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Abstract

Total product quality involves three strongly inter-related notions of quality } (i) quality of performance, (ii) quality of
conformance and (iii) quality of service (repairs during post-sale period). As such, study of total product quality requires
a framework which integrates the actions of manufacturer and retailer and their impact on the di!erent dimensions of
total product quality. We develop a general game-theoretic model for such a study. For a special case, we derive the
optimal manufacturer and retailer actions and discuss various structural, and economic implications of the model such as
the inverse relationships between (i) quality of service and quality of performance and (ii) quality of service and retail
price. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Quality is a term with multiple meanings de-
pending on the criteria used. For a product (con-
sumer durable, commercial or industrial) there are
several di!erent dimensions of quality [1]. In this
paper we focus on the following three dimensions.
(i) quality of performance,
(ii) quality of conformance,
(iii) quality of service (repairs during post-sale

period).

The quality of performance includes three of the
eight dimensions of quality proposed by Garvin

[1]. These are the various operating characteristics,
reliability and durability. The quality of conform-
ance is the same as in Garvin. The quality of service
includes the serviceability dimension of Garvin.
The remaining dimensions of Garvin's classi"ca-
tion (namely, features, aesthetics and perceived
quality) are of relevance in terms of consumer
choice of product.

The quality of performance is determined by
quality of design } the design decisions made by the
manufacturer. The quality of conformance is deter-
mined by the quality of manufacturing } the tech-
nologies and quality control schemes used by the
manufacturer. The quality of service is in#uenced
by various factors (repair facilities, spare parts,
competencies of the repair crew, etc.); we look at
product markets where this is determined by the
retailer from whom the customers buy the product
and interact with for all post-sale service.
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We use the term `total product qualitya to de-
note the three quality notions indicated above.
With rapid technological changes, newer products
are appearing on the market at an ever increasing
rate. The complexity of the product as well as the
useful life is also increasing. This implies that
buyers need assurances that the product will
perform satisfactorily and that proper post-sale
support is available. Often products involve
proprietary technology which implies that its main-
tenance needs special technologies (tools and
knowledge) which only the manufacturer can pro-
vide through the retailer. In this context, the part-
nership between manufacturer and retailer is very
important for total product quality since the re-
tailer provides the post-sale service. The buyer sat-
isfaction and the total demand for the product
depends on the total product quality and this in
turn depends on the actions of the manufacturer
and retailer.

The study of total product quality requires
a framework which integrates the actions of manu-
facturer and retailer to determine jointly their opti-
mal actions. The literature on quality is vast but we
are not aware of any paper that deals with total
product quality (as de"ned above) in a manner
which integrates the manufacturer and retailer and
their actions. In this paper we develop such
a framework where we use a game-theoretic formu-
lation to capture the interaction between manufac-
turer and retailer and the impact of their decisions
on total product quality. We formulate a general
model to determine the optimal manufacturer and
retailer actions. For a special case we obtain ana-
lytical results which allow us to look at various
economic and managerial implications.

The outline of the paper is as follows. In Section
2 we give a brief review of the relevant literature. In
Section 3, we develop a general model which inte-
grates the actions of the manufacturer and retailers
and their impact on total product quality. The
analysis of the model is outlined in Section 4. In
Section 5, we consider a special case and present
a complete analytical characterization. The quality
management and economic implications of this
special case are discussed in Sections 6 and 7. We
conclude with a summary and future directions for
research in Section 8.

2. Literature review

The major functional activities of relevance in
the study of total product quality involves four
functional units } the design process, the manufac-
turing process, the marketing process (which in-
cludes distribution, sales and pricing) and "nally,
the after-sales service process linked in a sequential
manner.

The design process is responsible for the quality
of performance. This involves starting with a con-
ceptual idea, selection of components and materials
and, developing the product through the building
and testing of one or more prototypes. In particu-
lar, achieving the performance quality attributes of
desired reliability and durability performance qual-
ity requires very careful design analysis and testing.

The manufacturing process is usually considered
as being accountable for the conformance to design
quality speci"cations. Issues involved in the basic
cost of quality studies relate to manufacturing pro-
cess scrap, rework and average outgoing quality
levels. The impact of quality occurs inside (e.g.
fabrication, assembly, manufacturing/industrial/
maintenance engineering, purchasing, inventory
control, quality control) and outside (e.g. suppliers
of parts, components, sub-assemblies, supplies, ser-
vices) the manufacturing organization.

Usually, the sales/marketing process manages
the coordination of information about and for cus-
tomers with respect to the rest of the organization.
In the process of identifying customer requirement
for new products, marketing plays an important
role in de"ning the performance quality-related
speci"cations for design. New concepts such as
concurrent engineering and new tools such as qual-
ity function deployment are restructuring the pro-
cess. In the process of reaching the customer with
existing products, sales plays an important role in
positioning, pricing, promoting and distributing
the product so as to increase customer perceived
quality. The channel of distribution plays an im-
portant role in delivering a quality product; behav-
ioral and normative issues need to be considered in
the design of distribution structure and intensity as
well as distribution management [2].

The after-sales service process is an area that has
been identi"ed as a major source of increasing
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pro"tability and competitive advantage [3,4].
Components of after-sales service support include
warranty provision, repair service (either on a pay-
as-you-go basis or a service contract), on-site
maintenance, back-up maintenance, etc. There is
much research done on the use of product war-
ranty. Blischke and Murthy [5] is a comprehensive
study of the cost analysis of warranties based on
reliability of product and the service strategies
used. Blischke and Murthy [6] deals with the
broader aspects that link warranty and other topics
such as design manufacturing, service, sales, etc.

