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Assessment of strategic R&D projects is in essence a medtfitibute decision analysis (MADA) prob-
lem. In such problems, qualitative information with subjee judgments of ambiguity is often provided
by people together with quantitative data that may be inmpeeor incomplete. A few approaches can
be used to deal with such quantitative and qualitative MADAQlems under uncertainty, such as the
evidential reasoning (ER) approach that has its own unigatifes. In this paper, the ER approach is
applied to the assessment of strategic R&D projects for ar@ufacturer, which is characterized by
many qualitative factors that may be imprecise or fuzzy. EfReapproach is well-suited for dealing
with such problems and can generate comprehensive digdlassessments for different projects. The
group analytic hierarchy process (GAHP) method is appliecaiculate the weights of attributes in the
E-R assessment process, where a group of people from theaoymere involved. We also provide a
new algorithm for the comparison of two alternatives undéityiinterval. Our research that has been
undertaken for the car manufacturer has contributed tontipedvement of the quality and efficiency of
its strategic R&D projects. The research has also helpepgdhsonnel of the company better understand
the benefits of using scientific methods for systematic pt@esessment.

Keywords:Strategic R&D project assessment; Evidential reasoningtiMe-attribute decision analysis;
Qualitative and quantitative information; Utility; GAHP

1. Introduction Theoretically, R&D project assessment could
be categorized into the domain of project
evaluatior2®31:323334 which includes systematic
analysis and taking actions in the process of project
decision making and implementation. One of the
important tasks in planning large and advanced
R&D projects is to minimize innate uncertainties
and ambiguities in the management of projééti

the car manufacturing industry, the investment of a
strategic R&D project is always concerned with a
great deal of money and human resources and is re-

Research and development (simply R&D) project
assessment is concerned with the general evaluation
and checkup of R&D projects based on a scientific
evaluation system with appropriate criteria. Using
a reliable and rational evaluation system to assess
R&D projects is very important for a company to en-
hance the effectiveness of assessment and improve
its product quality, which ultimately leads to the im-
provement of its overall performance.
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lated to the investors’ long time interests and future
markets. Failure in design or production can lead to
deadly consequences to a car manufacturer. If the
launch of a new type of car is delayed, its market
opportunities may be lost. It is therefore vital to
assess R&D projects to avoid unnecessary waste of
money and time.

Project management is a series of systematic
management for the achievement of project goals
under the constrained resouré&s! The modern
project management is generally considered to be
started in 1940s. There are many approaches for
project management, the kernel of which is the pro-
cess of establishing shadow price of a project, which
covers the consideration of social effects and respon-
sibilities from the project, apart from the optimiza-
tion of profit only. This is evidently distinctive from
earlier research.

In a strategic R&D project evaluation problem,
various types of attributes need to be taken into ac-
count, which may be quantitative, measured by nu-
merical values with certain units, or qualitative, as-
sessed using subjective judgments with uncertain-
ties. In such a multiple attribute decision analysis
(simply MADA) problem, subjective judgments are
often provided by a group of assessors because an
individual may be incapable of providing reliable
judgments due to the lack of information and/or ex-
periences. In a traditional MADA problem, several
guantified evaluation grades may be defined for as-
sessing an attribute, and a numerical value associ-
ated with the assessed grades could then be used to
evaluate an alternative on an attribute. There are a
number of approaches that can be used to deal with
the traditional MADA problem, for example AH#
TOPSIS? ELECTRE-I (Roy, 1971%/ ELECTRE-II
(Roy, 1975¥8 PROMETHEE (Brans, 1984}, and
so on. These approaches are not suitable to deal with
problems with subjective judgments which could not
be quantified appropriately. The problem arises as
to how to assess qualitative attributes with impre-
cise information in R&D project evaluation. Over
the last 20 years, a lot of research has been con-
ducted to develop methods for dealing with uncer-
tain information®-2516.18

