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ABSTRACT

DETERMINING OPTIMAL QUALITY LEVELS AND PRICES IN A
HYBRID MANUFACTURING / REMANUFACTURING SYSTEM

Setting the quality and price of products are two important issues for firms involved
in remanufacturing. The aim of this study is to develop and solve a mathematical model
that seeks optimum values for quality levels and prices of remanufactured products as well
as prices of manufactured products. A base model and two extensions of it are formulated
in order to maximize the total profit of an Original Equipment Manufacturer (OEM)
having a hybrid manufacturing / remanufacturing system. It is assumed that a
remanufactured product’s quality level can not exceed the quality level of its manufactured
version and the unit cost of remanufacturing is a linear function of the quality level.
Customer preference is modeled by using gravity based approach and total demand is
shared by the products of the OEM and a competitor’s product according to this preference

function.

As the formulated models are nonlinear and nonconvex, the simplex search method
developed by Nelder and Mead is used to solve the models. Since the method has
originally been proposed for unconstrained problems, some modifications are necessary to
handle quality and price constraints. A number of experiments are carried out to obtain the
best values of the decision variables and to see how they are affected by the changes in the
problem parameters. The effects of changes in the market, in the manufacturing

environment and in the quality levels of manufactured products are discussed in detail.
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OZET

MELEZ BiR IMALAT / YENIDEN IMALAT SISTEMINDE EN iYi
KALITE SEVIYESI VE FIYATLARIN BELIRLENMESI

Uriinlerin kalite ve fiyatlarinin belirlenmesi yeniden iiretim yapan firmalar igin iki
onemli konudur. Bu c¢aligmanin amact; yeniden imal edilmis iirlinlerin kalite seviyesi ve
fiyatlarinin, ayrica imal edilmis iiriinlerin fiyatlarinin en iyi degerlerini arastiran bir
matematiksel model gelistirip ¢6zmektir. Melez bir imalat / yeniden imalat sistemi olan bir
orijinal parca iireticisinin toplam karin1 enbiiyiiklemek i¢in bir esas model ve iki eklentisi
formiile edilmistir. Yeniden imal edilmis bir {iriiniin kalite seviyesinin imal edilmis
versiyonunun kalite seviyesini asamayacagi ve yeniden imal etmenin birim maliyetinin,
kalite seviyesinin dogrusal bir fonksiyonu oldugu varsayilmistir. Miisteri tercihi
yer¢ekimine dayanan yaklasim kullanilarak modellenmistir ve toplam talep, orijinal parca
tireticisinin imal edilmis ve yeniden imal edilmis tirlinleri ile rakip firmanin bir {riinii

tarafindan bu tercih fonksiyonuna gore paylasilmaktadir.

Formiile edilen modeller dogrusal ve digbiikey olmadigindan, modelleri ¢6zmek i¢in
Nelder ve Mead tarafindan gelistirilen simpleks arama yontemi kullanilmistir. Ydntem
orijinal olarak kisitsiz problemler i¢in Onerildiginden, kalite ve fiyat kisitlarin1 saglamak
icin baz1 degisiklikler yapilmistir. Karar degiskenlerinin en iyi degerlerini bulmak ve
problem parametrelerindeki degisikliklerden nasil etkilendiklerini gérmek i¢in bir dizi
deney yapilmistir. Pazardaki, iiretim ortamindaki ve imal edilmis iiriinlerin kalitelerindeki

degisikliklerin etkileri ayrintili olarak irdelenmistir.
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1. INTRODUCTION

Today’s competitive market structure is forcing firms to make use of all the activities
that will bring cost advantage. Also, environmentally conscious policies in production
receive growing attention because of government legislations, care for the environment and

corporate image.

Remanufacturing, which is the process of bringing a used product to as good as new
condition, helps manufacturing firms in increasing profit, dealing with environmental
legislations and enhancing corporate image. Also, from customer’s point of view,

remanufacturing provides affordable prices and helps increase environmental awareness.

Remanufacturing has been widening its scope in manufacturing industry rapidly in
recent years. Some examples for remanufactured products are automotive parts, vehicle
tires, compressors, office furniture, printers, photocopiers, laser toner cartridges, electrical
equipments, musical instruments, aircraft parts, etc. Stock et al. (2002) state that over $100

billion worth of products are returned from customers to retailers annually.

Pricing remanufactured products is a crucial decision for the firms. Also, the quality
level to which the remanufactured product will be reconditioned is an important decision
since it determines both the cost of the remanufactured product and the product’s utility to
the customer. Although it is assumed that the product is as good as new after
remanufacturing by definition, it may be more profitable to remanufacture the used product

to a quality level which is less than the quality level of the new product.

So, determining quality levels and pricing are two important issues in
remanufacturing which will affect a firm’s profit dramatically since they determine both a

product’s market share and the unit profit gained from the product.

The aim of this study is to formulate and solve a mathematical model that will help

remanufacturing firms in making quality level and pricing decisions together. The model



seeks optimal quality levels for remanufactured products and optimal prices for all the

manufactured and remanufactured products to maximize the total profit.

Since the resulting model is nonlinear and highly nonconvex, obtaining mathematical
solutions through derivatives is not practical, so it is necessary to use a direct search
method for solving the problems. The simplex search designed for solving multi-
dimensional optimization problems is used as the solution procedure. In order to handle the
constraints of the problem, some modifications have been made to the basic simplex search

procedure.

The remainder of the thesis is organized as follows: The problem description
together with the assumptions and motivation behind the study are given in Chapter 2.
Chapter 3 includes a brief introduction on remanufacturing and literature review on the
quality issues, customer choice and pricing in remanufacturing. Formulation of a base
model and two extensions of it are described in detail and objective function plots and
optimality conditions are given in Chapter 4. In Chapter 5, simplex search is explained in
detail together with the modifications for handling constraints and design of experiments.
Results of the experiments, outcomes and insights derived from the results and sensitivity
analysis according to problem parameters are provided in Chapter 6. Conclusions of the

study and suggestions for further research are contained in the final chapter.



2. PROBLEM DESCRIPTION AND MOTIVATION

In this chapter, the problem and its assumptions are described and contribution of the
study to the literature is explained. Research questions that we seek answers for are also

provided.

2.1. Problem Description

An Original Equipment Manufacturer (OEM) with hybrid manufacturing /
remanufacturing system is considered where the OEM produces new products and
remanufactured versions of them. There are also competitors’ products in the market.
Although remanufacturing is defined as bringing the used product back to the quality level
of the new one, it may be more profitable to remanufacture the products to a lower quality
level than their new counterparts. So, the OEM has to decide the quality levels to which
remanufactured products will be restored as well as the prices of both remanufactured and

manufactured products.

It is assumed that remanufacturing of all manufactured products of the OEM is
desired because of legislations or as a strategic decision. So, fixed costs of remanufacturing
are not included in the objective function since they should incur in all circumstances. It is
also assumed that manufacturing / remanufacturing capacity of the OEM is enough to
satisfy the total demand of the market. Unit cost of remanufacturing is taken as a linear
function of the quality level of the product, and customer preference is modeled as a
function which is increasing in the product’s quality level and decreasing in the product’s
price. If there are two products of the same quality, customers prefer the one with the lower
price and if there are two products of the same price, customers prefer the one with the
higher quality. Demand is assumed to be constant and shared by the manufactured and
remanufactured products of the OEM and the competitors’ products according to a
preference function. It is also assumed that customer preference function is known by the
OEM and it produces exactly the same amount of the products’ market share to satisfy
demand. All customers are assumed to have the same preference function, so no customer

segmentation is considered.



The quality level of a remanufactured product should be less than or equal to its new
version. The unit cost of remanufacturing depends only on the quality level that the
remanufactured product will be restored. Moreover, its price will be greater than its unit
remanufacturing cost. It is also assumed that there are enough used products to satisfy the
demand for remanufactured products. Prices of manufactured products must be greater

than their unit manufacturing costs, as well.

The aim of the model is to maximize the total profit of the OEM which is the
difference between the revenues gained by selling the manufactured and remanufactured
products and unit costs of producing them. A nonlinear programming model is constructed
to maximize profit for a single period while satisfying quality constraints and lower bound
constraints on prices. Since one period is considered, prices and qualities of competitors’
products are assumed to be fixed and it is assumed that competitor firms do not react to the
policies of the OEM. The input of the model will be prices and quality levels of
competitors’ products and quality levels of manufactured products of the OEM. The model
will determine quality levels of remanufactured products and prices of manufactured and
remanufactured products. Market share of each product and expected profit are also

calculated.

2.2. Motivation

Motivation behind this study is to analyze whether remanufacturing becomes more
profitable by choosing appropriate quality levels and prices. The properties of the optimal

solutions and model behavior according to problem parameters are also analyzed.

2.3. Research Contribution

Studies related with remanufacturing except Mitra (2007) assume that
remanufactured products reach a quality level as the new one, but since they contain a
remanufactured label on them, they are sold at a lower price. Remanufacturing used
products to a lower quality level is considered only in Mitra (2007) where two quality
levels are considered: refurbished and remanufactured. However, they are problem

parameters rather than decision variables.



This thesis to the best of our knowledge is the first study that seeks optimal quality

levels for remanufactured products to maximize the total profit.

2.4. Research Questions

Research questions that we seek answers for can be summarized as follows:

11.

iil.

1v.

vi.

Are there specific quality levels and prices for remanufactured products

which maximize total profit?

If there is more than one optimal value for these variables, do they have

common properties?

