VD, (w, Hn,/ln)>
(VneN; VteT) (5-13)
This means the spare parts demands in the after-sales markets depend on the product
quantity supplied by the forward SN to the pre-markets (This is another interaction

between forward and after-sales SNs). If Path t ends at Retailer r (r € t) and its local

reliability is rL,., the quantity of Component n ordered by Retailer r from Path t is:
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2™ = %0 ADp (W, 6, ) + (214, /%2 VD (W, 8, 1)) (vneN) (5-14)

By ordering xt’(n) units of Component n, the retailer will be sure with rl,. probability

that it is able to fulfill the after-sales demand of Component n for path t’s products.

Performance of the suppliers in the after-sales network

Retailer r not only orders x, (t € T(™) products from the manufacturer of Path t, but also
orders xé(n) (Vn € N) units of Component n from the path’s corresponding Supplier

s (s € t and s € S™) providing Component n for this path. Supplier s receives an order

of Ax; + x, component units from the manufacturer of this path (forward SN) and an
order of x;(”) component units from the retailer of this path (after-sales SN). Thus the

total order received by Supplier s includes xé(n) + Ax; + x, component units. To
compensate for the nonconforming output of its production system, it plans to produce
extra components Aa’ct(s). In Section 5.2.1, the quantity of Aa&t(s) is determined by assuming
that Ax, + x, component order is received by this supplier. But in addition to this order

of the forward SN another order with x;(") quantity is received from the after-sales SN.

In this section, we revise the quantity of Aa&t(s) to consider the order of the after-sales SN:

rl

Aaét(s) + xé(n) + Axp + x;

time units
PR,

= Pr(conforming component units produced in

> x,™ + Ax, + x;)

A)égs) +x£(n) +Axe+x;

PRy

=Pr|PR;.t + (1 — ys).PRS.< t> > xé(n) + Ax; + xt]
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1(n) m)
— pr [t > (xt +AXt+xt) . ( 1—Vs) Ax(S) ] EXP l L. <(M) _
PR ¥s.PRg PRg
1-vs ,
(32)-(a5)) 519

= A% = 2 [Z2in(rl) + (™ + x4 %) (5-16)

(s)

This means that by this Ax,™ extra production, Supplier s is sure with rl; probability

that it can fulfill the whole orders of the forward and after-sales SNs.
Thus, with Aaégs) (Vs € t — s is supplying Component n) extra production, the
supplier of Path t is sure with rl; probability that it can fulfill the whole Component n

()

order of this path’s retailer. By ordering x," units of Component n from the path’s

supplier, the retailer is sure with rl,. probability that it can fulfill the whole after-sales
demand of Component n to repair the defective products of Path t. Therefore, the fulfill

rate of Component n in Path t is:
fulfill rate of component ninpatht =rlg X rl, (teT™) (5-17)

There are n components in the product. The fulfill rate of all components by Path t

will be:

fulfill rate of all components in patht = H(VnEN, Ses(n)|set)(rls xrl.) =

LM T wnen, sesmysen Tls (teT®) (5-18)
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The after-sales demand in Retailer r is fulfilled by all the potential active paths ending
at that retailer, vt € T(™. Therefore, the service level (demand fulfillment rate) of the

after-sales SN in Retailer r is:

after — sales service level in retailer r

= 1—[ (ri,)Nl. 1—[ rls |.ye + (1 —yp)

(vter™) (vneNn, sesM|set)
(Vr € R) (5-19)

Based on Equations (5-19) and (5-9), the service levels in the pre- and after-sales
markets are convoluted and are functions of local reliabilities. This is the other interaction

that is considered in the mathematical model of the next section.

5.2.3. Concurrent flow planning in the forward and after-sales supply networks

With the help of the equations formulated in Sections 5.2.1 and 5.2.2, in this section we
develop a comprehensive mathematical model to simultaneously determine the best
marketing strategies and their preserving flow dynamics throughout the forward and
after-sales SNs. In reality, there are common options for the warranty length that are
usually offered, such as 6, 12, 18, and 24 months. Therefore, in this problem we define a
new set, W = {w}, including all options available for warranty length. In the same way,
we define a similar set for the service levels in the pre- and after-sales markets. Set SL=
{sl = (slp, sla)} includes all possible options for the service level of the company in the
pre- and after-sales markets. The options offered by the markets’ rivals and government
regulations are considered in determining these sets. To make decision about warranty
and service levels strategy, we define two new binary variables v,, and z,;. Variable v,,
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is 1 if Warranty w is selected, 0 otherwise (Vw € W). Variable z,; is 1 if Service level sl

is selected, 0 otherwise (Vsl € SL). The model of this concurrent planning is:

MAX Yz Yw Zsi V- Zsi- Dr(slp, sla, w, ). lp —ht.E (Gr‘1 (MAX {rl hr

"’ hf+hy

-

.
&) —hr.E <er — 671 (mMax {rt,, h*‘T})) l — Sy Zsom Tro(ai +a3) . |x +

Axe + xé(n) + Axt(s)] — 2m 2rem a™ (X + Ax) — Xs Xy ZT(s)nT(m) A - (X + Axp) —

VM DR DTIAT® Ay - Xp — By 2as() LR D) ) Aoy Xé(n)

Subject To:
2w =1
s Zst =1
Yro Ve =1 (Vr € R)
Xy < BM.y, (VteT)

Sro % = [Sw Zsi V- Zs1. Dy (sl sla w,p)]. 67 (Max fri,, —hr_hfh;})
(Vr €R)

Ax, = G,'n,t_l(xt,rlm).yt (VtET,me€t)

x;(n) = xt-ADn(W' Hn'/ln) + Z1I”lr' \/xt' VDn (W' 9”’/1”) (Vt €T,Vne N)

" '(n

Aigs) = Gs,t_l(xt + Ax, + x, ),rls>.yt (Vt €T, vneN,set,s €SM™)

ZSL Zsl-Slp = H(VteT(T)) [((H(Vset) rls) X rlm X rlr) et (1 - yt)]
(Vr €R)

Y51 Zst-Sla = Miveere) [ (L™ T iwnen, sesmisery Tls)-ve + (1= yo)]
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(5-20)

(5-21)
(5-22)
(5-23)

(5-24)

(5-25)

(5-26)

(5-27)

(5-28)

(5-29)



(vr €R) (5-30)
Vu, Zs1, Vi € {0,1} (Vw e W,Vsl € SL,Vt € T) (5-31)

X, Axe, A2, %, = 0 (Vt €T,Vs € S,¥yn € N) (5-32)

In these equations, BM is a large constant. The first term of the objective function (5-
20) represents the profit which is captured in the pre-markets. This term is equal to the
income minus the shortage and holding cost of the inventory shortage and extra inventory
at the end of the sales period. The second term is the sum of procurement and production
costs in the suppliers. Manufacturing costs of the products in the manufacturers is
computed in the third term. The fourth, fifth, and sixth terms compute the sum of
transportation costs of the forward SN’s components from the suppliers to the
manufacturers, the forward SN’s products from the manufacturers to the retailers, and the
after-sales SN’s components from the suppliers to the retailers. This objective function

maximizes the net profit of the whole company.

Based on Constraints (5-21) and (5-22), only one warranty and service level strategy
can be selected by the company. Constraint (5-23) ensures that at least one path is
activated to fulfill the demand of each market. According to Constraint (5-24), product
flow is only possible in the activated paths. Based on Constraint (5-25), the sum of the
product flow through the paths ending at a retailer is equal to the pre-market demand of
that retailer. Constraint (5-26) shows flow amplification in the manufacturer of each path.
Constraint (5-27) is used to calculate the component requests of each path in the after-
sales markets. Constraint (5-28) represents flow amplification in the suppliers of each

path. Based on Constraint (5-29), local reliabilities assigned to the facilities must preserve
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the company’s selected pre-market service level. In the same way, local reliabilities
assigned to the facilities should preserve the company’s selected after-sales service level

(Constraint 5-30).

This mathematical model determines the best warranty and service level strategies in
the pre- and after-sales markets and their preserving local reliabilities and flow in the
system’s facilities to maximize the company’s total profit. This model is a mixed integer
nonlinear mathematical model. Solving this kind of models is not straightforward.
Especially the form of nonlinear terms in this model depends on the cumulative
distribution functions defined for the stochastic parts of the problem. This means that by
changing these distribution functions, the mathematical forms of these terms also change.

In Section 5.3, we propose an efficient approach to solve this model and find the solution.

5.3. Solution approach

In this section, we develop a five-step approach to solve the model proposed in the
previous section (Figure 5-4). In this approach, for each sl = (sl,, sl,) € SL and each

w € W, the following steps should be done:

Step 1: Define a new set, S1 = {s1}, including all the path selection possibilities in the

network to fulfill the demand of all markets. The largest size for this set is:

1S1] = [Tyrer 20710 (5-33)

Step 2: For each s1 € S1, determine a set of facilities' local reliabilities that can provide

sl service level in the pre-markets and sl service level in the after-sales markets,

$261 = {s2}. Notice that:
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52 = (rlr(sz) (Vr € R), 71, (vm € M), rl,"? (vs € S)) (5-34)

Determining these feasible local reliability combinations is initiated by
discretizing the continuous interval of the local reliabilities. For example, by
assuming that the least possible pre-market service level is 0.75 and the facilities
have the same lower bounds for their local reliabilities, the lower interval bound
for the local reliabilities is 0.9. After discretizing [0.9, 1.0] interval by an
acceptable step such as 0.01, these feasible local reliability combinations is
determined as follows:

Forrl, = 0.9:0.1:1.0 (Vr € R)

Forrl, = 0.9:0.1:1.0 (¥m € M)
For rly = 0.9:0.1:1.0 (Vs € S)

F sty = Miye(sinro) ((Mwseo 71s) X Thpmee X Tlyiree) and

slg = H(Vte(slnr(r)))((rlr)|N|'H(VneN, 565(")|S€t)rls)

(Vr €R)

Add
(rlr(sz) =rl, (Vr € R),r,,"? =rl, (Vm €

M), r1,CPrl, (vs € S)) into set S2
End;
End;
End;

End; (5-39)

Having restricted feasible intervals for local reliability variables justifies the

rationality of using discretizing in this step.

Step 3: For each Vs1 € S1 and Vs2 € S205U, solve the following linear model with

continuous variables:
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"ht+hy

MIN Cost(“'”)@v,sl)=5r(sl,w.p>-lhr+-E(G;1 (Max {rie?, =) -

.
sr)+ + hy.E (er — 67t (max {r1?, h;hf_h;})> l + X Xsow Zreo(ai +

a9). [x + Axe + " + 250 |

+ M Zr(m) a™. [x, + Axe] — Xs Xy ZT(S)nT(m) agm- [x¢ + Ax,]

+ Y Xk Lromnre G- Xe + Ty Tso Tg Dronrm @b x, (5-36)
Subject To:
= - 2 hy
Yvtesijret Xt = Dr(SZpJSZa' w,p). G (MAX {rl? )’m})

(Vr€R) (5-37)

Axe = Grbuer o (20 715 (vt €s1) (5-38)

xé(") = x;.AD,(W, 0, A,)) + Z;zﬁsz)"/xt' VD, (w,6,,1,)
(vtesl,vneN) (5-39)
AJZESlSEt’SES(n)) = Gs’ft_l(xt + Ax; + xé(n),rlgsz))
(Vtesl,vset) (5-40)

X, Dxy, A)Zt(s),xt’(n) >0 (Vtesl,Vse{VseS|sesl},VvneEN)

(5-41)

Step 4. Compute the minimum possible cost of each sl = (sl,,sl,) € SLand w € W as
follows:
MCost(w,sl) = MIN MIN Cost®bs2(w, sl) (5-42)

Vs1€S1 vs2e52(s1)
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The best path selection, flow assignment, and local reliability assignment
corresponding to MCost(w, sl) are represented by Y*(w, sl), X*(w, sl) and RL*(w, sl)

respectively.

Step 5: After computing MCost(w, sl) for each Vsl = (sl,, sl,) € SL and vw € W, use

the following linear binary model to find the best warranty and service level strategies

(w*, sl):

MAX ZR ZW ZSL Uy Zsi - ET‘(Slpl Sla; w, p) b— ZW ZSL Uy Zs- MCOSt(W, Sl)

(5-43)
Subject to:
Swly =1 (5-44)
LsiZa =1 (5-45)
Uy Zg € {0.1} (5-46)

By solving this model, the best service level, sl*, and warranty, w*, strategies are
determined. Therefore, the best path selection, flow assignment, and local reliability
assignment of the networks are Y*(w*, sl*), X*(w* sl*), and RL*(w*,sl*). The

flowchart for this algorithm is shown in Figure 5-4.
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Diefine set of service level st = (51, 513} € 5L, and
warranty, w € W, strategies poszible for this problem.

|, Salzet an uninvastigated w and 1 eombination

For that combination define a naw zat 51 — =1},
including all the path selaction possibilities in the supply
network to fulfill the demand of all markets.

There 15 not any
uninvestigated 52

. rEF.ler.t an uninvestisated s1 from zet 51

For thats1, determine a set of facihties' local rehiabilities
that can provide si¥ serviee lavel in the pre-markets and
51" service level in the affer-sales markets, 527 =
{s2}. Notica that:

g2 = [r't,.‘:ﬂ} [erE R],r‘tn,{ﬂ} (wm E M]..r'tj‘:ﬂ:" (we E 5‘]]

M |

There is not any uninvestigated w and si combimation

P‘Sd&t an uninvestigated 52 from set52

Athat £1 € 51 and 52 € 520" solve the following linsar modsl wm

continuous variablasz:

MIN Coste = (w50 = Ey Foon Eroo (a5 + a2). 5. + &x, + 217 +8:517]
+ B Epemna™. [x, 4+ Ax,] 4 B By Eron s @[5 4+ 0] 4 B B B @, +

Eu B Ea Eritarin @t 537 + B (sl st |12, (672 {Max [rig, =)' -
o)+ (s fean )|

Subject To: ~

Tricope: % = D, (sl =l w,p).00 [Max[fﬁ"',“;:—{]] {wr £ R

Ax, = ok (x i) vt £ &1}

2™ = . AD, (w, 8, L)+ 5 oo % VD, (W, B A,) (vt € s1,wn £ N)
AP g S L e 4 ) (wt £ =1,ws £ 1)
x,...-!l.x,.a_,;’fs}' ,;;(ﬂ} =0 (vt € sl,ws E {ws € 5|5 E £1},wn € N} /

Compute the minimmm pozzible cost of each =l =
(51¥,51%) € 5L and w € Was follow:

L MCost(w,sl) = MIN MIN cost" "2, s}
UELES] yrposaint]

Use the following linear binary model to find the bestwarranty
and service level strategies (w", 5170

MAY T F o Vor o B (5180 wnhof — Eoy By MEost{w,2l)

Subjecrro:
Ewte =1
EaZa =1

-—k Wee S E {0.1}

Figure 5-4: Flowchart of solution algorithm.
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5.4. Numerical analysis

5.4.1. Case study problem: Engine industry

This problem is developed for a company manufacturing different kinds of engines.
Tracking the quality of the products due to their long and complicated manufacturing
process is not easy. However this company, to preserve its reputation, tries to satisfy its
customers as much as possible by providing after-sales services. Therefore providing a
suitable warranty is critical. Recently due to high rates of after-sales costs, this company
decided to revise its after-sales services. By analyzing the data about the sales and return
rates of the previous sales periods, the company wants to make scientific decisions about
its marketing strategies such as retail price, warranty length, and service levels. In this
section, we concentrate on one of the important engine groups of this company which has

a greater share of production compared to the others.

This engine group has two critical components provided by external suppliers, n/ and
n2 (N = {n1,n2}). This company has two supplier options for procuring n/ and for
providing n2, only one supplier exists which means § = S y §2) §(D = (51 3},
and S = {52}. Only two manufacturing centers of this company are capable to
assemble this engine group, M = {m1, m2}, then they are supplied to two important
markets by their corresponding retailers, R = {r1,r2}. The structure of the forward SN
and its potential paths, T = {t1,2,1,1't1,2,1,2't3,2,2,1' t3,2,2,2}, are shown in Figure 5-5.
tssmyr 1s the path starting from Suppliers s and s’ (providing n/ and n2 respectively),

passing through Manufacturer m and ending at Retailer r.
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Analyzing the quadruples of (price, service levels, warranty, average demand) in the
previous sales periods by regression shows that the following functions fit well with the
historical demand data of this engine group. Assessing the differences between the actual
realized demands and their average values by “Goodness-0f-fit” tests shows that the

stochastic deviations fit with normal density functions with 90 percent confidence limit.

Figure 5-5: Potential supply paths in the forward SN of the engine problem.

Dy (p, sl = (slp, slg),w) = (500 + 200.w — 250. (p — 10) — 500. (1 — sl,) —
900. (1 —sl)). & (5-47)

g ~Normal(u., = 0,02 =0.1) (5-48)

D,(p, sl = (sl,, sly),w) = (400 + 200.w — 250.(p — 10) — 500. (1 — sl,) —
900. (1 — sl)). &, (5-49)

e,~Normal(p., = 0,02 = 0.1) (5-50)

In the company three-year data record is available for the claims have been made by
the customers for this engine group. To figure out the failure rates of the engine, we used
the statistical analysis approach proposed by Lawless (1998). By using his method we
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calculate the mean and variance of the failure rate in different ages of the product. The

mean and three sigma confidence limits of failure rates for components of this product

are displayed in Figures 5-6 and 5-7.