The evidential reasoning (ER) approach was
therefore introduced in 1996%202224 hased on
the Dempster-Shafer (D-S) thedfyand decision
theory. This approach is well-suited to address-
ing uncertain MADA problems with qualitative at-
tributes in strategic R&D project assessment in a ra-
tional way since the concept of qualitative evalua-
tion grades is imbedded in the assessment process
and qualitative evaluation grades do not have to be
quantified in the ER-based assessment aggregation.
The unique features of the ER approach include its
ability to represent incomplete and vague subjec-
tive judgments and its convenience for the combi-
nation of attributes, which will be discussed in de-
tail in this paper. In resent years, the ER approach
has been applied in a number of areas, for example
the environmental impact assessmengrganiza-
tional self-assessmefit pre-qualifying construction
contractorg! general cargo ship desighmotorcy-
cle assessmef?,and marine system safety analysis
and synthesi$?

In this paper, the ER approach will be applied
for the assessment of R&D projects for car manu-
facturers for the first time, and weights in the as-
sessment model are acquired through on-site inves-
tigations in a car manufacturer. In Section 2, the
basics of the Dempster—Shafer’s theory of evidence
will be described. Section 3 is intended to discuss
the assessment framework of the ER approach in the
context of R&D project assessment. In Section 4,
the recursive ER algorithm will be introduced. Sec-
tion 5 is devoted to the application of the ER ap-
proach to the assessment of the R&D projects for a
car manufacturer, and sensitivity analysis of weights
from different departments is conducted. The paper
is concluded in Section 6.

2. Basics of Dempster—Shafer’s theory of

evidence

Dempster—-Shafer's evidence theory is well suited
for handling incomplete information. It is in-
troduced by Dempster in Réf.and refined by
Shafer! so the theory of evidence is called the D-
S theory of evidence. In the D-S theory of evi-
dence, a basic hypothesis (proposition) is denoted
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by Hn. All hypotheses together constitute a set
6 = {H1,H>,...,Hn}, which is called the frame of
discernment (sample space). The hypothese in
are collectively exhaustive and mutually exclusive
and the elements i could be enumerated by’ 2
which is the power set 08, consisting of all the
subsets 0B. Suppose there are two basic hypothe-
sesA andB in 6, then the frame of discernment is

6={A,B}and ? = {o,{A} {B},{A,B}}.

Let m(A) denote the basic probability assign-
ment (mass) to the subs&twhich measures the ex-
tent to which the evidence suppo#asltis a number
betweenr|0, 1] satisfying the following two equations

Z mA)=1 0<mA)<1l VACH (1)
AcCo
m(@) =0 2

A is called a focal element if it satisfies(A) > 0,

A C 6, and all of the focal elements together are the
core of 6. m(A) expresses the probability mass ex-
actly assigned t@ but not to any subset @.

The assigned probability t§ which is denoted
by m(0) is the measurement of the degree of igno-
rance. It is assumed to be the negation of the hy-
pothesisA if A is the only focal element. For exam-
ple, if m(A) =r, A C 8, and all other subsets &
are not assigned any probability mass, then we will
getm(8) =1—r.

Belief function is another important concept as-
sociated with the evidence theory which is defined
as

Bel(A) =
BcA
It reflects the exact support to the hypothesiand
is a function Bel: & — [0,1]. Bel(A) is the proba-
bility assignedA to considering all the premises of
A. There are several other functions associated with
the evidence theory such as the plausibility function,
commonality function and so on. Each of them re-
flects the probability based on the basic probability
assignment (number) from different points of view
under the frame of discernment.

The kernel of the D-S theory of evidence is the
combination rule which could be used for the ag-
gregation of different sources of evidence. Suppose

mB) (VA C 8) @)

there aren pieces of evidence i, and they each

provide a basic probability assignment to a subset
of 8,i.e.my, mp,..., m,. The evidence combination
rule is defined as follows:

-1

K=|1- my(A1)mp(A2) - - - my(An)
A1.A2,...AnCH
AlﬁAzﬂmﬂAn:@
-1
— S Mi(A)Ma(A2)--- Mh(An) (4)
Al ..... Ancé
A1N--NAR#D
0, A=g
m(A): K- m]_(A]_)"'ITh(An), A?é@
POy SES

)

whereK is called the normalization factor and> 1.
When AANA>N---NAL = &, basic probabilities are
assigned tm pieces of inconsistent evidence that
lead to the conflict among them. The larde€ris,
the greater the conflict is. 3¢ is called the degree
of conflict that reflects the conflict betwearpieces
of evidence. In the combination rule, it is assumed
that the information sources are independent and the
process of calculation is called the orthogonal sum.

