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Abstract

The aim of this paper is to develop an optimization model for quality improvement by considering quality investment in
rework policies and supply chain profit sharing. To improve product’s quality, the decision of process target and its tolerance
is important since it directly affects the defective rate, manufacturing cost, and loss to customer due to the deviation of product
from its specification. In this research, two rework policies are considered. In the first policy, the rework is done by using
the same manufacturing facility, while in the second policy a new process facility was added for rework. Quality improve-
ment in the supply chain environment is also necessary. Hence, profit sharing system is added in the model to strengthen the
commitment of the suppliers in improving component quality. In the system, the manufacturer shares the profits to the sup-
plier if the supplier can meet or exceed the quality target specified by the manufacturer. A comparison is given to determine
the best quality improvement policy between those two policies considering profit sharing system. From the results of the
optimization, the managers can make economic investment decision economically to correct a defective product through
cost optimization model and to choose the best option toward the goal of least unit production cost. By using this model, the

decision-maker can evaluate any quality investment in order to achieve significant financial return.

Keywords Quality improvement - Quality investment - Quality incentive - Profit sharing - Variance reduction - Rework

Introduction

Recently, manufacturing sector is one of the very rapid
growing sectors. In the process, a manufacturing company
has to choose the right business strategy in order to compete
with others. According to Porter (1980), business strategy
is defined as the way companies take to compete in the mar-
ket with the goal of getting the desired profit. According to
Hallgren and Olhager (2006), there are several important
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aspects for manufacturing companies to compete in the
dynamic global competition, namely quality improvement,
cost reduction, and on-time delivery. Product quality and
cost reduction have been considered as the most common
competitive strategies used by many manufacturing compa-
nies. The manufacturing companies have to perform qual-
ity improvement in their products at minimum cost from
time to time. There have been many researches on process
quality improvement to minimize cost. One of the important
variables in cost minimization is product tolerance value.
According to Zhang (1996), tolerance is a critical issue in
the design and manufacturing stage of a product, where the
determination of tolerance will affect product and process
design since the tolerance is the link between product design
and manufacturing. This value is important since it serves
to limit the variability of product quality around the target
characteristics (Mustajib and Irianto 2010). In setting the tol-
erance, Taguchi (1989) introduced a quadratic loss function
that reflects the balance between customers’ loss due to the
variation of product performances and producer’s effort to
improve the product quality. In Taguchi quality loss concept,
quality improvement must be done by reducing the process

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40092-019-0309-7&domain=pdf

638

Journal of Industrial Engineering International (2019) 15:637-649

variance as well as to get the mean value of the process as
close as possible to its target.

Several studies have been conducted to combine manufac-
turing with quality loss cost in a tolerance design model. For
example, researchers such as Taguchi et al. (1989), Kapur
(1989), Fathi (1990), and Zhang and Hug (1992) have con-
ducted some researches, but they have not considered both
manufacturing cost and quality loss simultaneously. Vokurka
and Davis (1996) provided a case study of manufacturing
scrap reduction through quality improvement. Jeang (1997)
developed a tolerance design approach for quality improve-
ment and cost reduction. He minimized the total costs of
tolerance and quality loss based on three cost estimation
scenarios using response surface methodology. In further
research, Jeang (2001) proposed a model for simultaneous
optimization of product and process design parameters,
which was expressed in a mathematical relationship to link
the elements of design target, design tolerance, process
mean, and process tolerance in one equation and combined
the optimization of parameter and tolerance design over
product/process in the early stage of design. For the consid-
eration of reworked items, Chiu and Chiu (2003) presented
an economic production quantity model, similar to the
optimal lot sizing model, but for defective and scrap rates.
Another research by Chiu (2003) considered the influence
of the reworking of defective items by allowing backlog-
ging. Chiu (2007) then developed an economic manufactur-
ing quantity model for a case when there are some random
defective items produced subject to rework or scrapping.
The optimal levels of the lot-size and backlogs were set as
the decision variables to minimize expected total cost con-
sisting of setup cost, holding cost, repair cost, disposal cost,
and shortage cost.

In the manufacturing process, it is commonly known that
items vary in their performances due to some inevitable ran-
dom variations, such as material, operator, method, or pro-
cess. Quality inspection processes are generally conducted
only at the final stage of the production process. With this
only final-stage inspection process, it will make the defect
product in the preceding process stage become undetected.
The inspection at each stage of the production process is
needed to reduce this problem. Inspection, which is usually
accomplished using manual method, has been intensively
replaced by the use of simple yet effective sensor technology.
This technology has made in process or between-process
inspection become feasible. In this way, the defect parts or
components can be detected earlier to avoid bigger problems
(Irianto 1996). In the process, defective products may need
to be reworked so as to conform with the specifications. The
model of overall inspection policy of each process was car-
ried out previously by Lo and Tang (1990), especially for
products with expensive components, in which each pro-
cess should be carefully inspected before proceeding to the
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subsequent process. A research on inspection policy and
rework was done by Irianto (1996). There were two poli-
cies proposed in the research: (i) using the same production
process facility for rework/correction process, and (ii) using
different rework/correction facility. The model considered
the economic and investment aspects. In the first policy, no
additional investment for quality improvement was consid-
ered. While in the second policy, the investment value of
quality improvement was calculated from the investment of
additional separate rework facilities. The model was then
extended by Irianto and Rahmat (2008) by including the
process selection in make-to-order company by considering
inspection and rework at the same production line facility.
Then, Irianto (2009) added consideration to the model with
the imperfection on the inspection process. Jerusalem et al.
(2016) proposes a new comprehensive model for process
selection. It incorporates both offline and online quality con-
trols, an excellent balance between the costs, tolerance as a
quality requirement, and delivery time.

