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Abstract

Product development(PD) needs to consider such characteristics as multi-goals
and qualitative evaluation, cost constraint and combinatorial structure of develop-
ment alternatives. The term cost-performance used so far has been mainly empha-
sizing ex post facto the improvement in single function with respect to cost. The
use of cost-performance curve (CPC), including multiple and qualitative criteria
and under varied cost constraints, will be effective for better PD decision making.

This paper develops an extended model of CPC for selecting combinatorial alter-
native (CA) in PD so as to maximize total performance under cost constraint. The
characteristics of this model lie in the following points: target sales quantity of
product is newly introduced; the joint use of Analytic Hierarchy Process (AHP) and
Enumeration Method (EM) is attempted throughout this study to treat with more
general cases including dependent alternatives among functional units; some prac-
tical viewpoints, which are useful to other PD problems, are presented through the
application of copying machine. The results of analyses show that the introduction
of sales quantity has an important influence on CPC and thus on optimal selection
of CA, and it is also considered to be important in developing further extended PD
models. '
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1. Introduction

In an environment of diversified values and intense competition, to meet clients’
requirements from a total viewpoint, that is, to supply products with well-balanced
functions at lower cost, is a key factor in product development (PD).

This paper develops an extended model of cost-performance curve (CPC) for select-
ing combinatorial alternative (CA) in PD so as to maximize total performance under
total cost constraint (hereafter, we call it cost constraint) by jointly using Analytic
Hierarchy Process (AHP) and Enumeration Method (EM). CPC represents change in
optimal total performance when changing target cost.

It is important in PD to consider multigoal and qualitative evaluation items, cost
constraint, and combinatorial characteristics of development alternatives.

With regard to multigoal and qualitative evaluation items, the term cost-perfor-
mance ratio (price-performance ratio) has been often used so far. Here, the perfor-
mance has been limited mainly to a single performance that can be evaluated quanti-
tatively. However, the performance in PD should be understood as total performance
which includes factors evaluated from multigoal and qualitative viewpoints, such as
operability, reliability, maintainability, comfort, design, etc. Therefore, it is important
to quantify this total performance and utilize it effectively in decision making for PD.

As for cost constraint, a product is developed under a certain concept by setting tar-
get product cost based on its price and target sales quantity which are determined
according to the characteristics and market trend. This relationship is shown in Figure 1.

Product Development

L

Product Concept ; Market Segmentation

)
Price p; Target Sales Quantity q

I
i} i

Target Cost ¢ Each Functional Unit Cost ¢ x|

Figure 1 Cost Determination Mechanism in Product Development

24

NI | -El ectronic Library Service



The Japanese Associ ation of Managenent Accounting

The Journal of Management Accounting, 1998

For PD treated in this study, we suppose the case where target sales quantity is set
(or predicted) for given product concept and market after its concept and market are
determined, multiple criteria are introduced and all the functional units’ alternatives
are made. Here, target sales quantity plays a key role in PD, because it affects on cost
estimation for all functional units’ alternatives and thus optimal choice of CA in PD.
In general, the more target sales quantity increases the more alternative cost decreas-
es by the scale economy as explained in Step 2 of Section 2.3. Therefore, it’s important
to explicitly introduce target sales quantity into cost estimation mechanism for these
alternatives. When target cost constraint is set at a certain value within a permitted
range or multiple products are developed simultaneously in different grades, it is
needed to make clear changes in optimal total performance with respect to changes in
target cost (that is, CPC) for each combination of prices and target sales quantities of
multiple products.

The characteristics of CAs in PD manifest themselves in the following example: A
product has multiple functions including basic function. To realize these functions,
subsystems called functional units are developed. The functional units may be parts
and/or modules developed already or to be developed in future. In general, plural
development alternatives are considered for each functional unit. That is, in PD we
have the problem of selecting a CA among a set of CAs for all functional units.