Dempster’s rule of combination satisfies commu-
tativity and associativity of multiplication. As such,
it ensures that the combination results remain the
same regardless of the order in which theieces
of evidence are aggregated.

3. ER-based general framework for assessment
of R&D projects

3.1. R&D project assessment based on the ER
framework

A hybrid MADA problem is comprised of multiple
technical and economical attributes (criteria), which
may be either quantitative or qualitative. Suppose
there ard alternatives to be assessedloquantita-
tive factors anch qualitative factors. In such a hy-
brid MADA decision problem, subjective judgments
with uncertainty may be provided by assessors and
aggregated by evidence based reasoning.
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In R&D project assessment, for example, “theo-
retical value and level of innovation” is regarded to
be good if “theoretical value”, “innovation” and “in-
dividual design” are all assessed to be good. How-
ever, it is rarely the case that assessments could al-

Then

Heererd— (E D C, B, A} (8)

In R&D project assessment, a factor may have
its unique set of evaluation grades which is different

ways be as precise as this. For example, assessors from other factors to facilitate raw data collectién.

may select an evaluation grade or more grades with
different probability assignments. In the real as-
sessment of R&D projects, for example, “theoreti-
cal value of project” associated with “quality of pro-
duction” may be stated as follows. “The theoretical
value of project for heavy trailer is evaluated to be
best with a belief degree of.4R, to be good with

a belief degree of 80, and to be poor with a be-
lief degree of 08”. The above statement could be
represented by the following expectation:

S(Theoretical valug
= {(Best0.42), (Good 0.50), (Poor,0.08)}.

where STheoretical valug stands for the state of
the heavy trailer’s “theoretical value”.

Note that the total belief degree for the statement
of “theoretical value of project” sums tad, which
means that the information provided by experts is
complete. If the belief degree to each evaluation
grades do not sum to one, it means that the infor-
mation provided is incomplete.

From the above statements, a set of evaluation
grades for the assessment of a factor on an alterna-
tive is defined as follows.

(6)

where H, (n=1,2,...,N) each denotes an evalua-
tion grade. They are collectively exhaustive and mu-
tually exclusive?? Hy represents the least preferred
evaluation grade and \Hrepresents the most pre-
ferred evaluation grade. H; is supposed to be pre-
ferred to H,. In the above R&D project assessment,
for example, there are 5 evaluation grades associated
with the factor “theoretical value”, which are defined
as

H={Hz, Ha,..., Hn}

H = {Worst, Poor, Average, Good, Bést (7)

For illustration purpose, best is representedAyy
good byB, average by, poor byD, and worst byE.

Then, itis essential to transform various sets of eval-
uation standards associated with both quantitative
and qualitative attributes to a unified set using the
assessor’s knowledge without changing the features
of incomplete assessmenrtsThe process will be in-
troduced in the following subsection.

Quality of

production
Scale and Content of Theoretical value
importance technique and level
of project of innovation

NS T

Theoretical Individual
value design

ZON

Fig. 1. The hierarchical structure for “quality of prodwtf in
R&D project assessment

Innovation

Hierarchical analysis is common in MADA
problems. In the assessment of motorcyéldor
example, there are two hierarchies of attributes. It
is extended to four levels of attributes in Ré&ffor
more precise evaluation. In this paper, “quality of
production” is an abstract concept that could not be
judged directly, and therefore is decomposed into
three detailed concepts: “scale and importance”,
“technique” and “theoretical value and level of in-
novation”. If it is still too abstract to assess them
directly, then they should be decomposed into more
detailed factors until they could be evaluated di-
rectly. In our research, “quality of production” is a
hierarchical structure of three levels shown in Fig. 1.

