ThammasatInt. J. Sc. Tech.,Vol. 11, No. 3, July-September2006

Multi-Product ProcessMean with
Customer'sLossConsideration
Jirarat Teeravaraprug
IndustrialEngineeringDepartment
Facultyof Engineering,ThammasatUniversity
Khlong Luang, PathumThani 12121Thailand
Abstract
This paper considersthe problem of determiningthe optimum value of the processmean for a
productionprocesswhere multiple productsare produced.Every outgoing item is inspectedand each
item failing to meet the specificationlimits is scrapped.The processis assumedto be normally
distributedwith a known variance.A profit model is presentedwhich involvesrevenue,manufacturing
cost, scrapcost, and customerloss. A multi-productprocessmean is determinedso that the expected
profit is maximized.A numerical example is given to illustrate the use of the profit model and to
observethe behavior of the optimal value of the multi-product processmean when the variance and
price structureare changed.
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l. Introduction
The selection of the appropriateprocess
mean is of major interestin a wide variety of
industrial processes.This problem is often
referredto as the "hlling problem" or "canning
problem" becauseit is concernedwith placing a
specific amount of filling into a container
subjectto a set of specifications.Selectingthe
optimal process mean is critically important
since it has a large impact on both the
manufacturer and customers. Although the
quality engineeringliteraturerelatedto this issue
contains a vast collection of work, some
questionsstill remainunanswered.This research
gives an attempt to determine the optimal
process mean when several products are
producedby the sameprocessassumingthat the
processsettingis not changedwhen alteringthe
product types. An example of this process
situation is the plating process of electronic
devices.The plating processshouldguaranteean
acceptableplating thickness of each product
type. Altering the processfor eachproducttype
is costly. Hence, the processsetting should be
rigid. In this research,the processmean setting
is then calleda "multi-productprocessmean".
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Normally, two
objective functions,
maximizing profit functions and minimizing
cost functions are used in the literature.
Minimizing cost functionsmay be usedin many
other cases,but it cannot be used in this case.
The reason is that several product types are
consideredand those may have different prices.
Hence, the revenueshould also be considered.
Maximizing the profit function is then more
appropriate.The optimizationmodel providedin
this research includes revenue generated by
several product types, manufacturing cost,
quality loss, and scrapcost. Manufacturingcost
includesboth fixed and variablecosts.Detailed
discussionon fixed and variablecostsare.shown
later in this research.Quality loss is the loss due
to a product quality less than the customers'
desired values. Bhuyan tll suggested that
customershave an ideal value for a quality
characteristicand the customer satisfactionis
inversely proportional to the deviation between
the ideal value and the quality perceivedby the
customer.Taguchi [2] indicatedthat the quality
should be measuredin monetaryunits and that
quality cost, which is the cost incurred by
imperfect quality, can be approximatedby a
quadratic function of the quality deviation from
the ideal value. The concept of quality loss
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provided by Taguchi is then consideredin the
model. Lastly, scrap cost is the loss due to
scrappingan item. Detaileddescriptionsof these
items are presentedlater in this research.
This researchis structuredas follows. The
next section presents a review of related
literature.Then a needto maximizethe profit is
presentedin the model development sectlon.
Profit determinationis describedand also the
elements of profit determination, which are
revenue,manufacturingcost, quality cost, and
scrap cost are discussed in detail. Then an
optimization model is developed and a
numericalexampleis given.Finally, conclusions
and discussionsare given.
2. Related Literature
Techniques to determine the optimal
process target have been discussed and
developedfor more than forty years. The initial
work probably began with Springer [3] who
considered the problem of determining the
optimal processtarget with specifiedupper and
lower specificationlimits under the assumption
of constant net income functions. There are
some situationsin which the minimum content
is often dictatedby legislation.In such a case,
Along
underfilled cans need to be reprocessed.
this line, Bettes [4] modeled the processtargel
settingwith a fixed lower specificationlimit and
arbitrary upper specification limit when
underfilled and overfilled cans are reprocessed
at a hxed cost. In some situations,however,the
cans that do not meet the minimum content
requirementmay be sold at a reduced price'
Hunter and Kartha [5] presenteda model to
determinethe optimal processtarget under the
assumptionthat the cans meetingthe minimum
content requirementare sold in a regular market
at a fixed price, while the underfilled cans are
sold at a reducedprice in a secondarymarket.
Nelson [6,7] determinedapproximatesolutions
to the Hunter and Kartha model t5l and
developed a nomograph for the Springer model
[3]. The Hunter and Kartha model [5] was later
modified by Bisgaard et al. l8l who assumed
that underfilled cans are sold at a price
proportional to their content, and by Carlsson
t9] who included a more general income
function. In addition,Arcelus and Banerjee[10]
extended the work of Bisgaard et al. [8],
assuming a linear shift in the process mean.
Golhar I l ] developeda model for the optimal