With respect to the study which is concerned with multigoal and qualitative aspects,
cost constraint and combinatorial characteristics of alternatives, a prototype model [2]
has been proposed for the choice of CA for PD using Analytic Hierarchy Process (AHP)
[7] and the approximate solution (additional rate of return method for compound alter-
natives) [4]. The model deals with the problem of selecting a CA among a set of CAs
for all functional units so as to maximize total performance under cost constraint, that
is, the sum of development cost and manufacturing cost (hereinafter called “cost”).
Though this study is characterized by jointly using AHP and combinatorial optimiza-
tion technique, it has not clarified the property of optimal solution, namely, cost-per-
formance behavior, because of using an approximate solution. In this context, another
study proposes the concept of CPC and analyzes the behavior by jointly using AHP
and dynamic programming (DP) [3]. However, the study should be extended in the

following points: target sales quantity, which affects costing, should be explicitly intro-
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duced into the model, because alternative cost for developing every functional unit has
been considered given so far; enumeration method, which enables us to easily treat
with more general cases including technological or economic dependent alternatives
among functional units, will be needed instead of DP; information obtained from a
practical application should be utilized effectively in applying the model to other prac-
tical PD problems.

On the other hand, in the area of management accounting, Target Costing (TC) [1]
which builds-in cost at PD phase, and Value Engineering (VE) [5],[6] as a concrete
method for realizing TC, have been developed so far. VE method is characterized as
one which analyzes product functions, creates alternatives and selects one alternative
individually for each function. It is effective as a practical solution for avoiding selec-
tion from numerous number of CAs. However, where there are relatively small num-
ber of CAs and total judgement is required in product planning or method design, the
proposed method (cost-performance curve method:CPCM) may also be effective in
selecting a CA for all functional units. In this case, VE can be also used in analyzing
functions and creating alternatives at CPCM. Therefore, CPCM may be interpreted
as mutually complementary rather than an exclusive relationship with VE method.
When total judgement is required at VE implementation phase, CPCM can be used by
listing CAs for all functional units and tracing changes in performance by varied cost
constraints.

The purpose of this study is

1. to formulate more general model by explicitly introducing target sales quantity
and jointly using AHP and EM to easily treat with cases including dependent
alternatives among functional units;

2. to examine the influence of target sales quantity on CPC and to clarify its role in

decision making;

3. to apply the model to practical PD of copying machines and to present useful

information for other PD problems.

The characteristics of this model lie in the points that target sales quantity of prod-
uct is newly introduced, the joint use of AHP and EM is attempted throughout this
study to treat with more general cases including dependent alternatives among func-

tional units and a practical application is presented.
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2. Description of Product Development Model

2.1 Choice of Alternative for Each Functional Unit

Suppose a certain concept of PD for predetermined planning periods. The product
can be evaluated by such m types of criteria E ; (i=1,...,m) as basic function, operabili-
ty, reliability, maintainability, safety, comfort and so forth. The product consists of n
types of functional units F ; (j=1,...,n) which realize main functions. For each func-
tional unit F ; , r ; types of possible development alternatives a ; x (k=1,...,r ;) are con-
sidered and their costs c ; x can be evaluated. The problem is to choose a CA among a
set of CAs for all functional units so as to maximize total performance under cost con-
straint c. These relations are shown in Figure 2.

The proposed PD model is also applicable to other problems with more general hier-
archical structures so long as the structure of CAs is held. For example, we can also
consider a case of multi-layer evaluation items, where evaluation items specific to

every functional unit can be set apart from those of product as a whole.

PD

ain|**({aik |(** alrl ajir|**jajk|°*"* ajrj dnl |®**|{8nk|*®**|Qnr

Figure 2 Hierarchical Structure of CAs Selection in Product Development

2.2 Assumptions and Notations

Assumptions and notations used in this study are as follows:

27

NI | -El ectronic Library Service



The Japanese Associ ation of Managenent Accounting

Product Development Using Cost-Performance Curve

Assumptions

1. Target cost for the product can be set based on product price and target sales
quantity.

2. Alternatives among different functional units are, technically and economically,
mutually independent. The case where this assumption is removed is discussed in
Chapter 5.

3. Cost of each alternative for any functional unit can be estimated based on target
sales quantity.

4. Product cost becomes the sum of costs of alternatives selected in respective func-

“tional units.