How do changes in qualities of manufactured products of the OEM affect

optimal values of the decision variables and the optimal objective value?

How do changes in manufacturing environment affect optimal values of the

decision variables and the optimal objective value?

How do changes in market (changes in competitors’ products or customer
preference) affect optimal values of the decision variables and the optimal

objective value?

Does quality management on remanufacturing bring competitive advantage to

the OEM; and if so, for which values of problem parameters?



3. LITERATURE REVIEW

Remanufacturing has been a popular topic for research in recent years. Studies have
widely been focused on acquisition of products, network design with reverse flows,
product design for remanufacturing, production control, capacity planning, inventory and
supply chain issues, etc. There are also many works on the customer choice and pricing
since they have long been considered as crucial managerial problems. In this chapter, a
brief introduction to remanufacturing is provided. Moreover, literature on the quality

management aspect of remanufacturing and customer choice and pricing are reviewed.

3.1. Remanufacturing

Remanufacturing is a manufacturing strategy that makes use of used products
utilizing both material values and production energy (value added by production operations
of parts) that exist in the product. Remanufacturing brings the product back into an “as
new” condition by carrying out the necessary disassembly, overhaul and replacement
operations (Fleischmann et al., 1997).

(X3

Remanufacturing is . an industrial process in which worn-out products are
restored to like-new condition. Through a series of industrial processes in a factory
environment, a discarded product is completely disassembled. Useable parts are cleaned
and refurbished. Then the new product is reassembled from the old and, where necessary,
new parts to produce a fully equivalent and sometimes superior in performance and

expected lifetime to the original new product.”” (Lund, 1983).

Reverse logistics comprises acquisition of used products from customers. Hence,
reverse logistics network design has been an important issue in remanufacturing.
Fleischmann et al. (1997) give a review on mathematical models for reverse logistics
proposed in the literature. Both Bras and Mclntosh (1999) and Guide (2000) give an

overview of research about remanufacturing.



3.2. Quality Issues on Remanufacturing

Studies about quality issues on remanufacturing are limited; especially focusing on
quality management of potential used products and quality management of manufactured

products that will affect their remanufacturing operations.

Krikke et al. (1998) propose a model that takes the actual condition of the used
product into account. There are quality classes for every component of the product; and the
quality level of a subassembly depends on the quality class of the parent assembly and
transition probabilities between them. The aim of the model is to maximize profit with a
stochastic dynamic programming algorithm by selecting a reuse option for each quality

class.

Matthews and Lave (1995) considered the option of improving quality levels of
manufactured products in order to decrease their remanufacturing costs hence making them

more attractive to remanufacturing.

To the author’s knowledge, quality management for remanufactured products is
studied only by Mitra (2007). He seeks optimum prices for remanufactured products
according to their quality levels to maximize total profit. There are two quality levels of
remanufactured products: “as good as new” ones named as remanufactured products and
“lower quality” items named as refurbished products. A mathematical model is formulated
to set the prices of remanufactured and refurbished products such that the total revenue is
maximized. The emphasis is on revenue maximization and costs of remanufacturing and
refurbishing are not considered. Quality levels are not considered as decision variables,
they take part in the model as problem parameters being the available amounts of
remanufactured and refurbished products (which are of different quality by definition), and
optimum prices are determined in terms of these available amounts. Demand for
remanufactured and refurbished products are modeled as linear functions of prices and
availabilities such that not all units will be sold. Demand for manufactured products is
assumed to be enough such that all of them will be sold, so manufactured products are
excluded from the model. Some numerical experiments and sensitivity analysis are carried

out and conclusions are drawn accordingly. Cellular phone industry in India is considered



and according to conclusions drawn from the model, it is pointed out that since available
amount of remanufactured products for cellular phones will increase, remanufacturing will

be a huge business opportunity for OEMs and third party remanufacturers.

3.3. Customer Choice and Pricing

Pricing of remanufactured products has been studied by various researchers. All of
them mention that even though the remanufactured products’ qualities and warranty
conditions are the same as the new products, they are sold at lower prices (Ferrer, 1997),

(Ayres et al., 1997), (Maslennikova and Foley, 2000), (Lebreton and Tuma, 2006).

Matthews and Lave (1995) present economic models aiming to set prices for
remanufactured products according to production costs; the prices decline each time the

product is used.

Paton (1994) discusses problems and opportunities related to electronic products’
reuse and offers methods to integrate reuse into existing business strategies which are
integrating refurbished products into the existing product mix, selling used products

through alternate channels, and using components in service and support.

Guide et al. (2003) consider both determining quality-dependent acquisition prices of
used products and selling prices of remanufactured products to maximize total profit. They
conclude that quantity and quality of product returns can be controlled by varying
acquisition prices, demand can be influenced by varying the selling price and profit can be

maximized by matching supply and demand.

Lebreton and Tuma (2006) propose a mathematical model that aims to maximize
profit of the remanufacturing operation for given selling prices and give a case study for
tire industry. They introduce quality levels of tires targeting different segments: a high-end
tire targeted for the premium segment, a middle-range tire primarily addressing the budget
customers and a cheap imported tire for the low-budget segment. Hence, they are

considered as different products having separate demands. They conclude that low budget



market segment provides a growth potential in an already saturated car tire market, and

hence remanufacturing could be a competitive advantage for firms in tire industry.

Inderfurth (2004) seeks an optimum coordinated manufacturing / remanufacturing

policy for a hybrid manufacturing / remanufacturing company under product substitution.

Ayres and Ferrer (2000) present an input-output model for discussing the situation
where remanufacturing holds a significant share of the economy and apply it to 30-sector
aggregation of the French input—output national data. The model assumes that the final
demand from remanufacturing and from original manufacturing remains the same and the
remanufactured product is sold at a price lower than that of a new one. They conclude that
remanufacturing may satisfy the same final demand from all sectors, requiring fewer inputs
such as raw materials, semi-finished goods and energy but more labor and transport

services.

Vorasayan and Ryan (2005) propose a mathematical model to find the optimal prices
of remanufactured products and proportion of incoming products to refurbish that
maximize total profit. Prices of new products are not considered as decision variables,
since they suggest that prices of new products be determined by market considerations.
The producer has control on prices and supply of remanufactured products since it is
considered as the sole source of remanufactured products. They conclude that for a
manufacturer in a competitive market, introducing remanufactured products to the market
can be profitable even when they potentially reduce the demand for new products.
According to numerical studies, they suggest that significant proportions of returns should
be remanufactured for the cases where high demand for new products and high backorder
penalties combine with low remanufacturing costs and high perceived quality of the

remanufactured products.

Product line selection and pricing with remanufacturing option is studied in the M.S.
thesis by Esenduran (2004). In this study, a mathematical model for product line selection
and pricing is formulated and product line selection and pricing subproblems are solved to
maximize total profit. Here, a remanufactured product’s quality level is fixed to a value

which is less than the quality level of its new version, so the unit remanufacturing cost for
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a product is fixed. Also, two extensions of the base model are introduced. The first one
considers availability constraint for the remanufactured products so that the total amount of
remanufactured products sold to customers cannot exceed the total available amount of
remanufacturable products in the OEM. The second extension includes the cost of lost

customers in the objective function.
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4. MODEL FORMULATION

In this chapter, a base model and two extensions of it are described together with
profit function plots that show model behavior according to problem parameters. Also,

necessary conditions for optimality are given and are questioned for each model.

4.1. Base Model

An OEM producing both new products and remanufactured versions of these in a
hybrid manufacturing / remanufacturing facility aims at determining the best quality levels
and prices of remanufactured products as well as prices of new products to maximize the

total profit.

The constructed nonlinear model maximizes the total profit which is the difference
between the revenues gained by selling the manufactured and remanufactured products and

unit costs of producing them for a single period subject to pricing and quality constraints.

The OEM produces a set of manufactured products denoted by Ny, and
remanufactured versions of these denoted by Ng. There are competitors’ products in the
market denoted by N¢. The set comprising manufactured and remanufactured products of
the OEM is denoted by N; namely, N = Nu U Nk. The products are indexed by j and O,
denotes quality levels of the products while P; denotes their prices. Quality levels of
remanufactured products and prices of manufactured and remanufactured products are
decision variables, while quality levels of manufactured products and competitors’

products are parameters as well as prices of competitors’ products.

Since the customers’ perception of quality of a product depends on a variety of
parameters (i.e., configuration, attributes, appearance, functionality, usefulness,
performance, robustness, expected lifetime, warranty conditions, etc.), we assumed that Q;

is a function of all these parameters and increasing as they fit the customers’ expectations.
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The quality level of a remanufactured product should be lower than the quality level

of its manufactured version, so the model should have the following constraint:

0 <0, » J€Nr, 4.1)

where O, is the quality level of the manufactured version of the remanufactured product

j. If the quality level of the remanufactured product turns out to be the same as the quality
level of its manufactured version, then they both give the same utility to the customer if

their prices are also the same.

We have to point out that we did not restrict the model to have Q <Q, if
0, <0,,, . Namely, a remanufactured product’s quality level may be higher than another

remanufactured product’s quality level even if the ranking of the quality levels of their

manufactured versions is in reverse order.

There is a linear relationship between the unit cost of production C; and its quality

level given as

C=cQ , JjeN, (4.2)

where ¢ is an appropriate cost coefficient.