The deterioration time in S1, S2, and S3 has exponential distribution with y; = 2,

U, = 2, and u; = 3. The non-conforming production rate in the out-of-control state of

their machines is y; = 10%, y, = 20%, and y3; = 5%. Production rates of the first,

second, and third suppliers are 8000, 8000 and 9000 component units per time unit. The

cost components of this problem are summarized in Table 5-2.

Cumulative failure rate

0.16

0.14

0.1z

01

0.08 |

0.0e

0.04

y = 4E-05x3 - 0.0013x% + 0.0177x + 0.007

R*=0.9838

- 0.001x* + 0.0129x + 0.002
R*=0.9828

- 0.0006x? + 0.0082x - 0.0029
R?=0.9784

Age (m(inths)

10 15 20 25

Figure 5-6: Failure rate of the first component with respect to age.
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Table 5-2: Cost components of the engine problem.

Cost Cost Cost
Value Value Value
parameter parameter parameter
a7~ $0.50 Bem1m=1 $0.05 A1 r=1 $0.07
a;™ $0.60 A=2m=1 $0.08 A1 r=2 $0.07
ai™? $0.60 A=2m=2 $0.08 A=z r=1 $0.07
a;™? $0.70 Ae=3,m=2 $0.06 A=z r=2 $0.07
as=3 $0.55 G $0.05 A=z r=1 $0.07
a;zs $ 0.70 afn:l,r:z $ 0.04 a§=3,‘r=2 $ 0.07
om=i $200 | abyyy  : $005 | Ai—iamas | $011
qm=2 $2.15 by e $0.05 r=tanaz | $0.05
0.35

I

S 03

L

3

= | |

L 025 ¥ = 7E-05 - Q002 2x% + 0.029x + 0.0023

R*=0.991
02 y = 9E-05x7 - 0.003x* + 0.0385x + 0.0121 Y

R =0.98595%

015

0.1

y = 5E-05x7 - 0.0015x* + 0.0185x% - 0.0075
R®=0.9901

Age (months)

5 10 15 20 25

Figure 5-7: Failure rate of the second component with respect to age.

The manufacturers have imperfect production systems. Defective production rate in
the first and second manufacturer has a uniform distribution with (0, ,,=,=0.15) and (0,
Bm=2=0.08). First, we assume the product price in the markets is fixed at its current value,
p = $ 10. In the next section by analyzing the sensitivity of the results with respect to the
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product price, the best price strategy is determined. In this problem, we assume the
available warranty options are W = {w; = 0.5 (year), 1.0 (year), 1.5 (years),

2 (years)}. The available service level options are SL = {sl; = (sl;, = 0.98,sl;, =

0.96),sl, = (sly, = 0.90, 51y, = 0.95),sl3 = (sl3, = 0.85,sl3, = 0.91)}.

Solving the mathematical model yields the following results: the most profitable
service level and warranty strategies are sl* = (sl;‘, = 0.85,sl; = 0.91) and w* = 1.0
(year). The least costly reliabilities of the facilities preserving this service level strategy
are rls_; = 1.00, rl,—, = 1.00, rl;_3 = 094, rl,,—-, = 099, rl,,,—, =093, rl,_; =
0.99 and rl,_, = 0.99. The best flow through the paths of the forward SN are x; =
49.94, x, = 40.64, x3 = 949.04, and x, = 772.24 (Figure 5-8). The best flow through
the paths of the after-sales SN are ifl) =6.17, 9’c§2) = 8.31, 9651) = 5.34, a'ch) =7.18,
M =63.47, £ =87.70, £V =53.05, and %” =73.21 (Figure 5-9). Flow
amplification in these networks’ facilities are Ax; = 7.41, Ax, = 6.03, Ax; = 70.61,
Ax, = 57.45, A2V = 7.06, AxP = 16.41, AxlP = 5.78, %P = 13.46, A1 =

47.23, AP = 276.83, AxY = 36.69, and A% = 225.72.
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Figure 5-9: Flow through the after-sales SN.

5.4.2. Optimal price strategy determination

In the previous analysis, we assumed the product price in the markets is fixed at p = $ 10.
In this section, by checking the sensitivity of the model with respect to the price, we

determine the best price strategy for the company.
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Figure 5-10: Profit with respect to price.

Based on the product’s manufacturing cost and rival product prices in the markets,
we assume the price should be selected from [$8, $12] range. For some sample price
values from this range, we solve the mathematical model of the problem and get the
results. Dark green points in Figure 5-10 represent the highest profit for these sample
price values. Based on the results, a two order polynomial function fits very well with
these points. To find the best price, we find the maximum point of this fitted function

which gives p* = $9.77.

5.4.3. Correlation between price and warranty strategies

In this section, we analyze the correlation between the best warranty and the best price
strategies in different service level options. For this purpose, for each combination of the
service level and warranty options, the mathematical model is solved for some sample
values in the feasible price range [$8, $12]. The resulting profit points and their fitted
function are displayed for the third service level option (sl3, = 0.85,sl3, = 0.91) in
Figure 5-11. The intersections of these functions show the critical price values in which
the priority of the warranty options changes. Based on these results, the priority of the

warranty options with respect to the price values is as follows:
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If p < $8.90 Then the priority of warranty options is 0.5, 1.0, 1.5 and 2.0.
If $8.90 < p <$10.10 Then the priority of warranty options is
1.0,0.5,1.5 and 2.0.

If $10.10 <p < $10.50 Then the priority of warranty options is
1.0,1.5,0.5 and 2.0.

If $10.50 < p < $10.80 Then the priority of warranty options is
1.5,1.0,0.5 and 2.0.

If $10.80 <p <$11.10 Then the priority of warranty options is
1.5,1.0,2.0 and 0.5.

If $11.10 <p < $11.45 Then the priority of warranty options is
1.5,2.0,1.0 and 0.5.

If $11.45 < p Then the priority of warranty options is 2.0, 1.5, 1.0 and 0.5.

Profit ($)
A
4000 1 w=0.5 (Year)
3000 v S e w=1.0 (Year)
N N
.'Sr’ i fl"\.\ H he \w
2000 - P P . w = 1.5 (Year)
AV AR SN SN
1000 +° /,O b t;z\ Y S w =2.0 (Year)
A iy b
/ AN Price ($)
< 3] T — T il - - '|\\\ “ N »
715 8.5 9.5 10.5 115N Y 125
4 / (Y * '
1000 ; 7 N
i ! AN
] H A
-2000 - . ' *
\ 4

Figure 5-11: Profit variation with respect to the warranty and price in the third

service level strategy.
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According to Figure 5-11, price increment imposes almost the same trend of changes
on the profit function of the all warranty options. Increasing price first improves the
profitability of the company in each warranty option. But after the optimal price of that
warranty option, the profit reduces by price increment. This means changing the warranty
length does not significantly affect the trend of changes in the profit function with respect
to the price. However, the profit function shifts to the right by increasing the warranty
length. Therefore, in the price intervals between two sequential critical price values, the
effect of the price increment on the profit functions of different warranty lengths may be
different. For example in price interval [9.00, 10.10], while the profit function of 1.5
(year) warranty option increases by the price increment, the profit function of 0.5 (year)
warranty option decreases, and the profit function of 1.0 (year) warranty increase at first

and decrease after a while.

Results of solving the mathematical model for different combinations of warranty and
price options at the second service level option, (sl,, = 0.90, sl,, = 0.95), and at the
first service level option, (sl;, = 0.98,sl;, = 0.96), are represented respectively in
Figures 5-12 and 5-13. The critical price values in the second service level option are as
follows:

- f p <$10.50 Then w =0.5,1.0,1.5and 2.0

- If $1050<p<9$11.15 Then w =1.0,0.51.5and 2.0

- If $11.15<p<$%$11.60 Then w =1.0,1.50.5and 2.0

- If $11.60<p<$11.70 Then w =1.5,1.0,0.5and 2.0

- If $11.70<p <$12.00 Then w =1.5,1.0,2.0and 0.5

- If $12.00<p<$1225 Then w =1.5,2.0,1.0and 0.5
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- If

$12.25<p

Then

w = 2.0,1.5,1.0 and 0.5

The critical price values in the first service level option are as follows:

- If

- f

p < $11.83
$11.83 < p < $12.20
$12.20 < p < $12.41
$12.41 < p < $12.55
$12.55 < p < $12.75
$12.74 < p < $12.85

$12.85<p

Then

Then

Then

Then

Then

Then

Then

w = 0.5,1.0,1.5 and 2.0
w = 1.0,0.5,1.5 and 2.0
w = 1.0,1.5,0.5 and 2.0
w = 1.5,1.0,0.5 and 2.0
w = 1.5,1.0,2.0 and 0.5
w = 1.5,2.0,1.0 and 0.5

w = 2.0,1.5,1.0 and 0.5

Comparison of the critical price values in these three service level options reveals that

by increasing the service levels the intervals between the sequential critical price values

do mainly decrease. This means the correlation between the price and warranty becomes

tighter by increasing the service levels. Therefore in higher service levels, the priority of

the warranty options stays stable for a smaller price interval and is more sensitive with

respect to the price variations.
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Figure 5-12: Profit variation with respect to the warranty and price in the second

service level strategy.

Comparison of the profit functions in Figures 5-11, 5-12, and 5-13 shows that by
increasing the service levels the overlaps among the profit functions decrease and they
become more separate. The profit function of each warranty option has a connected price
interval inside which the profit of that warranty is positive. By increasing the service
levels, these intervals of the warranty options become more distinct. This means the
feasible range of price is divided to some more distinct intervals in each only one
warranty option is profitable. Therefore, in higher service levels the positively profitable

warranty options available in each price value for managers to select is much less.
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Figure 5-13: Profit variation with respect to the warranty and price in the

first service level strategy.

5.4.4. Correlation between service level and warranty strategies

In this section, we analyze the relationship between the warranty length and service level
in a fixed price, p = 10. Results of solving the mathematical model for different
combinations of the warranty and service level options at p = 10 are represented
respectively in Figure 5-14. There is no intersection among the profit functions of
different service level options. This means that the priority of service level options is not
changing with respect to the warranty variations. The highest profit always corresponds
to the third, lowest, service level option.
Based on these results we conclude that for a given price, the priority of the service

level options does not significantly change with warranty length variation and in our test
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problem, always the third service level option is the best. In the other words: the priority
of the service level options is very stable and is not affected easily by warranty variations.
In this problem the warranty-service level tradeoff is much more stable than the price-
warranty tradeoff. However the stability of the warranty-service level tradeoff may

change by increasing the service level sensitivity parameter in the demand function.

We summarize the outcomes of these analyses in Figure 5-15. In this figure, we show
the relationships between two marketing strategies in a given option of the third one. For
example in a given warranty length option, the best price strategy is increasing with
respect to the service level but the trend of this increment is different for warranty options.
In shorter warranty lengths, the rate of price increment is a convex increasing function
of the service levels. But this function tends to become a linear increasing and then a

concave increasing by the warranty length increment.
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Figure 5-14: Warranty and service level correlation in p = 10 price strategy.

In the same way for a given service levels option, the best price strategy is increasing

with respect to the warranty length but the trend of this increment is different for service

204



level options. In lower service levels, the rate of price increment is a convex increasing
function of the warranty length. But this function tends to become a linearly increasing

and then a concave increasing by the increment in the service levels.
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Figure 5-15: Variations of the three marketing strategies: price, service level and

warranty length.

5.5. Closure of Chapter 5

In this chapter, we consider a company with forward and after-sales SNs. A SN is
considered as a SC with more than one facility in each echelon. Therefore, in this chapter
we extend the model and solution approach developed in Chapter 3 for a company with
forward and after-sales SCs to a company with forward and after-sales SNs. Thus, again

we should answer the research questions of Chapter 3, but this time for SNs:

v’ Research Question 1: what are the important flow transitions among the

facilities supporting after-sales services?

v’ Research Question 2: what are the important interactions between forward and
after-sales SNs (SCs with more than one facility in each echelon) justifying the
necessity of their concurrent flow planning?
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v’ Research Question 3: how do these interactions affect planning flow dynamics
in the forward and after-sales SNs (SCs with more than one facility in each

echelon) of non-repairable goods?

We answered these questions as follows:

v" Answer of Research Question 1: Flow transactions among the facilities of the
after-sales SN are qualitatively explained in Section 5.1. In Section 5.2, we
introduce “Path” concept in SNs and propose a “Path-based” approach for flow
planning through SNs. This approach helps us to readily extend the SC model
developed in Chapter 3 to SNs with any network structures. In Sections 5.2.1 and
5.2.2, we quantify flow transaction through the paths of the forward and after-
sales SN.

v' Answer of Research Question 2: Interactions between the forward and after-
sales SNs’ operations are explained in Section 5.1 and modeled in Sections 5.2.1
and 5.2.2.

v Answer of Research Question 3: The interactions between the forward and after-
sales SNs are considered in Section 5.2.3 to integrate equations derived in former
sections and develop an integrated mathematical model for concurrent flow

planning in the forward and after-sales SNs.

The developed model and its solution approach are tested on an example problem from
engine industry. The results are used to investigate the correlations among the marketing

factors — price, service levels, and warranty — which leads to the following insights:
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Correlation between the price and warranty

v The correlation between the price and warranty becomes tighter by increasing the
service levels. In higher service levels, the priority of the warranty options stays stable
for a smaller price interval and is more sensitive with respect to price variations.

v' By increasing the service levels, the overlaps among the profit functions decrease and
they become more separate. This means the feasible range of price is divided to some
more distinct intervals in each only one warranty option is profitable. Therefore, in
higher service levels the positively profitable warranty options available in each price

value for managers to select is much less.

Correlation between the service levels and warranty

The priority of the service level options is very stable and is not affected easily by
warranty variations. In the engine problem, the warranty-service level tradeoff is much
more stable than the price-warranty tradeoff. However the stability of the warranty-
service level tradeoff may change by increasing the service level sensitivity parameter in

the demand function.

Correlation among the three marketing factors

In a given warranty length option, the best price strategy is increasing with respect to the
service level but the trend of this increment is different for warranty options. In shorter
warranty lengths, the rate of price increment is a convex increasing function of the service
levels. But this function tends to become a linearly increasing and then a concave

increasing by the warranty length increment.
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In the same way for a given service levels option, the best price strategy is increasing
with respect to the warranty length but the trend of this increment is different for service
level options. In lower service levels, the rate of price increment is a convex increasing
function of the warranty length. But this function tends to become a linearly increasing

and then a concave increasing by the increment in the service levels.

In this problem, we assume that the spare parts required for the after-sales operations
are new and directly supplied by the suppliers. However, another option is
remanufacturing the defective components which are mainly new. Including the
remanufacturing option in the after-sales SN is an important future research for this

chapter.
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Chapter 6: Operationally and Structurally Fail-safe Supply
Networks

Uncertainties affecting the performance of SNs can be categorized into two main groups:
1) Disruptions; and 2) Variations. By disruptions, we mean large-scale stochastic events
happen rarely but they are large enough to change the topology of SNs by inactivating a
subset of their nodes, production and distribution facilities, or links, transportation
possibilities between facilities. By variations, we mean small-scale stochastic events
happen frequently but only affect and decrease efficiency of flow dynamics in SN.
To have a fail-safe SN, it should be:
v' Structurally fail-safe against disruptions: This means the topology of the
SN should be designed / redesigned in a way to be safe — Robust and
Resilient — against possible disruptions.
v Operationally fail-safe against variations: This means the flow dynamics
of the SN should be planned in a way to be safe — Reliable — against

possible variations.

We explain the requirements of these two characteristics, “Operationally Fail-safe”
and “Structurally Fail-safe”, in Section 6.1 to answer the following research question:

v" Research Question 5: what are the necessities of having fail-safe SNs?

In Section 6.2, we explain how disruptions affect the performance and flow dynamics
in SNs. First in Section 6.2.1, we explain the flow dynamics planning in a SN without
any disruptions — normal condition. Then in Section 6.2.2, we explain the flow dynamics

planning in the SN under disrupted conditions to answer the following question:
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v" Research Question 6: what are the characteristics of fail-safe SNs against

disruptions — characteristics of structurally fail-safe SNs?

In this chapter, we show that to have a “structurally fail-safe SN”, its topology should
be redesigned to incorporate appropriate amount of risk mitigation strategies. These risk
mitigation strategies reduce the vulnerability of the SN against disruptions which is
measured by its “robustness” index. Also the SN should be agile enough in employing
the risk mitigation strategies to reduce the SN’s loss in the transient period from the
normal to the disrupted flow plan. This SN agility is measured by a “resilience” index.
By considering “flexibility” as the only risk mitigation strategy, we develop a
mathematical model to find the best robustness and resilience for the “structurally fail-
safe” SN and analyze the correlations between robustness, resilience, and reliability

(reliability already investigated and quantified in the previous chapters).

Definitions
Flexible facility: A flexible facility is able to increase or decrease its processing capacity

as needed. Flexibility Level is an indicator of how much the throughput can be increased

or decreased when extra capacity is needed or when there is unused capacity. The

Flexibility Speed is an indicator of how fast the facility is able to increase or decrease its

capacity.

Robust supply network: A robust supply network is one that is made relatively insensitive
to disruptions by triggering mitigation strategies thereby making it possible to continue
delivering the level of service as before in disruptions. Robustness of a supply network is

a function of its including facilities flexibility levels.
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Resilient supply network: Resilience of a supply network embodies the speed (and
therefore cost) with which the network employing the mitigating strategies after a
disruption. Resilience of a supply network is a function of its including facilities

flexibility speeds.