5. Evaluation value for each alternative in any functional unit is the sum of values
of all evaluation items assigned to the alternative.

6. Total performance of the product is the sum of evaluation values for alternatives

selected in respective functional units.
Notations

E ;: the i-th evaluation item in PD (i=1,...,m)

F ;: the j-th functional unit in PD (j=1,...,n)

a jx: the k-th alternative of functional unit F ; j=1,...,n; k= 1,..;, r;

A;={aji,...,ajr }: set of alternatives for F ;
In the case where we need to discriminate between alternatives listed originally
and those arranged later, we mark the former notations with superscript
“dash”.

¢ jk: cost for alternative a j (k=1,..., r;)

c¢: product cost constraint, hereafter we call it cost constraint

w; : weight of evaluation item E ;, which represents the degree of importance relative to

other items
& wi=1)

w; ; : weight of functional unit F ; for evaluation item E ;, which represents the degree

of importance relative to other units
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(ﬁ wij=1)
=1

u ;jx: evaluation value of alternative a;y of functional unit F; for evaluation item E ; ,

which represents the degree of importance among alternatives
rj
X u; ik~ 1)
k=1
u;y: total evaluation value of alternative a;\ in functional unit F;

m
(ujk:~21‘4wiwijuijk)
i=

Cix= min Cjiyx
)
ajx € A
n
C*EZCJ'*
j=1
¥ =
¢c;¥*= max cjjx
J J
ajx €A
n

U(c): optimal total performance when alternatives for all functional units F; are cho-
sen so as to maximize total performance under cost constraint c; hereafter we
call function U(c) CPC;we denote it U(c ; q) instead of U(c) in case where we need
to clarify optimal performance at sales quantity q.

w(c) t c: function w(c) is non-decreasing in c
2.3 Preliminary Consideration

We are going to clarify the property of CPC and its role in PD decision making. For
this purpose, the following steps are clarified for any original alternative a’;x in each
functional unit F ;:

Step 1: Method for calculating evaluation value u’jx by using AHP.
Step 2: Basic method for estimating cost c’j on target sales quantity q.
Step 3: Method for preparing arranged alternative set A ;j={a;;} by excluding unqual-

ified alternative from original alternative set A’; ={a’;« }.
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- Step 1 : Method for calculating evaluation value w’;, by AHP.

The details of evaluation method of alternatives for each functional unit in PD are
omitted as they are described in Analytic Hierarchy Proces’s (AHP) [7]. Here, we will
give a minimum level of explanation for better understanding of our argument.

(D Make such a hierarchical diagrsm of AHP as illustrated in Figure 2. Noticing
that original alternative set A’j ={a’;} instead of alternative set A; ={a;} in fig-
ure 2 should be described at first for F ; ,evaluation items E ;,ﬁnctional units F
jand alternatives &’; for F ; will be listed in the diagram. |

@ Determine weight w ; for evaluation item E ; ,which represents the dégree of
importance among evalution items, by using the pairwise comparisons method
of AHP.

@ Determine weight w; ;(i=1, ..., m; j=1, ..., n) of functional unit F ; for evaluation
item E ; which represents the degree of importance among functional units, by
the pairwise comparisons method.

@ Determine evaluation value u’; jx (=1, ..., m; j=1, ..., n;k=1,...,r) of alternative a’;
k in functional unti F j for evaluation item E ; ,by using the pairwise compar-
isons method among alternatives for functional unit F ;. |

® Calculate evaluation value u’j , of alternative a’; x for F'; j=1,...,n;k= 1,..r%).
Step 2 : Basic method for estimating cost c’;, at target sales quantity q

Cost per product ¢’jx (@) (=1,...,n;k=1,...r'))at sales quantity q of alternative a’; in
functional unti F ; includes R&D cost such as personnel expenses, testing equipment,
etc. and production cost such as production facilities, raw materials, etc. Production
cost will be a function of target sales quantity q as the scale of production facilities
may vary with target sales quantity q. Therefore, using cost f’; x (q) which includes
R&D and production facility costs, and variable cost v’; , cost per product ¢’ x (q) is
expressed as

ik (@=Vijk+fc(@/q
where cost f’; \(q) is generally considered to vary with production scale. If it is consid-
ered as fixed within the range of variation in target sales quantity q under considera-
tion, f’; k(q) becomes fixed cost f’; .. In the conventional studies [2], [3], target sales

quantity of product was supposed implicitly and thus cost c’; x was considered as given.
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Where there is an uncertainty in target sales quantity or we have a development case
of multiple products series with different prices and target sales quantities, it is neces-
sary to estimate costs of alternatives for each target sales quantity and prepare CPC
separately. This study supposes a case where such cost estimation is possible.