The price P; of a product should be greater than or equal to its unit cost for both

manufactured and remanufactured products:

Pi2G , jeN (4.3)

which can be written as

Pi>cQi , jeN. (4.4)

There is a demand d for all the products and they get a market share denoted by Uj;

according to their quality levels and prices by the customer preference function (4.5) given
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below. This function is formulated by using the gravity based approach proposed by Huff
(1964) to location-allocation problems, where the probability that a facility being
patronized by a customer is directly proportional to the attractiveness of the facility and
inversely proportional to a power of the distance between customer and the facility. The
same approach is used for modeling customer preference. Namely, the probability that a
customer buys a product is directly proportional to the quality level of the product and

inversely proportional to a power of the price of the product.

__o/r
z O/ Pt~

keNUNc

U jeNUNe. (4.5)

Customer segmentation is not considered and it is assumed that all customers in the

target market have the same preference function.

The numerator of the function (4.5) designates the attractiveness of product j to the
customers. The attractiveness is increasing in the quality of the product and decreasing in
the price of the product as one might expect. Since U; denotes the probability of product j
to be bought by the customers, the attractiveness is divided by the sum of the attractiveness
of all the products that exist in the market. The parameter A is related with the product’s
industry and the customer segment, but since we assumed that the customers are
homogeneous in their purchasing preferences, A turns out to be dependent only on the
industry. For some products, the customers’ sensitivity in price is higher and for some
products, the customers are more sensitive in quality. As A increases, the customers
become more sensitive to price and the importance of price in making a buying decision
increases. We can say that firms in the industries having a high 4 value should find a way
to decrease the prices whereas firms in the industries having a low A value should supply

higher quality products to the customers.

It is seen from the preference function (4.5) that the market share of a product
depends on the quality levels and prices of other products existing in the market as well as
on its own quality level and price. So, all decision variables, namely, quality levels of
remanufactured products, prices of remanufactured and manufactured products are affected

from each other and affect profit dramatically.
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The amount 4; of products sold is given as

4i=dU;, (4.6)

where d is the demand parameter. It is assumed that all demand is satisfied by the market

share of the OEM’s and competitors’ products.

The objective function I is the total profit given as

1= (P-C) 4 (4.7)
JjeN
or equivalently as
=) (P-c0)dUj. (4.8)

This problem aiming at maximizing I1 subject to quality and pricing constraints can

be formulated as a nonlinear programming model, which is called the base model:

max [1= z (Pi—GC)) 4 (4.9)
JjeN

such that 0, <Q,,; j € Nr (4.10)

P=C jeN (4.11)

By substituting C;, 4;, and U}, the base model can equivalently be written as

max H=Z(P'—cQj)dLle (4.13)
jeN ' Z O«/ P '
A keNUNc
such that 0;<Q,,, Jj € Nr (4.14)
PizcQ, JEN (4.15)

0,20 je Nk (4.16)
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4.1.1. Profit Function Plots

Figure 4.1 shows the profit function as a function of price and quality level of
remanufactured product for a problem with one manufactured, one remanufactured and one
competitor’s product. The price of the manufactured product (Py,) is taken as 960, and the
parameter values are set as follows: 4 =2, c¢=16, the quality level of the manufactured
product (Qy) = 30, the quality level of the competitor’s product (Qc¢) = 25 and the price of
the competitor’s product (P¢) = 400.

%10

PR 0 0 QR

Figure 4.1. Profit of the base model as a function of quality level and price of

remanufactured product

Figure 4.2 shows the profit function as a function of prices of manufactured and
remanufactured products for a problem with one manufactured, one remanufactured and
one competitor’s product. The quality level of the remanufactured product (Qg) is taken as

15, while the parameter values are: 1 =2, c¢=16, Q,, =30, O, =25 and P. =400.
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Figure 4.2. Profit of the base model as a function of prices of manufactured and

remanufactured products

It seems from the objective function plots of the base model that the profit increases
along with the decision variables (quality level of the remanufactured product, prices of the
manufactured and remanufactured products). Since the numerical experiments of the base
model have set the quality level of the remanufactured product to its upper limit and the
prices of the manufactured and remanufactured products to infinity (see section 6.1), it is
seen that we should modify the model in an appropriate way to get rid of this unrealistic

situation.

4.2. Model Including Lost Profit

Since the necessity of adding the model a mechanism that will prevent the model to
set the decision variables to infinity is seen, we achieved this by adding a cost item (lost
profit) to the profit function for the amount of lost market share. The lost profit is obtained
by multiplying the unit lost profit (average profit gained by selling manufactured and
remanufactured products) with the amount of competitors’ products sold to customers (in

other words the amount of lost market share) as it is seen below:
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z Ak (Pr— Cr)
D A . (4.17)
eNC Ak
fay ;V
The new profit function becomes
Z Ak (Pr— Cr)
= P—C) A - A ke 4.18
,;v(j j)jk;ck ZAk ( )
keN
which simplifies to
Z Ax
[I=) (P—C) Ai*| 1-4e— 1. (4.19)
= Ak
JjeN 1;\,
It can equivalently be written as
A
0/ P/ kZN: Ok / P
[1=) (Pi-cO)d : - : 4.20
,%:v( 1=cQ) Z Oc/ P’ Z:Qk/Pk/1 (4.20)
‘ keNUNc keN
The extended model where lost profit is considered becomes
0/ P/ Z:QJC/PJ/TL
max [1=> (P-cQ)d ==——*|1-4 4.21
,%\;( i=cQ) Z Oc/ P’ Z:Qk/Pk/1 (421)
' keNUNc keN
such that O;<Q,, j € Nr (4.22)
Pi>cQ jeN (4.23)

0>0 J € Nr (4.24)
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4.2.1. Profit Function Plots

Figure 4.3 shows the profit function including lost profit with respect to price and
quality level of remanufactured product for a problem with one manufactured, one
remanufactured and one competitor’s product. The price of the manufactured product is
taken as 960 which is the optimum value for that decision variable for parameter

valuesA =2, c=16, O, =30, O, =25 and P. =400.

%10

Figure 4.3. Profit of the lost profit case as a function of quality level and price of

remanufactured product

Figure 4.4 shows the profit for the lost profit case as a function of prices of
manufactured and remanufactured products. The quality level of the remanufactured

product is taken as 15, whileA =2, c¢=16, Q,, =30, O. =25 and P. =400.
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Figure 4.4. Profit of the lost profit case as a function of prices of manufactured and

remanufactured products

4.3. Model With Fixed Unit Lost Profit

As an extension, unit lost profit is considered as a parameter which is determined by
the market instead of being calculated with equation (4.17). Lost profit is calculated as

follows:

oY Ar, (4.25)

keNc
where o is the unit lost profit.

The profit function for the extended model becomes

M=) (P-C)Ai-0) Ar. (4.26)

JjeN keNc

The extended model with fixed unit lost profit is given as



max M= (P-C)di-a) 4

JjeN
such that 0;<Q,,;

Pi>cQ

0,>0

4.3.1. Profit Function Plots

keNc
Jj € Nr
jeN

J € Nr
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(4.27)

(4.28)

(4.29)

(4.30)

Following figures show the behavior of the objective function with respect to price

and the quality level of the remanufactured product for unit lost profit values ® = 100, 200,

300, 400 and 500. Other parameter values are chosenas A=2, c=16, O, =30, Q. =25

and P. =400 and the price of the manufactured product is taken as 960.

The figures show that when the value of the unit lost profit is small, the model

behaves as our base model. When it increases, the model resembles the extended model

where unit lost profit is considered as the average profit gained by selling manufactured

and remanufactured products. If the unit lost profit parameter increases too much, profit

function fails to be positive for all values of decision variables.
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Figure 4.5. Profit of the fixed unit lost profit case for ® =100 as a function of quality level

and price of remanufactured product
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Figure 4.6. Profit of the fixed unit lost profit case for ®=200 as a function of quality level

and price of remanufactured product
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Figure 4.7. Profit of the fixed unit lost profit case for ®=300 as a function of quality level

and price of remanufactured product
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Figure 4.8. Profit of the fixed unit lost profit case for ®=400 as a function of quality level

and price of remanufactured product
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Figure 4.9. Profit of the fixed unit lost profit case for ®=500 as a function of quality level

and price of remanufactured product

4.4. Optimality Conditions

We analyzed optimality conditions for all the models. Unfortunately, we failed to

find a closed form equation for the decision variables that satisfy these conditions.

First order Karush-Kuhn-Tucker necessary conditions for optimality for a problem
instance having one manufactured, one remanufactured and one competitor’s product are
given below. The conditions are valid both for the base model and the two extended

models since their constraints are the same.

The three-product model can be written as follows:

min —I1 (4.31)
such that ¢ QOw—Pu <0 (4.32)
cOr—Pr<0 (4.33)
Or—0Om<0 (4.34)

—0r<0 (4.35)
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where Oy, Or, Py and Py are the quality levels and prices of the manufactured and

remanufactured products respectively.

Karush-Kuhn-Tucker first order necessary conditions for optimality are as follows:

M =0 (4.36)

OPu
L (4.37)

OPr
+cur+us—us=0 (4.38)

R

u(cQu—Pu)=0 (4.39)
u(c Or =Pr')=0 (4.40)
us(Or —0m) =0 (4.41)
us—0r )=0 (4.42)
ut,u2,u3,us >0 (4.43)

where u;, u,, u; and u, are the Lagrange multipliers of the constraints (4.32), (4.33), (4.34)
and (4.35), respectively.