3.2. Evaluation model

In the above R&D project assessment framework,
“Theoretical value”, “Innovation” and “Individual
design” are referred to as three basic factors asso-
ciated with its upper attribute “theoretical value and
level of innovation” in the second level of the hierar-
chy. In general, suppose there &rattributes in the



28 X.-B. Liuet al.

top level which are defined as

E={E,i=12...L} 9)

It contains a complete set of factors for the evalua-
tion of the general assessment. Suppose therg are
attributes associated wiff), which is denoted as

Ei:{Eijvj:]-’z’""ji} (10)

Taking “quality of production”, E; for example,
three sets of attributes in the second level for assess-
ing it are defined as follows:
E; = {E11,E12,E13} = {scale and importance
of project, content of technique, Theoretical
value and level of innovatign j; =3

Suppose there arg; basic attributes for assessing
Eij, which could be denoted as follows:

Ei={,k=12....5;} (11)

E1r = {el;, €}, €},} = {workload, origin of person,
importance of projedt s;; =3

E1o= {el,, €], 65, €},} = {complexity of critical
technique, ratio of quality/price, reliability,
efficiency}, s;o=4

E13 = {el;,€f5, €55} = {theoretical value, innovation,
individual design, s;3=3

The state of a basic factca]kj evaluated for a
R&D projecta; to a grade H may then be described
as the following expectation:

S(éj (&) = {(Hn) Briij(at))’ n:l’z""aN}
(i=1,...,L; j=1...,ji;

k=1,...,s;;t=1....,M) (12)

whereB,'{ij (ar) expresses the intensity to which the
state of a single factoeh- at & is assessed to an

evaluation grade K In Ref. 19, BX.(a) is as-
sumed to satisfy a rationality assumption in which
0< B,'{ij (&) < 1is commonly satisfied whereas the

other two assumptions are acquired only by experi-
ence. The state d‘l at a project could be evaluated

to any evaluation gradé$ instead of two adjacent
N
grades'? Inthe statementy B (a) < 1 is a basic
n=1

condition for B (a). If B¢ (a) (n=1,2,...,N)
sums to unity, the information provided by DM is

N
said to be complete. Ify B,'fij(at) < 1, the judg-
n=1 "

ment is incomplete. Based on the above expectation,
a belief decision matrix may be modeled%%:

Dg = (S(e%j (at)))sm

Sis the total number of basic attributes. To quan-
tify the evaluation grades of the basic or general at-
tributes, a function must be defined fof.Hn Ref.1°
and 2°, the concept of preference degrpgHn) is
introduced and a utility functiom(H,) is used in
Ref.222415 and!l, p(H,) takes the value in the close
interval [—1, 1], andu(H,) is estimated from zero to
one. There are a lot of utility estimation methods.
For example, three approaches to estimate utilities
on a quantitative attribute are discussed in Réf.

In this paper, we assume that the utility of evalua-
tion grades are evenly distributed as follows:

(13)

u(A)=1, u(B)=0.75
u(D) = 0.25,

u(C) = 0.5,

u(E) =0. (14)

4. Introduction to the E-R algorithm for
assessment aggregation

4.1. The recursive ER algorithm

In the above R&D project assessment framework, if
“scale and importance”, “technique” and “theoreti-
cal value and level of innovation” are all assessed to
be good, then the overall assessment to “quality of
production” will be good as well. But it is not al-
ways the case. So the question is how to aggregate
the assessments on different factors to generate an
overall assessment.

Based on the D-S theory and an assessment
framework as briefly described above, the ER algo-
rithm is developed in Ret? and improved in several
other papers>?%2224 The recursive ER algorithm
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is briefly described as follows. Suppose therelare
basic attributes in assessing the general attribyte
whereE = {ey,...,e_}. A recursive ER algorithm

is given as follows:

(15)

My =1-a, D)

N
My = W <1— > an)With My =T + My
n=1

and'imzl (i=212,...,L) (16)

E|(|):{e]_,,&} (IZl,z,,L) (17)

Hn : M1y = Ky (Mo Mg
+ My () M1+ My iy Mhis1]  (18)

My i) = My Mgy, (N=21,2,...,N) (19)

H: o Mgy = Kigae [P i
+ ) P+ P ) k1
H: o Myisey = Kigaen Mo M)