Reliable flow planning in a supply network: In the presence of the required facilities, an
operationally reliable flow planning permits the coordination of flow among the supply
network’s facilities to assure an appropriate service level when coordination-disturbing

uncertainties are present.

6.1. Disruptions in supply networks

SNs are undeniable parts of competitive and globalized markets. Companies improve
their competition advantages through decentralization and working as a member of a SN
leading to lower production cost, higher product quality, and higher responsiveness with
respect to the rapidly changing needs and expectations of the customers (Chopra and
Sodhi, 2004). On the other hand, because they are distributed, they are more vulnerable
against uncertainties in business and working environments (Schmitt and Snyder, 2010;
Peng et al., 2011; Baghalian et al., 2013). Hence, risk management is critical for

successful SNs. There are many examples of risks in SNs.

According to Sarkar et al. (2002), during the labor strike in 2002, 29 ports on the west
coast of the United States were shut down which led to the closure of the new United
Motor manufacturing production factory. During the destructive earthquake in Japan in

2011, the Toyota Motor Company had to cease production in twelve assembly plants
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which led to a production loss of 140,000 automobiles. The main cause for the loss is
attributed to the disruption of its SN's manufacturing subsystems. In addition to the
impairment of production facilities and factories throughout Japan, many Japanese
companies had a problem with the supply of required material, fuel and power. In these
types of catastrophes, supply and manufacturing disruptions are huge problems for
companies. As mentioned by Norrmann and Jansson (2004), a fire in one of the major
suppliers of the Ericsson Company created serious problems for this company and shut
down its manufacturing plants for several days. Dole suffered revenue declines after their
banana plantations were destroyed by Hurricane Mitch in 1998; Ford was forced to close
five plants for several days after terrorist attacks on September 11 suspended air traffic
in 2001; The 1999 earthquake in Taiwan displaced power lines to the semiconductor
fabrication facilities responsible for more than 50 percent of worldwide supplies of
memory chips, circuit boards, flat-panel displays and other computer components. Many
hardware manufacturers including HP, Dell, Apple, IBM, Gateway and Compaq suffered.
A Motorola cell phone factory in Singapore closed after an employee came down with
SARS. For more details, see Joseph and Subbakrishna (2002) and Monahan et al. (2003).
In another instance, Ericsson lost 400 million Euros after their supplier’s semiconductor
plant caught on fire in 2000; Apple was unable to fulfill many orders during a supply
shortage of DRAM chips after an earthquake hit Taiwan in 1999; the 2002 longshoreman
union strike at a U.S West Coast port, for example, interrupted transshipments and
deliveries to many U.S.-based firms, with port operations and schedules not returning to
normal until 6 months after the strike had ended. For more details, see Cavinato (2004).

Hendricks and Singhal (2005) quantify negative effects of uncertainties through empirical
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analysis as follows: 33 to 40% lower stock returns; 107% drop in operating income, 7%
lower sales growth and 11% growth in cost. Clearly, there are numerous sources of risk

in a SN and we suggest that current methods are ill-equipped to handle them.

Uncertainties in SNs are classified in different ways. Chopra and Sodhi (2004)
categorize potential SN risks into nine categories: a) disruptions (e.g., natural disaster,
terrorism, war, etc.), b) delays (e.g., inflexibility of the supply source), c) systems (e.g.,
information infrastructure breakdown), d) forecast (e.g., inaccurate forecasting, the
bullwhip effect, etc.), d) intellectual property (e.g., vertical integration), e) procurement
(e.g., exchange rate risk), f) receivables (e.g., number of customers), g) inventory (e.g.,
inventory holding costs, demand and supply uncertainties, etc.), h) capacity (e.g., cost of
capacity). Waters (2007) divides SN risk sources to internal risks (can be controlled) and
external risks (cannot be controlled). Internal risks appear in normal operations, such as
late deliveries, excess stock, poor forecast, human error, faults in IT systems, etc. External
risks come from outside a supply network, such as earthquakes, hurricanes, industrial
actions, wars, terrorist attacks, price rises, problems with trading partners, shortage of
row materials and crime. Moreover, Waters (2007) introduces another three-category of
risk sources: a) environmental risk sources which involve any uncertainties arising from
the environment interaction of the SN. These may be the result of accidents (e.g., fires),
socio-political actions (e.g., fuel protests or terrorist attacks) or acts of God (e.g., extreme
weather or earthquakes), b) organizational risk sources lie within the boundaries of the
SN’s facilities and range from labor (e.g., strikes) or production uncertainties (e.g.,

machine failure) to IT-system uncertainties, and c) network-related risk sources arise
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from interactions among organizations within a SN. Kar (2010) believes risks of a SN
can also be categorized into two groups: a) systematic risks arising from unavoidable
environmental factors. Companies do not have any control over factors such as demand-
side uncertainty; supply-side disruption; regulatory, legal, and bureaucratic changes;
catastrophic events, and infrastructure disruption. b) non-systematic risks dealing with
factors that can be controlled to a large extent by a company such as facility disruptions
in manufacturing subsystems. The preceding classification schemes are not adequate for
grounding a theory for designing fail-safe SNs. Therefore, we introduce and use another

classification that is appropriate for the design of fail-safe SNs.

In this classification, risks are categorized into two groups based on the nature of SNs’

decisions affected by them:

. Disruptions in a SN: Disruptions refer to rare and unexpected events with
extensive effects which mainly impact the topology of a SN. A SN’s topology is
determined by strategic level network design decisions. Network design decisions deal
with determining the number, location and capacity of facilities in the SN’s echelons.
Supply-side disruptions are related to events that make some of the facilities or
connecting links of a SN completely or partially inoperative. We summarize some of the
most recent work that has been done in this domain: Tomlin (2006) investigates the
unavailability of a supplier in a two echelon SN including a manufacturer and two
suppliers. Chopra et al. (2007) analyze the appropriate selection of mitigation strategies
in a two echelon SN including a buyer who can be serviced by two suppliers. One is

reliable and the other is unreliable but cheaper. Qi et al. (2009) consider inventory holding
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problem in a SN with a single retailer. The orders of the retailer are fulfilled with a single
supplier who is prone to disruption. Peng et al. (2011) develop a model to design a SN
topology that perform well under normal condition and perform relatively well when
disruption strikes unreliable facilities. Baghalian et al. (2013) propose a path-based
approach to design a robust SN topology under disruption possibility in the facilities and
connecting links. The main strategy in these papers is reallocation the production
activities among the facilities under disruptions. But the flexibility that is required in the

production capacity of the facilities to handle this reallocation is ignored.

Demand-side disruptions are related to sudden and significant shifts, increases or
decreases, in the average demand of markets due to the unavailability of an existing rival
or the entrance of a new rival into the market. For example, Chen and Xiao (2009) develop
two models to coordinate a SN after demand disruption. The SN consists of a
manufacturer and several retailers. Hsu and Li (2011) study the problem of production
reallocation in a SN under different fluctuating demands. Adjusting production to the
demand disruptions requires flexible facilities in the SN. However this connection is

mainly blinked.

Therefore, efficient handling of these disruptions necessitates significant changes in:
i) the production/distribution capacities of the SN’s facilities and ii) production
reallocation in the network. Both need flexible facilities in SNs. There are some risk
mitigation strategies that can be used by a SN to neutralize the negative effects of these
disruptions. Risk mitigation strategies are pre-disruption activities that are done to

provide a robust network for a SN. Robust networks preserve the availability of the
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required facilities for SNs in all conditions, even under disruption. Prevalent risk

mitigation strategies against disruptions include:

- Keeping emergency stocks: These stocks are kept for use in emergency
situations and disruptions. Determining the locations and amounts of these

stocks is critical (You and Grossmann, 2008; Park et al., 2010; Schmitt, 2011).

- Multi-sourcing/having back-up facilities: In this case, key activities of SNs are
assigned to more than one facility. When one of these facilities is inoperative,
the others substitute for it (Yu et al., 2009; Li et al., 2010; Schmitt and Snyder,

2010; Peng et al., 2011; Schmitt, 2011).

- Reserving extra capacity: Having extra capacity in some of the SN’s facilities
enables them to be able to compensate for the unavailability of others (Chopra

et al., 2007; Romejin et al., 2007; Hsu and Li, 2011).

Incorporating each of these risk mitigation strategies requires flexibility in the
production/storage capacities of a SN’s facilities. Therefore, there is a close relationship
between flexibility of a SN’s facilities and the robustness of its whole network. The
literature on the relationship between two, however, is sparse at best. In this chapter, we
fill this gap in the literature. We consider a SN with supply-side disruption risk. Hence,
first secondary question for the sixth primary research question is: What level of

flexibility in the SN’s facilities provides the most profitable robust network?

Having a robust network alone does not guarantee good performance for a SN under
disruptions. Robust networks only preserve the availability of required facilities.
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However, the SN’s performance mainly depends on its post-disruption response; it
requires a plan for shifting from operating in normal conditions to deploying the
disruption plan. The transient period is usually called the recovery mechanism.
Hishamuddin et al. (2014) and (2013) investigate recovery in the inventory system of a
serial SN including a manufacturer and a retailer. Chen and Miller-Hooks (2014) analyze
recovery of an intermodal freight transport network. Losada et al. (2012) develop a model
to allocate protection resources in an uncapacitated median type facility system taking
into account the role of facility recovery time. Gong et al. (2014) analyze the relationships
between a SN and infrastructures (e.g. transportation and communications) in its recovery

process under disruptions.

In this paper, a SN with a short recovery time is called a resilient SN. Resilient SNs
are elastic enough to shift quickly from normal operations to emergency operations. We
believe that the topology of a fail-safe SN must be robust and resilient against disruptions.
Resilience of a SN mainly depends on the flexibility speeds of its facilities, i.e., how fast
these facilities can ramp up their capacities. The literature on the relationship between
two is also sparse at best. This gap is fulfilled in this paper. Hence, second secondary
question for the sixth primary research question is: What level of flexibility speed in the

SN’s facilities provides the most profitable resilient network?

" Variations in a SN: Variations refer to frequent and expected events with less
significant impacts. These variations mainly affect the flow dynamics in a SN. Flow
dynamics in the SN refers to production quantities in the SN’s facilities and transportation

quantities among facilities. SNs which are able to preserve the most profitable and
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serviceable flow through their networks against demand- and supply-side variations are

called “operationally fail-safe SNs”.

We believe a fail-safe SN should have the following features (fifth research

question):

1) The design of'its topology should be “structurally fail-safe” against disruptions;
2) The planning of flow throughout its network topology should be “operationally

fail-safe” against variations.

Flow planning through operationally fail-safe SNs is discussed in Chapters 2, 3, 4,
and 5. Therefore, in this chapter we focus on designing / redesigning structurally fail-safe
SNs. To have a structurally fail-safe SN in a highly stochastic environment which is prone

to disruptions, its topology should be (sixth research question):

) ROBUST against disruptions by incorporating appropriate amount of risk
mitigation strategies in facilities (appropriate amount of flexibility level in
facilities) and

i) RESILIENT against disruptions by employing the risk mitigation strategy
fast enough in its facilities (appropriate amount of flexibility speed in

facilities). SNs with these features are called structurally fail-safe SNs.

6.2. Operations in supply networks

We consider a SN dealing with producing and supplying a product to target markets. This

network includes two manufacturers, M1 and M2, producing products for this network.
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This network has four target markets which are serviced by these two manufacturers. M1
fulfills the demands of the first and second markets through first retailer, R1. The third
and fourth markets’ demands are fulfilled by M2 through second retailer, R2. The
components required by these two manufacturers are provided by two suppliers, S1 and
S2. S1 and S2 supply component needs of M1 and M2 respectively. In Figure 6-1, the

existing network structure of this network and connections of its facilities are shown:

Markets

Suppliers Manufacturers Retailers @
)
———

v BN )
O

Figure 6-1: The network structure of the SN example.

Product demand in the markets is stochastic functions of the network’s marketing
factors, e.g., price and service level. Before the beginning of each sales period, retailers
determine the quantities of product required and then issue the orders to the corresponding
manufacturers. The manufacturers receive the orders from the retailers and plan to
produce the ordered products. We assume the performance of the manufacturers’
production systems is imperfect and they produce a stochastic percentage of defective

output which brings our problem closer to reality (Rezapour et al., 2015).

As highlighted by Sana (2010), a higher rate of production increases the likelihood of

machinery and labor failures in production systems leading to higher rates of non-
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conforming items in a production system. To compensate for the defective output of their
systems, manufacturers should plan to produce some extra products. To produce
products, manufacturers order the required components from their corresponding
suppliers. After setting up suppliers’ machineries, they start to work in an in-control state
in which all the output is almost sound. After a stochastic time, the machineries
deteriorate to an out-of-control state in which y percent of outputs is non-conforming. In
the same way to compensate for non-conforming output of their systems, the suppliers

plan to produce some surplus components.

In this chapter, uncertainty in the market demand is termed demand-side variation and
uncertainty in the qualified product quantities available to be supplied to the markets in
the SN’s last echelon is termed supply-side variation. Supply-side variation is due to
imperfect manufacturer and supplier production systems. In a SN with multiple imperfect
production facilities, the qualified flow depreciates by moving from the network upstream
to its downstream. Modeling this flow depreciation is necessary to quantify the qualified
product volumes that can be supplied in the last echelon and to determine the best service
level which balances the stochastic product demand and supply in the most economical
way. To preserve an appropriate service level in the markets, reliable flow throughout the
network is required against demand- and supply-side variations. To offer reliable flow

dynamics throughout the SN in the presence of required facilities, we determine:

v The best service level for the SN maximizing its total profit,
v The best local reliabilities in the SN’s stochastic facilities backing up its

service level in the most economical way,
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v' The flow dynamics through stochastic facilities preserving their local

reliabilities.

In addition to operational level variations, we also consider the possibility of
disruptions in the SN’s facilities. In this SN, M1 is completely reliable but M2 is prone to
disruption. M2 may be unavailable and unable to fulfill the orders of R2. There are several
reasons that this can occur, e.g., the failure of its machinery or the inability of its supplier,
S2, to procuring material therefore being unable to supply ordered components. In the
unavailability of M2, the third and fourth markets are lost which leads to a huge loss in
the SN’s profitability and brand reputation. To avoid this possible loss and to improve the
stability of the SN, we want to redesign a robust network for the SN. To have a robust
network, we want to modify the production capabilities of its reliable facilities (M1 and
S1) to be able to compensate for the unavailability of its unreliable facilities (M2 and S2).
For this purpose, the production capacities of M1 and S1 should be flexible enough to be
ramped up, when needed, to compensate for the unavailability of unreliable facilities and
be ramped down when the unreliable facilities are available. In this problem, we want to
determine the best flexibility levels in the reliable facilities, M1 and S1, to redesign a
robust network (first secondary research question). Redundancy in the capacity of reliable

facilities is the risk mitigation strategy used to have a robust network.

The agility of the flexible facilities is ramping up their capacities after disruption, is
measured by an index called resilience. Resilience of the SN in employing the redundancy
mitigation strategy depends on the speed of its flexible facilities in ramping up their

capacity after disruption. Therefore, the other important decisions made in this problem
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are the best flexibility speeds in the reliable facilities, M1 and S1, to redesign a resilient

network (second secondary research question).

To formulate the model for this problem, we consider two conditions: i) the Without
Disruption Conditions in which all the entities are available and ii) the Disrupted
Conditions in which M2 is unable to fulfill its assigned markets’ demands and M1

compensates for its unavailability.

6.2.1. Operations in the supply network under without disruption conditions

Under the without disruption conditions, all the facilities (M1, M2, S1 and S2) are

available. In this case, there are two product supply paths in this SN (Figure 6-1):

1) [S1 - M1 — R1] is the “first supply path”, in which the flow of components
starts from the first supplier, S1. These components then pass through and
become finished products in the first manufacturer, M1, and are transported to
the first retailer, R1, to supply to the first and second markets and fulfill their
demands.

1) [S2 > M2 —» R2] is the “second supply path”, in which the flow of
components starts from the second supplier, S2. These components then pass
through and become finished products in the second manufacturer, M2, and
are transported to the second retailer, R2, to supply to the third and fourth

markets and fulfill their demands.

In this section, we discuss reliable flow dynamics through the first path against demand

and supply side variations under without disruption conditions. In Section 6.2.2, we
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discuss that how this flow dynamics will be changed under disrupted condition when

second supply path is inoperative.

The first path includes three kinds of facilities: the supplier (S1), the manufacturer
(M1) and the retailer (R1). Each of these facilities faces a specific kind of variation. The
retailer faces stochastic demand in the markets. The supplier and manufacturer encounter
stochastic unqualified output of their production systems. For each of these facilities a
desired local reliability must be chosen to deal with its corresponding uncertainty. Service
level of the whole supply path is a function of these local reliabilities. We assume that
rIdP, v P and r1fP represent the local reliabilities of the first supply path’s supplier,
manufacturer and retailer respectively under without disruption conditions. In the rest of
this section, the performance of each of these facilities against its corresponding

uncertainty is investigated from downstream to upstream of the supply path.

Retailer in the first supply path, R1

The first supply path services the first and second markets. The most important marketing
factors in these target markets are the price, p, and service level, sl. The service level is
the fraction of the realized demand that can be fulfilled from on-hand product inventory
available in the retailer. Therefore, the expected demand of each sale period in market k
(k=1 and 2), Dy(p,sI"P), is assumed to be function of these two factors. s/"P
represents the service level provided by the SN under without disruption conditions. The
retailer of the first supply path (R1) fulfills the sum of demands of first and second
markets. Hence, the average demand of R1 is Y2_, Dy (p, sI"P). However the actual

realized demand is stochastic and deviates from this mean value. This deviation is treated
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as a random variable, &, with a cumulative distribution function G, (€). The realized
actual demand of R1 is Y2_, Dy (p, sI"P) x . Without loss of generality we assume
E(g) = 1 which implies E[Y2_, Dy (p, sI"P) x €] = ¥2_, Dy (p, sI"P) (Bernstein and

Federgruen, 2004 and 2007).