From equations (4.36) and (4.37), we can make the substitutions ui :a—Hand

Py
oIl
U= )
OPr
So, equations (4.39), (4.40) and (4.43) can be written as follows:
oIl .
— —Pu)=0 4.44
2P (c Qv —Pu) (4.44)
aH * *
—Pr)=0 4.45
Fx (cOr —Pr) (4.45)
s >0 (4.46)

OPu
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ol >0 (4.47)
OPr

Equation (4.41) states that either u3=0 or Or = QOw, and equation (4.42) states that

either us=0 or Oz =0.

If we assume that Or <Qw and Ok >0, then this implies #3=0 and u+=0. So,

equation (4.38) reduces to

oIl oIl

e 2. (4.48)
OQOr  OPr

If we also assume that prices are strictly greater than unit manufacturing and
remanufacturing costs, namely, Pu >cQOw and Pz >cQr, equations (4.44), (4.45),

(4.46), (4.47) and (4.48) reduce to

o

—— =0 4.49
OPu ( )
a (4.50)
OPr

ol _, (4.51)
00k

As a result, if at the optimum solution quality, price and nonnegativity constraints are
satisfied as strict inequalities, KKT necessary conditions for optimality require that partial
derivatives of the objective function with respect to decision variables are equal to zero. If
the constraints are binding, then partial derivatives with respect to decision variables do not

need to be equal to zero and KKT conditions consist of the equations (4.36) - (4.43).
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4.4.1. Base Model

Partial derivatives of the objective function with respect to decision variables for the

base model are as follows:

oIl _ Owm _(PM—CQM)QMX_{_(PM—CQM)QMz7\,+(PR—CQR)QRQMX J

oPv | P Z P.* Z Pu ( PMA)Z 72 P, P 7' P/ P, (4.52)
where Z = }ng + gi +gi

oIl | Ok (PR—CQR)QR}\,_l_(PR—CQR)QRZ}\,+(PM—CQM)QMQR>\. J

oPr | P Z P Z P (" )2 7’ P, P.* 7% P P (4.53)
where Z = ng +§i +§i

o (PM—CQM)QM ¢ Or +PR—CQR_(PR—CQR)QR

00k P 7Pl P Z P Z (Pr) 22 (4.54)
where Z = Ing + gi + Igi

4.4.2. Model Including Lost Profit

Partial derivatives of the objective function with respect to decision variables for the

model including lost profit are given below:



27

oIl | Owm _(PM—C QM) Ouh N (PM—C QM) On’ L N (PR—C QR) QRQM?\,

oPu | P Z P, Z Py ( PMx)z 72 p, P Z* P Pu
((PM —C?M) Ou N (PR _CKQR) QR] d 0cOn
Oc P Z P Z
* ] — QM On o o > (4.55)
P (PM P j pe (PM P&) PP
where Z = Qu -+ QI; Qc
P P P’
oIl _ Or _(PR—CQR)QRX+(PR—CQR)QR2X+(PM CQM)QMQRK
OPx | P Z P Z Py ( pkx)z 72 P, P.* Z* P P
((PM CQM) Owum (PR—CKQR) QRJCZQCQR}\.
Oc P> Z P Z
1= QM O 0 o 5 (4.56)
P [PM P ) (PM PRA) Pep
where Z=QK+QI; Qc
P P P’
oIl _ _(PM—CQM)QM_ ¢ Or +PR—CQR (PR—CQR)QR
OOk przZ*Pr  PMZ P Z ( pr) 72
(PM -c QM) Omn (PR —-c QR) Or d0c
Qc Pt Z P Z
* 1_ QM or + 0 0 (4.57)
) (P" PR ) PCX(PMX-FPR}\) PR}L
where Z=Qx QR+Qi
P.* P Pe

4.4.3. Model With Fixed Unit Lost Profit

Partial derivatives of the objective function with respect to decision variables are

given below for the model with fixed unit lost profit:
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Oum (PM—C QM) Om A (PM—C QM) Ov* A

— +

on | PAZ PSZP. (P*) Z2 P
= d (4.58)
0Py (PR—C QR) OrQum A OcOuawh .
+ 72 p ~ " pir g2 pa
P Z° Pu" Pu P’ 77 Py Pu
where Z = QMK + Qi + ch
Py P Pc
Or (PR—C QR) QR7L+(PR—C QR) QR2 A
ol | Pz PZPs (P*Y z* P.
= d 4.59
OPr (PM—C QM) OuOrh  QcOr* @\ (4.59)
+ * 72 p A T pAh 72 ph
P." Z7 P P P’ 77 P Pr
where Z = QMK + QI; + ch
PM PR PC
(Pu—cOu)Ou  cOr (Pr—cOr)
an TPIZ P PhZ PiZ .
20x | (Pr—c QR)QR+ d Ocw (4.60)
( p&)z A AN
where Z = QMK + QI; + ch
P P P

Since the partial derivatives given above are very complex, we failed to find a closed
form solution for the decision variables that make partial derivatives equal to zero. So, we
could not obtain a mathematical solution to our models, but we used these partial
derivatives in verifying the solutions obtained through simplex search algorithm (see

Section 6.2.1).
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5. SOLUTION PROCEDURE

In this chapter, simplex search algorithm used in solving our models is described in
detail together with the modifications necessary for handling constraints. Furthermore, the

outline of the design of experiments is given.

We seek an optimal solution for a constrained nonlinear programming problem. As
shown previously, by taking derivatives we failed to find the optimal solutions (see Section
4.4). Moreover, since the models have variables in continuous space, complete
enumeration is not possible. Thus, we used a direct search method developed for solving
multi-dimensional optimization problems. Direct search methods start with a set of
solutions and generate a new candidate at each iteration. A discussion of these methods can

be found in (Lewis et al., 2000), (Torczon, 1997), and (Wright, 1996).

Simplex search method developed by Nelder and Mead (1965), is a well known
direct search method which can be used to solve the problem in question. Lewis et al.
(2000) state that “Of all the direct search methods, the Nelder-Mead simplex algorithm is
the one most often found in numerical software packages.” Another popular method is the

pattern search (Hooke and Jeeves, 1961).

Humphrey and Wilson (2000) propose a revised simplex search procedure consisting
of a three phase application of the original Nelder-Mead method in order to avoid the

weaknesses of direct search methods.

5.1. Simplex Search Algorithm

Simplex search algorithm starts with an initial simplex and works by taking a series
of steps to modify the simplex and finally converges to a point which is a local optimum. A
simplex is a polygon consisting of n+1 points (or vertices) in n dimensions. In two

dimensions a simplex is a triangle while it is a tetrahedron in three dimensions.

Each vertex of the simplex is represented by a multi-dimensional vector whose

elements are quality levels of the remanufactured products, prices of manufactured and



30

remanufactured products, respectively. At each step of the algorithm the objective values

are calculated for each vertex.

Each iteration starts by reflecting the worst vertex of the simplex over the central
point by a reflection coefficient (a), and accepts or rejects the newly generated point. We
also attempt expansion, contraction or shrinkage steps according to the objective value.
Reflection provides moving the worst vertex (having minimum objective value for a
maximization problem) through the opposite face of the simplex to a better point.
Reflection steps are constructed to conserve the volume of the simplex, hence maintaining
its nondegeneracy. When the reflected point is better than the best vertex of the previous
simplex, an attempt is performed to expand the reflected point by an expansion coefficient
(y). Otherwise, if the reflected point has an objective value which is smaller than the next
to worst vertex of the previous simplex, an attempt is performed for contracting the
reflected point by a contraction coefficient (f). If the contracted point is worse than the
worst vertex of the previous simplex, the entire simplex is shrunk by a shrinkage
coefficient (y). After all these steps, termination criterion is questioned and reflection step
is repeated unless it is satisfied. The coefficients conform to the following inequalities as

stated by Bazaraa et al. (1993).

Reflection coefficient: a>0
Expansion coefficient: y>1
Contraction coefficient: 0<p<l
Shrinkage coefficient: x>0

Detailed description of the algorithm is given below and the visual representation
and flowchart of the algorithm for our maximization problem can be seen in Figure 5.1 and

Figure 5.2.

Since the method is originally developed for unconstrained optimization, some
modifications are needed to handle the constraints of the model. These modifications are

described in Section 5.1.2.
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5.1.1. Steps of the Algorithm

1. Construction of the initial simplex

Choose X' randomly and construct the rest of the simplex by computing other

vertices with

X =X'+D  i=1,..,n (5.1)

as suggested by Bazaraa et al. (1993), where D' is the direction vector whose i™ component

is equal to a and all other components are equal to b, where

a=nj§GM+1+n—D (5.2)

and

_ S _
b—nJ§0M+1 ) (5.3)

where s is a positive scalar being the step size parameter. s is set to 2 for quality level

variables and set to 100 for price variables.

Then go to step 2.

The vertices calculated by equation (5.1) form a simplex, since X', i=1,..,n+1

are affinely independent as it is shown by Esenduran (2004).

2. Comparison of vertices

Compute profit function (IT) for each vertex as shown in equation (4.21).

Compare vertices according to their profit values and set X", X", X" and their

profit values Z™", Z" and Z"* where

Z" =min[I(X') i=1,..,n+1 (5.4)
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and X™" is the corresponding vertex.
Z”’“’zrrlljn]_[(xi) i=1,..n+l, i#min (5.5)

and X" is the corresponding vertex.
Zm%qgmHoC)iszm+1 (5.6)

and X" is the corresponding vertex.

Compute centroid X" of all the vertices in the current simplex except X" with:

1 n+l )
-y X (5.7)
n i

i#min

Xcent _

Go to step 3.

