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ABSTRACT
The study of quality management is associated with improved quality. Improved quality also is
basically related to the decision-making at every stage of the production process. The decisions
made will determine the success rate of quality improvement can be achieved. To achieve
optimal results, we need quality improvement model as a planning program. The impact is
related to the cost. This paper reviews several models of quality improvement. The discussion
begins with a list of some existing models. Afterwards the models are grouped into a model
approach that surveys the impact of quality improvement on the stages in the production
process. Analysis is carried out on several models in order to achieve a target of the desired
quality. From the analysis and discussion on the models of product quality improvement, it was
found that the commercial aspects need to be taken into account in improving the product
quality.
Keywords: Product quality; Quality improvement; Quality model
1. INTRODUCTION
At present, competition between manufacturers in winning market share becomes increasingly
fierce. Competition involves not only technical and commercial aspects, but also involves the
management aspects of the business and all stages in the product life cycle. Therefore, everyone
within the company needs to be involved because product quality improvement involves
decision making at the stages of planning, production, and product delivery to consumers. It
involves choosing between alternate options, taking into account the costs and the benefits.
Decision making for quality improvement should be based on a systems approach. Therefore, in
any decision made by the proper framework is required. The framework for proper decisionmaking and models plays a key role in this context. The models allow one to evaluate alternate
options, choosing the best option.
The literature dealing with the use of models varies from simple static models to complex
dynamic models. The outline of the paper is as follows. In the first section we commence with a
brief review of the literature dealing with the use of models in product quality improvement.
The models were classified based on their stage in the product life cycle, the variables that are
used in the models, and the type of the models. The next five sections are subject to the nature
of the model formulations. At each model we analyze the commercial, financial, and or
technical aspects that interact with product quality improvement.
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2. BRIEF REVIEW OF LITERATURE
Table 1 is an illustrative sample of papers dealing with models for quality improvement. For
each paper we highlight the following:
1. The stages of the PLC which are the focus of the model.
2. The variables indicate the system characterization used in the model building.
3. The type of model. Here we indicate whether the model is static or dynamic, deterministic
or stochastic, and/or dealing with optimization etc.
Table 1 Small sample of literature on quality improvement

Levy (1965)
Krishnan and Gupta (1967)
Bass (1969)
Bell, et.al. (1975)
Robinson and Lakhani (1975)
Spence (1981)
Porteus (1986)
Fine (1986)
Buffa and Sarin (1987)
Mamer (1987)
Monahan (1987)
Murthy and Nguyen (1987)
Wacker (1989)
Armistead and Clark (1991)
Kantor and Zangwill (1991)
Kohli and Mahajan (1991)
Djamaludin (1993)
Ghose and Mukhopadhyay (1993)

Conceptual / Framework

Optimization

Stochastic

Static

Customer satisfaction (Customer Behavior)

Revenue

Warranty

Market share

Sales price

Profits

Learning effects

Time

Costs

Dynamic

Type of
Model

Variables

Product quality level

Post-Sales

Marketing

Production

Design and Development

Front-end

PLC Stages
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Table 1 Small Sample of Literature on Quality Improvement (continued)

Optimization
Conceptual / Framework

Stochastic

Static

Customer satisfaction (Customer Behavior)

Revenue

Warranty

Market share

Sales price

Profits

Learning effects

Time

Costs

Dynamic

Type of
Model

Variables

Product quality level

Post-Sales

Marketing

Production

Design and Development

Front-end

PLC Stages

Rust and Metters (1996)
Teng and Thompson (1996)
Cohen, et.al. (1996)
Cohen and Whang (1997)
Crosby, et.al. (1990)
Kingsman and de Souza (1997)
Martinez and Rodriguez (1997)
DeCroix (1999)
Blischke and Murthy (2000)
Murthy and Kumar (2000)
Mallick and Mukhopadhyay (2001)
Shipley, et.al. (2001)
Verma, et.al. (2001)
Koksalan, et.al. (2003)
Souza, et.al. (2004)
Ferguson (2009)
Turner, et.al. (2010)