Before the beginning of each sales period, the retailer must make a decision about the
quantity of its product stock for the next period which is represented by x"? and issue
an order to the corresponding manufacturer, M1. After realizing the actual demand, unit
holding cost, h*, and unit shortage cost, h~, are paid by the retailer for each end-of-period
inventory and lost sale, respectively. Therefore, the expected total cost of the retailer,

1¥P, that should be minimized is Equation (6-1):
MIN 1§, =h* . E[xN = Y2_ Dp(p,sl¥) x e]* + k. E[X2_, Di(p,sl¥) x e — xN]*

(6-1)

S.T. Pr[¥s_,Di(p,slV) xe<xN]=>rl¥, (6-2)

The constraint in Equation (6-2) preserves the retailer's local reliability which
guarantees that in rI%;” percentage of time the retailer's product stock can fulfill the
realized demand. The first term in the objective function, Equation (6-1), represents the

expected end-of-period inventory holding cost in the retailer. The second term in (6-1)
shows expected lost sale cost. x"? = [¥2_, D (p, sl"P)]. G,;ll(h_hﬁ) the quantity of

product ordered minimizes R1’s expected total cost. On the other hand, to satisfy the
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constraint in Equation (6-2), we should have x"? > [¥2_, Dy (p, sI"P)]. Gr (rIFP).

Accordingly, the quantity of product to that R1 must order is:

x = [ZFos Die(p, i) Gt (Max {rify, ")) (6-3)

By substituting Equation (6-3) into (6-1), the least total cost of R1 will be:

ny, = (h+.E [G,;ll (Max {rlﬁ’l,h_hﬁ}) — e]+ +h™.E [e —
it (Max (i 2o )| ) X [8hca D, st™) (6-4)

Ordering x"? product units from M1 enables R1 to fulfill the product demand in the
next sales period with rI%” probability. In the next section, it is shown how this product
flow quantity must be amplified by moving backward to the manufacturer in this path.
We assume that each facility only fulfills the order of its downstream facility issued
before the beginning of the sales period. Extra product transaction between facilities

during the sales period is not possible.

Manufacturer in the first supply path, M1

M1 receives an order including x"? product units from R1. This order by retailer is
produced in 0,,, production runs including y"? items in each production batch (Figure
6-2).

The production system in M1 is not complete and is always accompanied with some
wastage. M1’s wastage ratio, a,,,, depends on the general condition of its machinery and

skills of its labors and is a random variable with the G,,, cumulative distribution function.
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The batch size of each production run must be determined to preserve its local reliability,
ri¥D (at,, represents the value of random variable a,,, realized in production run i =
1,2, ..., Opq):

rif, = Pr(aj,. vV + a. vV +ag vV + o+ aght yN < Oyp.yN — xN)

(6-5)

Figure 6-2: Production systems in M1.

WD

To preserve rly; local reliability, the number of defective items in all production runs

(@l Y"P + afyy. Y72 + @y yWP + -+ ag¥. yWP) must be less than the extra
production volume (0y;4.y"P — xWP) with rI}¥? probability, Equation (6-5). Without
loss of generality, we assume that for producing one unit of product, one unit of
component is required. Since M1 will produce 0,,,.y"? product units, it will issue an
order including 0,4.y"? component units to it supplier, S1. In the next section, it is
shown how the quantity of flow of this component must be amplified by moving

backward to the supplier.

Supplier in the first supply path, S1

In the first supply path, S1 receives an order for 0,,,.y"? unites of component from M1.
To fulfill this order in S1, 04, production runs must be performed with z"? items in each
production batch. After setting up S1°s machines to produce z"? items in each batch, all

machines start to work in an in-control state in which all the produced components are
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sound. Gradually the state of the machines deteriorates and after a stochastic timeframe
shifts to an out-of-control state in which yg, percent of the produced components are non-
conforming. This deterioration time represented by t is a random variable with a Gg;
distribution. After shifting the production system to the out-of-control state, it stays in
that state until the production of that whole batch is completed because interrupting the
machines is prohibitively expensive (Rosenblatt and Lee, 1986; Lee and Rosenblatt,

1987). CapZP represents the production capacity of S1 in each production run including
. . ] . Capg‘{D . ] ]

T time units. Hence, the production rate of S1 is /T and in total it will take

T. ZWD/C wb time units to produce each production batch. Before the production

system deteriorates, all the output are sound but after that, yg; percent are non-

conforming. Therefore, the total number of defective output in product batch i (i =

1,2,..,04) is (T-ZWD D= ti) . (ys1- Cap¥P). t; represents the value of random

Cap¥;
variable t realized in productionruni (i = 1, 2, ..., Os;). To preserve the local reliability

of S1, the following constraint is needed:

”51 = Pr (ZOSl (T z /Cap N ti) . (Vs1-CaP§V1) < (051-ZN) - (0M1-)’N)> =
((T ¥s1— 1).01.2" 4 Opp1. ¥V < y51. Capd}. 2051 t; ) (6-6)

Constraint (6-6) ensures that with rI}¥2 probability the total number of non-

conforming components produced by S1 will be less than its surplus production quantity
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0s1.2"P — 04y,.y"P. The value of the z"? variable should be selected to preserve the

local reliability of S1.

The component production batch size (z?) satisfying Constraint (6-6) ensures that
S1 will be able to fulfill the entire component order of M1 with r1&” probability. The
product production batch size (y"?) satisfying Constraint (6-5) guarantees that M1 will
be able to fulfill the product order of R1 with 1}y probability. The product stock quantity
(x"P) satisfying Constraint (6-3) assures that R1 will be able to fulfill the demand of the
market in the next sale period with r1}%;” probability. In this case, the SN will be sure with
ri&P. VP . r1¥P probability that it can respond to the demand of the market. In this

problem, this demand fulfillment rate is termed the service level:

stV =7l rif, IR, (6-7)

Equation (6-7) represents the relationship between local reliabilities of the stochastic
facilities in the first supply path and the SN’s service level in the markets serviced by this

path.

Mathematical model of flow planning under without disruption condition

In this section, a mathematical model is presented for planning reliable flow dynamics in
the entire first supply path of the SN by using the analysis and the relationships presented

in the previous sections:
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h=+ht

Max Yr = (P — h*.E |G} (Max {rify, ——1) - £]+ —h~.E |e -

-1 N _h + 2 N N
Gri (Max {Tlm»m})] ) X [Xi=1Dk(p, sI")] — c51. (051.2") —
Cs1,M1- (0M1-)’N) — Cum1- (OMl-yN) — CM1,R1- (xN)

Subject To:

Og1.2N = Oppq. YN

N N
Oy1-Yy" =2 x

xN = [¥=1 Di(p, sIM)]. Gx{ (Max {rlgl’h—hﬁ})

0
rif, = Pr(a},,l.y’v +ag. YN+ agy YN+ yN < Opq YN — xN)

N
rlév1 = Pr <Zlozsi (T'Z /Capg\’l - ti) - (Vs1- Capévﬂ < (05y.2V) — (0M1-YN))

stV =7l i, Il
y" < Capipy
0<rl,rifj;andrl, <1

xV,yNand z¥ > 0

(6-8)

(6-9)
(6-10)

(6-11)

(6-12)

(6-13)

(6-14)
(6-15)
(6-16)

(6-17)

The objective function, Equation (6-8), is used to maximize the total profit under the

without disruption conditions. The first term of Equation (6-8) is used to compute the

capturable income after discarding the inventory holding cost for the end-of-period extra

inventory and the shortage cost for end-of-period lost sales. The second term is the

procurement and production cost of components in S1. The third cost is the transportation

cost of components from S1 to M1. The fourth term is the cost of manufacturing products

in M1. The fifth term represents the transportation cost of products from M1 to R1. Based
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on the constraint in Equation (6-9), the product production quantity in M1 should be less
than the number of components planned to be produced by S1. According to the constraint
in Equation (6-10), the product production quantity in M1 should be more than the
product order quantity by R1. The constraints in Equations (6-11), (6-12) and (6-13)
represent the relationship between order and production quantities in R1, M1 and S1 and
their corresponding local reliabilities respectively. The relationship between service level
in the without disruption conditions and local reliabilities of stochastic facilities are
shown in the constraint in Equation (6-14). Equation (6-15) and (6-16) is used to insure
that that the production quantity in each run of M1 and S1 is less than its capacity, Capj?
and Cap?P, respectively. Equation (6-17) is used to insure that local reliabilities of

facilities are selected from the [0, 1] interval.

Solution procedure for the flow planning model under without disruption conditions

The mathematical model proposed in the previous section is a stochastic nonlinear
program. The objective function and some of the constraints in this model (such as
Equations (6-11) and (6-14)) are highly nonlinear. This model also includes two
stochastic terms (joint probability distributions) in Equations (6-12) and (6-13) and they
do not have a closed form equations. Solving this mathematical model is not
straightforward and needs a special solution approach. In this section, we propose a way
to linearize and solve this model. Solving linear models is straightforward and fast. One
of the important stochastic constraints in the model (6-8)-(6-17) is the constraint in

Equation (6-12). A statistical approximation for this constraint is:
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Om1 N Zlk(=1 ”1\1\/]11,k
TlM1 = Pr(Z “M1 y < Om1- y ) =% (6-18)

BM.(rlyy ) —1) < (Oyq.yN —xN) —yV ZoMf abyy < BM.rly,
(Vk=1,..,Kand Vi =1, .., 0y) (al1~Gr1) (6-19)

ri¥, €01}  (Vk=1,..,K) (6-20)

In Equation (6-18), the probability of an event is defined as “left hand side of the
inequality in Equation (6-18) being less than its right hand side” is replaced by the ratio
of its occurrence in a sample including J observations. Increasing the size of the sample,

J, increases the accuracy of this statistical approximation. To determine the number of
times in which term (0,;.y"? — x"P) — yWP, ZOMf ak,, is positive, a new binary
variable rljy, ; is defined. Variable riy,; is 1 if the term (Opy.y"? —x"P) —
yWD.ZlOMf al;, is positive based on the realized values of al;; (Vi =1,...,0y,) in
observation j and 0 otherwise. Increasing the accuracy of this approximation enhances

the number of these new variables. Therefore selecting the least J that assures an

acceptable accuracy is necessary.

The constraint in Equation (6-13) is linearized in the same way. First it is simplified

algebraically and rewritten as:

ridy = Pr(y51 Caps}. (2051 ti ) > 0s1. (Y51 — 1.2V + Oppq.y ) (6-21)

Then it is replaced with the following constraints:

K il
rlSl = Pr(]/51 Caps1 (20511:) = Og;. (y51 - 1). N+ Oy1-y ) k= 1K S1k
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(6-22)
BM. (ridy . — 1) < ys1.Caph. (T251 ;) — Os1. (ys1 — 1).2¥ — Opa. ¥V < BM.71
(Vk = 1, ey K and Vi = 1, . 051) (tl~ 5,-&) (6'23)

riY, . €{0,1} Vk=1,..,K) (6-24)

To check the accuracy of this approximation and give some sense about appropriate
values for the sample size, J, we do some numerical analysis and compute the average

error of this approximation for different density functions. Results are summarized In

Table 1.
Table 6-1: Average error for different density functions.
Normal Density Function Uniform Density Function Exponential Density Function
J Average J Average J Average J Average J Average J Averag
error error error error error e error

1 0.220 60 0.034 1 0.230 60 0.033 1 0.210 60 | 0.032
5 0.129 65 0.033 5 0.134 65 0.031 5 0.131 65 | 0.030
10 0.084 70 0.031 ] 10 | 0.082 70 0.029 10 0.085 70 | 0.030
15 0.065 75 0.029 ] 15| 0.067 75 0.028 15 0.064 75 | 0.029
20 0.061 80 0.028 ] 20 | 0.061 80 0.028 20 0.060 80 | 0.028
25 0.051 85 0.028 | 25 | 0.050 85 0.027 25 0.050 85 | 0.027
30 0.048 90 0.026 ] 30 | 0.049 90 0.025 30 0.048 90 | 0.026
35 0.045 95 0.025 ] 35| 0.043 95 0.025 35 0.043 95 | 0.026
40 0.041 100 | 0.025 |40 | 0.041 | 100 | 0.024 40 0.039 | 100 | 0.025
45 0.039 120 | 0.023 | 45| 0.039 | 120 | 0.022 45 0.037 | 120 | 0.023
50 0.038 140 | 0.020 | 50 | 0.036 | 140 | 0.019 50 0.036 | 140 | 0.022
55 0.035 150 | 0.019 | 55| 0.034 | 150 | 0.018 55 0.034 | 150 | 0.019

Based on these results when J belongs to [25,30] interval, the average error of this
approximation is less than equal to 5 percent. To reduce the error to less than 4, 3, and 2

percent, J should be selected from [40, 45], [65, 70], and [140, 150] intervals.

To linearize the objective function in Equation (6-8) and the constraints in Equations

(6-11) and (6-14), we discretize facilities’ local reliability variables,
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rIP, rI¥P and ri¥P. These variables have a very restricted feasible range. They only
take on values in the [0.5, 1] interval; this very restricted feasible range is used to justify
the feasibility of their discretization. Set RL = {rl} includes all discrete values that can
be assumed by these variables. To select one of these options, we define new binary
variables 827", 6,/>" and 61>, Variable 82" is 1 if reliability option i € RL is

selected for S1 and 0 otherwise. Only one of these options can be selected for S1:

Tt et =1 (6-25)

Variable 6,1, s 1 if reliability option rl" € RL is selected for M1 and 0 otherwise.

Only one of these options can be selected for M1:

Z'ﬁf' rl' -1 (6-26)
Variable GIZ'{D'”" is 1 if reliability option rl"’ € RL is selected for R1 and 0 otherwise.

Only one of these options can be selected for R1:

IR grt =1 (6-27)

rl =1

By defining these new variables, the objective function is rewritten as:

e s = SIS UL ot o | e [ (v 112 -

h=+ht
£]+ —h™.E [e — Ggi (Max {rl",h_hﬁ})r) x [Xz_, Dk(p,rl.rl’.rl")]l (6-28)

After defining these new binary variables, the constraint in Equation (6-11) is

linearized:
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xN =

St e IR ert ek opt (8o Di(p, Ll rl)). Giit (Max {r’, 1))

(6-29)
The constraint in Equation (6-14) is rewritten:
sV = gRH SR SIRN ozt ok oL [rLr.rl] (6-30)

After defining these new variables and using statistical approximations, the
mathematical model (6-8)-(6-17) becomes mixed integer linear model which is more

easily solved.

Computational result: Test problem

In this section, we assume that in the first supply path, [S1 - M1 — R1], the performance
of the production systems in M1 and S1 are imperfect. In S1 after setting the equipment
up, the machinery starts to work in an in-control state and all of the components produced
are sound. But after a stochastic time following an exponential distribution with u = 2,
the machinery shifts to an out-of-control state in which ys; = 10% of output is non-
conforming. In M1, the product assembling process always accompanies with stochastic
number of defective products. This percentage is a random variable with a uniform

distribution in [0, B = 0.15] interval.

The total demand of the first and second markets to be fulfilled by R1 is a stochastic
linear function of price, p = $14, and service level, sI"?: ¥2_. D, (p,sI"P).e =

[1000 — 150 x (p — 14) + 1000 x (sI"? — 0.85)].c. ¢ is a normally distributed
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random variable with a mean of 1 and a variance of 1. From regression studies for
historical triples (X2_, Dy , p, sI'P), it was shown that a linear function fits very well for
this data. Biases of the real and the estimated mean demand in these triples are analyzed
by a goodness-of-fit statistical test to determine the best distribution which represents
these biases. The unit production cost in S1 is $1.40. The unit transportation cost for
moving the component unit from S1 to M1 is $0.50. The unit assembling cost in M1 and
the unit transportation cost from M1 to R1 is $1.00 and $0.60 respectively. The unit extra
inventory and unit shortage costs in R1 are $0.10 and $0.30 respectively. Demand in each

period is fulfilled by O¢; = 3 and 0y, = 4 production runs.

Formulating the mathematical model for this problem and solving it leads to the
following results: the best service level for the without disruption condition is 80 percent
(corresponding to the highest profit in Figure 6-3). As shown in Figure 6-3, there are
different combinations of local reliabilities of facilities, (r1&°, rI}¥P, rI¥P), that lead
to the same service level of rIP. r1}/P. r1}}> = 0.8. For all points on line AB, the service
level is 0.8 but they correspond to different local reliability combinations of facilities and
their profit levels are significantly different. Therefore, in such a supply path with
multiple stochastic facilities only finding the best service level is not enough. We also

need to find the least costly local reliability combination to support that service level.

The mathematical model of this problem helps us to find this best local reliability
combination which is rI¥? =1, rify? =1 and ri® = 0.8. To preserve the local
reliability of R1, its product order quantity from M1 must be x"? = 1748. The best

production quantity in each production run of M1 is 496.15 which means that M1
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produces 236.6 extra units (4. y"? — x"WP = 236.6). This extra production preserves its
local reliability which is equal to 1. The best component production quantity in each
production run of S1 is 684.78. This production quantity leads to the extra production of
70 units in S1 (3.z"P — 4.yWP = 70). This extra production assures 1 local reliability

for S1.
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Figure 6-3: Profit of the first supply path with respect to the service level.