However, in Irianto’s work, the model tends to select the
second policy since it gives more benefit in the long term
than the first policy. Thus, in this research we will enhance
the first policy by adding quality investment to improve the
quality of the process in terms of variance reduction. Qual-
ity investment models have been developed by Abdul-Kader
et al. (2008, 2010).They conducted a research to model the
possibility of reducing the cost of rework/scrap by adding
quality investment. They adopted an investment which is
expressed as the function of mean and variance. This quality
investment model was also used by Chen and Tsou (2003),
which was originally used as the basis of modeling the
investment defined by Hong and Hayya (1993) and Gane-
shan et al. (2001). Rosyidi et al. (2016a) developed a qual-
ity improvement model by variance reduction in component
using learning investment. The model can be used to solve
the problem of investment allocation to improve the qual-
ity of a product. Further, Rosyidi et al. (2016b) developed
an investment allocation model for quality improvement to
reduce component variances at manufacturer and supplier
side to maximize the return on investment.

In addition to quality improvement in the form of rework
policy selection and optimal investment value as mentioned
previously, quality improvement in the supply chain environ-
ment is also necessary. Profit sharing system can be used
in the supply chain to strengthen the commitment of the
suppliers in improving component quality. In the system,
the manufacturer shares the profits to the supplier if the sup-
plier can meet or exceed the quality target specified by the
manufacturer in the form of incentives. With this system, the
suppliers will make their best effort to improve their product
quality while minimizing costs throughout the supply chain.
Profit sharing model in this research refers to the model of
Kusukawa et al. (2006). In their research, profit sharing or



Journal of Industrial Engineering International (2019) 15:637-649

639

rebates are given by the manufacturer or second-tier sup-
plier to the first-tier suppliers who are capable of improv-
ing the quality so that the quality of the supplier process
exceeds the quality target set by the manufacturer. Hence,
the optimal quality targets must be achieved by the supplier
to obtain optimal profit sharing. Research on the provision of
incentives in improving process performance is also done by
Overvest and Veldman (2008). They proposed a managerial
incentives model to managers who can deliver the innova-
tion or improvement in process performance using Cournot
competition scheme. Furthermore, Veldman and Gaalman
(2013) developed a model to determine the effect of incen-
tive strategies for product quality and process improvement
using game theory models in competition between two
managers.

There are some other aspects that considered in sev-
eral supply chain models regarding profit sharing.
Panda et al. (2015) analyzed coordination of a manufac-
turer—distributer—retailer supply chain, where the manu-
facturer exhibited corporate social responsibility (CSR). In
manufacturer—Stackelberg game setting, the paper proposed
a contract bargaining process to resolve channel conflict and
to distribute surplus profit among the channel members.
Modak et al. (2015) proposed a two-echelon duopolistic
retailers supply chain model with recycling facility con-
sidering Cournot and collusion behaviors of the retailers.
The paper explored channel coordination and profit distri-
bution in a two-layer socially responsible supply chain that
consisted of a manufacturer and two competitive retailers.
Further, Modak et al. (2018a) developed a model with three
different structures of two-echelon closed-loop supply chain
(CLSC) under price and product quality-dependent deter-
ministic demand environment where product price, quality
level, and recycling rate were considered as the decision
variables. They also developed in other research a model
that dealt with a manufacturer—retailer supply chain con-
sidering the cost of greenhouse gas (GHG) emission during
manufacturing process (Modak et al. 2018b). Revenue shar-
ing contract and asymmetric Nash bargaining strategy were
used in that research to resolve channel conflict and to share
surplus profit between the channel members.

In this paper, we develop a mathematical model that can
be used to determine the optimal tolerance, rework policy,
and profit sharing that should be given by the manufacturer or
second-tier supplier to the first-tier suppliers. The main con-
tribution of this research lies in the integration of profit shar-
ing, learning, and facility investment in a quality investment
decision model which will make the suppliers commit to the
efforts of quality improvements and the manufacturer gains
maximum benefits from those sharing and investments. A
numerical example is given in this paper to show the applica-
tion of the proposed model. This research will be beneficial to
a decision-maker in companies engaged with manufacturing

in the global competition and respond to managerial issues
related to production and business decisions.