For functional unit F ; in PD, evaluation value set {u’j «} and cost set {c’j i} corre-
sponding to develdpment alternative set {a’; x} are obtained. For simplicity of descrip-
tion, {c’; i} is used as a substitute of {c’; x(q)}, except the special case where it is needed

to show target sales quantity q.
Step 3 : Method for preparing A ; by excluding unqualified alternatives from A’

Using cost ¢’ x and evaluation value u’j ¢ of alternative a’j i for functional unit F is
monotonic subsequence A ; is composed from alternative set A’; for functional unit F ;,
in the following way. Here, denote the cost and evaluation value of alternative a ; ; be

cjsand uj,, respectively.

Definition 1: For any j with j=1,...,n, let a’;  satisfying

, min  Cjx
ajk €A

be a ;; and corresponding ¢’j x and u’;  be ¢ j; and u j, , respectively. Here, if we have
plural minimum values ¢’ « , we choose alternative a’;  which maximizes u’;x . Then
for s=2, 3, ..., we let a’j satisfying

. min ¢ ’ ’ for one a ;.1 € A’} (1)
ajx€lajklcjen<CeUjen<ujkl

be a ; s , recursively. If we have plural minimum values c’; x , we choose alternative
a’;  which maximizes u’j . Then denote the arranged alternative set {a ; Jbe A -
This subsequence is shown in Figure 3, which plots costs of alternatives as the

abscissa and evaluation values as the ordinate for each functional unit F; .

31

NI | -El ectronic Library Service



The Japanese Associ ation of Managenent Accounting

Product Development Using Cost-Performance Curve
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Figure 3 Relation of A’; and A; for functional unit F;

Proposition 1

It is sufficient to consider A ; (A ; & A’) in place of A’; as a set of alternatives in mak-

ing optimal choice of alternative for functional unit F ; .

This is easily understandable by the following reason:
Suppose that alternative a’; x such that
@ik E{ajxlc; <K U 20}
,which should be excluded as unqualified in equation (1) of Definition 1, is selected as
optimal alternative. If we select a j .1) in place of a’; i, the alternative with lower cost
and higher evaluation value can be attained. This contradicts the assumption that a’; ,
is.optimal selection. By this reason, it is obvious that a’j \ cannot be optimal alterna-

tive, that is, a’j x is an unqualified alternative in optimal selection.
2.4 Formulation

Formulation by DP is possible so long as Assumption 2 holds (case where no depen-
dency exists among functional units). However, since Assumption 2 does not hold in
the case where dependency exists among functional units, the principle of optimality
cannot be applied and thus DP formulation is impossible. In this case, EM is needed
in order to check the existence of dependency for all the CAs and select optimal CA
among possible CAs. In this study, the formulation is made supposing more general

case where Assumption 2 does not hold. A more detailed treatment of the case will be
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discussed in Chapter 5.

The problem of selecting an alternative for each functional unit, which maximizes
total performance (total evaluation value) under cost constraint c, is formulated as a
knapsack problem in 0-1 integer programming:

Suppose evaluation value u ;i is calculated for each alternative a ;. Define variable
X j x with respect to adoption or rejection of alternative a ; \:

0 reject alternative a j i
Xjk= ) for Vj=1,..,n;Vk=1,..,r;
1 adopt alternative a j i

The condition, where only one alternative is selected and the other alternatives

cannot be selected for each functional unit F ;, can be written by
L
kZlXjkzl for Vj=1,...n.