(20)
(21)

-1

N N
K+ = 1—le%|(i)mj,i+1 ,
=1 1=
4

i=12...,L-1)

~~

w is the relative importance of fact@, and my;
represents the degree to whiglsupports a hypoth-
esis that the state of the attribuEeat an alterna-
tive & is assessed to f E ;) represents the first

i factors associated with their upper level attribute,
andmy 41 is the combined probability assignment
to Hy generated by assessiffj). My 1) = M1
(n=1,2,...,N) andmy 3y = my 1. From the for-
mulae, it is clear that — 1 rounds of calculation
need to be conducted for the generation of the over-
all assessmemty, ;) andmy_ ;) by combining the

L basic factors. Lef, be the belief degree to which
the general attribut& is assessed to the gradg H

and 4 be the belief degree unassigned to any indi-
vidual grade. Then

My L)
H = n=12,...,N 22
v ) (@)
Mhiw)
H: Bu= — 23
Br " (23)

In the above formulaeTy ; represents the remaining
probability mass initially unassigned to any individ-
ual grades, caused by the incompleteness of the as-
sessment on the basic R&D factormy ; is caused
by the relative importance of R&D factors. In other
words, it represents how the other factors could con-
tribute to evaluating the general attrib(te).

After the aggregation ok basic factors, a dis-
tributed assessment for a R&D projegn the gen-
eral attributeE can then be presented as follows:

Sy(a)) = {(Hn,Bn(a)), n=1,2,....,N} (24)

4.2. Ranking based on expected utility and utility
interval

In a R&D project assessment problem, it may
not be straightforward to arrive at the ranking of
projects only based upon the distributed assessments
as shown above. For example, a project may be
evaluated to be “average” to a very large extent,
whereas another project may be evaluated to “poor”
and “good” each to similar large degrees. Therefore,
it will be difficult to differentiate these two projects
based only on the distributed assessments of the two
projects. In such circumstances, it is necessary to
generate a utility value or a numerical score for a
project. For this purpose, a utility must be estimated
for each evaluation grade.

Supposeu(Hp) (n=1,2,...,N) denotes the util-
ity of an evaluation grade fHand u(Hn,1) is as-
sumed to be larger thamH,) if Hp,1 is preferred
to H,. The most preferred gradeyHs supposed to
be of the highest value, whereas the least preferred
grade H has the lowest value. The expected utility
of the state of attributgy on projecta; may then be
calculated by the following expectation.

N
u(Sy(a))) = leJ(Hn)Bn(a) (25)
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As mentioned before3y denotes the degree of
belief unassigned to any individual grades. So, if the
assessment of attributg is incomplete,y will be
positive. Thus, the belief degr¢®(a;) denotes the
lower bound of the likelihood that a R&D project
is assessed toHwhile B,(a) + B (&) represents
the upper bound of the likelihodd. The degree that
yk may be assessed tq lis anything in the interval
[Bn(a),Bn(&) + Br(a)]. Based on the belief inter-
val, maximum, minimum and average utilities of a
project could be measured by the following formu-
lae:

Umax(@) = U(S(y(a))) + Bu(a)u(Hn)  (26)
Umin(@) = u(S(y(a))) + Br(a)u(Ha) (27)
Unve(@) = Umax(& ) ;‘ Umin(ay)

— u(Sy(@))) + () LN o

From the above equations, we could see that
Umin(@1) = u(S(y(a1))) if u(H1) =0, andumin(as) =
Umax(@1) = Uave(@1) = U(S(y(ay))) if the original in-
formation provided by the assessors is complete.
The differencg umax(a1) — Umin(a1)) reflects the de-
gree of the incompleteness in the assessment. Itis a
linear increasing function gB(a;). Based on the
utility interval, an equation for ranking two R&D
projects is provided as follows:

p(a > a) = min{max(A,0),1}  (29)

where

_ Umax(@ ) — Umin(axk)
[Umax(@ ) — Umin(@k)] + [Umax(@ ) — Umin(ax)]

a is regarded to be superior @ to a degree of
p(ay > a) if p(a > ax) > 0.5; if p(a > a) < 0.5,
theng is supposed to be inferior t& to a degree
of 1—- p(a > &a); if p(a > ax) = 0.5, thena is re-
garded to be indifferent tey.