In the rest of this section, we analyze the relationships between local reliabilities of
facilities in the supply path and its profitability. For this purpose, we solve the model for
different values of local reliabilities. The results are displayed in the graphs of Figure 6-

4. Based on these graphs, we conclude that:

= Foragiven local reliability of the retailer, the patterns which determine the supply
path's profit change with respect to the local reliability of the supplier, are almost
similar for all local reliabilities of the manufacturer. This means for a given
quantity of product ordered, the most profitable local reliabilities of the supplier
and the manufacturer are almost independent. Hence the best local reliabilities of
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these stochastic facilities can be determined separately. This feature significantly

decreases the size and computational burden of the mathematical model.

For a given local reliability of the retailer, the effects of the local reliabilities of
the manufacturer and supplier on the path’s profit are almost similar. For instance,
if reduction in the supplier’s local reliability leads to a profit reduction for the
path, a reduction in the manufacturer's local reliability also leads to a profit
reduction in the path and vice versa. If reduction in the supplier's local reliability
first increments the path's profit and then reduces it, a reduction in the
manufacturer's local reliability imposes almost the same pattern of changes on the
path's profit. Therefore determining the best local reliability for one of these
facilities provides a good estimate of the tentative local reliability of the other
one. Using this insight significantly reduces the search interval for the local

reliability of the later facility.
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Figure 6-4. Relationships among the local reliabilities of facilities in the

supply path and its profitability.
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6.2.2. Operations in the supply network under disrupted conditions

When the SN is disrupted, M2 or S2 is unavailable. In this case, the second supply path
[S2 - M2 — R2] isinoperative and is unable to fulfill the demands of the third and fourth
markets. Thus the only active supply path is [S1 - M1 — R1] which can be used to fulfill

the demands of all markets (Figure 6-5).

Markets

Suppliers Manufacturers Retailers

s1 —ﬂ M1 R1

R2

56 6

Figure 6-5: Network structure of the SN under disrupted conditions.

To answer the first secondary question and redesign a robust network for the SN, the
first supply path must not only service the first and second markets but must also fulfill
the demands of the third and fourth markets under disrupted conditions. For this purpose,
its production facilities, S1 and M1, need flexible capacities. After disruption, the
capacities of these facilities should be ramped up to service both retailers and after
disruption they should be ramped down to only service the first retailer. The measure of
how much the capacity of a facility can be ramped up during a disruption is its flexibility
level and the time pattern of this increment is its flexibility speed. The robustness and
resilience of a SN is determined by the flexibility level and speed of its facilities

respectively. In Figure 6-6, some of the possible flexibility speed options for capacity
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ramp up in M1 are shown. In this figure, it is assumed that one period including four
production runs, 0y, = 4, is the maximum time available to ramp up capacity and

flexibility level of M1 is equal to Opq. A1 = 4044 .

T T ] >
M LS PR

Figure 6-6: Sample flexibility speed options for capacity ramp up in M1.

In Figure 6-6, four different time patterns for capacity ramp up in M1 are shown; these

are available flexibility speed options for M1.:

= Inthe first flexibility speed option shown with r},, in Figure 6-6: a time equal to
three production runs is given to M1 to provide the extra capacity. In this extreme
case, all of M1’s extra capacity, Oy, . Ay, IS added at the beginning of the last (fourth)
production run. The time pattern of capacity ramp up in the production runs of the
period for this flexibility speed option is 7&, = (r1},; = 0,72}, = 0,73}, =
0,741;, = Op1-Apy). This means that capacity ramp up in the first (r13,,), second
(r21,1), and third (r33,,) production runs are equal to 0 and in the last run (r41,,) is

equal to Opyq. Ay
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In the second flexibility speed option shown with 73;; in Figure 6-6: time equal to
two production runs is given to M1 to provide the extra capacity. This extra capacity
is provided equally at the beginning of the third and fourth production runs. The time
pattern of capacity ramp up for this option is rZ; = (1%, = 0,r2%, =

0, 7”312\/11 = Opm1-By1/2, 7'412\/11 = Oymy. A1 /2);

In the third flexibility speed option shown with 3, in Figure 6-6: the capacity ramp
up in M1 is completely uniform. The time pattern for this option is r5, =
(11 = Op1 By /47251 = OumaBya /47301 = Oyr. Dy /4,743 =

Omi1-Ap1 /%),

In the fourth flexibility speed option shown with 3, in Figure 6-6: the capacity
ramp up in M1 is more drastic. Half of it, Oy,.4,,/2, is added at the beginning of
the first production run and the rest is added in the second run. The time pattern for
this option is 1y = (r13; = Op1-Aya /2,728, = Ope-Dy1 /2,733 = 0,144, =

0);

In the fifth flexibility speed option shown with 3, in Figure 6-6: all the
manufacturer’s capacity increment, Oy4.4y, iS added at the beginning of the first
5

production run. Hence the time pattern of this extreme option is 7y, =

(T115v11 = 0M1-AM1,T215V11 =0, 7”315\/11 =0, 7”415\/11 = 0);

Therefore, we define a new set ROy, = {ry,} including all the flexibility speed

options of M1. Providing extra production capacity is more costly in the early production
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runs following a disruption. Acquiring the extra machinery and labor force to increase
capacity in a short time is not easy and can be more costly. On the other hand, an early
increment in capacity leads to the availability of a higher capacity in the rest of production
runs and subsequently more feasible production plans will be available for selection and
more uniform production quantities in the later production runs are possible. Hence we
assume that the unit capacity increment cost is higher for early production runs. This
assumption is consistent with the observations in the manufacturing systems. Based on
the work of Koren and Shpitalni (2014), the unit capacity cost is low for the dedicated
manufacturing systems but the speed of responsiveness to a required increase in capacity
is also low. In a flexible manufacturing system with higher cost, the speed of
responsiveness is much greater. This tradeoff between economical manufacturing and

speed of responsiveness is considered in our problem.

Assuming that parameter capl;, (i = 1,2, ..., 05y1) represents the unit extra capacity
cost in M1’s production run i, we have capy, > capl, > capiyy, > - > capy*. To
select the flexibility speed option and to answer the second secondary question, binary
variables w,* (r;; € ROy ) are used. Variable w)* is 1 if the flexibility speed option
11 1S Selected for M1 and 0 otherwise. In the same way, Og,. Ag; represents the flexibility
level in S1 and different flexibility speed options are available for it which are included
in the set ROg; = {rs,}. Assuming that parameter capg1 (j =1,2,..,04) represents the
unit extra capacity cost in S1’s production run j, we have the extra capacity costs capi; >

cap?, > capd, > - > capost. For selecting the flexibility speed option in S1, binary
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variables wgs? (rs; € RO;) are used. Variable wgs? is 1 if the flexibility speed option

1g1 IS selected for S1 and 0 otherwise.

When a disruption occurs in the second supply path, the capacity of the first supply
path’s M1 and S1 shifts from normal capacity, Capy;? and CapZ®, to the capacity
suitable for the disrupted conditions, CapZ}; and Cap?Z;, based on its selected flexibility
speed options. The period in which Cap? and Capd® shifts to Capl, and Cap2,
respectively is defined here as the ramp-up disruption period. The production capacity of
M1 and S1 is not fixed during this ramp-up disruption period and may change from
production run to production run. In the next section, we elaborate the production plan in
the first supply path’s facilities in the ramp-up disruption period. After ramp-up period,
capacity Cap, and Cap?; is available for M1 and S1 in all the production runs as long
as the disruption lasts. These disrupted periods after ramp-up period are called normal-
disruption periods. Then, we elaborate production a plan in the first supply path’s
facilities for a normal-disruption period. When disruption ends, the extra capacity is not
needed in the facilities of the first supply path. Therefore capacity of M1 and S1 reduces
from Capl}; and Cap?, to the capacity of without disruption conditions, Capsy? and
Cap¥P, respectively. This period after disruption is called ramp-down period. The ramp-
down period is a without disruption period and the only difference is that extra capacity

is available.

In Figure 6-7 we show these periods for r3, when the disruption only lasts for two

periods. In this case, there is only one ramp-up, one normal disruption, and one ramp-
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down period. In longer disruptions, the number of normal disruption periods is more than

one.

Ramp-up disruption period Normal disruption period Ramp-down period

Capacity

.......................................................................................

-

F 3

Time
Figure 6-7: Ramp-up, normal disruption, and ramp-down periods for a disruption

lasting for two periods.

The ramp-up disruption period (see Figure 6-7)

The capacities of facilities in the first supply path (S1 and M1) in each production run of
the ramp-up disruption period depend on the selected flexibility level options. Assume
that yRUP and zRYP variables represent the production quantities in production run i of
M1 and S1 respectively. During the ramp-up disruption period, each facility’s production

quantity in each production run must be less than its available capacity. Hence the

following restrictions are required for these facilities:

¥ < Capliy + ZE(Sjca i) Wit (= 1,2,.,041) (6-31)
2" < Caply + /0 (Bfea sy - we (=12 ..,05) (6-32)

It is clear that only one of the available options for the flexibility speed of each facility

can be selected. Hence:
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ZIROMlI TM1 — (6-33)

M1= 1

ZLIZ?S11| st — 1 (6-34)

In the disrupted periods, the total product order received by M1, x?, is as follows:

xP =xP + % (6-35)

xP = [82., D(p, sI”)]. Gd (Max {riRy,——}) (6-36)
-

x2 = [% 3 De(p, sIP)]. Gf (Max {ri2y,-—}) (6-37)

In these equations, x? and x2 represent the orders issued by the first and second
retailer respectively. As explained before, Equation (6-36) and (6-37) determine the
ordering quantities of the retailers in a way to preserve their local reliabilities under

disrupted conditions, IR, and r15,.

sIP, ri2,, and rIR, represent the service level, local reliability of the first retailer, and
local reliability of the second retailer during the disruption respectively. To preserve the
local reliabilities of M1 and S1 under disruptions, 1%, and rl2;, the following equations

are required:

rih, = Pr(ZoMs by, yRUP < yOMLyRUD _ xD) (6-38)

rig = Pr((m- = 1). 25 2FVP 4+ $IM yRUP < 50t vty (Capd) +

SO wi)) (6-39)
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Based on Equation (6-38), the sum of defective products in all the production runs of

ramp-up period is less that its extra manufacturing quantity, X2 yRU2 — xP with a

probability of 15, . Equation (6-39) is used to ensure that the number of non-conforming
components in all the production runs of S1 during the ramp-up disruption period is less
than its extra production quantity with a probability of 12, probability. Equation (6-39)
is the simplified version of the following equation which is the extended version of

Equation (6-13):

12 = pr( yos Tz —t (caphy +
Tigy = Fr{ 22y Cap§V1+2|R051|(2 T51)WT51 k |-Vs1-\LaPsq

re1=1\&j=1TJs1" ) Ws1

SRSk 1k wist) < (2051 2RP) — (92 yfUP) (6-40)

Similarly to the without disruption conditions shown in Equation 6-14, the service
level provided by R1 and R2 to its markets in the ramp-up disruption period is
riB. r15, . r1B; and r12. 715, . r1B, respectively. Without loss of generality, we assume
that same service level is provided for all markets which means that 12, = ri2,. Hence
rl® represents the local reliability in both retail facilities. Assuming similar service levels
makes it easier to analyze the relationship between service level, flexibility levels and
flexibility speeds in the SN. Using this assumption, the service level of all markets in the

disrupted conditions is:
sIP =712 1B, iR (6-41)

The total profit that is captured in the ramp-up disruption period is:
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WRUD — {(P n*.E |G (Max {ri2,——}) - £]+ —h".E|e -

it (Max (riR Lo N)]) X [Zhoa Do, st + (P -

n*.E [Gr} (Max {rig, 1) - e]+ —h~.E [e - G} (Max {rzg,h_hﬁ})r) X

(ko Dil, 5191}

o RUD 0 UD 0 UD
—Cs1- (Z 51 CSl,Ml-(Zl lelyl )_CM1 (Zl Mf)’z )
- CM1,R1-xf - CMl,RZ-xg

_ vOMm1 [ROM1l .. TM1 ™1\ _
Qi1 capiy;. (Zer—l Tiy1 -Wya

Os1 |ROs1l .51 Ts1
)y 1cap51 (Zr51 1TUs1 - Wsq

_ZOMl hMl (Capzl\\/’u L}ij)lMlzL'(Z] 1”;11\141) Wer RUD)
(0] RO
— %05 k. (Capy + X0 (B, i) . wis — 2FUP) (6-42)

Most of the terms in this function have been explained before, however the last four

terms are new. The first two terms of these new terms represent the cost of adding

capacity in the production runs of M1 and S1 respectively. The last two of these terms are

related to unused capacity costs in M1 and S1 respectively.

The normal disruption period (see Figure 6-7)

If the disruption continues after the ramp-up disruption period, there is at least one normal

disruption period. The capacities of M1 and S1 in all the production runs of this period
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are Capl, + Oy1.Ay; and Capl + Og,.As; respectively. The total product order

received by M1 in the normal disruption period is similar to the ramp-up period:

xP =xP + % (6-43)
— h~

xP = [$2, Di(p, s1)]. Grf (Max {rip,——1) (6-44)
— h™

12 = [Bt=; De(p, sIP)]. G} (Max {rip,——1) (6-45)

Variables yVP and zP represent the production quantity in the production runs of
normal disruption period in M1 and S1 respectively. The production in each run of
facilities must be less than their available capacities. Hence, the following restrictions are

required for the facilities:

yNP < Capll, + Op. Din (6-46)

zNP < Capd, + 041. A5y (6-47)

As discussed before, it is assumed that r12;, 15, and 2 represent local reliabilities
of the first supply path’s supplier, manufacturer and retailers respectively during the
disruption. To preserve these local reliabilities during normal disruption periods, the

following equations are required:

rib, = Pr(ZiO=Mll at. yP < 0pyq. yNVP — xD) (6-48)

T.7ND

rig = Pr (Z?ﬁ( - ti) ¥s1- (Capg) + Os1. A1) < (0g4.2NP) —

Capd;+0s1.051
ND
Oum1-y )>
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= Pr ((T-Ys1 - 1). 051-ZND + OMl-y < ¥s1- (Cap51 + Os1.Ag1). 2051 t )

(6-49)
The total profit that is captured in the normal disruption period is:

YD = {(P ht.E|Grt (Max {ri2,-——}) - £]+ ~h~.E |e -

it (Max {riR o)) x (S Do, st?)] + (P -

i it (o {8 25) ] e it (e 2 )] )
o D52}

—Cs1- (051-ZND) — Cs1,M1- Oy }’ND) —CyM1- (0M1-}’ND)
— CMm1,R1- xf — Cm1,R2- x?
ZOMl hy1- (Cappyy + Oppg- By — yNP)

2051 hs1. (Capdy + Osy.Agy — zNP) (6-50)

The ramp-down disruption period (see Figure 6-7)

In the ramp-down periods, the disruption is terminated and the second supply path is
available again to service its corresponding markets. During these periods the production
plan is similar to the without disruption periods discussed before. The only difference is
that there are extra production capacities and the corresponding cost components for the

production facilities. Hence the total profit of a ramp-down period is:
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RO = i — 30y [S (Sl ) Wi -

205 hsy. [ Zrer sl (Zhoa i) wist (6-51)
WWP™ js the best solution of the without disruption period model shown in Equations

(6-8)-(6-17) which represents the highest profit that is captured during each without

disruption period. The second and third terms of Equation 6-51 are the unused capacity

costs in M1 and S1 respectively.

Mathematical model for flow planning in disrupted conditions

We define different scenarios for the length of disruptions. The number of normal
disruption periods is different in these scenarios. Set SCE = {s} includes all possible
scenarios. In Figure 6-8, set SCE is assumed to include four scenarios, {s;,s,, S3, S4}.

Scenario s; is the without disruption case. The rest of scenarios are as follows:

v In Scenario s,: the disruption lasts only one period. Therefore, there is no normal
disruption period. In this case, the planning horizon including four periods has

one ramp-up, one ramp-down and two without disruption periods.

v' In Scenario s3: the disruption lasts two periods. Thus there is one normal
disruption period. In this case, the planning horizon includes one ramp-up, one

ramp-down, one normal disruption and one without disruption period.

v' In Scenario s4: the disruption lasts three periods and there are two normal
disrupted periods. In this case, the planning horizon includes one ramp-up, one

ramp-down and two normal disruption periods.
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Each of these disruption scenarios, s € SCE, occurs with a probability of pry. It is clear

that:
NSl =1 (6-52)

Parameters num??, numBYP, num¥Pand numRBP respectively show the number of
without disruption, ramp-up, normal disruption and ramp-down periods in scenario s.
Flexibility level decisions (represented by A,;; and Ag; variables) and flexibility speed
decisions (represented by w,M* and wgfl) in the first supply path’s facilities should be
made in a way to maximize the expected profit in all the possible disruption scenarios.

Therefore, the objective function becomes:

Capacity

\1 o Tima ' j i ‘pTime ! pTima
Lasi

a) One pened disrophions {55 b} Twe penod dismphons {5, c)  Three period disruptions (s,

Figure 6-8: Sample scenarios for the length of disruption.