The formal study of product quality evolved in
the beginning of this century with the focus being
on the quality of conformance. A variety of tech-
niques evolved for quality control. The vast litera-
ture deals with (i) the use of control charts to detect
process changes which lead to increased non-con-
forming items being produced and (ii) quality con-
trol schemes to detect and weed out non-
conforming items. Initially, they were done in solely
in the context of manufacturing with little consid-
eration for the impact of poor quality on sales.
Over the last decade several papers have addressed
the link between quality control and sales and
servicing } see, for example, [7}12].

Quality in the design context has received much
attention since the pioneering work of Taguchi.
The quality of performance in the context of relia-
bility has received a lot of attention subsequent to
the Second World War and there is a vast literature
which deals with topics such as reliability improve-
ment (through redundancy), reliability growth
(through test-"x-test development cycles), etc. It is
only over the last few years, that there has been an
attempt to link the design decisions (which a!ect
the quality of performance) with marketing and
post-sale service issues. Some papers which deal
with this are Murthy and Hussain [13], Hussain
and Murthy [14] and Mukhopadhyay and
Kouvelis [15].

The total product quality concept brings
together the di!erent functional units. Typically
engineering and marketing functions are respon-
sible for the design aspects of quality, manufactur-
ing operations is responsible for the process and
"nal product quality while service/distribution is
accountable for after-sales service quality. Clearly,

much of after-sales service support depends on
product reliability which is a function of both
design parameters, such as reliability, and manufac-
turing process capability to conform to speci"ca-
tions. Manufacturing process capability may itself
be greatly a!ected by the design process. Similarly,
repair service capability may be greatly a!ected by
the complexity of design and assembly process. The
pricing decision is dependent on the manufacturing
cost which is greatly a!ected by the complexity of
design and its impact on manufacturing/distribu-
tion process.

Even without involving the important aspect of
customer treatment in evaluating service quality, it
is easy to see that modeling the various activities
and their interactions that impact quality is a chal-
lenge. In the next section, we develop a preliminary
integrative model for total product quality.

3. Model for total product quality

As mentioned earlier, total product quality
involves three dimensions of quality. We "rst
model each of these. Following this, we model the
actions of manufacturer and retailer and their im-
pact on total product quality. We conclude with the
game theoretic formulation to determine the opti-
mal actions.

We use the following notation for the model
formulation:
F(t; h) probability distribution function for the

time to "rst failure
f (t; h) probability density function associated

with F(t; h) ["dF(t; h)/dt]
r(t; h) failure rate associated with F(t; h)

["f (t; h)/M1!F(t; hN]
h product reliability parameter [h'0]
c(h) probability of an item being defective

[0(c(h)(1 and dc(h)/dh(0]
S wholesale price per unit [manufac-

turer's selling price to retailer]
q quality of repair service [0)q)1]
P retail price per unit [retailer's selling

price to consumers]
C charge for each repair outside warranty
C

.
(h) manufacturing cost per unit

[dC
.
(h)/dh(0]
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C
$

cost to rectify each non-conforming
item

C
3

cost of each recti"cation attempt
¹ warranty period [0)¹)L]
¸ product life
D(P, C, ¹) demand for the product

3.1. Quality of performance

Let F(t; h) denote the distribution for the time to
"rst failure. The design decisions a!ect the para-
meter h and hence the performance of the product.
h can be viewed as an indicator of the quality of
performance. We assume h to be scalar with smaller
value of h corresponding to better product perfor-
mance, e.g., greater reliability or bigger mean time
to failure. Let f (t; h) and r(t; h) denote the failure
density function and the failure rate associated with
F(t; h). These are given by

f (t; h)"
dF(t; h)

dt
and r(t; h)"

f (t; h)

1!F(t; h)
.

We assume that 0)h)h
.
, where h

.
de"nes the

minimum product performance that is acceptable.
Let C

.
(h) denote the manufacturing cost per unit

and is a function of the design variable h. Since
smaller h corresponds to better quality of perfor-
mance, we have dC

.
(h)/dh(0 implying that the

manufacturing cost per unit increases with quality
of performance. This is due to the need for more
stringent speci"cations for components (e.g., mater-
ial properties, tolerances, etc.). A faster chip costs
more than a slower one or a more e$icient engine
costing more than a less e$cient one are two exam-
ples.

3.2. Quality of conformance

Due to quality variations (in the input material
and the manufacturing process) not all items manu-
factured meet the design speci"cation. Such items
are called non-conforming items and the remain-
ing, which are functional and meet the design speci-
"cation, are called conforming items.

We model the production of non-conforming
items as follows. Each item manufactured is non-
conforming with probability c(h) and conforming

with probability (1!c(h)). c(h) re#ects the quality
of conformance and this depends on the complexity
of design with bigger value corresponding to lower
quality. Since smaller h corresponds to a more
stringent design the probability of an item produc-
ed being non-conforming increases as h decreases.
For example, better product performance achieved
through use of redundancy not only involves more
components (due to replication of one or more of
the components) but also more assembly opera-
tions and this increases the probability of an item
being non-conforming. We model this by the rela-
tionship dc(h)/dh(0.

A non-conforming item is detected through test-
ing and can be recti"ed to make it conforming. The
testing to detect if an item is non-conforming or not
can be done either by the manufacturer or the
retailer. We consider the case where the retailer
does the testing and carries out the recti"cation
action needed. The cost of such recti"cation is
C
$

per (non-conforming) item and is shared by both
retailer and manufacturer. Let j (0)j)1) denote
the fraction of cost borne by the manufacturer.
Note that j"0 implies that the retailer bears the
full cost and when j"1, the manufacturer bears
the full cost.