The cost of adopting alternative a j k is given by ¢ ; i , so that total cost constraint in
the case of adopting one alternative for each functional unit is expressed by

nr;
ZCijjkéc.
k=1

i=1
Paying attention to the fact that evaluation value of alternative a ; x for functional unit
F; is expressed by u ;i , total performance (total evaluation value) is given by

nr;

Y YXUujkXjk-

j=1k=1
Then, the problem of choosing alternative for each functional unit so as to maximize
total performance under cost constraint is formulated as follows:

N &

Maximize ¥ Y ujkX;k

Xk j=1k=1

Subject to

(2)

nr;
Z ZCijjk§C
j=1k=1

r .

ij,-k=1 for Vj=1,...n

k=1

xjx € {0,1} forVj=1,..,n;Vk=1,.,r;.
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3. Analyses

3.1 Optimization and CPCM

Optimal Choice of CA
Equation (2) implies that the problem is to select a CA among a set of CAs with the
finite size jI:Ilr,- in number so as to maximize total performance under cost constraint.
Making use of spread sheets and macro functions of a certain application software,
we can easily obtain the figure of CAs as illustrated in the application example of
Figure 8, which plots cost as thé abscissa and total performance as the ordinate. From

the figure, we can select optimal CA for a given cost constraint.

Method for Making CPC

Usually we don’t know an appropriate magnitude given to target cost constfaint so
the constraint will be set at a certain value within a permitted range. Therefore, it’s
important to make CPC which represents changes in optimal performance when
changing target cost constraint. | |

Applying the same argument as the :method fof preparing A ; v'froin A’ in Step 3 of
Section 2.3 (which uses Definition 1 and Proposition 1) to the ﬁg'ure of CAs, we can
easily obtain CPC. Here, we briefly present this method.

Among all the CAs in the figure, select @he CA with minimum cost and let it be
CA ). Here, if we have plural CAs with minimum cost, we chdose the CA whiéh max1-
mizes total performance.‘ 1n general, when CA () is selecte(i for s=2,3,... , we choose
the CA which attains minimum cost among CAs with larger costs and higher perfor-
mances than those for CA ;, and let it CA (. In order to clarify the sequence, the
selected CA ()’s are successively connected by solid line. The remaining CAs under the

curve are not relevant to optimal selection.

Monotonicity of CPC
From the procedure for making CPC, it is easily seen that the monotonicity of CPC

holds. This property holds in more general situation described in Chapter 5 where

Assumption 2 does not hold. Here we present the result only. With respect to optimal
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total performance U(c) which satisfies equation (2), we have
Ut ¢ for cs=c<c*. 3)
Relation (3) shows that performance U(c), namely, CPC is non-decreasing with
respect to an increase in cost constraint c. Noticing optimal CA which attains maxi-
mum total performance under cost constraint is realized at a CA among these selected
CA (’s, it can be easily understood that U(c) becomes a step function illustrated as
dotted line in Figure 4. However, from now on, we conveniently call the curve con-

nected by solid line CPC instead of step function.

U(c)

N

Figure 4 Change in U(c) by ¢

Comparison between CPCM and IDM

In alternative choice of VE, an approach is used to narrow down to one single alter-
native for each functional unit. This apbroach is considered as a practical method to
avoid the evaluation of enormous number of CAs in the case of detailed design where
design alternatives go into details. In fact, it had been used at plural companies
which we visited. We call the method, which individually selects one alternative for
each functional unit considering technological and economic factors, "individual design
method (IDM)". However, at initial phase of PD such as concept or method design, it
is required to form basic product concepts. Here, it is important to select a few set of
well-balanced CAs which may attain an excellent total cost-performance and meet all
the evaluation items. Especially in development of new product with limited experi-
ence, we often have little specific information on cost-performance of product to be
adopted, permissible range for target cost constraint, etc. Also, in developing a series

of products, it may be needed to define two or more CAs with different grades. In such
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cases, it will be effective to consider CPC, that is, changes in optimal performance
when changing cost constraint as target value. Taking into consideration the fact that
IDM has been used in practice so far, now we will clarify the difference between
CPCM and IDM.