Problem definition

A manufacturing company needs to improve their product
quality by reducing the component variance of their manu-
factured products. To reduce the variance, an inspection and
rework process of defective items need to be done. In this
case, the manufacturer has two options: (1) using the same
facility to rework the defective items, or (2) adding sepa-
rate rework facility. In this paper, we assume the reworked
product still has the probability to be defect, so it can be
reworked multiple times until it meets the required specifi-
cation. The first policy is chosen due to its simplicity, that
is, reworking the defect units by using the existing facility.
In this first policy, quality investment is made by consider-
ing learning investment to reduce the variance. This invest-
ment can be used for training, technological improvements,
as well as other efforts related to the variance reduction.
The second policy has two advantages. It may have higher
capacity due to uninterrupted process in main facility of pro-
duction process and the rework can be done better than the
process in the main production line. However, the second
policy needs a big additional investment to purchase and
setup of new facility.

In addition to quality improvement in the manufacturer
side above, quality improvement in the suppliers’ side also
needs to be done. To meet market demand, the company also
outsources the needed components to its suppliers. Profit
sharing system is implemented for the suppliers to improve
the quality of their products. With such system, suppliers
will strive to improve their production quality while mini-
mizing the cost of quality which will make the whole supply
chain become more efficient. Suppliers in this system con-
sist of several tiers. Figure 1 illustrates the supplier network
in this system. Outsourcing activities within the model are
manufacturing process outsourcing activities, where the raw
materials of component are assumed to be supplied by the
manufacturer. The first-tier suppliers provide some manufac-
turing processes to transform raw materials into semifinished
components. Then, the supplier on the second tier continues
the manufacturing process from the semifinished compo-
nent to the finished component. The finished components
are then shipped to the manufacturer. Each supplier has a
different quality level. It will affect the cost of failure and
appraisal cost of each supplier. Second-tier suppliers and
manufacturers bear the cost of failure caused by the level
of process quality at the first-tier suppliers. Each supplier,
before delivering the component to the next-tier supplier,
will perform component quality inspection so that appraisal
cost will be incurred on each supplier. The manufacturer
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Fig.1 Rework and supply chain system

conducts inspection once the component arrives, so it will
also need appraisal cost. The quality level of each supplier
will affect the amount of profit sharing. If the quality level
of the supplier process exceeds the quality target set by the
manufacturer, then the supplier at the previous tier will
receive a rebate in the form of profit sharing. The decision
variable is quality level of component to minimize the total
cost of quality.

Our concern in this paper is the quality improvement in a
product to minimize costs related to the improvement effort
and the quality investment related to both policies. Trade-
off between two conflicting objectives, which is cost and
quality, is unavoidable. This happens because the company
has to spend more on quality costs and manufacturing costs
to make a better quality product. The quality loss in terms
of the inspection and rework cost is integrated and then
minimized to obtain the optimal tolerance value for each
policy based on their most economical performance. This
optimization procedure not only leads us to set the most
economical tolerance and profit sharing, but also simultane-
ously helps the management in selecting or evaluating the
policies concerning inspection and rework to improve the
product quality.

Model formulation

External quality loss cost formulation

In this research, y denotes quality characteristic of a prod-
uct with a mean value of g which is assumed to be equal

to the target value m. Tolerance value is denoted by ¢ in
which a product may be considered as defective if it does
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not meet the tolerance specification. Hence, there will be
a quality cost known as customer loss denoted by L(y) in
which according to Taguchi et al. (1989), the customer will
be perfectly satisfied if the quality characteristics are at the
target value, otherwise there will be customer dissatisfaction
expressed in quadratic function as follows:

L) = k(y = m)*. o

In Eq. (1), k is a cost coefficient whose value is derived
from K = Cy/A3. The value of C,is determined by summing
up all the components of the cost incurred due to the loss of
quality such as the cost of lost time, the cost of replacement
(repair), transportation, and other related costs. By using the
above loss function, the expected cost of quality loss of each
product can be estimated by Eq. (2)

m+t
E[Ly)] = / k(y = m)” - f()dy. )
m—t
In Eq. (2), f(y) is the probability density function of y. If

y is normal distribution N(m,o), then the probability density
function of y, (), is:

_ o-w?
e 202

f»= 3

2ro

Manufacturing cost formulation

The next cost component comes from the production line.
It is assumed that all defective products can be reworked
with the same facilities that already exist or with the addi-
tion of rework facility. Since the rework is only done for the
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defective product, the total cost of the correction depends
on the tolerance value ¢. Inspection costs also need to be
considered. This cost comes from all the products that are
inspected, both defective and good ones. Therefore, the tol-
erance value also affects the cost of inspection because the
defective product also needs to be re-inspected.

MC is total cost per unit consisting of the cost of manu-
facturing process, rework, and inspection. The estimated
total cost per unit product is expressed as follows:

Lee )+ . + (n, -c,
e @) O ) s e)

m
an

where n;=the number of inspected components in one pro-
duction cycle, n,=the number of components produced in
one production cycle, n,=the number of reworked com-
ponents in one production cycle, ¢;=inspection cost/unit,
c,= production process cost/unit, c,.=rework cost/unit,
m=policy reworks choices (1, 2).