process target under the assumptions that
overfilled cans can be sold in a regular market,
while underfilled ones can be reprocessed.
Golhar and Pollock [2] modified this model by
treating both the upper specification limit and
The process mean as control variables, and
Golhar [3] developeda computer program to
solve the Golhar and Pollock model ll2l'
Arcelus and Rahim [4] presenteda model for
the most profitable process target where both
variable and attribute quality characteristicsof a
product are considered simultaneously,while
Boucher and Jafari [5] addressedthe same
problemby extendingthe line ofresearchunder
the context of a sampling plan. Schmidt and
Pfeifer[16] extendedthe modelsof Golhar [11]
and Golhar and Pollock [2] by consideringa
limited process capacity. Al-Sultan tlTl
developed an algorithm to find the optimal
machine setting when two machines are
connectedin series,and Das [18] presenteda
non-iterativenumerical method for solving the
Hunter and Kartha model [5]. Usher et al' ll9l
considered the process target problem in a
situation where demand for a product does not
exactly meet the capacityof a filling operation.
Liu and Taghavachari t20l considered the
general problem of determining both optimal
process target and upper specification limit
when a filling amount follows an arbitrary
continuous distribution, and showed that the
optimal upper specification limit can be
presentedby a very simple formula regardlessof
the shape of the distribution. Pulak and AlSultan[21] developeda setof FORTRAN-based
computer codes, and Pollock and Golhar [22]
reconsideredthe process target problem under
the environment of capacitatedproduction and
fixed demand.Hong and Elsayed [23] studied
the effects of measurement errors on process
target, and Pfeifer [24] showed the use of an
electronic spreadsheetprogram as a solution
method.
Rahim and Shaibu[25] and Rahim and AlSultan [26] appliedthe Taguchi loss function to
determine the optimal process target and
variance. Shao er al. 127) examined several
methods for process target optimization when
several grades of customer specificationsare
sold within the same market. Kim et al. l28l
proposed a model for determining the optimal
processtargetwith the considerationofvariance
reduction and process capability. There are
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situations in which empirical data concerning
the costs associatedwith product performance
are
available. Under
this
situation.
Teeravaraprug
et al. [29] developeda model for
the most cost-effective process target using
regressionanalysisand Terravaraprug,and Cho
[30] developed a model for multiple quality
characteristics.Recently, Teeravaraprug [3 I ]
developed a model to determine the optimal
processmean when a product is classifiedinto
two gradeswith respectto market specifications
and Bowling et, al. [32] developeda model for
processtarget levels within the framework of a
multi-stage
serialproductionprocess.
3. Model Development
Frequently, the problem of setting the
process mean is solved by minimizing the
product cost.When using the productcost as an
objectivefunction of the optimizationmodel, it
is inherently assumedthat the revenue of the
product is constant. ln this research,several
types of products are considered.The revenue
then dependson the price and quantity of each
product type. Therefore,the expectedprofit is
preferred as the objective function. Generally,
the expected profit comprises revenue,
manufacturingcost,quality cost,and scrapcost.
Detailed discussionis given in the following
subsection.

E ( R ) = l P , q , P r ( L , <r , < U , ) . ( 1 )
,

f

/ rt

|

\

'

'l

E ( R ) =pi n l a l u ' - P
I o i/ - q l l . e l
't-

o

\

/

o

)l

where p and o are the mean and standard
deviation of the multi-productprocess,and (D
and 0 are the cumulative and probability
density functions of a normal distribution
respectively.
3.2 Manufacturing cost
Manufacturingcost nomally comprises
fixed and variable costs. Fixed cost is the cost
that in total will not changeas a function of the
proposedchangein activity level, while variable
cost is the cost that in total will change
proportionatelyas levelsofactivity are changed.
Hence, different product types may give
different variablecostsper unit and the variable
costs per unit do not depend on the product
quality. Therefore,even if the product fails in
the inspectionprocess,the variablecost per unit
is still paid. The expectedmanufacturingcost,
E l M C l , c a nb e s h o w ni n E q . ( 3 ) .
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3.1 Revenue
Since severalproduct types are considered,
the revenuedependson the product ofprice and
quantityofeach producttype assumingthat each
product can be sold independently.Let { and
4, be the price and manufacturingquantity of
producti when i = 1,2,...,r. A saleableproduct
is neededto passthe inspectionprocess.Assume
that a 100% inspectionprocessis applied and
only one quality characteristicis employed.For
a single quality characteristic,specificationsare
generallydefinedas two discretevalues,suchas
a lower specificationlimit ( L,1 and an upper
specificationlimit( U, ) for product i. Therefore,
the probability of a product falling between
those specificationlimits is Pr(2, 3x,3U,)
for product i when x, is a performancesetting
variable of product l. The expected revenue!
E[R], canbe shownin Eq. l or Eq.2.
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where FC is a hxed cost and 4
variablecost per unit ofproduct i.

is a

3.3 Quality cost
Due to product performancevariation, a
quality evaluationis needed.One of the quality
evaluationsystemsis based on the concept of
quality cost. Quality cost is the loss to the
customer incurred when the
product
performancedeviatesfrom the customer-desired
point. The loss may be estimatedby the quality
loss function.The quality loss function is a way
to quantify the quality cost of a product on a
monetaryscalewhen a productor its production
process deviates from the customer-desired
value for one or more key characteristics.
The
quality cost includeslong-termlossesrelatedto
poor reliability and the cost of warranty,excess
inventory, customer dissatisfaction, and
eventuallyloss of marketshare.