There are several product groups for which the
retailer would do the testing and recti"cation of
non-conforming items. Consider products that are
essentially an assembly of major components, such
as a computer. In this case, the retailer has to
ensure that the system is functional to prevent
`dead-on-arrivala and this involves testing. Often,
these components might have to be in storage for
some time and could have got a!ected during ship-
ment to retailer. Consider also high-value added
products; since the reputation of the retailer and
manufacturer is at stake, these would also be tested
by the retailer before sale. Also, products that are
installed by the retailers, such as washers, dryers,
refregierators, dishwashers, etc., would be tested by
the retailers.

3.3. Quality of service

An item can fail several times during the time
frame (¸) of its useful life. A failed item can be made
operational through a recti"cation action. We
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assume that only the retailer carries out such rec-
ti"cation actions for reasons such as proprietary
technology needed for repair.

The items are sold with a failure-free warranty
with a warranty period ¹. This implies that all
failures within a time period ¹ subsequent to the
sale are recti"ed by the retailer at no cost to the
buyer. The fact that it is the retailer who decides on
warranty (as opposed to the manufacturer) is ap-
propriate when items are produced in one country
and marketed worldwide with di!erent warranty
period (and terms) in di!erent countries. In this
case, the retailer being more familiar with each
local market (in terms of consumer expectations)
decides on the most appropriate warranty terms.
Any failure outside the warranty period (i.e., over
the period [¹, ¸]) is also recti"ed by the retailer at
a charge of C per repair to the buyer.

We assume that all failed items are repaired
minimally. Under a minimal repair (see [16]), the
failure rate after repair is the same as that just
before failure. This type of repair characterization is
appropriate for multi-component items where the
item failure is due to failure of either one or a small
number of components. The item becomes opera-
tional once the failed components are replaced by
new ones. Since the remaining unfailed compo-
nents, constituting the bulk of the item, are una!ec-
ted, the failure rate of the repaired item di!ers only
slightly from that just before item failure.

We assume that the time to repair is small rela-
tive to the time between failures, so that it can be
approximated as being zero. In this case, for each
item, the number of failures over time occur accord-
ing to a non-stationary Poisson process with inten-
sity function given by the failure rate (see [17]).

When a failed item is brought to the retailer for
repair, it is subjected to a testing procedure fol-
lowed by appropriate repair action and then the
item returned to the owner. We assume that the
repair process is imperfect in the sense that it is
done properly with probability q and not with
probability (1!q). In the latter case, the item com-
es back again for repair. The number of times an
item is returned due to imperfect repair before it is
repaired properly is a random variable. q can be
viewed as de"ning the quality of service for repair.
Note that q"1 corresponds to perfect repair and

in this case a failed item is "xed at the "rst instance.
The consumer does not pay for subsequent correct-
ive actions to "x an imperfect repair. This implies
that the revenue generated by each failure is C irre-
spective of the number of attempts to "x the failed
item properly.

3.4. Product sales

For a potential buyer, the variables which in#u-
ence the purchase decision are the sale price (P), the
warranty period (¹) and, the cost of each repair
outside the warranty (C). These are the marketing
variables for the product and are under the control
of the retailer.

The total sales is function of P, C, and T and we
denote it by D(P, C, ¹). For notational ease, we will
often omit the arguments and denote D(P, C, ¹)
simply as D. The partial derivatives of D have the
following property:

f LD/LP(0: total sales increases as the price
decreases,

f LD/LC(0: total sales increases as the cost of
keeping an item operational over its life
decreases,

f LD/L¹'0: total sales increases as the warranty
period becomes longer.

The last one is of special signi"cance as longer
warranty period provide greater assurance to
buyers that the product quality (in the sense of
performance) is high.

We assume that buyers keep the product for its
useful life ¸.

3.5. Manufacturer's expected proxt

The manufacturer produces items with product
performance given by parameter h. The manufac-
turing cost is C

.
(h) per unit. An item manufactured

can be non-conforming with probability c(h). The
items are sold to the retailer at a wholesale price of
S per unit and an arrangement for sharing the cost
of testing and rectifying non-conforming items. The
decision variables of the manufacturer are:
(1) h: product performance variable [quality of

performance],
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(2) S: wholesale price per unit.

The revenue generated per item sold is S. The
cost is the sum of the unit manufacturing cost and
the sharing of the recti"cation cost, should the item
be non-conforming. Since there is uncertainty
about the item being conforming or non-conform-
ing, the last cost is a random variable. As a result,
the manufacturer's pro"t (given by the di!erence
between revenue and cost per item times the total
sales) is a random variable. Let J.(S, h) denote the
manufacturer's expected total pro"t.

3.6. Retailer's expected proxt

The retailer buys items at whole sale price of
S per unit and tests each one prior to the sale to
rectify non-conforming items. The items are sold
with a warranty period ¹ and sale price is P per
unit. Any item failure outside the warranty period
generates an income of C per failure. The decision
variables of the retailer are:
(1) P: selling price per unit [retail price],
(2) ¹: warranty period,
(3) C: charge for each repair outside warranty.

The revenue generated with each item is the sale
price and the income from repairs for failures out-
side the warranty period. The latter is uncertain as
failures occur in an uncertain manner. The cost
with each item is the wholesale price paid to the
manufacturer and the sharing of recti"cation cost
(if the item is non-conforming) and repairing after-
warranty failures over the life of the item. This is
a random variable due to uncertainty in the num-
ber of failures and in the number of attempts
needed to "x each failure. Let J3(P, C, ¹) denote the
retailer's expected total pro"t.

3.7. Game-theoretic formulation

Both manufacturer and retailer select their deci-
sion variables to maximize their expected pro"ts.
Since the actions of the manufacturer have an
impact on the actions of the retailer and vice versa,
one needs to use a game-theoretic formulation to
determine the optimal decision variables. We con-

sider the following Stackleberg game-theoretic for-
mulation involving a leader and a follower.