As can be seen, most models involve more than one variable as illustrated by the following
examples. Fine (1986), Kantor and Zangwill (1991) and Buffa and Sarin (1987) examine the
costs at the production stage taking into account the effects of learning during production.
Armistead and Clark (1991), Rust and Metters (1996), Cohen and Whang (1997) and Martinez
and Rodriguez (1997) study the interaction between product quality and after-sales service
costs.
At the front-end stage, Teng and Thompson (1996) and DeCroix (1999) deal with profit models
and quality. In DeCroix’s model, the warranty period is taken into account. Kingsman and de
Souza (1997) deal with a model to assist in cost estimation and pricing decisions, whilst the
Shipley et al (2001) model examines the decision making with regards the type of product to be
launched and the related price and quality issues. At this stage, decision-making related to
quality improvement is also associated with new product development strategy. Souza (2004)
conducted a study in shape optimization models in determining the right time to launch a new
product. The model was built with consideration about the cost structure, competition, and
market demand.

172

Decisions Making Models for Quality Improvement

In the design and development stage, the quality under consideration is the quality of product
performance. Armistead and Clark (1991) studied the link between the product quality
performances as defined in the design and development stage with the quality of after sales
product support. Verma et al., (2001) study product design complexity as this impacts the
production process. While Koksalan (2003) deals with the influence of design problems with
the cost of production. Mallick and Mukhopadhyay (2001) deal with a profit model as a
function of sales volume whilst Cohen et al., (1996) deal with a similar model taking into
account the cost of R&D and the total revenue generated.
In the production stage, Porteus (1986) and Djamaludin (1993) propose models to study quality
of nonconformance under lot production. They discuss the optimal lot size taking into account
the costs associated with the non-conforming items. Fine (1986), Kantor and Zangwill (1991),
Buffa and Sarin (1987) and Spence (1981) study the effects of learning on outgoing product
quality and production costs. Murthy and Kumar's (2000) model takes into account quality of
performance (design stage), quality of conformance (production stage), and quality of service
(post-sale stage) to determine the optimal strategies for design, quality control and servicing.
Models at the marketing stage include the following: Krishnan and Gupta (1967) deals with a
static model to determine the revenue generated. Bass (1969) deals with a diffusion model to
predict sales over time. Several researchers including Robinson and Lakhani (1975), Bell et al
(1975), Monahan (1987), Wacker (1989) and Kohli and Mahajan (1991) have extended the
model to incorporate additional variables. These additional variables include price, advertising,
customer dissatisfaction etc.
In the post-sale stage, the bulk of the models proposed in the literature deal with the impact of
product quality on the warranty servicing costs. Most manufacturers are keen to know how
much they have to spend for warranty costs and the optimal warranty terms for items sold. The
variables that need to be taken into account are product reliability (failure rate and distribution),
usage mode, type of rectification action, cost of rectification etc. Murthy and Nguyen (1987)
deal with three models concerning the trade-off between product quality (reliability)
improvement and warranty servicing costs. Mamer (1987) deals with a model where the quality
variations impact the expected warranty cost. Blischke and Murthy (2000) deal with post-sale
decision issues.

2.1. Front-end stage models
At the front-end stage, models are needed to evaluate the costs and benefits of any
improvements to product quality (in terms of its impact on various technical and commercial
aspects of the business) and the optimal decisions with regards to quality improvement.
The objectives for improving product quality could be to maximize profits, increase sales (or
market share) or total revenue. The following two models deal with improvements to maximize
the total expected profits. In the first model, profit is defined as a function of product sale price
and sales volume, whilst in the second model, profit is defined as a function of warranty,
product reliability, and sale price.
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2.1.1. Model 1 (Teng & Thompson, 1996)
In this model the product quality, q(t), is continuously improving over time. The product quality
impacts costs and sales. Let C T ( q , t ) denote the unit manufacturing cost at time t; p(t) the unit
sale price and s(t) the total sales at time t. The sales rate at time t is modeled by an ordinary
differential equation:

s&(t ) = ds(t ) / dt = f ( p(t ), q(t ), s(t ))

(1)

Decision variables p(t) and q(t), (which change over time), are to be selected optimally to
maximise the discounted total profits over a time horizon T given by:
T

max Π = ∫ e −d r t [ p (t ) − CT ( q(t ), s (t ))]s&(t ) dt

p ( t ),q ( t )