3. Reflection

Compute reflected point X" of X" through X" with:

ch{f — Xcent +a (Xcent _ Xmin) (58)

and let its objective value IT (X"?) be Z'7.

Then:

IfZ"Y > 7" go to step 4.

IfZ"™ < 7" < Z"™, accept reflection and replace X" with X" to form a new
simplex and go to step 7.

IfZ"" < 7' < 2"  accept reflection and replace X™" with X"¢ and go to step 5.

IfZ"7 <Z™, go to step 5 without accepting reflection.
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4. Expansion

Compute expansion point X7 of X" over X“" with:

Xexp — Xcent +7/ (xref _ Xcent) (59)

and let its objective value IT (X*?) be Z7.

Then:
IfZ°? > 7™, accept expansion and replace X" with X“* and go to step 7.

IfZ°% < 7', accept reflection and replace X" with X'“ and go to step 7.

5. Contraction

Compute contraction point X" of X" over X" with:

Xcunt — Xcel’lt + ,B (Xmi” _ Xcent) (5 10)

and let its objective value IT (X?) be Z"".

Then:
IfZ" > Z™" , accept contraction and replace X" with X“*" and go to step 7.
If Z<" < Z™", go to step 6.
6. Shrinkage
Replace X' with X' + y (X" =X') for i=1,..,n.
Go to step 7.

7. Termination

Compute centroid X" and its profit value Z°”" as described in step 3.
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If the termination condition

{Li[zf —zm’]z} < ¢ (5.11)

n+lg

is satisfied, set X" to X", Z" to 2" and stop. Otherwise, go to step 2.

Figure 5.1 shows the steps of the Nelder-Mead simplex search algorithm visually for
a maximization problem in three dimensions (Press et al., 1992). Also, flowchart

representation of the algorithm can be seen in Figure 5.2.

simplex at beginnming of step
low
high
reflection
(a)
reflection and expansion

b)

contraction
(c)

5
shrink age

@ A

Figure 5.1. Visual representation of the steps of the Nelder-Mead simplex search

algorithm in three dimensions
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Atempt Expansion Accept Reflection
AEP=XTg (XX Replace X™ by X™
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¥
Accept Reflection
9P o, el Replace X™" by X™* it
YES NO
l l r
. Reject Expansion -
Accept Eﬂ:anslnn A 2 Attempt Contraction |
o axp ccept Reflection t_gcent min <
Replace X™ by X Replace X" by X" XEEXTE T (XK
T
YES NO
|_ Accept Contraction RP'fo""; ':]_1;' I:agi:
Replace X™" by X" P ace. (=1 %)
with X'+ 5 (X™.X)

s termination criterion
satisfied?

YES—p|Report Z™ & X™*

Figure 5.2. Flowchart representation of the Nelder-Mead simplex search algorithm
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5.1.2. Modifications to Handle Constraints

Original simplex search algorithm works for unconstrained optimization. Since our
model has quality and price constraints, we need to make some modifications to the

procedure.

Initial simplex is constructed from a randomly chosen initial point which is

computed as

X' :{QM]—IOU,QM2—4U,CM1+200U,CM2+200U,CM1+100U,CM2+100U} (5.12)

where U is a random number uniformly distributed in (0,1).

According to problem parameters given in tables below, it is seen that the first point
of the simplex is feasible with respect to constraints (4.22) and (4.24) since quality levels
of the manufactured products are all greater than 10, it is also feasible with respect to
constraints (4.23) since positive numbers are added to the unit production costs. Since all
entries of direction vector D are positive, the vertices generated from the initial point X'

will be feasible with respect to constraints (4.22) and (4.23).

For satisfying constraints (4.24), we need to check if they are violated while
generating the vertices of the simplex. If they are violated for some remanufactured

product j, we reset their quality levels as Q=0 -2(Q;—Q,,,) where Q, . is the quality

level of the manufactured version of remanufactured product ;. In this fashion, feasibility
of the initial simplex is guaranteed but we also have to guarantee feasibility of our
simplices modified at each step. For doing this, we check feasibility of each candidate
point newly generated by reflection, expansion, contraction or shrinkage steps by updating
reflection, expansion, contraction or shrinkage coefficients such that feasibility according

to constraints (4.22), (4.23) and (4.24) is guaranteed.

For the reflection step, we update « as seen below:

a = (0, — X" ) /(X" = X"") if constraint (4.22) is violated for ;.
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a = (Cj— X" ) J(X " — X"™™Y if constraint (4.23) is violated for ;.

a = (0= X ") /(X" —X;™™) if constraint (4.24) is violated for ;.

If more than one of the constraints (4.22), (4.23) and (4.24) are violated, we set a to

the minimum of the values computed above.

For the expansion step, we update y as follows:
7 =(0y,; = X") /(X" = X" if constraint (4.22) is violated for j.
¥ =(Cj= X" ) (X" = X" if constraint (4.23) is violated for ;.

7 =(0=X“") /(X" = X;“") if constraint (4.24) is violated for ;.

If more than one of the constraints (4.22), (4.23) and (4.24) are violated, we set y to

the minimum of the values computed above.

For the contraction step, we update £ as follows:
B =0y, = X“") /(X" = X;“™) if constraint (4.22) is violated for .
B =(Ci= X"y /(X" — X;°") if constraint (4.23) is violated for ;.

B=(0=X“") /(X" —X;*") if constraint (4.24) is violated for ;.

If more than one of the constraints (4.22), (4.23) and (4.24) are violated, we set £ to

the minimum of the values computed above.

Since the shrinkage step guarantees feasibility related with quality, price and

nonnegativity constraints, a modification is not necessary for this step.
5.2. Experimental Design

In this section, we explain the design of experiments that are performed to find the
optimal values of the decision variables and to analyze the behavior of the models (lost
profit case and fixed unit lost profit case). Firstly, we carried out some three-product

problem experiments for the model with lost profit (4.21) — (4.24) consisting of one
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manufactured product, remanufactured version of it and one competitor’s product in order
to see which parameter intervals give meaningful and useful results for a wide range of
parameter values. These parameter values are given in Table 5.1 and it is seen that a total

of 1440 different experiments are performed.

Table 5.1. Parameter set for three-product experiments for the lost profit case

s A c Oum Oc Pc
2,100 2 2 5 5 400
3 4 10 10
6 15 15
8 20 20
10 25 25
12 30 30
14 35
16 40
18 45
20 50
55
60

According to the solutions of the three-product experiments, we determined intervals
for the problem parameters which give meaningful and useful results. Then we carried out
five-product experiments using these new parameter intervals as given in Table 5.2. All
combinations of the parameters are used, so a total of 10800 different experiments are

carried out with 10 runs.

Two different step sizes (s) are used for the experiments of the lost profit case as
given in Table 5.2. It is seen that the change in the step size does not affect solutions. So,

we can say that the constructed initial simplices are sufficient to cover the solution space.
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Table 5.2. Parameter set for five-product experiments for the lost profit case

s p) c Oumi Om Oc Pc
2,100 2 10 25 10 20 400
4,200 3 12 30 15 25 500

4 14 35 20 30 600
16 40 35 700
18 40 800
20

We also analyze if changes in the remanufacturing cost coefficient (c,) affect
solutions when the cost coefficient of manufacturing (c) remains constant. Hence,
experiments given in Table 5.2 are performed also for the case where ¢, is 60 per cent of ¢

as given in Table 5.3. 5400 different experiments are performed for 10 runs.

Table 5.3. Parameter set for five-product experiments where the cost coefficient of

remanufacturing is 60 per cent of the coefficient of manufacturing

Cr s A c Owmi Om2 Oc Pc
0.6¢ 2,100 2 10 25 10 20 400
3 12 30 15 25 500
4 14 35 20 30 600
16 40 35 700
18 40 800

20

Finally, Table 5.4 gives the experimental design for the fixed unit lost profit case

(4.27) - (4.30). A total of 1080 experiments are carried out for 10 runs in this case.
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Table 5.4. Parameter set for the fixed unit lost profit case for five-product experiments

w s c Owmi O Oc Pc
80 2,100 10 25 10 20 400
160 12 30 15 25
200 14 35 20 30
16 40 35
18 40
20

Solution algorithm is coded in Visual C++ 6.0 environment. In order to deal with
local minima, the solution algorithm is run 10 times for each combination of the parameter
sets above with 10 random initializations. Random initializations are provided by choosing
the first point of the simplex randomly with equation (5.19) and then constructing the rest

of the simplex with the equation (5.1).

Experiments are performed on a PC with a 2.4 GHz Pentium IV processor and 504

MB RAM. For stopping conditions, & = 10 is used in all the experiments.

It takes about two to five minutes to make 10 runs for each 360 parameter
combination set (different values of ¢, Ous, Omz, Oc), namely, 3600 experiments for the
problem instance having two manufactured, two remanufactured and one competitor’s
product for a given value of A and Pc. Therefore, we can say that one experiment takes

about 0.05 seconds.

Some problems are solved also with Excel Solver in order to test our algorithm. We
found that Excel Solver and our algorithm give the same objective values in general. This
supports our belief for the optimality of the output of our algorithm although we can never
be sure that we have found the optimum solution. But, after a number of experiments Excel
Solver failed to find the solution, hence we could not carry out all the experiments that

have different parameter sets by Excel Solver.
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6. EXPERIMENTAL RESULTS AND INSIGHTS

In this chapter, results of the experiments are analyzed in two ways. First, best
solutions found by the algorithm are given for each model. Then, the behavior of the

solutions for the model with lost profit is discussed as parameters are changed.