5. Application: checkout and assessment
system of strategic R&D projects

In this section, the evidential reasoning approach is
applied to analyze the performance of several R&D

projects for a car manufacturer in China. The re-
search was conducted in close collaboration with the
leaders in the marketing department, manufacturing
department, and human resource department of the
company, whose name is not mentioned here to pro-
tect its business interests. The meetings were also
held with the technical and non-technical staff in
both the technique and non-technique centers of the
company. The company has established a prelimi-
nary system of checkout and assessment. However,
the evaluation of projects in the system is purely
based on subjective analysis, some basic attributes
are only roughly described, and some important at-
tributes have not been established yet. Thus, there
is a need to improve the current checkout and as-
sessment system and provide a more complete set of
criteria and a more scientific and reliable evaluation
system. This section is devoted to the development
of such a system.

5.1. Description of the “strategic R&D project
assessment” problem

(1) Connotation about assessment of R&D projects

Checkout and assessment of a project refers to the
systematic and objective analysis of the goal of
the project, the process of the project implemen-
tation, and its benefits and influence at the end of
the project. It is assumed that the following three
objectives should be achieved through the R&D
project assessment process. 1) People concerned
with a R&D project should agree on what have been
achieved from the project, 2) experiences in con-
ducting the project should be collected, and 3) the
quality of decision making and investment efficiency
should be improved.

(2) Effect from assessment of R&D projects

The effect could be expressed from four aspects.
Firstly, the assessment is an appropriate way for
gathering experiences. Secondly, it is a tool for
improving the quality of project decision making

in organization. Thirdly, it is a requirement for

the continual development of projects. Finally, the
evaluation process is supposed to facilitate informa-
tion feedback in time, regulate the contents and ap-
proaches for decision making, improve project de-
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cision making process and increase return from in-
vestment.

(3) The contents about assessment of R&D projects

The checkout and assessment of a project is ana-
lyzed by assessing the necessity of carrying out the
project, the quality of production and its potential
in market, advancement in technology, and feasibil-
ity assessment with respect to finance and economy.
The detailed contents of the assessment system will
be presented in the next subsection.

5.2. ldentification of factors for “checkout and
assessment system of strategic R&D

projects”
5.2.1. General attributes

(1) Quality of production

Quiality of production contains two aspects. One as-
pect is concerned with qualitative factors which are
characterized by the contents of techniques used in
projects. Quality is defined as the overall satisfac-
tion generated from the stated characteristics of a
product, which means how the consumer’s demand
could be satisfied by the features of a product. Pro-
duction quality can be assessed from the following
four areas. The first area is related to the perfor-
mance of a product for use, which means the pos-
sessed technical characteristics with respect to its us-
age. The second one is characterized by reliability,
or the ability of a product to accomplish the intended
functions over the given time and conditions, which
is generally measured by invalidation rate, average
time of no-malfunction, and so on. The third one
is related to security in circulation, usage and oper-
ation of a product. The last one is about economy.
Economy is the cost spent on designing, manufac-
turing and using a product. Based on these charac-
teristics and for the assessment of R&D process, we
use the following factors to measure the contents of
technique:

« complexity of critical techniques in project
« ratio between quality and price

« reliability of product

« economy

The other aspect about production quality is re-
lated to quantitative factors to measure the scale and
importance of a project, where the scale of a project
is evaluated by the workload (concerned with work-
ing days) and origin of persons (concerned with de-
partments).

For the checkout and assessment of a strategic
R&D project, it is necessary to consider the theoret-
ical value and level of innovation in the evaluation
process apart from the contents of technique. For
more detailed assessment, level of innovation is split
into the extent of innovation and the ratio of innova-
tion in individual designs.

(2) Process control

Not much attention is paid to process control in the

original project evaluation system used by the com-

pany. In our investigation, we recognized that the

research personnel and project directors of the com-
pany did care about process control. In this paper,
process control is defined as quality control, time

control and investment control.