In this formulation, the manufacturer plays the
role of a leader and the retailer plays the role of
a follower. The retailer chooses his decision vari-
ables (P, C, ¹) to maximize his expected pro"ts
with the manufacturer's decision variables (S, h) as
given. Let PH(S, h), CH(S, h) and ¹H(S, h), called the
reaction functions, denote the optimal values of
P, C, and ¹ which maximize J 3(P, C, ¹) given (S, h).
The manufacturer chooses his decision variables
(S, h) to maximize his pro"ts taking into account
the reaction functions of the retailer. Let SH and
hH denote the optimal values of S and h which
maximize J .(S, h). This yields the optimal strategy,
given by SH and hH, for the manufacturer. From
this, the optimal strategy for the retailer is given by
PH"PH(SH, hH), CH"CH(SH, hH) and ¹H"

¹H(SH, hH).
In the next section we carry out the analysis to

obtain the optimal selection of the decision vari-
ables for both manufacturer and retailer.

4. Model analysis

In this section we "rst derive expressions for
J 3(P, C, ¹) and J.(S, h) following which we discuss
the optimal solution to the Stackelberg game
formulation.

4.1. Preliminary analysis

4.1.1. Expected number of item failures
Since failures are repaired minimally and the

time to repair is insigni"cant (relative to the time
between failures), the number of failures for an item
between the ages t

1
to t

2
, N(t

1
, t

2
), is a random

variable and distributed according to a non-homo-
geneous Poisson process with an intensity function
r(t; h), the failure rate of the item. As a result, we
have

E[N(t
1
, t

2
)]"P

t2

t1

r(t; h) dt. (1)

As a result, the expected number of failures per item
under warranty is given E[N(0, ¹)] and these are
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"xed at no cost to the buyer. The expected number
of failures outside the warranty period is given by
E[N(¹,=)] and these are "xed by the retailer at
a charge of C per repair to the buyer.

4.1.2. Expected number of attempts to xx a failure
The number of times an item is returned due to

imperfect repair before it is repaired properly
is a random variable and distributed according
to a geometric distribution with parameter q. As
a result, the expected number of attempts to "x
a failure is 1/q.

Let C
3
denote the expected cost to the retailer for

each repair attempt. It comprises of handling,
material and labor costs. Then, the expected cost
to the retailer to properly repair a failed item is
given by (C

3
/q). This implies that the expected

repair cost increases as q, the quality of service,
decreases. Note that if C'(C

3
/q), then on the aver-

age, the amount charged for repairing each failure
covers the expected cost of repair (involving mul-
tiple attempts in some instances). For an individual
item failure, the total repair cost can exceed the
charge C if the number of attempts made before the
item is repaired properly is greater than C/C

3
.

4.1.3. Expected cost of rectifying a non-conforming
an item

The expected cost of rectifying a non-conforming
item to the manufacturer is jC

$
and to the retailer

is (1!j)C
$
.

4.2. Retailer's expected proxt

The cost per item to the retailer is the sum of the
wholesale purchase price, the cost of rectifying the
item if it is non-conforming and repairing failures
over the life of the product. The expected value is
given by

[S#(1!j) c(h)C
$
#A

C
3

q B P
L

0

r(t; h) dt] (2)

where the integral is E[N(0, ¸)] and obtained from
(1). The expected revenue generated by the sale of
each item is the sum of the sale price and the
income generated by servicing failures outside the
warranty period. The expected value of the latter

can be obtained using (1). As a result, the expected
revenue is given by

P#C P
L

T

r(t; h) dt. (3)

The expected pro"t per item sold, /
3
(P, C, ¹), is

given by the di!erence between the expected rev-
enue generated and the expected costs incurred.
Using (2) and (3), we have

/
3
(P, C, ¹)

"P#C P
L

T

r(t; h) dt![S#(1!j)c(h)C
$

#A
C

3
q B P

L

0

r(t; h) dt]. (4)

Since the total sales are given by D(P, C, ¹), the
retailer's total expected pro"t is given by

J3(P, C, ¹)"D(P, C, ¹)/
3
(P, C, ¹). (5)

4.3. Manufacturer's expected proxt

The expected pro"t per item is the di!erence
between the selling price to the retailer minus the
manufacturing cost and the manufacturer's share of
the cost to rectify defective items. This is given by

/
.
(S, h)"[S!C

.
(h)!jc(h)C

$
]. (6)

As a result, the manufacturer's total expected pro"t
is given by

J.(S, h)"D(P, C, ¹) /
.
(S, h). (7)

4.4. Solution to Stackelberg game formulation

The optimal decision variables for the manufac-
turer and retailer are the equilibrium points for the
Stackleberg game formulation. The functions
D(P, C, ¹), C

.
(h) and r(t; h) need to be suitably

constrained to ensure the existence of the equilib-
rium points for the Stackelberg game. So far, we
have not been able to obtain any results for the
general case. In the next section we discuss a special
case and indicate constraints that need to be satis-
"ed for the existence of the equilibria. Note that the
equilibrium point must satisfy CH(PH, ¹H(¸

and hH'0.
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If PH(S, h), CH(S, h) and ¹H(S, h) (the optimal
values of P, C, and ¹ which maximize J3(P, C, ¹)
for a given (S, h)) exist, they can be obtained from
the following "rst-order conditions:

LJ3(P, C, ¹)

LP
"0,

LJ3(P, C, ¹)

LC
"0 and

LJ3(P, C, ¹)

L¹
"0, (8)

where J3(P, C, ¹) is given by (5). Similarly, if SH and
hH exist, with 0(h(hH, they can be obtained
from the following "rst-order conditions:

LJ.(S, h)

LS
"0 and

LJ.(S, h)

Lh
"0, (9)

where J .(S, h) is given by (7) using PH(S, h), CH(S, h)
and ¹H(S, h). From this, the optimal decisions for
the retailer are given by PH"PH(SH, hH),
CH"CH(SH, hH) and ¹H"¹H(S*, hH).