One of the main aims of this study is to investigate whether setting quality levels for
remanufactured products less than the quality level of new ones increases profitability.
Therefore, the emphasis is given to results and outcomes of the solutions where quality
levels of remanufactured products are set to values less than the quality levels of their
manufactured versions (namely, where the quality level constraints are not binding). It is
seen from the results of the experiments that when the value of 4 is less than two, at least
one of the remanufactured products’ quality level is set to its upper limit for all values of
problem parameters. So, results of the experiments where A>2 are taken into

consideration.

Since we had 10 runs having different starting solutions for each parameter
combination, we had the chance to observe if different runs for the same parameter values
give the same values for the decision variables and the objective function. We can say that
approximately 90 per cent of the runs of the same parameter set give the same objective
value but need not have the same decision variable values. The common characteristic of
all alternative optimum solutions is described in Section 6.2. Discussion about model
behavior according to problem parameters given below is provided from the average
values of decision variables and the market share of products which are calculated from

alternative optimum solutions.

For discussion of the five-product instances, we used the average of the quality levels
and prices of remanufactured products since there are two remanufactured products.
Among the alternative solutions, the quality levels and prices of remanufactured products
may show big differences and as it is pointed out before, a remanufactured product’s
quality level may be higher than another remanufactured product’s quality level even if the

ranking of the quality levels of their manufactured versions is in reverse order. This is also
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valid for prices of them. When we take the average of them, we obtain the behavior on
average. For prices of the manufactured products, we analyzed the behavior of one of them

since they show the same behavior.

6.1. Base Model

We constructed the base model and carried out some experiments to see if our
formulation makes sense or not. Results of the experiments show that whatever values are
assigned to the parameters, decision variables are set to their upper limits for variables that
have an upper bound (quality level variables). On the other hand, variables that do not have
an upper bound (price variables) are set to infinity. By setting prices to infinity, a small
market share is gained by the equality (4.5), but this gives higher profit than by setting a
reasonable price and gaining a larger market share. In order to overcome this unexpected
behavior, a mechanism that will prevent the model to set prices to infinity should be added
to the model. This is achieved by adding a cost item to the profit function for the amount of

lost market share, hence obtaining a new model that is given in Section 4.2.

6.2. Model Including Lost Profit

By adding the lost profit due to the competitor’s market share to the profit function,
the model started to behave as expected. A three-product instance (consisting of one
manufactured product, its remanufactured version and one competitor’s product) served us
as a tool for understanding model behavior according to problem parameters. We tried a

wide range of parameter values in order to see which values of parameters are meaningful

(Table 5.1).

When coefficient ¢ (relating the unit cost to the quality) is at low levels, the model

sets the quality level of the remanufactured product to its upper level (makes Or = Qwm ).

When the value of ¢ increases, O starts to take values less than Q). The value of ¢ where
Ok starts to take values less than Oy, depends on the values of Oy and Qc. As Oy and Q¢
increase, the value of ¢ where Qg starts to take values less than Q) decreases. Namely, at

smaller values of ¢, O starts to be less than Q).
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The second problem we solve is a five-product instance having two manufactured,
two remanufactured and one competitor’s product for different meaningful problem
parameter sets that are given in Table 5.2 with 10 different random starting solutions for
each parameter set. Discussion given below is valid for both three-product and five-

product problem instances.

It is seen from the results that, different runs having different starting solutions bring
different optimal solutions that have the same objective value. Prices of manufactured
products (P)) are the same for each of them, whereas quality levels and prices of
remanufactured products (Qr and Pp) vary. Total market share of the remanufactured
products are also the same for all the alternative solutions. This also holds for

manufactured and competitor’s products.

The common point of the optimal solutions (solutions of different parameter
combinations and alternative solutions of the same parameter combination) found by the
algorithm is that, the ratio of the prices to costs of remanufactured products being equal to
A where quality levels of remanufactured products are set to values less than quality levels
of the manufactured products. Namely, Pr/Cr= A for all A values at an optimum solution.
It is also possible to say that the ratio of prices to quality levels for remanufactured

products become equal to ¢ A (Pr/Qr=cA) for all parameter values if the quality level

constraints (4.22) are not binding.

Also, the ratio of prices of manufactured products to their costs equals to A when
A =2 and when quality levels of remanufactured products are not set to their upper limits.

Namely, Pv/Cu=A (Pu/Qu=cA) forA=2. For other values of 1, this equation does

not hold. WhenA <2, Pu/Cu > A and whenA >2, Pu/Cu < A at optimum solutions.

Another interesting outcome realized is that when A =2, total market share of the
OEM (manufactured and remanufactured products sold to customers) equals to 70.71 per
cent. In other words, the market share of the competitor’s product equals to 29.29 per cent.
This holds both for three-product and five-product problems for the solutions where quality
levels of remanufactured products are set to values less than quality levels of their

manufactured versions.
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Moreover, profit gained from manufactured and remanufactured products become

equal to each other for A=2. In other words, the values of Z (Pi—Cj) Ai and

JeENM

Z (P;—Cj) A become equal. For other values of 4, this situation is not observed.
JENR

6.2.1. Sample Experiments and Their Output

Table 6.1 shows input and output data for some experiments selected among the
10800 experiments given in Table 5.2. Some general outcomes can be reached from the

results.

Partial derivatives of the profit function with respect to prices of manufactured (4.55)
and remanufactured products (4.56), and quality levels of remanufactured products (4.57)
are zero for all of the experiments given in Table 6.1. For all other experiments where
quality levels of the remanufactured products are not set to their upper limits, we have the
same situation. For some experiments where quality levels are set to their upper limits,
partial derivatives of the profit function with respect to quality levels of remanufactured
products does not equal to zero as expected from equation (4.45). These observations
confirm that solutions found by the algorithm satisfy KKT first order necessary conditions

that are derived in Section 4.4.

Table 6.1. Input and output data for sample experiments

INPUT ouTPUT MARKET SITUATION

¢ OuiOuz Oc Pc | Ori Or: Pri Prz Pui Pup| Ari Arz Asn Ayz  Ac  Profit
16 20 25 25 500 (20.8 8.64 664 277 960 640 [13.8 33.1 9.53 14.3 293 10723
16 20 25 25 600 (28.3 18.8 907 603 960 640 (14.5 21.9 13.7 20.6 29.3 15442
16 20 40 40 500 (11.1 45 356 144 960 640 [16.1 39.7 596 894 29.3 6702.1
16 20 40 40 600 ]254 6.58 813 211 960 640 [10.1 39.1 858 12.9 29.3 9651
18 20 40 40 600 | 18 4.79 647 172 1080 720 (11.3 42.4 6.78 10.2 29.3 8578.6
20 20 40 40 600| 16 3.53 640 141 1200 800 [10.3 46.7 549 824 29.3 7720.8
16 20 25 25 500 (539 539 259 259 849 609 (324 324 51 9.21 20.8 11593
16 20 25 25 600 (739 7.39 355 355 897 657 (29.6 29.6 7.43 12.6 20.7 15784
16 20 40 40 500 [4.13 4.13 198 198 819 579 (34.5 345 3.55 6.7 20.8 8884.1
16 20 40 40 600 564 5.64 270 270 855 615 32 32 54 9.67 20.8 12109
18 20 40 40 600 |4.61 4.61 249 249 934 664 |(33.7 33.7 4.14 7.68 209 11152
20 20 40 40 600 [3.86 3.86 232 232 1016 716 (34.9 349 3.22 6.13 20.8 10362

W W W W W WIN NN NN NS
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6.3. Model With Fixed Unit Lost Profit

When we model the lost profit as a fixed parameter whose value is determined by the
market, instead of the average profit gained by the OEM by selling manufactured and
remanufactured products; optimum solution occurs where Or = QOw when the value of the
lost profit parameter is low. When the value of the lost profit parameter is high, the
algorithm generally fails to find a solution having a positive objective value. The figures
given in this section are based on the solutions of the experiments given in Table 6.2

below.

Table 6.2. Test data for sample problem of Section 6.3

Our | Om2 | QOc | Pc c
25 10 20 400 18

Figure 6.1 and Figure 6.2 respectively show the total profit and the market share of
products as unit lost profit (o) is changed. It is seen that as ® is increased, the total profit

of the OEM decreases as one might expect.

20000
18000 A
16000 -
14000

12000 1 “\55555“‘\-~\§’
10000
8000
6000 -

4000
2000 -

Total Profit

80 160 200
Unit Lost Profit

Figure 6.1. Total profit as a function of unit lost profit



46

70
60 Aﬂ\‘
$ 50
% 40 —&o— Man
& —8— Reman
o 30 —A— Comp
< 20 " —=
10
0
80 160 200
Unit Lost Profit

Figure 6.2. Market shares with respect to unit lost profit

Figure 6.2 shows that as unit lost profit increases, the OEM tries to increase its total
market share in order to lose less from lost profit. This causes total profit to decrease as
shown in Figure 6.1. The increase in market share is achieved by decreasing prices without
decreasing quality levels as shown in Figure 6.3. It is seen that market share and prices of
manufactured and remanufactured products are the same since quality levels of
remanufactured products are set equal to the quality levels of their manufactured versions,

so that they are perceived as equal products by customers.
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Figure 6.3. Average prices and quality levels of products with respect to unit lost profit
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6.4. Effect of Problem Parameters

In this section the model behavior is analyzed according to problem parameters in

order to derive insights from the results. Discussion given below is reached from the

results of the experiments of model (4.21) — (4.24).