(2)

0

where d r is the discount rate. The authors use results from optimal control theory to determine
the optimal decision variables.
2.1.2. Model 2 (DeCroix, 1999)
This model deals with the case where there are n firms selling similar products. Firm i ,
1 ≤ i ≤ n , sells its product with unit sale price pi and with warranty period wi . The failure rate
of the product produced by firm i is given by ri (t ) and this characterises the reliability of the
product. The unit manufacturing cost is CMU (ri ) which depends on the product’s reliability ( ri )
and the warranty cost per unit sold is Cw ( wi , ri ) which is a function of the reliability and the
warranty period. The demand for the product produced by firm i depends on the sale price and
the perceived repair costs over the useful life of the product. The perceived costs for repair,
cri ( wi ) is a function of the warranty period as customers view the warranty period as an
indicator of reliability, with the longer warranty period conveying the message that the product
is more reliable. As a result, the demand for firm i is given by a function di ( p + cr (w)) . The
decision variables that firm i needs to select the optimally are the sale price ( pi ), warranty
period ( wi ), and reliability ( ri ), to maximize the profit given by:

max Π i ( w, r , p) = di ( p + cr ( w)) [ pi − CMUi (ri ) − cWi ( wi , ri )]

(3)

Note that in contrast to the previous case, this is a static optimization problem.
2.2. Design and development stage models
The main focus at this stage is to achieve the desired improvement in the quality of product
performance. This is done through a proper design and development process. Quality at the
design and development stage is determined by the number of variations of product design
itself. The greater variety of product design leads to more diverse production processes. While
more and more variations of the production process in all probability will lead to uncertainty in
the production process. Therefore, we need a framework of robust design to ensure product
quality from the design and development stage onwards (Kovach, 2008). The models at this
stage deal with tradeoff decisions involving the speed of the design and development process as
indicated by the following model. Decisions taken at the stage of design and development are
mainly related to the selection of resources, which is owned by a company or other third parties
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(Faes, 2009). In this case the optimization strategies in selecting and using any resources need
to be done in order to achieve an optimal quality improvement at a lower cost.
2.2.1. Model 3 (Cohen, et.al., 1996)
Let tRD and t P denote the time needed for the completion of research and development (R&D)
and production, respectively. Let LRD and LP be the wage of labour per hour per product unit
for R&D and production and, cRD and c P variables are the labour rate cost per hour for R&D
and production. Hence the total costs ( C T ) of new product development (including production)
is given by:

CT (tRD , tP ) = cRD LRDtRD + cP LP (tP − tRD )

(4)

Suppose the quality of product performance is improved from qo to q n and let q c denote the
quality of the competitors’ product. Let the demand be M, and the profit margin per unit for the
existing and the new products be π o and π n , respectively. The total revenue is modelled as:

qo
q n (tRDtP )
n
R(tRD , tP ) = M π o
tP + M π n
(T − tP )
q + qc
q (tRDtP ) + q c
o

(5)

The total profit is given by:

Π(tRD , tP ) = R(tRD , tP ) − CT (tRD , tP )

(6)

The decision variables related to completion times (for R&D and production) are to be selected
optimally to maximise the total profits.
2.3. Production stage models
The quality notion under consideration in this stage is quality of conformance. Improving the
quality of conformance can be achieved by increasing product and process quality. Improving
the product and process quality is determined by many variables (Sahni, 2009). Therefore we
need to analysis quality improvement models by considering those variables. In batch
production, this depends on the lot size. As the lot size increases, the probability of producing
non-conformance items increases. This can be reduced through smaller lot sizes, but this
increases the unit manufacturing cost due to higher production costs resulting from more
frequent setups. The following three models deal with optimal lot sizing which takes into
account the effect of lot size on product quality. The first two models by Porteus (1986) and
Djamaludin (1993) describe the relationship between lot size and unit production cost. The third
model incorporates the effect of learning on product quality conformance and production costs.
2.3.1. Model 4 (Porteus, 1986)
Let L denote the lot size. The process is in-control when the lot production starts. The process
can switch to out-of-control after an item is produced with probability q . Once the switch takes
place it will stay in an out-of-control state until the lot is produced. All items produced with the
process while it is in-control are conforming, whilst all items produced with the state out-of~
control are non-conforming. As a result, the number of conforming items produced in a lot, N
is a random variable. The expected number of conforming items in a lot is given by:
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[ ]

q(1 − q L )
~
EN =L
1− q

(7)