Number of good, corrected, and inspected products

Let the output of production is assumed to be normally dis-
tributed from both production facility f(y) and the correc-
tion facility g(y) and denoted by N(x, 67) and N(u, o3). We
assume that the correction facility gives better output than
correction facility, and then ¢,> 0,. Hence, the probability of
good product coming from the process P, is less than that of
the product comes from the correction facility P,. The esti-
mated operating time for production is 7. So the total time
required for the process and correction must be less than or
equal to 7. The number of products, corrected products, and
inspected products in policy j are denoted by n,;, n;, and ny;,
respectively. The probability of this good product can be
formulated as follows:

p+t

Py = / SO)dy. 3)
u—t
A+t

P, = / gy)dy. (6)
u—t

Given the production operating time estimates for produc-
tion by 7, the total time required for the process and rework
must be less than or equal to 7. Hence, what needs to be
estimated is the number of product outputs. The operating
time of Policy 1 is the total time used by process and cor-
rection activities as expressed in Eq. (7).

n, -t,+n. 1. <T. (7

The number of inspected products is obtained using the
following formula:

”1, = np] + I’LCI. (8)

Then, the average number of corrected products is esti-
mated using the following formula:

ne =n, P, ©

where 1 = 1 — P,. Since the corrected product still has the
possibility of defects, the probability in Eq. (9) will become
P1/<1 - P, >, thus:

ne =n, -E/(l—E). (10)

By substituting Eq. (10) into Eq. (7), we can get the
following:

-t <T. (1)

c =

7,

Then, the number of products is calculated as in Eq. (12)
which will eventually affect n,;, ny;.

n, < T .
"l 0-7)

For Policy 2, the total operating time is dominated solely
by product process activities, thus:

Ry, tp ST (13)

However, if the number of corrected products is large,
then n, -7, < T should also be considered. The corrected
product has the possibility of defects after correction so that:

ne, =n,, - Pi [ (1-Py). (14)

Since the values of n,, and n,, are constrained by 7, the
following two conditions will hold:

1. IftpStc-E/(l—Pj),thennpzgt/tp
2. Otherwise n, < T/ (;C Fl/(l _E))
2

The number of inspected products is also constrained by
T, and the following condition will hold:

n[’z Z nl’] (15 )
From Eq. (15), we can observe that without quality invest-
ment, the output of the second policy is higher than the first.
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Internal failure cost, prevention and appraisal cost,
and rebate

In this paper, the following cost components are adopted
from Kusukawa et al. (2006): internal quality failure cost,
prevention and appraisal cost, and rebate. Equation (16)
shows the objective function:

Cyla)) = Cy(4) + Cpy(q;) = R;(a;). (16)

where C,(g;) =cost of quality at supplier j when quality
level is g; and receive rebate for R,(g;), C;(q;) = internal
quality failure cost to supplier j when quality level is g;,
C,,(q;) = prevention and appraisal cost to supplier j when
quality level is g;, R/(q;)=rebate received by supplier j when
quality level is g;.

The failure cost calculation at supplier j is given in
Eq. (17) where supplier j incurs not only failure cost resulted
from the quality level at process of supplier j, but also the
failure cost caused by quality level at the process of prede-
cessor supplier i.

Cylg) = Z;, (1-q))l; (17)
where g;=optimum quality level of process at supplier j, and
L;;=quality failure cost by supplier j resulting from defective
product from supplier i.

Total prevention and appraisal cost is given in Eq. (18).
When the predecessor suppliers perform quality improve-
ment, the appraisal cost of subsequent suppliers will
decrease, due to the decrease in component inspection cost.

9

ij(qj) = mjrj + b (18)
= HWJ (19)
ieS

where m; and b; are cost parameters used to calculate preven-
tion and appraisal costs of supplier j, while r; is calculated
based on Wi which is given as:

., if supplieriis predecessor of supplier j
W, = { g;» if supp p pplierj

4 1, otherwise

Equation (21) shows the quality cost of all suppliers on a
system that has not yet implemented a rebate:

S% __ _
C _ch'(qj %) _chj(qj %) + Cpi(q; *)- Q21
JjEeS JjeS
The optimal quality level of process at supplier j before
rebate is shown in Eq. (22). The optimal quality target value
g; in the case without rebate can be obtained as a solution of

j
partial differential with respect to qj in Eq. (21) as:
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n—m@+m¢

q:=r R 22)
J J 5}.

where

v =1Inl; (23)
6 =Inm; (24)
rm=1Iw (25)

ies
q;, if supplier i is predecessor of supplierj

Wi = { 1 otherwise - (26)

Equation (27) shows the total cost of all suppliers in the
rebate system.

CS** — ch(q;*) — chj(q;*) + ij<qj*> _Rj(q;*).

JES JES
27
The optimal quality target value of supplier j in the case
with rebate, q;*, can be obtained as a solution of partial dif-
ferential with respect to g; in Eq. (27) as:

k%
q—m@+m5

gt =r———, (28)
J J 5;
where
g = In y ]Ez; l,-j (29)
= 11 Wi (30)
IS

€29

w = J i if supplier iis predecessor of supplierj
iT )1, otherwise )

The concept of rebate assumes that the optimal quality
target with rebate is higher than the quality level without
rebate. The quality target and rebate values for each sup-
plier are set by the manufacturer. If the quality level of sup-
plier j exceeds a predetermined quality target, supplier j will
receive a rebate from the manufacturer or supplier of the
next related tier.