6.4.1. Effect of Changes in the Quality Level of Competitor’s Product

Table 6.3 shows test data for sample experiments.

Table 6.3. Test data for sample problem of Section 6.4.1

Oumr | Om2 | Pc c
25 15 500 18

As the quality level of competitor’s product (Q¢) increases, quality levels and prices
of the remanufactured products decrease in general. Prices of manufactured products also

decrease when A > 2 while they remain constant when A =2.

The reason for this behavior is that by offering products with lower quality levels and
lower prices, the OEM tries to increase its competitive advantage. By doing this, the OEM
preserves its total market share. The decrease in the market share of manufactured products
is offset by the increase in the market share of remanufactured products. But since prices
decrease, the average profit gained by selling manufactured and remanufactured products

decreases, which results in less total profit.

Figure 6.4 shows the total profit as a function of the quality level of competitor’s
product for different values of price of competitor’s product. We see that as the
competitor’s product becomes more attractive to the customers (i.e., as its quality increases

or price decreases or both), the total profit decreases considerably.
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Figure 6.4. The total profit as a function of quality level of the competitor’s product for

different values of price of competitor’s product

It is observed that profit gained from manufactured and remanufactured products are
decreasing as the quality of competitor’s product increases and as price of competitor’s

product decreases. This is the same trend of the total profit given in Figure 6.4.
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Figure 6.5. Average quality level and price of remanufactured products with respect to the

quality level of the competitor’s product

Figure 6.5 shows that as quality level of competitor’s product increases, quality
levels and prices of remanufactured products decrease on average in order to regain market

share.
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Figure 6.6 shows the market share of products as quality of competitor’s product
changes. It is seen that the market share of remanufactured products increase with the
quality level of the competitor’s product, whereas the market share of manufactured
products decrease and the total market share of the OEM is conserved. Since manufactured

products’ prices have not been decreased, their market share decreases.
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Figure 6.6. Market shares with respect to the quality level of the competitor’s product
6.4.2. Effect of Changes in the Price of Competitor’s Product

The price of competitor’s product (Pc) affect solutions in an opposite way of its
quality level (Qc) as expected. As the price of the competitor’s product increases, quality
levels and prices of remanufactured products increase. Prices of manufactured products

also increase when A > 2, whereas they remain constant when A =2.

The decreasing market share of remanufactured products offsets the increasing
market share of manufactured products. Hence, the market share of the OEM remains
constant. Since prices of products of the OEM increase, average profit increases and as a

consequence, the total profit increases as well, as can be seen in Figure 6.4.

Table 6.4 shows test data for sample experiments that the figures in this section are

derived from.
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Table 6.4. Test data for sample problem of Section 6.4.2

Omi | Om2 | Oc
25 15 30 18

Figure 6.7 shows the market share of products as the price of the competitor’s
product changes. As price of the competitor’s product increases, the market share of
manufactured products increase and the market share of remanufactured products decrease;
they come closer to each other and become equal at the end. The reason for this is that
quality levels and prices of remanufactured products are set as equal to their manufactured
versions for the last two experiments. Figure 6.8 shows the average quality level and price

of remanufactured products as a function of the price of the competitor’s product.
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Figure 6.7. Market shares with respect to the price of the competitor’s product
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Figure 6.8. Average quality level and price of remanufactured products with respect to the

price of the competitor’s product

6.4.3. Effect of Changes in Quality Levels of Manufactured Products

While the quality level of a manufactured product (Qy) increases, its price is also
increased since the cost of manufacturing is increased. As a result, its market share is
decreased a little. This decrease in the market share is offset by changing (increasing or
decreasing according to values of the parameters) quality levels and prices of

remanufactured products, hence increasing their market share.

Table 6.5 shows test data for sample experiments that the figures in this section are

based on.

Table 6.5. Test data for sample problem of Section 6.4.3

Ow | Qc | Pc c
15 35 500 18

Figure 6.9 shows the price of a manufactured product as a function of its quality
level for different A values. We see that slope of the line decreases as 4 increases, since an
increase in A means that importance of price is increased for the customer in making a

buying decision, so the increase in price is diminished.
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Figure 6.9. Price of a manufactured product as a function of its quality level

ForA =2, the OEM conserves its total market share and total profit by increasing
market share of the remanufactured products by choosing appropriate quality-price
combinations. The price and the market share of the other manufactured product are not
affected by this change. Figure 6.10 shows the increase in the market share of
remanufactured products and the decrease in the market share of manufactured products
with respect to the quality level of a manufactured product forA=2. We see that the

market share of the competitor’s product remains constant at 29.29 per cent.
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Figure 6.10. Market shares with respect to the quality level of a manufactured product for

A=2
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For A > 2, although total market share of the OEM has not been changed much, total
profit could not be conserved, since the market share of the other manufactured product is

increased by decreasing its price, hence decreasing total profit.

Figure 6.11 and Figure 6.12 respectively show market share of products with respect
to quality level of a manufactured product for A =3 and 4 =4. We see that as A increases,
market share of products show the same trend but the market share of remanufactured
products increase considerably. Market share of manufactured and competitor’s product

decrease as /1 increases, so total market share of the OEM is increased.
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Figure 6.11. Market shares with respect to the quality level of a manufactured product for

A=3
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Figure 6.12. Market shares with respect to the quality level of a manufactured product for

A=4

Figure 6.13 shows the total profit of the OEM as a function of quality level of a

manufactured product for different 1 values. We see that profit remains constant for A =2

and decreases a little bit for 4 > 2 since importance of price increases as 4 increases.
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Figure 6.13. Total profit as a function of quality level of a manufactured product

6.4.4. Effect of Changes in the Cost Coefficient ¢

As the cost coefficient (¢) increases, quality levels of remanufactured products

decrease in order to regain cost advantage, and prices of remanufactured products also
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decrease as expected since they are now of lower quality. Prices of manufactured products

increase since their unit costs are increased.

Table 6.6 shows test data for sample experiments that the figures in Sections 6.4.4,

6.4.5 and 6.4.6 are based on.

Table 6.6. Test data for sample problem of Sections 6.4.4, 6.4.5 and 6.4.6

Our | Om2 | Oc | Pc
35 20 35 500

Figure 6.14 shows price of a manufactured product as a function of the cost

coefficient. Since the other manufactured product also shows the same trend, this figure

reflects the behavior on average.
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Figure 6.14. Price of a manufactured product as a function of the cost coefficient

Figure 6.15 shows average quality level and price of remanufactured products as a

function of the cost coefficient.
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Figure 6.15. Average quality level and price of remanufactured products with respect to

the cost coefficient

Figures 6.16 and 6.17 show that the ratio of prices to cost of manufacturing and

remanufacturing remain constant being equal to 4 where quality levels of remanufactured

products are not set to their upper limits.
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Figure 6.16. Average cost and price of manufactured products with respect to the cost

coefficient
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Figure 6.17. Average cost and price of remanufactured products with respect to the cost

coefficient

By conserving total market share of the OEM, the remanufactured products’ market

share increases and the manufactured products’ market share decreases as shown in Figure

6.18, since price of manufactured products increase whereas price of remanufactured

products decrease. Total profit decreases for all values of 1 since costs increase as shown in

Figure 6.19.
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Figure 6.18. Market shares with respect to the cost coefficient
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Figure 6.19. Total profit as a function of the cost coefficient

6.4.5. Effect of Changes in the Remanufacturing Cost Coefficient ¢,

As remanufacturing costs show differences industry by industry, we assumed that, as
a worst case, the coefficient of cost of remanufacturing is the same as the cost coefficient
of manufacturing a new product at the experiments. In other words, we assumed that, if the
quality level that remanufactured product will reach is the same as the quality level of its
manufactured version; its production cost will be the same as its manufactured version. If
the quality level of a remanufactured product turns out to be less than the quality level of
its manufactured version, then its unit remanufacturing cost will be less than unit

manufacturing cost too.

Since Dowlatshahi (2000) denotes that cost of remanufacturing is on average 40 - 60
per cent of manufacturing a new product, we also carried out the experiments by setting
cost coefficient for remanufactured products as 60 per cent of the cost coefficient for
manufactured products. Namely, the situation where Cr=0.6 ¢ Or is also analyzed. Here,
c 1s the cost coefficient of manufacturing a new product to be multiplied with its quality

level to obtain unit manufacturing cost.
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As the cost coefficient of remanufacturing is decreased by 40 per cent, more
solutions set quality levels of remanufactured products to their upper limits as expected.
For the solutions where the quality level constraints are not binding, all the results and

discussion provided in this chapter are also valid.