Suppose a CPC is obtained as shown in Figure 5 by CPCM. Let cost and evaluation
value of preferable alternative a ;  for functional unit F ; (j=1,...,n) by IDM be c¢;
and u ; %, respectively, and the CA be A x={a 14,...,2a n%}. Also define Cx and U yas

follows:
Ca=3ciw Un=3u;
i=1 i=1

Then any alternative which belongs to the area u>U » and ¢<C 4 (diagonally shaded
area in the figure) becomes superior to alternative A 4 (marked with O in the figure).
The fact shows that CPCM is equal to or better than IDM. We should notice that
| CPCM can present a practical and convenient method for selecting optimal CA from a

total viewpoint in PD.

e

Figure § Cost-Performance Curve for CAs

3.2 CPC Taking Target Sales Quantity into Account

We will consider the effect on PD when target sales quantity of product at sales price
p is changed from q ; to q 2 (q 1<q 2). Here, we suppose the case, where alternatives for

any functional unit are same for both cases since target sales quantity is set under
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predetermined circumstances with respect to product concept, multiple criteria and
alternatives as explained in Chapter 1 and the scale economy exists in cost c ;« (q) for
any functional unit F ; at target sales quantity q, that is, the relation

cjk(@1) >cjk(qe) forVji=1,..,n;Vk=1,..,r;
holds.

Evaluation values u ;i of any alternatives a ;x(q 1) and a ji(q 2) at two target sales
quantities q ; and q  are same but only costs are different. Excluding unqualified alter-
natives from all the CAs and drawing CPC according to the method of Definition 1,
the curves of solid and chain lines in Figure 6(a) are obtained. All the CAs for each
functional unit at target sales quantity q ; locate above those for q=q ; . Letting target
cost when q=q 3 be ¢ ; 4 that realizes performance u=u; at q=q ; and c¢=c;, then the
relation ¢ 3 4<c ;, and thus it becomes possible to reduce target cost by the scale econo-
my.

Next, as a special case in Figure 6(a), we will consider a case where product 2 (popu-
lar product) with price p » and target sales quantity q 2 and product 1 (high-quality
product) with price p; and target sales quantity q; are lined up simultaneously. Here,
it is natural to suppose

P2<P1, Q2>q1.
According to the above consideration, the relation between the CPCs for two products
can be expressed as shown in Figure 6 (b) for the same cost constraint by the differ-

ence in scale economy.

C2 » Ci i C:2 Ci x« Ca
(a) (b)

Figure 6 Cost-Performance Curves for Different Target Sales Quantities

Let performance of product 2 under cost constraint ¢ 3 be u 2 . And denote cost con-
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straint of product 1 that realizes u ; and cost constraint of product 1asc; 4 andc,
respectively. In order to make meaningful the differentiation of products 1 and 2, it is
necessary that the relations

P1C1>C1x>C2, P1>P2>C2
hold. In order to set cost constraint c; of product 1, it is needed to take properly large
c. 1—C 1 % within the range of p 1>c 1>¢ ; ». If (p 1—¢) q 1>(p 2—c 3) q 2 holds, the profit
gained from product 1 exceeds one from product 2. CPC enables us to obtain useful

information on decision making in PD, as shown in the above consideration.
4. An Application to a Practical Problem

We will show a practical method of CPCM by applying to PD of copying machine
which has been already developed.

Suppose a copying machine to be installed at a corner of small office. The develop-
ment concepts of this copying machine are low price, small size and easy operation.
Seven evaluation items E ; (i=1,...,7) are considered for this copying machine, ie., copy
quality, copy speed, compactness, operability, maintainability, environmental friendli-
ness, and running cost. The copying machine consists of 9 functional units of main
frame unit, cover unit, operation panel unit, scanning unit, image processing unit,
development unit (toner supply), transfer unit, fusing unit, and electrical components
unit. Of these units, design alternatives for functional units of main frame, cover,
operation panel and electrical components are supposed given and thus excluded from
selection. Practically it is heeded to decide alternatives for six functional units. Two
alternatives a ; x (k=1, 2) are proposed for each subsystem F ; (j=1,...,6). Two alterna-
tives for functional units of paper feeding, scanning, image processing, development,
transfer and fusing units correspond to methods of paper holding, mirror unit drive,