5. Special case

In this section, we consider the following special
case:

(i) F(t; h) is an exponential distribution function
} i.e.,

F(t; h)"1!e~ht, for t*0. (10)

This implies that r(t; h)"h. In other words, the
failure rate is independent of the age of the item.
This is appropriate for electronic equipment where
the failure is due to chance mechanism and age of
the item plays no role. Note that the mean time
between failures is 1/h, so that smaller h corres-
ponds to a more reliable or better quality product.
As indicated earlier, h is the design decision vari-
able.

(ii) The manufacturing cost function C
.
(h) is

given by

C
.
(h)"a

0
#a

1
/h (11)

with a
0

and a
1
'0. This implies that as h

decreases, the quality of product increases and so
also the manufacturing cost per unit.

(iii) The probability that an item is defective (due
to quality variations in manufacturing) is given by

c(h)"b
0
!b

1
h (12)

with 0(b
0
)1, 0(b

1
@1 and (b

0
!b

1
h)(1.

This implies that dc(h)/dh(0, i.e., probability of
item being defective increases as h decreases, i.e., as
design quality increases.

(iv) The total sales function is given by

D(P, C, ¹)"K PaCb¹e. (13)

a, b and e are the price, repair charge and warranty
duration elasticities with a(0, b(0 and 0(e.
This implies that the total sales decrease with in-
crease in P and C and decrease in ¹. This is the well
known Cobb}Douglas function used extensively in
modeling aggregate demand for a product.

From (4), we have the retailers expected pro"t
per unit given by

/
3
(P, C, ¹)"MP!S!(1!j)c(h)C

$

#C[¸!¹]h!A
C

3
q B ¸h (14)

where c(h) is given by (12). Using (14) and (13) in (5),
we have the retailer's total expected pro"t given by

J3(P, S, ¹)"KPaCb¹eGP#C[¸!¹]h!S

!(1!j)c(h)!A
C

r
q B¸hH (15)

From (6) and (7), the manufacturer's total expected
pro"t given by

J.(S, h)"KPaCb¹eMS!C
.
(h)!j c(h)C

$
N (16)

where C
.
(h) is given by (11).

5.1. Analysis

We now give a complete analysis of this special
case. We omit the mathematical details and they
can be found in the Appendix.

We "rst study the retailer's maximization prob-
lem. From (15) and (8), PH(S, h), CH(S, h) and
¹H(S, h) are given by the solution to the following
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set of equations:

a/(P, C, ¹)"!P(S, h),

b/(P, C, ¹)"!C(S, h)(¸!¹)h, H (17)

e /(P, S, ¹)"C(S, h)¹h,

with /(P, C, ¹) given by (14). These can be solved
analytically and yield

PH(S, h)"G
a

1#a#bH t(S, h),

CH(S, h)"G
b

1#a#bH G
t(S, h)

¸h H,
¹H(S, h)"!G

e
1#a#bH G

t(S, h)

CH(S, h)hH
"!G

e
bH ¸, (18)

where

t(S, h)"S#(1!j)(b
0
!b

1
h)C

$
#A

C
3

q B ¸h. (19)

Note that t(S, h) is the retailer's expected cost per
item.

We initially consider the manufacturer's optim-
ization problem by ignoring the constraint
0)h)h

.
. From (9), using J

.
(S, h) given by (7)

with PH(S, h), CH(S, h) and ¹H(S, h) given by (18),
the optimal SH is given by

SH"

(a#b) Aa0#
a
1

hHB![(1!j)!(a#b) j](b
0
!b

1
hH)CH

$
!A

C
3

q B ¸hH

1#a#b
(20)

where hH is the solution of the following quadratic
equation:

(1#a) G A
C

3
q B ¸#C

$
b
1H h2!Mb(a

0
#b

0
C

$
)Nh

!a
1
M1#a#2bN"0. (21)

The hH obtained from (21) can be either (h
.

or
*h

.
. In the former case, the hH is an interior point

and the constraint is satis"ed. If hH'h
.
, then the

constraint is not satis"ed and in this case we set
hH"h

.
.

In either case, using hH in (20) yields SH. Finally,
using these in (18) yield PH, CH and ¹H, the optimal
values for the retailer's decision variables.

Proposition 1. If a(!1, b(0, and 0(e(
minM!b, 1), then

(i) a Stackelberg solution exists with PH'0,
CH'0, hH'0 and 0(¹H(¸, and

(ii) the expected proxt per unit sale is positive for
both the retailer and the manufacturer.

Proof. Note that t(S, h)'0 for all S'0 and
h'0. Since a(0, b(0 and e'0, for a positive
PH(S, h), CH(S, h) and ¹H(S, h) to exist, it follows
from (15) that we need

(1#a#b)(0.

Also for 0(¹H(S, h)(¸, we need

0(!e/b(1.

Note that, for the unconstrained case (i.e.,
0(h(R), hH is the solution of a quadratic alge-
braic equation given by (21). A quadratic equation
can have either no, one or two real solutions. For
!1)a(0, there is no real hH'0. For a(!1
there exists a unique hH'0 and is given by

hH"
bMa

0
#b

0
C

$
N!*1@2

2(1#a) G
C

3
q

¸#b
1
C

$H
(22)

where

*"b2(a
0
#b

0
C

d
)2#4(1#a)G

C
3

q
¸#b

1
C

$H
M1#a#2bNa

1
. (23)

Using hH (given by (22)) in (20), it is easily seen that
SH'0. This proves the "rst part of the Proposi-
tion.