Rebate consists of fix remuneration U; and variable remu-
neration k; paid every time the quality level exceeds the qual-
ity target. The amount of rebate which is received by the
supplier can be expressed in Eq. (32).

R(g;) = { Ki(q;=T;) + Uy, (¢, 2T)) 32)

0, (¢, <T))
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where k; = variable remuneration, ;= process quality level

at supplier j, T; = quality level target value for supplier j, and C <q]**> - (1=p)C; <q]*) -U

U; = fix remuneration. T; = max q;‘* - ,qjﬁ" . (37

There are three rules used to determine the value of opti-
mal Kp Tj, and UJ

1. When supplier j achieved the optimal quality target value
gq;** after setting rebate, quality cost of supplier j can be
minimized.

2. When quality cost of supplier j after setting rebate is
minimized, cost reduction ratio between quality cost of
supplier j with rebate and that without rebate is equiva-
lent to cost reduction ratio of total quality cost obtained
from the whole supply chain system with rebate.

3. Target of supplier j, Tj, is set as a higher value than the
optimal quality target value of supplier j without rebate,

qj‘*-

Variable remuneration will be received by suppliers if
they exceed the quality target where the value of variable
remuneration is linear with the quality improvement in sup-
pliers. The optimum variable remuneration is expressed
in Eq. (33). This equation is obtained from minimizing
Eq. (27).

<
*

mjr;' lnmj
T—xy(l—qi )ljj’o ‘ 33)
j

Kj = max

In accordance with the second rule, cost reduction ratio
of total quality cost in the whole supply chain system with
rebate and the minimum value of total quality cost in the
whole system without rebate is expressed in Eq. (34).

p= (CS*—CS**)/CS*. (34)

Cost reduction ratio of quality cost of supplier j in
Eq. (34) is equivalent to the cost reduction ratio of total
quality cost in the whole system. The rebate Rj(gj**) paid
for relevant supplier j who achieved improvement in quality
level can be calculated as:

o) =) -,

Quality-level target 7; is obtained by substituting Eq. (35)
to Eq. (32), to result Eq. (36).

) -0-r5)-

Kj

(36)

To fulfill the third rule, which is to avoid 7; lower than g;,
T} is set as follows:

Taking into account the critical point when the quality
target value 7; equals the value of q;, the optimal value of
U; can be obtained from the following equation:

C(qg*)-a-pClq)-U,
; J(qj > ij j(qj> J ij. (38)

ok

Then, the optimal value of U; can be simplified as shown
in Eq. (39)

U = max<q(qj*) — (1= p)Cj(q}‘) - lg(q;* - q}‘),0>.
(39
Total cost formulation

The total cost formulation consists of external quality loss
costs, manufacturing costs, internal failure costs, prevention
and appraisal costs, and rebates. The formulation is shown
in Eq. (40).

1C, = E[LW)] + MC,, + Cy(q")
(o)~ (a7 1) 0.
Since the quality level in Eq. (40) is in the form of per-

centage, to express it in the form of tolerance and variance,
the value g; is obtained by the following equation.

(40)

HHt _(,\‘—;42)2
« e 20°
q;" = dy. 1)
2ro
u—t

From the result of Eq. (41), the value of q;*can be
obtained:

t*
g = Erf . 42
, Lﬁ] -

The value of optimal tolerance #* can be obtained by
minimizing Eq. (40) with respect to ¢.

Quality improvement model with learning
investment for Policy 1

After determining the optimal tolerance, we add a learn-

ing investment model to determine the amount of quality
investment required for quality improvement to minimize the
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production cost. Hence, the model will provide simultaneous
joint decisions to achieve optimal process setting, which are
optimal investment and optimal variance and mean values
after the investment. By adding the investments, there will
be a reduction in cost.

According to Hong and Hayya (1993), Ganeshan et al.
(2001), Chen and Tsou (2003), and Abdul-Kader et al.
(2010), the process parameter values of y; and o; can be
expressed as in Eq. (43) and (44).

0_2

j=0,+ (o —0)e™ ", a>0 43)

py = pp+ (g — pz)e™, p>0, (44)

where o3,denotes the variance before quality improvement
and o7 denotes the best variance that can be achieved by the
system, while yu, denotes the initial value of mean and y
denotes its target value.

According to Abdul-Kader et al. (2010), when the qual-
ity characteristic Y follows normal distribution, the density
function f(Y, I,) of quality characteristics Y with the invest-
ment of /; is expressed as the following equation:

O=np)?

1 pw

e M (45)

f(r.n) =

o\ 2z

Taguchi L(Y) loss function is used in this paper, so the
quality loss per unit product can be derived as in Eq. (46):

m+t

L(Y.1)) = / L(Y)xf (Y,1;)dY. (46)

m—t

Optimal quality investment can be found by minimizing
total cost per unit. The total cost for Policy 1 can be obtained
by substituting the external quality loss in Eq. (40) with
Eq. (46). Then, the initial variance and mean process values
are substituted into Eqgs. (43) and (44) and summed with the
investment value of /; to result the following equation:

et =41 46+ 67} )
I (47)
= (5(q =) + U)) + —.
nPl

The optimal investment value /; and the optimum vari-
ance can be obtained by minimizing Eq. (47) and by sub-
stituting the optimum tolerance value previously obtained.