The outgoing quality is given by:

[ ]

~
EN
q(1 − q L )
= 1−
L
(1 − q) L

(8)

Note that this decreases as q increases.
2.3.1. Model 5 (Djamaludin, 1993)
This model is similar to the previous model except that not all items produced when the process
is in-control are conforming and similarly not all items produced are nonconforming when the
process is out-of-control. Let ϕ 1 be the probability that an item produced is conforming when
the process is in-control and ϕ 2 be the corresponding probability when the process is out-ofcontrol.

[ ]

~  p (ϕ 1 − ϕ 2 )(1 − p L ) 
EN =
 + ϕ2L
(1 − p )



(9)

As a result, outgoing quality is given by:
~
 N   p (ϕ 1 − ϕ 2 )(1 − p L ) 
E  = 
 + ϕ2
(1 − p ) L

L 

(10)

2.3.3. Model 6 (Fine, 1986)
This model shows the effect of learning on product quality and production costs. Let x(t ) and
q(t ) denote production rate and quality of conformance achieved at time t . Learning results
from the experience gained by production and is captured through a variable z (t ) and is
modeled as follows:
t

z (t ) = z (0) + ∫ x( s ) q ( s )ds

(11)

0

The unit sale price at time t depends on x(t ) and is given by φ ( x(t )) . The costs associated with
items produced at time t is comprised of the appraisal and prevention cost [ Cap ( q (t )) ], failure
cost [ C f ( q (t )) ] and unit manufacturing cost [ Cmu ( z (t )) ]. The discounted total profit is given
by:
T

J = ∫ e − rt [φ ( x(t )) − Cap ( x(t )) − C f ( x(t )) − Cmu ( z (t ))]x(t )dt

(12)

0

The decisions variables are x(t ) and q(t ) which are selected to minimize J . Note that this is a
dynamic optimal control problem.
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2.4. Marketing stage models
Models at this stage relate product sales to sale price and product quality. The sale price
depends on unit manufacturing cost, product quality and other costs which include
transportation cost to markets, inventory holding, advertising and promotion etc. The demand
for the product depends on quality and sale price. For a given price, it increases as quality
improves and for a given quality, it decreases as sale price increases. However, when both of
them increase, the net effect depends on buyer’s tradeoff between quality and price. The notion
of quality or “value for money” becomes important. At the marketing stage, the distribution of
finished goods to consumers, also determines the value of the benefits to be gained by
companies (Lenox, 2006). The longer the distribution channels the tendency exists to increase
competition and risk in order to reduce profits.
The quality of the salesperson and customer relationships also has an influence on the
performance of product sales (Crosby, 1990). This is due to a good relationship between the
salesperson to the consumer that will affect the perceived quality of the product. For products
with a good perceived quality, it follows that this perception will automatically increase the
sales of the products.
Product quality can be used as a promotional tool, either directly or through some associated
variable, such as, a longer warranty period being used to promote a more reliable product. As a
result, price and quality are the decision variables that impact sales, revenue and profit as
improved quality involves higher unit cost due to greater investment in design and
development.
2.4.1. Model 7 (Murthy & Kumar, 2000)
The total sales is modeled by static formulation given by:

S = kPa qb

(13)

where S is the total sales, P is the sale price and q is product quality (or some other variable
which is related to quality such as warranty). k , a and b are parameters within which the last
two, being the price and quality elasticity interact to affect the total sales S.
2.4.2. Model 8: Diffusion model (Bass, 1969)
The model is based on the diffusion theory. The product sale is modeled through a sales rate
function n(t ) at a specific time t that changes dynamically over a specified time period. Let
N (t ) denote the total sales until time t occurs so that n(t ) = dN (t ) / dt . The model is given by:
dN (t )
= [ a + bN (t )][ L − N ( t )]
dt