Using the optimal values given by (18), we have
from (14), the retailer's expected pro"t per unit
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given by

/
3
(PH, CH, ¹H)"!G

1!e
1#a#bH t(SH, hH). (24)

Since t(SH, hH)'0 and (1#a#b)(0, for the
pro"t to be positive, we need 0(e(1. From
(7), the manufacturer's expected pro"t per unit is
given by

/
.
(SH, hH)"SH!C

.
(hH)!j c(hH)C

$
. (25)

Using hH from (22) and SH from (20), we have

/
.
(SH, hH)"

!

Aa0#
a
1

hHB#(1!j)(b
0
!b

1
hH)#A

C
3

q B ¸hH

(1#a#b)

(26)

and this is positive since (1#a#b)(0. This
proves the second part of the Proposition. h

The purpose of the paper was to investigate the
various aspects of quality and to analyze their im-
pacts on the various functions of the organization.
In this section we have indicated the existence of
a Stackelberg equilibrium and computed the opti-
mal manufacturer and retailer strategies in a special
case of the general model. In the next two sections,
we study these strategies and their sensitivity to
various parameters. The implications are categor-
ized into (i) quality management and (ii) economic
considerations.

6. Quality management implications of the model

Note that hH, the product design quality para-
meter, is a function of q, the repair service quality
parameter, and other parameters of the model. We
"rst carry out a sensitivity of hH to q and this is
given by the following two Propositions.

Proposition 2. Optimal design quality improves while
optimal manufacturing process quality deteriorates as
the repair service quality deteriorates.

Proof. Implicit di!erentiation of (21) yields

LhH
Lq

"

(1#a) A
C

3
q2B ¸hH2

s
(27)

where

s"
(1#a)G

C
3

q
¸#b

1
C

$H hH2#a
1
(1#a#2b)

hH
.

(28)

It is easily seen that s(0 and as a result
LhH/Lq'0. Using (27) in (12), we have

Lc(hH)
Lq

"!b
1

LhH
Lq

(0 (29)

and hence the result. h

On an intuitive level, the lowering of repair ser-
vice quality increases the number of times rework
service is done to obtain satisfactory repair service.
This clearly increases the marginal repair cost of
the channel forcing the manufacturer to lower the
failure rate through improved design quality. Due
to the assumed inverse relationship between manu-
facturing process quality and design quality (Eq.
(12)), manufacturing process quality decreases with
deteriorating service quality. From a managerial
perspective, this implies that the manufacturer has
to montior the quality of repair service at all times
and if need be, make-up for the shortcomings of the
retailer's poor performance in repair service
through better product design.

The following technical result will be needed in
later analysis.

Proposition 3. 0(LhH/Lq(hH/q.

Proof. From (27) and (28) we have

LhH
Lq

"G
(C

3
/q) ¸hH2

(C
3
/q) ¸hH2#C

$
b
1
hH#(1#a#2b)/(1#a) a

1
H

hH
q

. (30)

The bracketed quantity on the right-hand side is
positive and less than 1. Hence the result. h
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We now characterize the sensitivity of hH to other
parameters of the model.

Proposition 4. Optimal design quality improves and
manufacturing process quality deteriorates with in-
creased life of the product.

Proof. Using the approach in Proposition 2,

LhH
L¸

"!

(1#a) (C
3
/q)

s
(0 (31)

where s is given by (28) and

Lc(hH)
L¸

"!b
1

LhH
L¸

'0 (32)

and hence the result. h

On an intuitive level, increasing the life of the
product increases the number of repairs that need
to be performed during the life of the product. This
also increases the marginal repair cost of the chan-
nel forcing the manufacturer to lower the failure
rate through improved design quality. Manageri-
ally, as companies design products that have longer
durability, the manufacturer must improve design
quality, since otherwise, after-sales repair service
becomes more expensive. This can be seen in prac-
tice in the automobile industry: current cars are
longer lasting and manufacturers are advertising
service/maintenance free cars till 100 000 miles!

Proposition 5. Optimal design quality improves with
lower repair charge elasticities of demand (parameter
b), lower manufacturing cost parameters (parameters
a
0

and a
1
), higher sensitivity of manufacturing pro-

cess to design (parameter b
1
) and lower ceiling on

process manufacturing quality (parameter b
0
).

Proof. This follows as

LhH
Lb

"

(a
0
#b

0
C

$
)hH#2a

1
s

(0, (33)

LhH
La

0

"

bhH
s

'0, (34)

LhH
La

1

"

a
1
(1#a#2b)

s
'0, (35)

LhH
Lb

1

"!

(1#a)C2
$
hH2

s
(0, (36)

LhH
Lb

0

"

bC
$
h

s
'0, (37)

where s is given by (28). h

Intuitively, the lowering of repair charge elastic-
ity will give the retailer an incentive to unilaterally
increase unit repair charge. To compensate for this,
the manufacturer produces higher design quality to
reduce the number of repairs needed. Similarly,
higher sensitivity of manufacturing to process
design quality will decrease manufacturing process
quality and the manufacturer needs to o!set this by
improving the design quality. The better the manu-
facturing process (measured irrelevant of design),
the greater the incentive to produce higher design
quality (due to the assumed inverse relationship
between the two). The higher the manufacturing
cost parameters (i.e., "xed and variable cost with
respect to design quality) the greater the incentive
to produce lower design quality (due to the increas-
ing cost relationship with design quality). Manage-
rially, this proposition reiterates that design quality
o!sets other factors that a!ect sales and repair
service costs of the products produced. For
example, if the consumer is more sensitive to repair
charges outside warranty, it behooves the manufac-
turer to design higher quality into products.