Max W = YEEly  [num? . WN" + numBUP WRUD 4 qymhP WND 4 pymPRP QRO
(6-53)
Subject to: (6-31)-(6-39), (6-41) and (6-43)-(6-49)

RUD RUD ND ND D D D D D D D
Ay, Dgr, v 77z, y 2,z xP, x7, x5, sUZ,rlgy, rly.rlg =0
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(l = 1, 2, ey OMl and ] = 1, 2, ey 051) (6'54)

wy M, west € {0,1} (Vry1 € ROyq, V75, € ROg;)  (6-55)

The mathematical model of the disrupted conditions is a stochastic nonlinear
programming similar to the model of without disruption periods. The objective function
for this model and constraints shown in Equations 6-36, 6-37, and 6-41 are non-linear.
The constraints in Equations 6-38, 6-39, 6-48 and 6-49 are stochastic and their forms
depend on the probability distribution functions of the facilities and markets. This model

is linearized using the approach described in Section 6.2.1.

Computational result: Extension of Test Problem

In this section, we extend the problem investigated in Section 6.2.1. We assume that
disruption is possible in the second supply path in which the total order of the third and
fourth  markets,  Yf_sDr(p,sl?).e =[850 — 150 x (p — 14) + 900 x (sI” —
0.85)]. &, is fulfilled by the first supply path. ¢ is a normal random variable with mean of
1 and variance of 1. Four different scenarios for the length of disruptions are possible in
this problem, SCE = {s;,s,, s3,5,}. There is no disruption in Scenario s;. Scenarios
S5, S3 and s, represent disruptions with zero, one, and two normal disruption periods. The

probabilities of these scenarios are assigned values of: p; = .83, ps, = .04, ps, = .10

and ps, = .03.

The cost of adding unit capacity in each production run of M1 is capy, = $1,
cap?, = $0.8, capy; = $0.65, and capj;; = $0.55 respectively. The cost of adding unit

capacity in the first, second, and third production run of S1 is capi, = $1, cap?, = $0.7

252



and cap?; = $0.50. The extra capacity cost in both S1 and M1 is hg; = hy; = $0.10.

The production and transportation cost components are similar to those in the Test

Problem discussed in Section 6.2.1. The only new cost component is ¢y g2 = $0.70.

Based on the best production quantities of production runs in the Test Problem, we

assume Cap¥, = 800 and Cap, = 500.

Five different flexibility speed options are assumed for the manufacturer as ry,

(r1k, = 0,72%, = 0,73, = 0, 74, = Opr.Dyr), 12y = (r1M1 =0, 122

0, 73%1 = Opp. =2 A L, 1451 = Oy Algl)v Ty = (T113\41 = Owm1- %'721%41
0M1-A4£:T313v11 Omi-—— = 7”4M1 Om1- AIZI)’ er (T1M1 Omy1- % 7”2}‘\'/11
Oy 222,734y, = 0, 14y, = o), and 15, = (r1S, = Oyy. Ayy, 725, = 0,735,

0,743, = 0). Also for S1, five different flexibility speed options are considered as r¢;

(i}, =0, 12, = 0, 134, = O51.Ay),  7H = (r151 0, 723, = 05,252,732,

A A
2. 051-%)' TS = (r151 051 128 = 051 *, 733, = Os;. ;1)’ TS = (r1§1
— 5 _ (415 — 5 _ 5
2.05. 72,728 = 05,752,734 = 0) and 1§ = (11§, = Os;. 051,725, =0, 735

0).

The mathematical model of this problem is formulated and solved on

a

Intel(R)Core(TM)4 Duo CPU, 3.6 GHz, with 12276 MB RAM using the default settings.

CPLEX is used to solve the linearized mathematical model of the problem. Solving the

model of this problem leads to the following results: the best service level for the

disruption condition is 80 percent and it’s the best supporting local reliability combination
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is 18, =1, ri5; = 1and rIR = 0.8. To preserve these local reliabilities, the required
flexibility level in S1 and M1 is Og,.Ag;= 555.2 and Oy,4. Ay = 634.9 respectively. The
best flexibility speed to ramp up capacity in M1 is wy; = 1 which means uniform
capacity scalability is preferred for this facility. The best flexibility speed to ramp up
capacity in S1 is wy, = 1 which means that all the extra capacity is added at the
beginning of the first production run after disruption. Ordering and production quantities
in the production runs of the first supply path's facilities are represented in the ramp-up

and without disruption periods in Figure 6-9 and 6-10 respectively.

Supplier (S1) Manufacturer (M1)

xP=1748
g 1355.251355.2 11355.2 j1134.95 976.2 g 817.4 3 658.7¢ R1

xP= 148h

R2

:

Figure 6-9: Flow dynamics in the first supply path during the ramp-up period.

Supplier (S1) Manufacturer (M1)

xP=1748
1 1355.2,1355.2 11355.2 1 920 § 920 g 920 y 920 4 R1

xP= 1481ﬁ
2 R2
)

Figure 6-10: Flow dynamics in the first supply path during the without disruption

period.

The average profit of the first supply path with respect to the service level under

disruption is displayed in Figure 6-11. Comparing Figures 6-3 and 6-11 it can be seen
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that the profit reduction on both sides of the most profitable service level point is gentler
in disruption in comparison with normal condition. This gentler reduction is due to: i) the
higher potential demand assigned to this path during the disruption in which the first
supply path services the first, second, third and fourth markets and ii) the lower sensitivity

of the third and fourth markets with respect to the service level.

A
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Figure 6-11. Average profit of the first supply path with respect to the service level

under disrupted conditions.

In this problem, there are three important indices managing the behavior of the SN

against uncertainties:

) Robustness of the SN’s network against disruptions: this characteristic of the
SN is managed by the flexibility levels of its facilities,
) Resilience of the SN’s network against disruptions: this characteristic of the

SN is managed by the flexibility speeds of its facilities,
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1)  Reliability of flow dynamics throughout the SN’s network against demand-
and supply-side variations: this characteristic of the SN is managed by the

local reliabilities assigned to its stochastic facilities.

In the rest of this section, the correlations among these three indices are investigation.

Correlation between robustness and resilience of the supply network

First we start with analyzing the relationship between the flexibility level and the
flexibility speed assigned to the SN’s flexible facilities, M1 and S1. We solve the
mathematical model of the problem for different values of the service level and different
local reliabilities of facilities supporting these service levels. As expected, by increasing
the local reliability of the retailer, more products are ordered in the first supply path and
consequently greater extra capacity, flexibility levels, is needed in its facilities if a
disruption occurs. Hence, the flexibility level of the facilities start to increase. In the
output of the model we follow the trend of changes in the flexibility speed of facilities to
determine whether there is a correlation between the flexibility level of facilities and their

flexibility speed. The results are summarized in Figure 6-12.

In Figure 6-12, the trends of changes in the resilience of S1 and M1 with respect to
their flexibility levels are displayed for different values of the local reliabilities in the
retailers. For instance, in 80 percent local reliability in the retailers, when flexibility level
of S1, Og,. Agy, is less than 70 (capacity units), its selected flexibility speed option is r12; .
This means the most rapid ramp-up, high flexibility speed, is selected for this facility. But

in the cases that 70 < 0. Ag; < 153, the flexibility speed of this facility reduces to rlg; .

256



By increasing O, . Ag; to more than 153, the flexibility speed of this facility reduces more

to r13,. The other bars of this figure are interpreted in the same way.
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Figure 6-12: Correlation between flexibility level of facilities and their
flexibility speeds (each color is corresponding to one flexibility speed

option).

Based on the results summarized in Figure 6-12, we conclude:

= For a given product order quantity (local reliability of retailers), when the
flexibility level in a facility’s capacity is low, higher flexibility speed is generally
preferred for that facility. This means that lower required extra capacities are
mainly added in the early production runs after disruptions. But when the required
flexibility level increases, part of it should be assigned to the later production runs
to avoid the high cost of adding capacity in the early production runs. Adding
more flexibility leads to greater usage of late production runs to add extra

capacity, this is less flexibility speed. Hence for a given product order quantity,
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there is a negative correlation between the flexibility level and the flexibility
speed of facilities. Summing up for all the facilities in the SN, higher robustness
leads to lower resilience in profit-based SNs. This tradeoff between robustness

and resilience should be considered in designing/redesigning profit —based SNs.

= By increasing product order quantity (local reliability of retailers), the flexibility
levels differentiating each subsequent pair of flexibility speed options in the
facilities increment. Red numbers in Figure 6-12 represent these differentiating
flexibility levels. For instance for 80 percent local reliability in the retailers, the
flexibility level of S1 differentiating 12, and 71, resilience options is equal to 70
(capacity units). But by increasing the retailers’ local reliability to 85 percent, this
differentiating flexibility level increments to 105 (capacity units). This means that
higher production rates make the facility’s flexibility speed more stable against
the flexibility levels of its capacity. To change the flexibility speed of this facility,
more flexibility level increment is required. Summing up for all the facilities in
the SN, larger SNs with higher production rates are able to absorb higher levels
of flexibility level in their facilities without changing their flexibility speed.
Higher flexibility level in facilities means higher robustness in the SN. Therefore,
tradeoff of robustness and resilience is more stable for larger SNs with higher

production rates.

Correlation between flexibility levels and local reliabilities

For different values of local reliabilities in the stochastic facilities, S1, M1, and Rs, we

solve mathematical model (6-53)-(6-55) and find the best flexibility levels assigned to S1
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and ML1. In Figures 6-13 and 6-14, we respectively represent the flexibility levels of M1

and S1 with respect to the local reliabilities of the first supply path’s stochastic facilities.

Analyzing the graphs of Figure 6-13 and 6-14 leads to some new managerial insights

which are summarized as follows:

Based on Figure 6-13, increasing the local reliability in the retailers leads to higher
flexibility in the production capacities of M1 and S1. Higher reliability in the
retailers leads to higher product ordering quantity in the first supply path and

fulfilling this higher demand requires higher capacities in its flexible facilities.

Based on Figure 6-13, increasing local reliability in S1 leads to higher flexibility
levels in M1. This means that regardless of the local reliability assigned to M1,
there is a positive correlation between the local reliability of S1 and flexibility
level of M1. Comparison of M1’s flexibility level increments due to increase in
the local reliability of the retailers and S1, it is concluded that increasing the

reliability of the retailers imposes more flexibility level to M1.

Based on Figure 6-14, increasing local reliability in M1 leads to higher flexibility
levels in S1. This means that regardless of the local reliability assigned to S1, there
IS a positive correlation between the local reliability of M1 and flexibility level of
S1. Comparison of S1’s flexibility increments due to increase in the local
reliability of the retailers and M1, it is concluded that increasing the reliability of

the retailers imposes more flexibility level to S1.

Based on Figures 6-13 and 6-14, higher local reliabilities in M1 and S1

respectively lead to higher flexibility levels in M1 and S1. But these flexibility
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level increments are much less than the extra flexibilities imposed by increasing
the local reliability of the retailers. All of these outcomes reveal that increasing
the local reliability of the retailers leads to more significant increments in the

flexibilities of the path’s facilities.

Based on the abovementioned points, we conclude that in stochastic SNs there is a
positive correlation between the local reliabilities of the stochastic facilities and the

flexibility levels must be added to the facilities to make their networks robust.
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Figure 6-13: Flexibility of M1 with respect to the local reliabilities of facilities.
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Figure 6-14: Flexibility level of S1 with respect to the local reliabilities of facilities.
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6.3. Closure of chapter 6

In this chapter, we show that being “Operationally Fail-safe” against variations is not
enough for having fail-safe SNs. There is another group of uncertainties called
disruptions. Disruptions are large enough to change the topology of SNs by inactivating
a subset of its facilities (nodes or links). By investigating the effects of disruptions on

SNs, we answer the following question in this chapter:

v" Research Question 5: what are the necessities of having fail-safe SNs?

In Section 6.1, we answer this question and show that the topology of SNs should be
designed / redesigned in a way to be able to handle disruptions appropriately. This new
characteristics of SNs is called “Structurally Fail-safe”. By analyzing the necessities of

being “Structurally Fail-safe” in Section 6.2.2, we answer the following question:

v' Research Question 6: what are the characteristics of fail-safe SNs against

disruptions — characteristics of structurally fail-safe SNs?

In section 6.2.2, we answer this question as follows:

v The topology of a structurally fail-safe SN should be “Robust” against disruptions:
Robustness means appropriate amount of risk mitigation strategies should be
incorporated in the topology of SNs to reduce their vulnerability after disruptions.

v' The topology of a structurally fail-safe SN should be “Resilient” against
disruptions: Resilience means SNs should be agile enough in employing risk
mitigation strategies to reduce their loss in the transient period from normal to

disrupted flow plan.
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We show that the stability of a SN’s topology against disruptions not only depends on
its pre-disruption robustness in incorporating an appropriate mitigation strategy, but also
is determined by its post-disruption resilience in employing this strategy. Having a robust
and resilient topology against disruptions is necessary but not enough to preserve an
appropriate performance for a SN. A successful SN needs to have a reliable flow
dynamics throughout its network against variations. We show that the robustness and
resilience of the SN depend on the flexibility levels and ramp-up speeds of its facilities
respectively. To quantify these relationships, two stochastic, nonlinear, and mixed integer
mathematical models are developed to determine the most profitable flexibility levels
(first secondary research question) and ramp-up speeds (second secondary research
question) for the network’s facilities and reliable flow dynamics throughout its network.
Reliable flow planning preserves the highest profit for the network by selecting the best
service level and supporting local reliabilities in the stochastic facilities. Computational

analysis of the models leads to the following insights:

About redesigning robust and resilient network for the SN

- For a given product order quantity, there is a negative correlation between the
flexibility level of each facility and its resilience. This means that longer ramp-up
times are more profitable for facilities with larger flexibility levels and vice versa.
Summing up on all the SN’s facilities, we conclude that there is a tradeoff between a

SN°‘s robustness and its resilience.

- By increasing production quantity in a facility, the minimum required flexibility in

that facility to increase its ramp-up time becomes larger. Summing up on all the SN’s
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facilities, larger SNs with higher production rates are able to absorb higher levels of
flexibility before reducing their resilience. This means that the tradeoff of robustness

and resilience is more stable for larger SN.

- There is a positive correlation between the local reliability of each stochastic facility
and its flexibility level. Also increasing the reliability of each facility positively
affects the flexibility levels of the other facilities in the network. This means that in
stochastic SNs there is a positive correlation between the local reliabilities of the
stochastic facilities and the flexibility levels must be added to the facilities to make
their networks robust. SNs with higher reliability in their flow need more flexibility

to be robust.

About planning reliable flow dynamics for the SN

- For a given product order quantity (local reliability of the retailers), the effect of a
stochastic facility’s local reliability on the SN’s profit is not significantly influenced
by the reliabilities of the other facilities. This outcome highlights that independent
local reliability selection for the SN’s stochastic facilities leads to a good (not the
best) solution. But this independent reliability selection significantly decreases the

size of the model and its computational time.

In this chapter, we only consider one risk mitigation strategy, having flexible capacity,
to redesign a robust network. However this work can be extended by incorporating other
risk mitigation strategies such as holding emergency stocks in the SN or having back-up

facilities.
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Chapter 7: Closure

7.1. A summary of the dissertation

In this dissertation, we deal with architecting “Fail-safe” supply networks. A fail-safe
network is one which mitigates the impact of uncertainties and provides an acceptable
level of service. This is achieved by controlling its topology (structurally fail-safe) and
coordinating the flow (operationally fail-safe) through the facilities. In this dissertation,
we show that to have a structurally fail-safe supply network, its topology should be robust
against disruptions — large scale unexpected events — by positioning mitigation strategies
and be resilient in executing these strategies. Also we show that to have an operationally
fail-safe supply network, its flow dynamics should be reliable against demand- and
supply-side variations — small scale expected events.

In Chapter 1, we review the literature of supply chains / networks from 1) flow
planning; and 2) uncertainty management perspectives. We show that considering supply
chain / network relationships among after-sales operations and interactions of the forward
and after-sales chains / networks are the important gaps of the pertinent literature which
are fulfilled in this dissertation by concurrent flow planning of these two chains /
networks.

In the uncertainty management literature, considering both disruptions and variations
to respectively have structurally and operationally fail-safe supply chain / network is a
critical gap. Also in the variation literature, it is mainly assumed that the performance of
the facilities in the chain / network is perfect and deterministic. This means supply-side
uncertainties in the output of production facilities are ignored. However, there is not any

perfect production system in reality. Considering both demand- and supply-side
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uncertainties not only improve service level estimation in the operational level but also
improves the reliability of the flow dynamics in its coordination process.

Chapter 2 of this dissertation is dealing with planning reliable flow dynamics in a
forward supply chain / network in the presence of demand- and supply-side variations
(being operationally fail-safe — Research Question 7). This reliable flow preserves the
most profitable service level in the chain / network in the presence of uncertainty in the
performance of facilities and demand of markets (Figure 7-1). In Chapter 3, we extend
the problem of Chapter 2 to include both forward and after-sales supply chains (Figure 7-
1). Modeling the interaction of these two chains is the important part of this reliable flow
planning problem (Research Questions 1, 2, and 3).

In Chapter 4, we consider the possibility of repairing defective parts in the after-sales
operation (Research Questions 1, 2, and 4). In this case, two flow types exist in the after-
sales chain: the flow of new parts and the flow of repaired parts (Figure 7-1). The problem
of Chapters 3 is extended in Chapter 5 from supply chains to supply networks (Research
Questions 1, 2, and 3). Due to increasing the size of the problem, a special solution
approach is developed to handle the larger mathematical model of this problem (Figure
7-1). In Chapter 6, not only a reliable flow is planned through the supply network (being
operationally fail-safe) but also disruption possibility in the network’s facilities is
considered (being structurally fail-safe — Research Questions 5 and 6).