(14)

where L is the total market for sales and a and b are parameters. N (0) = 0 and N (t ) → L as
t → ∞ . L can be a function of price and quality as in Model 7. Similarly, a and b can also be
function of price and advertising effort. Note that a represents the effect of direct advertising
(such as on television or in newspapers) and b the “word-of-mouth” effect.
2.4.3. Model 9: Market share model (Krishnan & Gupta, 1967)
This model takes into account the effect of competition between two manufacturers selling a
similar product. Let Pi and Cai , 1 ≤ i ≤ 2 , denote the unit sale price and the promotional efforts
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for the two manufacturers, respectively. The market share for manufacturer i , 1 ≤ i ≤ 2 , is given
by:

M i = Mi =

αi Cai
+ k ( P1 + P2 − 2 Pi )
α1Ca1 + α 2Ca 2

(15)

where α i , 1 ≤ i ≤ 2 , are the effectiveness of the promotional efforts of the two firms and k is a
positive constant. As can be seen, if neither firm spends any money on promotion then the share
depends solely on product price.
Let m pot denote the total potential market potential. Let CMUi , 1 ≤ i ≤ 2 , denote the unit
manufacturing costs for the two manufacturers. The profits for the two firms are given by:

Π i = mpot k ( Pi − CMUi ) 2 − Cai

(16)

for 1 ≤ i ≤ 2 .
2.4.4. Model 10: Profit model (Wacker, 1989)
This is a discrete time model where the price is altered in each period and as result the sales
change from period to period. Let q denote the product quality and S t , and Pt denote the sales
and product price in period t . Let C MF and CMV denote the fixed and variable costs associated
t

t

with the manufacturing of the product in period t . Then the model assumes that St = f ( Pt , q)
and C MT = C MF + C MV S t . The profit in period t is given by:
t

t

i

Π t = Π t = ( Pt − C MV ) S t − C MF
t

t

(17)

The total profits over T time periods is given by:
T

T

T

t =1

t =1

t =1

Π = ∑ Πt =∑ ( Pt − CMVt ) St − ∑ CMFt

(18)

2.5. Post-sale stage models
At this stage models deal with the cost of servicing claims resulting from the product’s failure
to perform as expected. There are many models dealing with the claims under warranty and the
resulting costs associated with the servicing of warranty. Other models deal with issues such as
logistics needed for post-sale support including spares, service contracts etc.
In the purchase of products, customers not only look at price and performance, but also postsale support provided by the manufacturer. Warranty is one such post-sale issue of great interest
to both buyers and manufacturers. For buyers it provides assurance and redress should the
purchased item not perform satisfactorily. For manufacturers, it acts as the very tool to promote
the reliability of their products. However, offering a warranty results in additional costs and
these depend on the reliability of the product and the servicing strategies employed. In this
section we shall discuss two models to determine the expected warranty servicing costs.
2.5.1. Model 11 FRW policy (Blischke & Murthy, 1994)
Under a FRW (Free-Repair/Replacement Warranty) policy the manufacturer rectifies all
failures over the warranty period W subsequent to the sale, at no cost to the buyer. In the case
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of a non-repairable product (such as a computer chip) defective items need to be replaced by
new ones. Let N (W ) denote the number of failures over the warranty period. This is a random
variable and it is related to the reliability of the product. Let M (W ) denote the expected
number of failures under warranty, as given by the following integral equation:
W

M (W ) = F (W ) + ∫ M (W − t ) f (t )dt

(19)

0

where F (t ) is the failure distribution of the product. If the unit manufacturing cost is CMT , then
the total expected cost to the manufacturer for each item sold is given by:

E[Cm (W ) = CMT [1 + M (W )]

(20)

The unit sale price must be greater than this result to ensure positive profit in an expected sense.