7. Economic implications of the model

PH, CH and SH are functions of the repair service
quality q and other parameters of the model. In this
section we discuss the economic implications of the
model and the sensitivity of the various optimal
costs to q, the quality of repair service.

Proposition 6. The optimal wholesale price SH in-
creases as quality of repair decreases. In other words,
LSH/Lq(0.
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Proof. Di!erentiation of (20) yields

LSH

Lq
"CG

a#b
1#a#bHG

!a
1

hH HD
LhH
Lq

#C
(1!j)!(a#b)j

1#a#b
C

$
b
1D

LhH
Lq

!G
(C

3
/q) ¸

1#a#bH
LhH
Lq

#G
(C

3
/q2) ¸hH

1#a#b H (38)

which can be rewritten as

LSH

Lq
"CG

a#b
1#a#bHG

!a
1

hH HD
LhH
Lq

#C
(1!j)!(a#b)j

1#a#b
C

$
b
1D

LhH
Lq

!G
(C

3
/q) ¸

1#a#bH G
hH
q
!

LhH
Lq H . (39)

Note that each of the square brackets on the right-
hand side is negative. From Proposition 3, the
coe$cient of each of the three square brackets is
positive and hence the result. h

The intuition behind this result is that as repair
quality decreases, the quality of design improves
(see Proposition 2) and this in turn results in an
increase in the manufacturer's cost per unit dictat-
ing a wholesale price increase. Managerially, this
implies that if the retailer reduces the quality
of repair service, the manufacturer makes him pay
for the additional design quality necessary to
overcome the reduced customer service.

Proposition 7. The optimal total cost per unit to the
retailer, t(SH, hH), increases as quality of repair
decreases. In other words, Lt(SH, hH)/Lq(0.

Proof. Di!erentiation of (19) yields

Lt
Lq

"

LSH

Lq
!M(1!j)b

1
C

$
N

LhH
Lq

!G
C

3
q
¸H G

hH
q
!

LhH
Lq H . (40)

From Propositions 3 and 5 we have the result. h

Clearly, decreasing repair service quality in-
creases retailer's own cost of repair and also dic-
tates improvements in the quality of design. This
leads to further increases in the wholesale price as
well as recti"cation cost. All this contributes to the
increase in the retailer's cost per unit. The signals
are very clear to the retailer that he must aim to
improve repair service quality.

Proposition 8. The optimal retail price PH increases
as quality of repair decreases. In other words,
LPH/Lq(0.

Proof. Di!erentiation of PH given in (18) yields

LPH

Lq
"G

a
1#a#bH

Lt
Lq

. (41)

From Proposition 7, the result follows. h

Since the retail price is directly proportional to
the retailer's total unit cost (because of the
Cobb}Douglas demand function) and Proposition
7 stipulates an increase in the retailer's cost, de-
creasing repair service quality increases retail price.
The same rationale holds true for the retailer's
repair charge, as stated in the following proposi-
tion.

Proposition 9. The optimal repair charge CH in-
creases as quality of repair decreases. In other words,
LCH/Lq(0.

Proof. From (18) we have

CH"
b

1#a#b
t(SH, hH)

¸hH
(42)

and di!erentiating this with respect to q we have

LCH

Lq
"

G
b

1#a#bH G
Lt
Lq

!

t
hH

LhH
Lq H

¸hH
(43)

and this is negative from Propositions 7 and 2. h

The impact of the quality of repair on the ex-
pected pro"ts per unit are given by the following
two propositions.
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Proposition 10. The retailer's optimal proxt per unit
(/

3
(PH, CH, ¹H)) increases as the quality of repair

decreases. In other words, L/
3
(PH, CH, ¹H)/Lq(0.

Proof. This follows from (24) and Proposition
7. h

Even though the retailer's pricing for the product
and repair charge increase with the decrease in
service quality, the increase in retailers total cost is
su$cient to decrease the retailer's pro"t margin.
The same is true for the manufacturer also, as
stated in the next proposition.

Proposition 11. The manufacturer's optimal proxt
per unit (/

.
(SH, hH)) increases as the quality of repair

decreases. In other words, L/
.
(SH, hH)/Lq(0.

Proof. Di!erentiating /
.

(given by (26) with re-
spect to q yields

L/
.

Lq

"

a
1

hH2
LhH
Lq

#(1!j)C
$
b
1

LhH
Lq

#C
3
¸hH G

hH
q
!

LhH
Lq H

1#a#b
.

(44)

The numerator is positive and hence the result. h

Proposition 12. The total demand D(PH, CH, ¹H) in-
creases as quality of repair increases. In other words,
LD/Lq'0.

Proof. Di!erentiating (13), we have

LD

Lq
"DG

a
PH

LPH

Lq
#

b
CH

LCH

Lq H (45)

and the result follows from Propositions 8 and
9. h

Since retail price and repair charge both decrease
with increase in service repair quality, this ensures
that the total demand increases.

While it would be nice to draw some conclusions
about retailer's and manufacturer's pro"ts, with
changes in repair service quality, we are unable to
do so analytically since the pro"t margin and de-
mand changes are in opposite directions.

8. Conclusions and extensions

Total product quality captures three important
notions of quality in the context of design, manu-
facture and post-sale service of a product. These
di!erent notions are linked with each other and
need to be studied together using an integrated
framework which incorporates the decisions of
manufacturer and retailer.