In this section, we summarize the six problems solved in this dissertation along

with their assumptions, new knowledge, and key managerial insights.
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Figure 7-1: Boundary of the six problems solved in this dissertation.

7.1.1. Operationally fail-safe supply chains / networks (Chapter 2 — Research question
7)
» Problem description
In this chapter, first we consider a supply chain including a supplier, a manufacturer,
and a retailer servicing a market. The performance of the production systems inside
the supplier and manufacturer is not perfect and is along with stochastic percentage
of non-conforming components and defective products respectively. This means the
qualified output of these facilities is stochastic. Also the demand of the market should

be fulfilled by the retailer is stochastic and follows a given density function.

268



In such a supply chain with stochastic facilities and market demand, we want to
determine the most profitable service level and its supporting reliable flow dynamics
throughout the chain. Finally, we extend the problem to supply networks with more

than one facility in each echelon as well.

» Outcomes of the chapter

We show that in supply chains / networks with stochastic facilities, the uncertainties
propagate and the qualified supply quantities depreciate by moving flow from
upstream to downstream. We develop a method to quantify the qualified flow
depreciation and service level estimation in the chain / network. This method
amplifies the order quantities between the chain’s / network’s facilities from
downstream to upstream. By the help of this method, we develop two mathematical
models to find the post profitable service level and its supporting reliable flow
dynamics in the supply chains / networks respectively. In this problem, we quantify
the following relationships / models in supply chains / networks with stochastic

facilities:

- How much the order quantities should be amplified from downstream to
upstream of the supply chains / networks to neutralize the negative effect

of the flow depreciation;

- Relationship between the service level of the chain / network and the local

reliabilities of its stochastic facilities;
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- Relationship between the local reliabilities of the facilities and their flow

dynamics;

- Mathematical models selecting the most profitable service level and its

supporting reliable flow dynamics in supply chains / networks.

» Managerial insights
Using the computational results of the developed mathematical models, we conclude
the following insights:

- In supply chains / networks with stochastic facilities, service level in

downstream is a function of local reliabilities in the upstream facilities.

- In supply chains / networks with stochastic facilities, finding the best
service level is not enough. We need to determine the least costly local
reliability combination in the stochastic facilities supporting that service

level as well.

7.1.2. Operationally fail-safe supply chains servicing pre- and after-sales markets

(Chapter 3 — Research questions 1, 2, and 3)
» Problem description

In this chapter, a company is considered that produces and supplies its
products to the customers of a market under a failure-free warranty. Hence,
producing and providing enough spare parts to repair the returned products of
the customers inside the warranty time is an important responsibility of this
company. While the product is produced through the forward supply chain,
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the required spare parts for repairing its failures are produced through the
after-sales supply chain. Here concurrent flow planning for these supply
chains considering their strong interactions and convoluted sources of

demand- and supply-side uncertainty has been done.

» Outcomes of the chapter

In this chapter, we show that there are some important interactions between
the operations of the forward and after-sales supply chains. Two important
interactions considered in this chapter are: i) the service level provided by the
after-sales supply chain directly affects the product demand in the pre-market
of the forward supply chain; and ii) the after-sales demands are a function of
total products supplied to the market through the forward supply chain. These
relationships are quantified in this problem. Using these relationships, a
mathematical model is developed for the problem. Using this model, we make

the following decisions concurrently:

- The best retail price, warranty length, and service levels for the
company in its pre- and after-sales markets to maximize the

company’s total profit;

- The appropriate local reliabilities in the echelons of the forward and
after-sales supply chains and their corresponding reliable flow

planning to preserve the company’s service levels.
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» Managerial insights

Using the computational results of the developed mathematical model, we

conclude the following insights:

Effect of the retail price on the profitability of the warranty options:
Price increments or reductions may have non-homogeneous effects on the
profit of the company in a given warranty length. But the trend of these

changes are almost similar for all warranty options.

Priority of the warranty options in different price intervals: Priority of
the warranty options with respect to profit changes in the critical price
values. Therefore in the price intervals between sequential critical price

values, they have different priority (or profitability order).

Importance and stability of the warranty options in price-sensitive
markets: In price sensitive markets, an inappropriate selection of the
warranty length leads to higher profit loss. This means that the appropriate
warranty length selection is more important in price-sensitive markets.
However, the priority of the warranty options from the profit perspective

is more fragile with respect to price variations in these market.

Optimal price and stability of the warranty options in warranty-sensitive
markets: In warranty-sensitive markets, optimal retail prices are higher
and the priority of the warranty options from the profit perspective is more
stable with respect to price variations.
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7.1.3. Operationally fail-safe supply chains servicing pre- and after-sales markets for

repairable products (Chapter 4 — Research questions 1, 2, and 4)

» Problem description

In this problem, we consider a company producing and supplying a product to a
target market through its forward supply chain including suppliers, a
manufacturer, and a retailer. This product is sold to the customer under a retail
price and a warranty period. All the defective products returned by the customers
inside the warranty period should be fixed free of charge. Spare parts required to
fix these returned products are provided through an after-sales supply chain. The
after-sales supply chain has remanufacturing sections inside the suppliers to repair
the failed components of the returned products. Defective components are sent by
the retailer to the remanufacturing sections to get repaired. Then, the
remanufactured components are sent back and stored in the retailer to be used in

the repair process of the next defective products.

In the cases there is not any available remanufactured component in the
retailer, new components provided and stored by the suppliers in the retailer are
used to do repairs. Storage of new components in the retailer preserves an
appropriate service level for the after-sales supply chain. The required products
and new components to fulfill the product demand and inside-warranty repair
requests of each sale period are produced by the forward and after-sales supply
chains respectively and stored in the retailer before its beginning. In this problem

there are two flow types in the after-sales supply chain: i) the flow of new
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components from the suppliers to the retailer; and ii) the flow of defective and
remanufactured components between remanufacturing sections and retailer.
Again two groups of demand- and supply-side uncertainties are considered in this

problem.

For this company, we want to determine the most profitable marketing
strategies and supporting flow dynamics in the forward and after-sales supply
chain in the presence of demand-side uncertainties (product demand in the pre-
market and components demands in the after-sales markets) and supply-side
uncertainties (in the performance of the manufacturing systems in the production

facilities).

» Outcomes of the chapter

In this chapter, we model the performance of the remanufacturing sections of the
suppliers to quantify the flow of remanufactured components in the after-sales
supply chain. Then we determine the relationship between the after-sales service
level and the flow of new components required in the after-sales supply chain.
Based on these equations, a mathematical model is developed for the problem.

This model makes the following decisions concurrently:

- The best retail price, warranty length, and service levels for the company

in its pre- and after-sales markets to maximize the company’s total profit;

- The appropriate local reliabilities in the echelons of the forward and after-
sales supply chains to preserve the company’s service levels;
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- Reliable flow dynamics in the forward and after-sales supply chains
(including remanufacturing sections) preserving the local reliabilities of

their facilities.

» Managerial insights

Applying the mathematical model for an example in the automobile industry, we

conclude the following insights:

v Effect of warranty length on the trend of profit changes with respect to
the price: In different warranty options, the behavior of the profit function
with respect to the price is almost similar but only shifts to right by the
warranty length increment. This means changing the warranty length does not

change the price effect on the company’s profitability

v’ Effect of warranty length on the trend of profit changes with respect to
the service level: The behavior of the profit function with respect to the
service level is almost similar for all the warranty options without any
significant shift to the left or right. This means all of these profit functions
have almost the same optimal service level. Therefore, finding the best service
level for one warranty option gives us a good approximation about the best
service level for the other options. This reveals there is a very weak correlation
between the warranty length and service level and they can be selected

separately.
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v’ Effect of warranty length on the correlation between the price and service
level: The trend of the price and service level correlation is almost similar for
different warranty options. Increasing the warranty length only shifts the price
and service level function to the right. This means regardless of the warranty
length, a given increment in the service level (price) leads to almost the same
increment in the price (service level). However the ratio of the best price

increment to the best service level increment decreases in higher prices.

7.1.4. Operationally fail-safe supply networks servicing pre- and after-sales markets

(Chapter 5 — Research questions 1, 2, and 3)

» Problem description

The problem of Chapters 3 is extended in this chapter from supply chains to
supply networks (including more than one facility in each echelon). Due to
increasing the size of the problem, a special solution approach is developed to

handle the larger mathematical model of this problem.

» Outcomes of the chapter

In this section, we show that a supply network can be represented as a set of paths.
Each path starts from a set of suppliers in the first echelon (one supplier for each
component), passes through a manufacturer in the intermediate echelon, and ends
at a retailer in the last echelon. Using path concept not only generalizes our model
to be applicable for any networks with any structures, but also helps us to be able
to use the model of Chapter 3 which was developed for a supply chain. Each path
of the supply network problem can be interpreted as a supply chain. Here, we
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extend the model of Chapter 3 including one path to a set of paths called a
network. This model determines the most profitable marketing strategies for the
company and the least costly flow dynamics throughout its networks preserving
the marketing strategies.

The model is a mixed integer nonlinear mathematical model. Solving this
kind of models is not straightforward. Especially the form of nonlinear terms in
this model depends on the cumulative distribution functions defined for the
stochastic parts of the problem. This means that by changing these distribution
functions, the mathematical forms of these terms also change. In this chapter, we
propose an efficient approach to solve this model and find the best solution.

Finally the model is tested on a test problem defined in engine industry.

» Managerial insights
Applying the mathematical model for the test problem in the automobile industry,

we conclude the following correlations among the marketing strategies:

Correlation between the price and warranty:

v’ The correlation between the price and warranty becomes tighter by increasing
the service levels. In higher service levels, the priority of the warranty options
stays stable for a smaller price interval and is more sensitive with respect to
price variations.

v' By increasing the service levels, the overlaps among the profit functions
decrease and they become more separate. This means the feasible range of

price is divided to some more distinct intervals in each only one warranty
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option is profitable. Therefore in higher service levels, the positively
profitable warranty options available in each price value for managers to select

is less.

Correlation between the service levels and warranty:

The priority of the service level options is very stable and is not affected easily by
warranty variations. In the engine problem, the warranty-service level tradeoff is
much more stable than the price-warranty tradeoff. However the stability of the
warranty-service level tradeoff may change by increasing the service level

sensitivity parameter in the demand function.

Correlation among the three marketing factors:

In a given warranty length option, the best price strategy is increasing with respect
to the service level but the trend of this increment is different for warranty options.
In shorter warranty lengths, the rate of price increment is a convex increasing
function of the service levels. But this function tends to become a linearly

increasing and then a concave increasing by the warranty length increment.

In the same way for a given service levels option, the best price strategy is
increasing with respect to the warranty length but the trend of this increment is
different for service level options. In lower service levels, the rate of price
increment is a convex increasing function of the warranty length. But this function
tends to become a linearly increasing and then a concave increasing by the

increment in the service levels.
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7.1.5. Operationally and structurally fail-safe supply networks (Chapter 6— Research

questions 5 and 6)
» Problem description

A fail-safe network is one which mitigates the impact of uncertainties and
provides an acceptable level of service. This is achieved by controlling its
topology (structurally fail-safe) and coordinating the flow (operationally fail-safe)
through the facilities. In this chapter we show that to have a structurally fail-safe
supply network, its topology should be robust against disruptions — large scale
unexpected events — by positioning mitigation strategies and be resilient in
executing these strategies. Considering “Flexibility” as a risk mitigation strategy,
we answer the question “What are the best flexibility levels and flexibility speeds
for facilities in structurally fail-safe supply networks?”” Also we show that to have
an operationally fail-safe supply network, its flow dynamics should be reliable
against demand- and supply-side variations — small scale expected events. In the
presence of these variations, we answer the question “What is the most profitable
flow dynamics throughout the supply network which is reliable against
variations?”

» Outcomes of the chapter

In addition to operational level variations, in this chapter we also consider the
possibility of disruptions in the SN’s facilities. In this SN, one of manufacturers
is completely reliable but the other is prone to disruption. Prone to disruption

manufacturer may be unavailable and unable to fulfill the orders of its
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corresponding retailer. There are several reasons that this can occur, e.g., the
failure of its machinery or the inability of its supplier to procuring material
therefore being unable to supply ordered components. In the unavailability of this
manufacturer, the markets of its corresponding retailer are lost which leads to a

huge loss in the SN’s profitability and brand reputation.

To avoid this possible loss and to improve the stability of the SN, we want to
redesign a robust network for the SN. To have a robust network, we want to
modify the production capabilities of its reliable facilities to be able to compensate
for the unavailability of its unreliable facilities. For this purpose, the production
capacities of reliable facilities should be flexible enough to be ramped up, when
needed, to compensate for the unavailability of unreliable facilities and be ramped
down when the unreliable facilities are available. In this problem, we want to
determine the best flexibility levels in the reliable facilities to redesign a robust
network. Redundancy in the capacity of reliable facilities is the risk mitigation

strategy used to have a robust network.

The agility of the flexible facilities is ramping up their capacities after
disruption, is measured by an index called resilience. Resilience of the SN in
employing the redundancy mitigation strategy depends on the speed of its flexible
facilities in ramping up their capacity after disruption. Therefore, the other
important decisions made in this problem are the best flexibility speeds in the

reliable facilities to redesign a resilient network.
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In this chapter, we show that the stability of a SN’s topology against
disruptions not only depends on its pre-disruption robustness by incorporating an
appropriate mitigation strategy, but also is determined by its post-disruption
resilience in employing this strategy. Having a robust and resilient network is
necessary but not enough to preserve an appropriate performance for the SN. A
successful SN needs to have reliable flow dynamics throughout its network
against operational variations. We show that the robustness and resilience of the
SN depend on the flexibility levels and ramp-up speeds of its facilities
respectively. To quantify these relationships, two stochastic, nonlinear, and mixed
integer mathematical models are developed to determine the most profitable
flexibility levels and ramp-up speeds for the network’s facilities and reliable flow
dynamics throughout its network. Reliable flow planning preserves the highest
profit for the network by selecting the best service level and supporting local

reliabilities in the stochastic facilities.

» Managerial insights
Computational analysis of the models leads to the following insights:

About redesigning robust and resilient network for the SN

- For a given product order quantity, there is a negative correlation between the
flexibility level of each facility and its resilience. This means that longer ramp-
up times are more profitable for facilities with larger flexibility levels and vice
versa. Summing up on all the SN’s facilities, we conclude that there is a

tradeoff between a SN*‘s robustness and its resilience.
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- By increasing production quantity in a facility, the minimum required
flexibility in that facility to increase its ramp-up time becomes larger.
Summing up on all the SN’s facilities, larger SNs with higher production rates
are able to absorb higher levels of flexibility before reducing their resilience.
This means that the tradeoff of robustness and resilience is more stable for

larger SNs.

- There is a positive correlation between the local reliability of each stochastic
facility and its flexibility level. Also increasing the reliability of each facility
positively affects the flexibility levels of the other facilities in the network.
This means that in stochastic SNs there is a positive correlation between the
local reliabilities of the stochastic facilities and the flexibility levels must be
added to the facilities to make their networks robust. SNs with higher

reliability in their flow need more flexibility to be robust.

About planning reliable flow dynamics for the SN

- For a given product order quantity (local reliability of the retailers), the effect
of a stochastic facility’s local reliability on the SN’s profit is not significantly
influenced by the reliabilities of the other facilities. This outcome highlights
that independent local reliability selection for the SN’s stochastic facilities
leads to a good (not the best) solution. But this independent reliability
selection significantly decreases the size of the model and its computational

time.
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7.2. Verification and validation in this dissertation

Here, we generally describe the method that will later be utilized to validate the methods
/ models of this dissertation, namely the Validation Square (Figure 7-2). The Validation
Square is a method to prove the usefulness of a design method considering whether the
method provides design solutions ‘correctly’ (effectiveness), and whether it provides

‘correct’ design solutions (efficiency).
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Figure 7-2: Verification and validation square.

This square has two “structural” and “performance” horizontal splits. The structural
split, including first and second quadrants, checks the logical structure of the design
method by qualitative testing. The performance split, including third and fourth
quadrants, checks the ability of the design method to produce useful results by
quantitative testing. Also the square has two “theoretical” and “empirical” vertical splits.
The theoretical split, including first and fourth quadrants, deals with validity of the design
method for a generalized problem. The empirical split, including second and third

quadrants, deals with validity of the design method for specially chosen examples.
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Therefore, the detailed description of these four quadrants are as follows:

= Theoretical Structural Validity: This quadrant checks the internal consistency
of the design methods, i.e., the logical soundness of its constructs both
individually and integrated.

=  Empirical Structural Validity: This quadrant checks the appropriateness of the
chosen example problem(s) intended to test design method.

= Empirical Performance Validity: This quadrant checks the ability of the design
method to produce useful results for the chosen example problems.

= Theoretical Performance Validity: This quadrant checks the ability to produce
useful results beyond the chosen example problem(s). This requires a “leap of
faith” which is eased by the process of the previous quadrants to build confidence

in the general usefulness of the design method.

In the rest of this section, we want to show that how these four quadrants of the

validation square have been covered in this dissertation (Figure 7-3).

Theoretical Structural Validity

= In Chapter 1: We justify the necessity of investigating the problems and the advantages
of solving these problems to the practical world.

= In Chapter 1: We do literature review to discover the existing gaps and show that how
solving these problems can fill parts of the existing gaps (both from supply network
design and uncertainty management perspectives).

= In Chapter 1: We define the general structure of modeling the problem: included sub-
problems, their outputs and inputs, assumptions, constraints, and flow transactions.

284



Empirical Structural Validity

= Chapter 2: Two test problems are solved in this section to show the process of
quantifying “uncertainty propagation” in supply chains and networks respectively and
their consistency with the problems of this section is discussed.