2.5.3. Model 12 PRW policy (Blischke & Murthy, 1994)
Under a PRW (Pro-rata warranty) policy the manufacturer refunds a fraction of the sale price
should an item fail within the warranty period. Let X denote the time to failure. The fraction
refunded is given by a function q( X ) which is a monotonically decreasing function with
q(0) ≤ 1 and q(W ) = 0 . The amount refunded is given by Pq( x) where P is the sale price. As
a result, the warranty cost per unit is Cm (W ) = CMT + q( X ) and the expected cost to the
manufacturer per item sold unit is given by:

µ 

E[Cm ] = CMT + P  F (W ) − W 
W 


(21)

where µW is the partial expectation given by:
W

µW = ∫ xf ( x)d ( x )

(22)

0

The unit sale price must be greater than this to ensure positive profit in an expected sense.

2.5.3. Model 13 Remanufacturing (Ferguson, et.al. 2009)
If the customer receives a non-conforming or defective product and the product is still under
warranty, then the product will be returned to the manufacturer’s premises. At the time when
manufacturers rectify the products, then there will be cost incurred. Costs incurred are not
always similar to the cost at the time of initial production. The cost of remanufacturing per unit
for an item of quality grade i = 1,…., 1, for period t is given by:
cit =

∫

i

qi

c(q ) f t (q )dq

Ft (qi +1 ) − Ft (qi )

(23)

Whereas the number of defective product returns with quality grade i is given by:
Bit = Rt (Ft (qi +1 ) − Ft (qi ) )

(24)
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q is the quality of each defective product return, which is represented by a real number
where q = 0 is total scrap and q = 1 is the highest possible quality of non-conforming
product returns. It is assumed that the number of non-conforming products probably occurred in
the distribution stage with its cumulative distribution function set as time t by
probability density function set by
returns in each period by

and its

. Also, the number of a non-conforming product

, is a random variable.

3. RESULTS AND DISCUSSION
This paper has presented and analyzed several mathematical models relating to quality
improvement. The models are grouped into different categories based on the different stages of
the product life cycle (Front-End, Design and Development, Production, Marketing, and PostSale). The paper also analyzed the aspects that have been related to product quality
improvement, namely: technical, commercial, financial, and managerial aspects. They vary
from simple static models to complex dynamic models. The paper also analyzed the aspects that
have been related to product quality improvement, namely: technical, commercial, financial,
and managerial aspects. Most of the models are related to commercial aspects, such as sales rate
s&(t ) and profit Π t .This is because product quality improvement is strongly correlated with the
commercial aspects of the product itself. The main objective for improving quality of product is
to win market share. Therefore, any costs associated with product quality improvement in total
have to be less than the market product price expected. Therefore, some models are taking into
account discount rate d r and warranty costs as a function of warranty period and product
reliability cwi (at Front-End stage and Post Sale stage), profit Π t and revenue Rt as a
function of product quality qi and total manufacturing costs C m (at Design & Development and
Production stages).
4. CONCLUSION
From the models that have been analyzed and discussed, it can be concluded that the high
determinant in product quality improvement is the total costs CT . These costs will effect the
profit and revenue that can be generated by the producer. While the total cost is a function of
several variables that have positive or negative impact on the total cost itself. Positive functions
for the total cost are product quality qi (including the number of conforming items produced in
~
a lot, N ) and sales rate s&(t ) (as the number of product sold increased, the unit manufacturing
cost CMU (ri ) will decreased, and eventually the total costs will decrease). On the other hand, the
negative functions for the total cost are failure cost, C f ( q (t )) and warranty cost per unit sold

Cw ( wi , ri ) which is a function of the number of non-conforming product returns Bit and the
warranty period.
From all the models discussed it can also be concluded that there are two main values that need
to be looked at for optimal values related to quality improvement. The two values are the value
associated with the effort to fulfill the quality and the value that must be borne if the product
fails to meet the desired quality. These two values can be expressed as the costs of appraisal and
prevention [ Cap ( q (t )) ], and the costs of failure cost [ C f ( q (t )) ], for both internal and external
failure costs.
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From the models discussed above, the knowledge realized is that the improvement of product
and process quality will bring a positive impact on company’s business performance. Those
impacts are the increase of revenue and sales, and at the same time the reduction of costs and
losses. The models also show us specific quality control efforts that a company needs to work
on in order to improve their product quality and what cost and loss reductions are involved for
the company.
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