‘installation and removal of multiple units, toner change, field application, installation
and removal of multiple parts, respectively. Hierarchical diagram in PD of copying
machine is shown in Figure 7. -

Weight w ; of each evaluation value E ; is calculated by the pairwise comparisons of AHP
and its validity is checked by consistency index and consistency ratio. Weight w ; ; which
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expresses the importance of functional unit F ; for evaluation item E ; and evaluation
value u’; ;i of alternative a’;y in subsystem F ; for evaluation item E ; are calculated by
the pairwise comparisons of AHP and its validity is checked in the same way. Using
Wi, W;; and u’j;\ , evaluation value u’jx of alternative a’j is obtained. Target sales quan-
tity of this machine is set at q;=220,000 and cost per product ¢j of alternative a’jx in
subsystem F ; is estimated based on the accomplishments’ values. The series of cost
values are converted in a certain form. For purposes of comparison, costs c’;x in the
case of target sale quantity q2;=350,000 are also calculated. Evaluation values u’j i
and costs ¢’;x are summarized in Table 1.

Here, decision maker in PD is interested in selecting a CA for all functional units so

as to maximize total performance under cost constraint.

Table 1 Evaluation Values and Costs of Alternatives

F; ) F. Fs F. Fs Fe
a'jx a'n  a' a'zn  a'n a'n a'n a'a a'e a'sn  a's a'a a'e
u'ix 0.054 0.093 | 0.053 0.059| 0.196 0.113| 0.091 0.074 | 0.058 0.072 | 0.078 0.059
, 113.9 124.4 | 166.8 198.2 | 100.6 102;4 321 35.4 18.2 80.0 821 70.8
o 109.2 119.3 | 1619 1926] 972 984 31.1 338 | 172 77.7 | 79.8 69.1

Note: for c'ix, cost of upper figures: q : =220,000; cost of lower figures: q = =350,000.

For functional unit F 3 in Table 1, alternative a’ss is inferior to alternative a’;; in
both evaluation and cost and thus is excluded as an unqualified alternative. As a
result, only one alternative a’s; remains for F 3, so that F 3 is excluded from alternative
selection. For the same reason, F ,is excluded because alternative a’y; is excluded as
an unqualified one. Hereinafter, for alternatives which remain after excluding
unqualified alternatives, a jy is used instead of a’jx . In Figure 8, at q;=220,000 , all
the 16 CAs for 4 functional units, excluding the above two functional units, are plotted
with total costs as the abscissa and total performance as the ordinate. This figure is

drawn using the spread sheet and its macro functions.
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Figure 8 Cost-performance Curve of Copying Machine

The solid line indicates CPC obtained through optimization. The reason is under-
standable by the fact that total performance increases monotonously with increase in
cost constraint where CPC selects the CA which attains maximum total performance
under cost constraint. Optimal CA can be selected only from 6 CAs on the solid line.
The remaining CAs under the curve are not relevant to optimal selection.

Total performance is improved remarkably with increase in cost under cost con-
straint ¢ up to approximately 390, but with ¢ over 390, the degree of improvement in
performance is small compared with increase in cost. From this fact and the fact that
c is needed to set at 400 or less when considering sales price, it is realistic to vary c
between 370 and 400.

Then, we will consider the difference between CPCM and IDM. Here, suppose CA
(a11, age, as1, age) (marked with O in the figure) is selected. The cost of this CA is 401.1
and its performance is 0.23 (hereinafter this is written as CP (401.1, 0.23)). The CAs
superior to this are 3 alternatives of CA, CA; and CA; in shaded region of the figure.

Then, either of 2 CAs, namely, CA; (a3, as;, as51, agz) (CP (380.2, 0.263)) or CAgj (a;3,
asi, as1, ag1) (CP (391.5, 0.282)), is superior to the other 2 alternatives. From this, it is
seen that either of 2 CAs on CPC can be selected paying attention to the magnitude of
cost constraint.