If we compare the situations where the cost coefficient of remanufacturing is less
than manufacturing and where they are the same, we see that a higher total profit is
obtained when the remanufacturing cost coefficient is less than the manufacturing cost

coefficient as expected and as shown in Figure 6.20.
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Figure 6.20. Comparison of profit for different values of the cost coefficient of

remanufacturing

Figure 6.21 compares average price of manufactured products for the two cases. We
see that except the first two points, prices are set to the same values (since for the first two
points, for the case where the cost coefficient of remanufacturing is 60 per cent of the cost
coefficient of manufacturing, quality levels of remanufactured products are set to their
upper limits). So, we can say that prices of manufactured products are not affected by unit

remanufacturing cost.
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Figure 6.21. Comparison of average price of manufactured products for different values of

the cost coefficient of remanufacturing

Figures 6.22 and Figure 6.23 respectively show average quality level and price of

remanufactured products for the cases where the cost coefficient of remanufacturing is 60

per cent of coefficient of manufacturing and where they are the same. We see that quality

levels are higher for the first case as expected, but prices are nearly the same. It is also seen

that the ratio of prices to new costs is equal to 4 in this case too.
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Figure 6.22. Average quality level and price of remanufactured products with respect to

the cost coefficient where ¢, = 0.6 ¢
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Figure 6.23. Average quality level and price of remanufactured products as a function of

the cost coefficient where ¢, =

c

If we compare Figure 6.18 with Figure 6.24 which shows the market share of

products as a function of the cost coefficient for the case where the cost coefficient of

remanufacturing is 60 per cent of coefficient of manufacturing, we see that the

remanufactured products’ market share is higher. But as c¢ increases, the difference

between the two cases decreases. Also the solution is more robust to the changes in costs

for this case.
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Market shares with respect to the cost coefficient where ¢, = 0.6 ¢
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Figure 6.25 shows the profit gained from manufactured and remanufactured products
with respect to the cost coefficient for the two cases. It is seen that when the cost
coefficients are equal, profit gained from manufactured and remanufactured products are
also equal (since 4=2). When the cost coefficient of remanufacturing is 60 per cent of
coefficient of manufacturing, profit gained from remanufactured products is significantly

higher than manufactured products for all values of the cost coefficient.
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Figure 6.25. Comparison of profit gained from manufactured and remanufactured products

for different values of the cost coefficient of remanufacturing

6.4.6. Effect of Changesin i

Since /4 is the power of prices in customer preference function (4.5), an increase in 4
means that the importance of price increases for customers in making a buying decision
and the importance of quality level decreases. So, as 4 increases we expect to have lower

quality levels and lower prices for remanufactured products at an optimum solution.

According to the results of our experiments, we observed this expected situation. As
A increases while fixing all other parameters constant, quality levels and prices of the
remanufactured products decrease as well as prices of manufactured products. By this way
the market share of remanufactured products increase and the market share of

manufactured and competitor’s products decrease. As a consequence, total profit is
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increased as can be seen in Figure 6.13 and Figure 6.19. So we can say that

remanufacturing is more advantageous for industries that have bigger /.

Figure 6.26 and Figure 6.27 respectively show average prices of manufactured and
remanufactured products for different A values. Figure 6.28 shows average quality level of
remanufactured products. It is seen that prices of manufactured and remanufactured
products and qualities of remanufactured products decrease on average as 4 increases. It is

also observed that as the value of 1 increases, the effect of 4 on the solution decreases.
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Figure 6.26. Average price of manufactured products as a function of the cost coefficient

for different values of 4
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Figure 6.27. Average prices of remanufactured products as a function of the cost

coefficient for different values of A
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Figure 6.28. Average quality level of remanufactured products as a function of the cost

coefficient for different values of A

Figure 6.29, Figure 6.30 and Figure 6.31 respectively show the market share of
manufactured, remanufactured and competitor’s products, with respect to the cost
coefficient for different values of A. As A increases, total market share of the OEM
increases, meaning that the increase in the market share of remanufactured products is

much more than the decrease in the market share of manufactured products.



\‘\‘\‘\1

——)=2
—&—)=3
—A— )4

40
©
o 35
=
& 30 -
5
S » 25 4
=5
%5 20
o o
T 15 4
=
)
< 10
<
S 5 -
=

0

12 14 16 18

Cost Coefficient

20

65

Figure 6.29. Market share of manufactured products as a function of the cost coefficient

for different values of 4
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Figure 6.30.

Market share of remanufactured products as a function of the cost coefficient

for different values of 4
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Figure 6.31. Market share of competitor’s product as a function of the cost coefficient for

different values of A

Figure 6.32 and Figure 6.33 respectively show the profit gained from manufactured
and remanufactured products, with respect to the cost coefficient for different values of 4.
It is seen that profit gained from manufactured products decreases as A increases whereas
profit gained from remanufactured products increases. Total profit of the OEM increases
with 4, meaning that the increase in profit gained from remanufactured products is more

than the decrease in profit gained from manufactured products.

Moreover, as it is pointed out before, profit gained from manufactured and
remanufactured products become equal to each other for A=2. For A > 2, the profit gained
from manufactured and remanufactured products no longer become equal to each other as

can be seen in Figure 6.32 and Figure 6.33.
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Figure 6.32. Profit gained from manufactured products with respect to the cost coefficient

for different values of 4
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Figure 6.33. Profit gained from remanufactured products with respect to the cost

coefficient for different values of A

6.4.7. Effect of the Quality Level Constraints

As we eliminate quality level constraints (4.22) in the base model, quality levels of

remanufactured products are set to infinity as expected. In the lost profit case, however,

quality levels are not set to infinity even if we eliminate quality level constraints. Also, the



68

ratio of prices to quality levels of remanufactured products becomes equal to ¢ A in this

case too as it is described above (for 4 = 2, this is valid also for manufactured products).

When we modify one of the constraints (4.22) for a remanufactured product j by

changing the right hand side with a parameter instead of Q, . (namely, O, <k for an

appropriate parameter k), the solution does not change if the constraint is not binding and &

is greater thanQ,, . If k is less than O, and less than the optimal value of Q), new (; is set
to the value of k. Also, if the constraint is binding (i.e., if O, =0,,;), the value of Q; is

changed according to the value of k.
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7. CONCLUSION AND FURTHER RESEARCH

In this study, we worked on a problem about determining optimal quality levels and
prices in a hybrid manufacturing/remanufacturing system. Assuming that remanufacturing
is desired for some reasons (i.e., strategically or as a legislation, etc.) and it is possible to
remanufacture the products to a quality level less than the quality level of its manufactured
version, we formulated a model that seeks optimal price-quality combinations for
remanufactured products and optimal prices for manufactured products that maximize total
profit for a single period. Cost of remanufacturing a product is modeled as a linear function
of its quality level that is less than or equal to the quality level of its manufactured version
which is also on sale. Customer preference is modeled by using the gravity based approach
originally proposed for location-allocation problems, and total demand is shared by
manufactured and remanufactured products of the OEM and a competitor’s product whose
quality level and price are fixed at some predetermined values. Since the results of the base
model showed that a cost parameter for the lost market share should be added to the
objective function in order to obtain meaningful results; two extensions of the base model

considering lost profit are also constructed.

The formulated nonlinear models are solved by the simplex search algorithm
originally developed by Nelder and Mead which is a well-known direct search method.
Since the algorithm is originally designed for unconstrained problems, some modifications
are made to the algorithm to handle quality and price constraints of our models. Some of
the problems are also solved with Excel Solver in order to see if they give the same results,
and we found out that they both give the same objective value but the solutions may have
different decision variables since having multiple optimal solutions is also possible. But
Excel Solver failed to find the solution after a series of experiments, so we could not make

all the experiments having different parameter combinations with Excel Solver.

Experimental results show that after adding lost profit parameter to the profit

function, the model started to behave as expected.
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Analyzing the solutions found by the algorithm, it is observed that they have some
features that should pointed out. The ratio of prices to costs of remanufactured products is
equal to 4 which is the power of price in customer preference function, where quality
constraints are not binding. Moreover, total market share of the OEM remains almost
constant for a fixed value of 4 whereas other parameters are changed. This means that there
are different optimal market share values to be gained by the firms for different industries
having different 4 values if qualities and prices of competitors’ products are fixed. As the
competitor’s product becomes more attractive to the customers (i.e., as its quality increases
or price decreases or both), average quality levels and average prices of remanufactured
products decrease and as a consequence total profit of the OEM decreases considerably but
it conserves its total market share. As the quality level of a manufactured product of the
OEM increases, its price also increases and market share decreases. This decrease is offset
by the increase in the market share of remanufactured products by choosing appropriate
quality-price combinations, keeping total market share and total profit almost constant. As
unit production costs increase, prices of manufactured products increase whereas quality
levels and prices of remanufactured products decrease, the market share of remanufactured
products increase whereas the market share of manufactured products decrease, keeping
total market share constant but with a less total profit. If remanufacturing the cost
coefficient decreases while manufacturing the cost coefficient remains constant, quality
levels of remanufactured products increase whereas prices are kept almost constant, so
their market share increases. The market share of manufactured products decrease since
their quality levels and prices did not changed but remanufactured products are now more
attractive to customers. Total market share remains constant but with a higher total profit
value. An increase in 4 means that the importance of price is increased, so quality levels of
remanufactured products and prices of all products decrease, the market share of
remanufactured products increase and the market share of manufactured products decrease,

total market share and profit of the OEM increases.

As a conclusion, we can say that remanufacturing brings a considerable advantage
for products that have high 4 wvalues in their customer preference function and
remanufacturing to a lower quality level is more profitable for products having higher

production costs. We may conclude that, remanufacturing, together with quality and price
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management serve as a tool for increasing robustness of the OEM in terms of market share

and profit to changes in parameters of the market and the manufacturing environment.

As a further research, it may be interesting to investigate the case where quality
levels of incoming products vary and unit remanufacturing costs depend both on the
incoming quality levels and the quality level that the product will be reconditioned. It will
also be interesting to add availability restriction on remanufactured products since their
available amounts are naturally restricted with the amounts that are sold in previous

periods, so formulating a multi period model may contribute literature.
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