Quality improvement model with investment
for Policy 2 and rework policy selection

In Policy 2, the company will make an investment to build

a separate rework facility. The addition of rework facility
is invested economically with a value of 7, per determined

@ Springer

investment period. To compare the quality investment
between two policies, the investment will be calculated con-
sidering the number of final products that can be reworked
by the two policies. Thus, Policy 2 is better than Policy 1 if:

TC, + —Il TC, + —12
> .
1T 2T (48)
Pi P>

Numerical example

Consider a component that should be processed and
inspected one by one (unit production). Assume that the
inspection facility is perfect. Suppose the output characteris-
tic of a process y follows a normal distribution function N(y,
7). Under the second policy, the correction facility gives a
better output that follows a normal distribution function N(y,
03), where 6, > ¢,. The input parameters for the numerical
example are as follows:

Target process mean m 402 mm
Current process mean y 402.86 mm
Current standard deviation o, 0.66
Standard deviation of rework facility o, 0.53

The best variance that can be achieved 0.55

after quality improvement o,
10,000 unit time duration

10 time duration

Total manufacturing time T
Processing time/unit 7,
Rework time/unit ¢, 10 time duration

Inspection time/unit ¢, 1 time duration

Processing cost/unit c,, $2
Rework cost/unit c, $2
Inspection cost/unit c; $0.3
Taguchi loss constant K $1
Variance curve constant 0.00362
Mean curve constant 0.0105

Cost of investment adding rework facility ~ $225

Fixed cost and variable cost for operating the correction
facility and rework per unit product are assumed to be $40
and $2, respectively.

In this paper, it is assumed that there are two-tier suppli-
ers in which each tier consists of two suppliers. The suppli-
ers in the first tier produce semifinished components and
deliver them to the suppliers in the second tier. The second-
tier suppliers produce final components and deliver them
to the manufacturer. Figure 2 shows the description of the
two-tier supply chain used in the numerical example. Table 1
and Table 2 show the parameters of internal quality failure
costs and prevention and appraisal costs.

The model is solved using Wolfram Mathematica 7.0
software. From the optimization results, optimum tolerance
value of the manufacturer, the optimal investment value of
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Supplier 1 Supplier 3
Manufacturer
J (Supplier 5)
Supplier 2 Supplier 4
Tier 1 Tier 2

Fig.2 Two-tier supplier chain in numerical example

Table 1 Quality failure cost of

- Failure cost ($)
each supplier

i 1 2 3 4 5

1 3 0o o0 o0 O
2 o 2 0 0 O
3 2 0 4 0 O
4 0o 2 0 3 0
5 0o 0 3 3 5
Table 2 Prevention and appraisal cost of each supplier
Appraisal and prevention cost ($)
1 2 3 4 5
(manu-
facturer)
m; 2.7 22 2.8 23 2.6
b; 1 1.5 1.3 2 1.2

the rework Policy 1, optimal rebates, and the optimal quality
level of each supplier are obtained simultaneously. Table 3
shows the optimization results at the manufacturer side.
From Table 3, we can see that rework Policy 1 is econom-
ically more preferable than the rework Policy 2. From the
optimization result, Policy 1 gives $0.111 investment value/
unit product with $7.58 production cost/unit, while the sec-
ond policy provides an investment value/unit of $0.226 with

a $7.83 production cost/unit. But in terms of quality, rework
Policy 2 provides better quality with the tolerance value of
1.255 mm than Policy 1 at 1.432 mm. In rework Policy 1,
the number of components produced is 970 units. However,
after the quality investments that affect the decrease in pro-
cess variance, the number of components that can be pro-
duced increased to 978 units. The decrease in this variance
affects the probability of defective components which will
become smaller, so that the good components produced will
be increased. Figure 3 shows the optimal solution graph of
the tolerance value for both rework policies.

Figure 4 shows the graph of how the optimal quality
investment of Policy 1 is obtained. The optimal quality
investment is found to be $108.615 with minimum total cost
per unit of $7.58.

Table 4 shows the results of the total quality cost on each
supplier prior to the application of the rebate. The result is
obtained from the application of Eq. (17) to Eq. (26) to find
the optimal quality level and total quality cost on each sup-
plier before rebate. The value is the same for each rework
policy in manufacturer level.

Table 5 shows the results of the total quality cost on each
supplier with rebate. The value of g;** in manufacturer side
is resulted by substituting the value of ¢* obtained from the
total cost minimization in Eq. (40) which is converted into
quality level form as in Eq. (42). The value is different for
each rework policy at the manufacturer level due to the con-
sideration of rework policy. Table 5 shows the quality level
of product at the manufacturer side in which rework Policy
1 is higher than Policy 2.

Table 6 shows the calculation results of the rebate compo-
nents in terms of fixed remuneration rebate U; and variable
remuneration «; paid every time the quality level exceeds
the target quality. This value is obtained from Eq. (33) to
Eq. (39). Zero values in the table show that the manufacturer
gives profit sharing to its suppliers.