2006
ThammasatInt. J. Sc.Tech.,Vol. 11,No. 3, July-September

Even though researchers attempt to
constructmany types of quality loss functions,
there is a generalconsensusthat Taguchi's loss
function may be a better approximationfor the
measurement of customer dissatisfaction of
productquality. Assumingthat t is the customerdesiredpoint, the Taguchi'sloss function(l) is
definedas Eq. (4).
L-k(.r-r)'.

Maximize
E[Profit]: tlRl - EIMCI- flrl - t[.t]

Integratingall the equations,the expected
profit tums to be as follows.
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Constraints for this objective function
includes U < 1t < L, for all i.
4. Numerical Example
A printed circuit board firm encountersa
problem of excessive waranty costs and
customer dissatisfaction associated with
their electronic
component failures in
equipment.The companywantsto find the most
economical processmean for producing three
different product types, A, B and C. For
confidentiality reasons, the data have been
codedand reportedin Table l. Each type carries
of interest,x, (i:1,2,3),
a qualitycharacteristic

ofproduct i.
3.4 Scrap cost
Scrap cost is the loss due to scrappingan
item. Therefore, scrap cost incurs only when
product performanceis out of its specification
limit ( x, < L, and x,> U,). Let S, be the scrap
cost per unit of product I and d[S] be the
expected value of scrap costs. The expected
scrapcostsare then:
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where the customeridentified targetvalue is 40
for all product types. Assume that the process
follows a normal distributionwith a varianceof
0.25.Usingthe optimizationmodelshownin
Table

3.5 The model
As previously discussed,the objective of
the optimization model in this researchis to
maximize the expectedprofit. The expected
profit is composedof four components,which
are revenue, manufacturingcost, quality cost,
and scrapcost.Hence,the expectedprofit can be
determinedas:

le Problem
umenical E
ProductTvoe
B
C
A

Price.P
Demand
Ouantitv.ar

6[Profit]= t[R] * EIMCI- ttzl - Etsl . (7)
To seek an optimal setting of the process
mean, the expectedprofit shown in Eq. (7) is
maximizedand the optimizationmodel is shown
i n E q .( 8 ) .
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Figure. I Optimal Value of Multi-productProcessMean When Varying Varianceand Price
the result showsthat
Eq. (9) and Excel Solver@,
the optimal value of multi-productprocessmean
is 37.88 providing an expected profit of
479,969.Note that if the processmeanis set
at the customer identified target value, the
expectedprofit is 354,999.For this particular
example, an extra profit of 35.20 %
(:((47 9,969-354,999)1
3 54,999)xI 00) would be
realizedby implementingthe optimal value of
multi-product process mean, which indicates
that the customer-identifiedtarget values may
not be the most cost-effectivelevels for the
process.In the caseof varying the variancesand
the prices,the resultis shownin Figure l.
It is seenthat when the prices are deviated,
the optimal valuesare changed.If the difference
of price among product type is not high, the
optimal value is lessthan 40. The reasonof that
is, the demandquantity of type A is higher than
that of the other two types and the demand
quantiryof type B is higher than that of type C.
Note that the lower and upper specification
limits of type A arc 20 and 40, respectively.
Hence, the optimal value tends to be in the
specificationlimits of type A. While the prices
of type B and C are higher, the optimal values
tend to move up. That is becausewhen the
revenuesoftype B and C are increasedand then
the optimal valuestend to move to obtain those
revenues.
Considering the variance, when the
variance increases,the optimal values tend to
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deviate in different ways. When the price
differencesamong product types are not high,
the optimal valuesmove down. That is because
of the high probability in obtaining type A. It
should be reminded that the demand quantity of
type A is the highest one. Similarly, while the
prices of type B and C are higher, the optimal
values tend to move up. That is becausewhen
the revenuesoftype B and C are increased,the
optimal values tend to move to obtain those
revenues.
5. Conclusion
Quality engineersare often faced with the
problem of determiningthe most cost-effective
processtarget level. In this paper,an attemptis
made to determine the optimal process mean
where there are several products using the
processby incorporatingthe customer'soverall
perception of product quality into design. An
optimization model is presentedfor the most
economicalprocesstarget value by considering
revenue,manufacturingcost and the loss due to
variability to the customer. The numerical
examplerevealsthat a savingsof 35.20%would
be realizedby implementingthe optimal value
of multi-product processmean, indicating that
the customer-identifiedtarget value may not be
the most cost effectivesettinqlevel.
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