In this paper we developed a fairly simple model
formulation for carrying out such a study. Our
model formulation deals with a monopolistic case
involving one manufacturer and one retailer,
homogeneous consumer population and implicitly
assumed that all parties having complete informa-
tion. The interesting and novel features of the
model are (i) the non-cooperative game-theoretic
approach where the manufacturer acts as the
leader and the agent as the follower, (ii) the inter-
action between the di!erent notions of quality, and
(iii) the quality management and economic im-
plications that result from the analysis of the
model. Some of the managerial insights that emerge
include the notion that the manufacturer will
have to step in and improve product quality if
the retailer lets his repair service qualiy slip; also
the manufacturer forces the retailer to pay
through higher prices for any decrease in repair
service quality. Another insight is the commonly
seen improvement in design quality by manu-
facturers as they increase the durability of
products.

The model needs to be extended in several direc-
tions and we discuss some of them.

(1) The usage of item varies across the consumer
population. One can model this in many di!erent
ways } for example, treating ¸ as random variable
or modelling failure rate as a function of the usage
rate or intensity.

(2) Our model treats items as being non-con-
forming or conforming and that non-conforming
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items are detected prior to sale and "xed so that
they become conforming. This is appropriate where
the non-conformance is due to assembly operation
and all components are of same quality. A more
interesting case is one where non-conforming items
are inferior to conforming items in a statistical
sense (for example, smaller mean time to failure and
called a `lemona in the popular jargon) and cannot
be detected prior to sale. In this case, the consumer
has no way of knowing whether the item purchased
is non-defective or a lemon. This introduces an
extra dimension of uncertainty and the attitude of
consumer to risk becomes an important factor.
Models based on utility theory and di!erentiation
of consumers based on attitude to risk are needed
to evaluate the demand for items rather than the
simple Cobb}Douglas formulation used in this
paper.

(3) The model considered in this paper is a static
model. An interesting extension is the case where
sales occur over time and is a!ected by several
factors such as price, advertising, product quality,
service quality, etc.

(4) When a consumer misuses the item, the war-
ranty becomes null and void. In this case, the re-
tailer can refuse to service the warranty. A warranty
disputes arises when the two parties refuse to agree
on the use (or misuse) of an item. This raises several
issues } alternate dispute resolution mechanisms,
e!ect of disputes on future sales, etc.

A double moral hazard problem arises when
the retailer cannot monitor the usage of consumer
and the quality of product (determined by manu-
facturer) and the quality of service (determined
by retailer) cannot be properly assessed by
the consumer. This raises several additional
issues.

(5) When one moves away from monopolistic to
more competitive situation (for example, more than
one manufacturer and/or retailer) then the problem
becomes more interesting and also more di$cult.
In this case, one can have alternate game-theoretic
formulations to characterize the equilibrium
strategies.

These are a few of the problems that need to be
studied in order to understand total product qual-
ity in a better manner and to manage it more
e!ectively.

Appendix A

A.1. Retailer's optimal strategy

From (17) we have

!a/"P,

!b/"(¸!¹)Ch,H (A.1)

/"¹Ch,

where

/"/(P, C, ¹)

"P!S!(1!j)C
$

c(h)#(¸!¹)Ch!
C

3
q

¸h.

(A.2)

De"ne ¹K "¹C. Then, (A.1) can be rewritten as

C
(1#a) ah¸ !ah

b (1#b)h¸ !(1#b)h

e eh¸ !(1#e)¸D C
P

C

¹K D"C
at

bt

et D
(A.3)

where

t"t(S, h)"S#(1!j) C
$
c(h)#

C
3

q
h¸ (A.4)

(A.3) can be solved to yield

P(S, h)"
a

1#a#b
t(S, h), (A.5)

C(S, h)"
b

(1#a#b)h¸
t(S, h), (A.6)

¹K (S, h)"!

e
(1#a#b)h

t(S, h). (A.7)

Since ¹(S, h)"¹K (S, h)/C we have from (A.7) and
(A.6)

¹(S, h)"!

e
b

¸. (A.8)

(A.5), (A.6) and (A.8) yield Eq. (18).

A.2. Manufacturer's optimal strategy

From (16) (with P(S, h), C(S, h) and ¹(S, h) given
by (A.5), (A.6) and (A.8)) we have dJ.(S, h)/dS"0
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yield the following equation:

G
a
P

LP

LS
#

b
C

LC

LS
#

e
¹

L¹
LS HMS!C

.
(h)!jc(h)C

$
N

#1"0. (A.9)

Obtaining the partial derivatives from (A.5), (A.6)
and (A.8), we have from (A.9)

S"

(a#b)C
.
!M(1!j)!(a#b)jNC

$
c(h)!(C

3
/q) ¸h

1#a#b
.

(A.10)

Using C
.
(h) from (11) and c(h) from (12) yields

S"
(a#b) (a

0
#(a

1
/h))!M(1!j)!(a#b)jNC

$
c(h)!(C

3
/q) ¸h

1#a#b
(A.11)

and hence (22) of the text. Similarly, we have
dJ.(S, h)/dh"0 yield the following equation:

G
a
P

LP

LS
#

b
C

LC

LS
#

e
¹

L¹
LS H MS!C

.
(h)!jc(h)C

$
N

!

dC
.
(h)

dh
!jC

$

dc(h)

dh
"0. (A.12)

Obtaining the partial derivatives from (A.5) and
(A.6), using C

.
(h) from (11), c(h) from (12) and

S from (A.11), and after some simpli"cation, (A.12)
can be rewritten as

C(1#a) G
C

3
q

¸#C
$
b
1HD h2#[b(a

0
#b

0
C

$
)]h

![a
1
(1#a#2b)]"0 (A.13)

and this yields Eq. (21).
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