Table 7 shows the amount of depreciation of the quality
cost after the application of the rebate. Suppliers 1 to 4 show
a 20% reduction in quality costs. While the manufacturer
shows a reduction of 22% for rework Policy 1 and 23% for
rework Policy 2. Rework Policy 2 gives more benefit for

Table 3 Optimization results at

. Rework Policy 1
the manufacturer side

Rework Policy 2

Optimal tolerance =1.432 mm
Total cost/unit=$7.58
Investment quality =$108.615

Optimal tolerance =1.255 mm
Total cost/unit=$7.83
Investment quality =$ 225

Amount produced before investment =970 units

Amount produced after investment =978 units

Investment quality/unit=$0.111

Optimal mean after investment=402.27 mm
Optimal variance after investment=0.626

Amount produced =996 units

Investment quality/unit=$ 0.226

Process mean after investment=402.86 mm
Process variance after investment=0.53
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total
2.5 cost/unit
| total
9.5} cost/unit
I 9.0
9.0
85 [ 8.5
tolerance
‘ ‘ ‘ ‘ ‘ tolerance
1 2 3 4 5 1 2 3 4 5
(a) (b)
Fig. 3 Optimal tolerance value with total cost per unit plot of a Policy 1 and b Policy 2
765 Frotal Table 5 Total cost of quality of each supplier after rebate
F cost/unit : -
7 64 p costiunt Sj qi** Failure cost Prevention  Rebate (§) Total after
TR S and appraisal rebate ($)
762k S1 0.945 0.16 3.70 0.65 3.21
S2 0931 0.14 3.70 0.67 3.17
7.61¢ S3 0925 041 4.27 0.65 4.03
760k S4 0.885 0.48 4.45 0.63 4.30
[ investment S5(1) 0978 0.68 4.41 0.37 472
S0 100 150 200 250  S5(2) 0982 0.66 441 0.38 4.69
Fig.4 Optimal quality investment value with total cost per unit plot
of Policy 1 Table 6 Rebate component of Sj Tj (S Uj($)

each supplier

S1 0.894 2.67 051
Table 4 Total cost of quality of each supplier before rebate 52 0.867 1.73 055
S3 0911 320 0.61
S4 0.836 2.13 053
S5(1) 0.879 3.72 0.00

Sj q* Failure cost ($) Prevention and  Total before
appraisal ($) rebate ($)

S1 0.894 0.32 3.70 4.02 S5(2) 0879 3.73 0.00
S2 0.867 0.27 3.70 3.97
S3 0911 0.57 4.46 5.03
S4 0.836 0.76 4.61 5.37
S5 0.879 1.36 4.70 6.07

Table 7 Quality cost reduction ratio of each supplier

h . . .. hioh . h Sj Total before Total after Reduction ratio
the manufacturer since it gives higher cost reduction than rebate ($) rebate ($) of quality cost

rework Policy 1. (%)
To gain further insights into the behavior of the model

.1 L. ... S1 4.02 3.21 20
and also the managerial implications, we perform a sensitiv-
. . . . S2 3.97 3.17 20
ity analysis. The important parameter that affects both deci-

. . .. .. . . S3 5.03 4.03 20
sion variable and objective function is K. Figure 5 depicts o1 iy 430 20
the optimal tolerance for different K values. It is evident that ’ ’

. ) . S5 (1) 6.07 472 22
as K increases, the optimal tolerance will decrease or get
S5(2) 6.07 4.69 23

tighter. If the K value increases, it means the quality of the
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Effect of the changes of K values to the

1.6 optimal tolerance values

14
1.2+

0.8
0.6 1 =~ t] (mm)

041 t2 (mm)
02 K

Fig.5 Effect of the changes in K values to the optimal tolerance val-
ues

Effect of the changes of K values to the
optimal total cost per unit

total cost/unit

144

124

10

s.

6 —— TC1(S)

: - TC2(5)

0- K

1 3 5 7 9

Fig. 6 Effect of the changes in K values to the optimal total cost per
unit

product decreases and it makes the manufacturer to tighten
the tolerance value to meet the target quality.

On the other hand, if the value of K increases, the total
cost per unit will also increase as the cost for manufactur-
ing the product will be higher to meet the target quality.
Automatically, the quality investment will also increase to
improve the quality. Figure 6 shows how sensitive the total
cost per unit is to the changes in K.

Figures 7 and 8 describe the effect a to the optimal solu-
tion of the model. Parameter «a is a coefficient whose value
may be obtained using regression method. The value of o
is influenced by several factors related to the provision of
training, improvement in technology, as well as other matters
related to the reduction in variance. The greater the value
of a, the greater the provision of training, improvement in
technology, as well as other efforts related to the reduction
in variance. Figure 7 shows the effect of a to the value of
investment quality on rework Policy 1. From the figure, we
can see that the greater the value of a, the greater the optimal
investment.