Finally, we will evaluate a practical decision by using the concept of CPC. In this
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case, CA (a;;, az;, a5, ag1) (CP (381.0, 0.243)) was selected in practice. CA is inferior to
CA; numerically and should be excluded as unqualified alternative. However, compar-
isons of costs and performances show that both alternatives make no remarkable dif-
ference. In such a case, formal or mechanical exclusion of unqualified alternatives
involves risks and therefore it is important to examine technically the difference
between two alternatives. In fact, as shown in Table 2, the difference among alterna-
tives CA, CA,;, CA; and CAj results from the difference between two alternatives of
functional units F; (paper feeding unit) and F; (fusing unit). If alternatives with lower
maintainability of F; are to be avoided, it is natural to replace CA; with CA with little
numerical difference. As a result, CPC is modified by a curve (chain line) connecting
CA,;, CA and CA; in Figure 8. Then, the selection of alternatives will depend on the
magnitude of allowable cost constraint. It is considered that the result of analysis
suggests the following viewpoint: as the aim of CPC is to provide useful information
for judgement, it is important to give technical and economic consideration to individ-
ual alternatives including unqualified ones where decision making varies delicately

around CPC.

Table 2 Comparison of Four CAs

F ::Fusing
Maintainability (M) Maintainability (L)
Cost (H) Cost (L)
Operability (H)
. Cost (H) CA. 8 CA:
F.:Paper feeding i
Operability (M) i
Cost (L) CA —_————— e CA,

Note : H: high, M : medium, L : low

In the figure, broken line shows CPC at q2=350,000. From this, it is seen that CPC
at q;=220,000 shifts leftward by scale merit. As a result, under total cost constraint
c¢=381, at q;=220,000, CA; (a2, as1, as1, ag2) (CP (380.2, 0.263)) is selected whereas in
the case of q2=350,000, CA; (a;2, az;, as;, ag) (CP (378.02, 0.282)) is selected. As
shown in this example, scale merit gives an opportunity for selecting CA with higher

performance under the same cost constraint or CA which realizes the same perfor-
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mance by lower cost constraint.
The result of analyses shows the importance of explicitly introducing target sales
quantity into cost estimation mechanism of PD. The target sales quantity will play a

key role in developing further extended models for PD.
5. Treatment with Technological or Economic Dependent Alternatives

In this chapter, we consider how to obtain CPC when technological or economic

dependency exists among alternatives for plural functional units.
Definition 2 Technological or Economic Dependency

(1) Among alternatives of two or more functional units, there may be alternatives
which cannot be adopted as CA by technological reason. These alternatives are
referred as technologically dependent.

(2)Among alternatives of two or more functional units, there may be cases where
cost of CA is not equal to sum of costs of respective functional unit alternatives by
economic reason. These alternatives are referred as economically dependent.

If technological or economic dependency may exist, it is necessary to check the exis-
tence of dependency for all the CAs and take necessary corrective actions. This correc-
tion is easily made by using the spread sheet and its macros used for preparing
Figure 8 (calculation of total performance and cost of CAs). The method is as follows:

Calculate total performances and costs of CAs prepared under the assumption that
any dependency does not exist. Then, delete CAs with technological dependency.
Correct costs of CAs with economic dependency. Using the features of spread sheet,
plot costs as the abscissa and total performances as the ordinate for all the CAs.
Starting from the CA with the lowest cost (if there are more than two, adopt the alter-
native with higher total performance), make monotonic subsequence described in

Definition 1. The solid line obtained by successively connecting these CAs is CPC.
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6. Conclusion

This study considers the following points for the problem of selecting CA in PD so as

to maximize total performance under cost constraint:

1. CPCM for the choice of CA introducing target sales quantity are given by the joint
use of AHP and EM, which enables us to treat with more general cases including
dependent alternatives among functional units.

2. The property of CPC and its role in decision making are systematically described ,
especially the effect of introducing target sales quantity are clarified.

3. A practical application to PD of copyiné machines is presented by using CPCM

and useful information is given in applying the method to other PD problems.

Modeling studies in the field of PD have not been made extensively compared with
those in production problems, because actual circumstances are not always known and
the ill-structured nature with multiple and qualitative factors makes these difficult.

Thus, it is considered important to offer more prototype models in this field.
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