= Chapter 3: A test problem is solved in this section to show the process of modeling the
interactions of the forward and after-sales supply chains and its consistency with the
problem of this section is discussed.

= Chapter 4: A test problem from automobile industry is solved in this section to show
the process of modeling the remanufacturing sections and its consistency with the

problem of this section is discussed.

Empirical Performance Validity

= Chapter 5: A comprehensive test problem from automobile industry is solved in this
section to show the process of modeling reliable flow dynamics through the structure
of forward and after-sales supply networks.

= Chapter 6: A comprehensive test problem is solved in this section to show the process

of integrating being structurally and operationally fail-safe in supply networks.

Empirical Performance Validity

= Chapter 7: In this chapter, we discuss about the other possible applications for the

models developed in this dissertation.
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Figure 7-3: The process of verifying and validating the content of the dissertation.

7.3. Critical evaluation and recommendations

While the research in this dissertation covers a relatively broad spectrum within risk
management in networks, there are some shortcomings that can be covered in future

research.

1) Use redundancy as another risk mitigation strategy: In this dissertation, I show

that to have a fail-safe network, it should be (Figure 7-4):
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v’ Structurally fail-safe: which means the integration of its topology should be robust
against disruptions — large scale unexpected events — by positioning appropriate

amount of risk mitigation strategies and be resilient in executing these strategies;

v Operationally fail-safe: which means the coordination of its facilities should be
fail-safe against variations — small scale expected events — to preserve a reliable

flow dynamics throughout its topology.

Two kinds of risk mitigation strategies can be incorporated to make networks’

topology robust and resilient against disruptions (Figure 7-4):

v Redundancy: redundancy as a risk mitigation strategy means keeping extra
resources (e.g., stock or capacity) in systems that can be used in disrupted

conditions;

v" Flexibility: which means having flexible facilities which are able to ramp-up and
ramp-down their processing capabilities when it is needed — in disrupted and

normal conditions respectively.

In this dissertation, | only focus on the second risk mitigation strategy — Flexibility.
However, “Redundancy” may be more appropriate for SCs / SNs of non-perishable and
cheap products. Therefore, considering redundancy as another risk mitigation strategy to
architecture robust / resilient SCs / SNs is one of the important extensions for the problem

of this dissertation.
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Figure 7-4: Architecting fail-safe systems.

To consider redundancy as a risk mitigation strategy, the following steps should be
taken (see Figure 7-5): a) we should determine how much redundancy, i.e., inventory,
should be added to facilities of the SN. Adding redundancy imposes some cost to the
system. Higher redundancy means higher cost and higher robustness. Networks with
higher robustness are able to preserve their performance in bigger disruptions. In this step,
we should develop a model to find the most appropriate robustness for the SN and
redundancy for its facilities by considering the tradeoff between their imposing costs and
improving servitization; b) we should determine where and in what facilities, redundancy
should be added. Redundancy may impose different costs to different facilities. In this
step, we should develop a model to find the most economic places to locate redundancy
in the SN by considering the tradeoff between their imposing costs and improving
servitization; c) we integrate the models developed in the previous steps to concurrently

find the most appropriate robustness and resilience for the SN by considering redundancy
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as a risk mitigation strategy. This model simultaneously determines the best place and
quantity to impose redundancy to the SN. This model helps us to analyze the correlation
between robustness and resilience.

It is possible to integrate the redundancy model with the flexibility model developed
in this dissertation (see Figure 7-5). This model includes two risk mitigation strategies
and provides opportunity for decision makers to select the most appropriate risk

mitigation strategy for the SN’s facilities. This model should determine:

o What facilities in the SN need risk mitigation strategies?
o What is the best risk mitigation strategy for each facility?
o What is the best quantity of each risk mitigation strategy that should be

assigned to each facility?

2) Architecting fail-safe SNs with several conflicting goals: Being fail-safe is
important for a broad spectrum of network-oriented systems. Network-oriented systems

can be classified as follows:

v’ Profit-based network-oriented systems: in profit-based networks, the most
important goal is maximizing profit or minimizing cost. Some examples of
these networks that are running on profit or cost are multi-stage manufacturing

systems, transportation networks, SCs / SNs, energy networks, etc.

v Nonprofit network-oriented systems: in non-profit networks, there are other

goals along with the economic goal. Some examples of network-oriented
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systems that have non-profit goals are urban traffic, civil infrastructures,

humanitarian / contingency logistics, etc.

In this dissertation, | only concentrate on SCs / SNs for which maximizing profit is the
only goal. Customizing the models of this dissertation for non-profit network-oriented
systems such as civil infrastructure, urban traffic, contingency logistics, etc. is very
interesting future research (see Figure 7-5). | believe that the behavior of the developed
models with respect to the correlations among “reliability”, “robustness”, and “resilience”
would be completely different in non-profit networks concentrating more on improving

service level rather than profit.

3) Architecting fail-safe SNs under competition: In this dissertation, I only
investigate the impact of being fail-safe on SCs’ / SNs’ performance and profitability.
The major harm to a SN after a disruption comes not from the direct damage to facilities
but in the market share lost to competitors. It is because SN disruptions could prevent a
firm from capitalizing on strong market demand due to unavailability of products and
consequently the market share is lost to the competitors. Investigating the marketing
benefits of being fail-safe for SNs is another interesting future research. Being fail-safe
not only works to the advantage of SNs but also customers benefit from it. For example,
having fail-safe SNs in markets results in price reduction and minimizes price fluctuations
that customer can enjoy. In my opinion, the following questions should be answered in

this area;
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v" What is the impact of being fail-safe on stabilizing the SCs’ / SNs’ market
shares?

v' What is the contribution of each risk mitigation strategy on stabilizing the
SCs’ / SNs’ market shares?

v" What is the impact of being fail-safe on stabilizing the products’ retail price
in markets?

v' What is the contribution of each risk mitigation strategy on stabilizing the

products’ retail price in markets?

4) Architecting decentralized fail-safe SNs: In all the models developed in this
dissertation, | assume that the investigated SCs / SNs are centralized. In the centralized
SCs / SN, all decisions are made by a single leadership team. In the practical world,
some SCs / SNs are decentralized. In decentralized systems, there are more than one
decision makers with conflicting interests. Using game theory to model bargaining among
facilities in decentralized SCs / SNs is another interesting future research. In my opinion,

the following questions should be answered in this area:
v" What risk mitigation strategies can be used by each facility in the SC / SN?

v' What is the impact of the risk mitigation strategy selected by each facility on

the performance of the other facilities in the SC / SN?

v" What is the most equilibrating risk mitigation strategy for each facility in the

SC / SN that prevents other facilities from taking more actions?
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v' What is the difference between centralized and decentralized risk management

in SCs / SNs?

| believe that incorporating the abovementioned points in the mathematical models
developed in this dissertation may lead to interesting future research with very useful

managerial insights in the area of risk management in SNs.
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Appendix
In Section 5.3, a five-step approach is developed to solve the mathematical model
proposed in Chapter 5. The MATLAB codes developed for Steps 2 and 3 of this approach

are as follows:

MATLAB code for Step 2

clc
clear all

yl=1;
y2=1;
y3=1;
yv4=1;
n=1;
for r1sl=0.93:0.01:1
for r1s2=0.93:0.01:1
for r1s3=0.93:0.01:1

for rIml=0.93:0.01:1
for rIm2=0.93:0.01:1

for rlrl=0.93:0.01:0.99
for r1lr2=0.93:0.01:0.99

pservicelevelpathl=(rlsl*rls2)*rlml*rlrl;
pservicelevelpath3=(rlsl*rls2)*rlml*rlr2;
pservicelevelpath2=(rls3*rls2) *rlm2*rlrl;
pservicelevelpathd4=(rls3*rls2) *rlm2*rlr2;
aservicelevelpathl=(rlsl*rlrl)*(rls2*rlrl);
aservicelevelpath3=(rlsl*rlr2)* (rls2*rlr2);

aservicelevelpath2=(rls2*rlrl)*(rls3*rlrl);

aservicelevelpathd=(rls2*rlr2)*(rls3*rlr2);

slpl=yl*y2* (pservicelevelpathl*pservicelevelpath2)+ (1-
yl) *y2* (pservicelevelpath?2)+ (1-y2) *yl* (pservicelevelpathl) ;

slal=yl*y2* (aservicelevelpathl*aservicelevelpath2)+(1-
yl) *y2* (aservicelevelpath2)+(1-y2) *yl* (aservicelevelpathl);

slp2=y3*y4* (pservicelevelpath3*pservicelevelpathd)+(1-
yv4) *y3* (pservicelevelpath3) + (1-y3) *y4* (pservicelevelpathd) ;

sla2=y3*y4* (aservicelevelpath3*aservicelevelpathd)+(1-
y4) *y3* (aservicelevelpath3) +(1-y3) *y4* (aservicelevelpathd) ;
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if slpl>=0.975 & slpl<=0.985 & slp2>=0.975
& s1p2<=0.985 & s1al>=0.955 & s1al<=0.965 & sl1la2>=0.955 & s1a2<=0.965

rrlsl (n)=rlsl;
rrls2 (n)=rls2;
rrls3(n)=rls3;
rriml (n)=rlml;
rrlm2 (n)=rlm2;
rrlrl (n)=rlrl;
rrlr2 (n)=rlr2;
n=n+1;
end;
end;
end;
end;
end;
end;
end;

end;

for i=(n-1):-1:1
for j=(i-1):-1:1
if rrlsl(i)>=rrlsl(j) & rrls2(i)>=rrls2(j) & rrls3(i)>=rrls3(j)
& rriml (1)>=rriml(j) & rrim2(i)>=rrlm2(j) & rrlrl(i)>=rrlrl(j) &
rrlr2(i)>=rrlr2(3j)
rrlsl(i)=5;
end;
end;
end;

for k=1:1:(n-1)
if rrlsl (k)~=5

'reliability level supplier 1'
rrlsl (k)

'reliability level supplier 2'
rrls2 (k)

'reliability level supplier 3'
rrls3 (k)

'reliability level manufacturer 1'
rrlml (k)

'reliability level manufacturer 2'
rrlm?2 (k)

'reliability level retailer 1'
rrlrl (k)

'reliability level retailer 2'
rrlr2 (k)

end;
end;

315



MATLAB code for Step 3

clc
clear all

mua=0.05;
vara=0.05;
mub=0.0704;
varb=0.085;
cr=0.201;

cppsl=1.10;
cpps2=1.30;
cpps3=1.25;

cml=2.00;
cm2=2.15;

ctl1l1=0.05;
ct21=0.08;
ct22=0.08;
ct32=0.06;

hh=0.11;
h=0.05;

cttl1l1=0.05;
cttl12=0.04;
ctt21=0.05;
ctt22=0.05;

ctttll=0.07;
cttt21=0.07;
cttt22=0.07;
cttt32=0.07;

betal=0.15;
beta2=0.08;

PR1=8000;
landal=0.1;
mmul=2;

PR2=8000;
landa2=0.2;
mmu2=2;

PR3=9000;

landa3=0.05;
mmu3=3;
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rlsl=1;

rls2=1;

r1s3=0.94;
rlml=0.99;
rlm2=0.93;
rlrl1=0.99;
rlr2=0.99;

ol=1;
02=1;
o3=1;
o4=1;

*rlml*rlrl;
*rilml*rlr2;
rlm2*rlrl;
rim2*rlr2;

pservicelevelpathl=(rlsl*rls2)
pservicelevelpath3=(rlsl*rls2)
pservicelevelpath2=(rls3*rls2)*
pservicelevelpathd4=(rls3*rls2)*
aservicelevelpathl=(rlsl*rlrl)*(rls2*rlrl);
aservicelevelpath3=(rlsl*rlr2)*(rls2*rlr2);

( ) *( )

( ) *( )

’

aservicelevelpath2=(rls2*rlrl rls3*rlrl
aservicelevelpathd4=(rls2*rlr2 rls3*rlr2

’

slpl=0l*02* (pservicelevelpathl*pservicelevelpath2)+ (1-
0l) *02* (pservicelevelpath2)+(1-02) *ol* (pservicelevelpathl) ;
slal=0l*02* (aservicelevelpathl*aservicelevelpath2)+ (1-
0l) *o2* (aservicelevelpath?)+(1-02) *0ol* (aservicelevelpathl) ;

slp2=03*04* (pservicelevelpath3*pservicelevelpathd) + (1-
04) *o3* (pservicelevelpath3) +(1-03) *04* (pservicelevelpathid) ;
sla2=03*04* (aservicelevelpath3*aservicelevelpathd) + (1-
04) *03* (aservicelevelpath3)+(1-03) *04* (aservicelevelpathid) ;

dm1=500+200*w-250* (p—10) -500* (1-s1lpl)-900* (1-slal);
dm2=400+200*w-250* (p—10) -500* (1-s1lp2)-900* (1-sla2) ;

n=1;

for perl=0.05:0.05:0.95
for per2=0.05:0.05:0.95

pperl (n)=perl;
pper2 (n)=per2;

x1 (n)=dml*norminv(rlrl,0,0.8) *perl;
x3 (n)=dml*norminv(rlrl,0,0.8)* (1-perl);

x2 (n)=dm2*norminv(rlr2,0,0.8) *per2;
x4 (n)=dm2*norminv (rlr2,0,0.8)* (1-per2);

xx1 (n)=x1(n) *betal*rlml;
xx2 (n)=x2 (n) *betal*rlml;

xx3(n)=x3(n) *betal2*rlm2;
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=x4 (n) *betal2*rlm2;
=mua*x1 (n)+norminv(rlrl, 0, 1)
=mub*x1 (n)+norminv(rlrl, 0, 1)

=mua*x3 (n)+norminv(rlrl, 0, 1)
=mub*x3 (n)+norminv(rlrl, 0, 1)

=mua*x2 (n)+norminv(rlr2,0,1)
=mub*x2 (n)+norminv (rlr2,0,1)

=mua*x4 (n)+norminv(rlr2,0,1)
=mub*x4 (n)+norminv(rlr2,0,1)

yyl(n)=((landal/

*(PR1*log(rlsl) *

yy2( n)= ((landal/
*(PR1*log(rlsl)

l/mmul)+yl(n

o~~~ —~

1/mmu1 ) +y2 (n

yy3(n)=((landa3/ (1
* (PR3*1log(rls3) * (l/mmu3 ) +y3(n
yy4 (n)=((landa3/ (1
* (PR3*1log(rls3)* (l/mmu3 ) +y4 (n
zz1l(n)= (1
*(PR2*1log (rls2) * (
zz2 (n)=((landa2/ (1
* (PR2*1log(rls2) * (

((landa2/
l/mmu2 y+z1 (n

l/mmu2)+22(n

223( )= ((landaZ/
*(PR2*1log(rls2)
zz4( n)= ((landa2/
*(PR2*1log(rls2)

l/mmu2 )y +z3 (n

—~ e~~~

1/mmu2 Yy+z4 (n
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* (x
* (x

*(
*(

*(
*(

*(
*(

)+x1(n

n)+x2(n

n)+x3(n

n)+x4 (n

) +x1 (n

) +x2 (n

) +x3 (n

) +x4 (n

x3 (n) *vara) "
x3 (n) *varb) ”

x2 (n) *vara)®
x2 (n) *varb) ”

x4 (n) *vara) ®
x4 (n) *varb) *

1(n)*vara)”
1(n)*varb) "

) +xx1 (n

) +xx2 (n

) +xx3 (n

) +xx4 (n

) +xx1 (n

) +xx2 (n

) +xx3 (n

) +xx4 (n

0.
0
0.
0
0.
0

0.
0

))) *ol;

))) *o2;

)))*o3;

))) *o4;

)))*ol;

))) *o2;

))) *03;

))) *o4;



cost (n)=cppsl* ((x1(n)+xx1l(n)+yl(n)+yyl(n))+(x2(n)+xx2 (n)+y2(n)+yy2(n))
) tcpps2* ((x1(n)+xx1(n)+zl(n)+zzl(n))+(x2(n)+xx2(n)+z2(n)+zz2(n))+(x3(n
) txx3(n)+z3(n)+zz3(n) )+ (x4 (n)+xx4(n)+z4(n)+zz4(n)))+tcpps3* ((x3(n) +xx3(
n)+y3(n)+tyy3(n))+ (x4 (n)+xx4 (n)+yd (n)+yyd(n)))+cml* (x1(n)+xxl(n)+x2(n)+
xx2 (n))+cm2* (x3(n)+xx3 (n)+x4 (n)+xx4 (n))+ctll* (x1l (n)+xx1l (n)+x2 (n)+xx2 (n
))+ct21* (x1 (n) +xx1 (n)+x2 (n)+xx2 (n) )+ct22* (x3 (n)+xx3 (n) +x4 (n) +xx4 (n) ) +c
t32* (x3(n) +xx3(n)+x4 (n) +xx4 (n))+cttll*x1l (n)+ctt21l*x3 (n) +cttl2*x2 (n)+ct
£22*x4 (n)+ctttll* (vl (n)+y2(n))+tcttt2l*(z1l(n)+z2(n))+tcttt22*(z3(n)+z4 (n
)) tcttt32* (y3(n)+ty4d (n));
z (n)=cost(n);

n=n+1;
end;
end;

zz=min (z) ;

for i=1:(n-1)
if z(i)==zz
'cost'
z (1)
pperl (1)
pper2 (1)
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end;

end;

yyl (i)
yy3 (i)
yy4 (i)

zz1l (1)
zz2 (1)

zz3 (1)
zz4 (1)
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