Effect of the changes of a values to
the optimal quality investment on
Policy 1

investment
160
140 - —& -
120 4
100 4
80
60 - —B=1($)
40 -
20 -
0 T /4
0.00362 0.004344 0.005068 0.005792

Fig.7 Effect of the changes in a values to the optimal quality invest-
ment on Policy 1

Effect of the changes of a values to
the optimal variance after the
investment on Policy 1

variance
0,63

062

061 -
0,6 -
0,59

0,58 -+ ' - a
0,00362 0004344 0,005068 0.005792

-

Fig. 8 Effect of the changes in a values to the optimal variance after
the investment on Policy 1

Figure 8 shows the effect of a to the optimal variance after
investment on the rework Policy 1. The figure shows that the
greater the value of @, the optimal variance becomes smaller.
This is because « is influenced by the amount of training,
technological improvement, and other things related to the
reduction in variance, which means the quality is also better
so that the optimum variance is also getting smaller.

Figure 9 describes the effect of the changes in the
appraisal cost to the quality cost after rebate. Appraisal
cost is the cost incurred to identify poor-quality products
before being sent to customers. Appraisal costs represent
costs incurred by component checking activity at the sup-
plier level, before the components are shipped to the next
supplier or to the manufacturer. The higher the appraisal
cost, the greater the quality cost of each supplier and manu-
facturer. This is because the cost of appraisal is the cost that
arises from the activity of checking the components at the
supplier side before the components are sent to the supplier
at the next tier or to the manufacturer, so it will increase
the quality cost that must be issued by the supplier and the
manufacturer.
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Effect of the changes of appraisal
cost to the quality cost after rebate

7.00 - quallty

cost/unit =sl

6.00 - —_—
5.00 3
4.001 ._’_y g4
3.00

=ie=35 (1)
2.00 -

=055 (2)
1.00 .

appraisal cost

0.00 T )

0% 30% 60% 90%

Fig.9 Effect of the changes in appraisal cost to the quality cost after
rebate

Figure 10 describes the effect of changing the value of
internal failure cost to the quality level after rebate. Failure
costs are incurred due to defective products. In the model,
suppliers at the next tier not only bear the cost of failure
due to a defect in the product in the supplier’s process,
but also share the cost of failure due to defective products
processed on previous-tier suppliers. The higher the fail-
ure cost, the smaller the quality level of each supplier and
manufacturer. This is due to the more defective products
which lower the quality of the process from the supplier and
the manufacturer.

Figure 11 describes the effect of change failure cost to
the quality cost after rebate. The greater the failure cost,
the greater the quality cost of each supplier and manufac-
turer. This is because the failure cost is the cost that arises
because there are defective products, so the higher the cost
it will add to the quality cost to be incurred by suppliers and
manufacturer.

From the model presented in this paper, several manage-
rial implications can be stated. First, the managers can make
economic investment decisions economically to correct the
defective product through cost optimization model and to

Effect of the changes of internal
failure cost to the quality level after

rebate
quality level —t—sl
1.200 ~ =52
1.000 - —_—3
0.800 4 N 4
S

0.600 -

0.400 - B

=055 (2

0.200 - failure cost =@
0.000

0% 30% 60% 90%

Fig. 10 Effect of the changes in internal failure cost to the quality
level after rebate
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Effect of the changes of internal
failure cost to the quality cost after

rebate s
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6,00
5,00 | ==
4,00 —4=s5 (1)
3,00 — 5 (2
2,00 i/
1,00 1 failure cost
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Fig. 11 Effect of the changes in internal failure cost to the quality
cost after rebate

choose the best option toward the goal of least production
cost. Second, they also can determine the optimal profit
sharing or rebates that should be given by the manufacturer
or second-tier suppliers to the first-tier suppliers capable of
improving the quality. Hence, the quality of supplier process
can be maintained and improved continuously.

Conclusion

In this paper, we presented two policies of quality improve-
ment in a manufacturing process which performs inspec-
tion and rework considering profit sharing in the supply
chain. In the first policy, the rework was done using the
same manufacturing facility, while in the second policy
additional process facility was added for the rework. For
the first policy, we integrated two cost models comprising
tolerance model and quality investment model. In addition
to quality improvement in the form of rework policy selec-
tion and optimal investment value as mentioned previously,
quality improvement in the supply chain environment is also
necessary. The profit sharing system is used in the supply
chain to increase the efforts of suppliers in quality improve-
ment. This system is performed by providing a share of the
manufacturer’s profits to the supplier if the supplier can meet
or exceed the quality target specified by the manufacturer
in the form of incentives. With this system, the suppliers
will try to improve their product quality while minimizing
costs throughout the supply chain of quality in order to run
more efficiently. By minimizing the sum of total costs, the
optimal tolerances, quality investment, and the optimal profit
sharing or rebates that should be given by the manufacturer
or second-tier supplier to the first-tier suppliers capable of
improving the quality can be obtained for both policies.

In the numerical example, it was shown that this model is
applicable in the manufacturing process and showed how the
model reacts and managerial implications to the changes in
the parameters such as Taguchi loss constant K, a, appraisal
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cost, and internal failure cost. It can be used as a guideline
for managers in analyzing the choices of process improve-
ment. For further research, the model can be extended by
considering multistage processes, inspection, and correc-
tions. Another consideration can be given by considering
other distributions rather than normal distribution, such as
uniform and exponential.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
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