(3) Added value

During the investigation, it is recognized that
achievements on personnel, project process and
product are made after the completion of a project,
whilst project process is regarded to be the most
valuable factor. Compared with the product which
is the direct result after a project, it seems to be
more significant for a company to have built up an
excellent project group and the management meth-
ods of the whole project process because they can
help improve management decision making in fu-
ture. Therefore, in addition to evaluating product
quality in the assessment of strategic R&D projects,
the quality of the whole project process needs to
be assessed. In this process, the methods used and
experiences gained need to be documented by the
project group, and the continuity of techniques as-
sociated with a project should be covered as well.
The added value from a project, which includes
experienced project group and technique continu-
ity, is very important because it can help improve
project management and generate more benefits in
the development of new projects in future. An expe-
rienced project group is evaluated by the following
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three parts.

« Documents of rules and regulations established
by the project group
« The routine operational management documents

- Management documents about R&D process of
product

The routine operational management documents
and management documents about R&D process of
product are defined as follows. The project manage-
ment is handled in two ways in the present R&D
system. First, the management is about routine
project operation. Product development consists of
five steps: planning, development, business develop-
ment, trial-manufacturing and evaluation. The per-

sonnel should be told what to do and how to do
at each step. Any problems should not be allowed
to be unresolved till the next step. The other one
is regarded as the management about R&D process
of product. People involved in a project should be
made aware what they need to do in each step of a
project and how to solve problems in the develop-
ment of a project. They also need to decide how
many documents should be created to ensure the
smooth development of a project system.

Compared with the system of rules and regula-
tions, group coherence and communication are also
important for the R&D assessment, but they are to a
large extent subjective and difficult for explicit quan-
tification.

General 9 B(Ha) C(Hs) D(H2) E(H)
evaluation | | | |
grades I T T T 1
X
Workload | | | | |
(Months) > 10 (Ys ) 7 (Ya1) 5(Y31) 3 (Y21) 1(Y11)

Fig. 2. Transformation Rules for Workload

5.2.2. The evaluation grades for each basic
guantitative or qualitative attribute

17 attributes are selected for the evaluation of the
R&D projects for the car manufacturer, as shown in

Table 2. In the previous sections of this paper, the
general attribute structure was studied. In this sub-
section, a detailed structure of the evaluation grades
on each attribute is investigated.

Quiality of production
a. Workload

Workload is a quantitative attribute associated with
product scale and importance. It is assumed to be
the worst if a project is not complex and is intended
to be finished within only one month, whereas a
project is assessed to be the best if it is complex
and is planned for 10 months or more. The evalua-
tion grade is a continuous linear function in months.
If a product is intended to be completed between
1 and 10 months, the evaluation grades should be

transformed to the general grades by the rule-based
information transformation techniques as shown in
Fig. 222

Figure 2 shows that if a project consists of the
workload of 10 or more, it would be evaluated to
gradeA. It means that the utility of 10 months is
equivalent to the utility of A in the general eval-
uation grade. Similarly, the utility of 7 months
is equivalent to the utility oB, 5 months toC, 3
months toD, and 1 month td. So according to the
principle of utility equivalencé? we have

U(Yni) = u(Hn) (N=1,2,...,N)withN =5 (30)

If the workload for a project is not one of the
above five numbers, it should be transformed to the
general grades by rules. L¥t;,...,Yn; beN crisp
assessment grades for quantitative attrileutéf the
attribute valuey; lies between the two adjacent as-
sessment gradé§; andYny1;, let Bnj andBni1i be
the belief degrees to whic} is assessed to these
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two grades. Then we have

Yi — Yn,i

~ Yor1i— Vi
Bn,i YiY
n+1i — Tnji

=_m A 31
YnJrl,i —Yn,i ( )

Bn+1,i =

Thus, the quantitative attribute valyecould be rep-
resented as follows:

S(yi) = {(Hn, Bni); (Hns1, Bryi) b (32)
General A B ¢ D E
evaluation | | | | |
me N
0.15 0.15
origin of | | |
person B/ c
whole dept partially individual
relevant dept dept

Fig. 3. Transformation Rules for Origin of Person

b. Origin of person

A’ - All departments
B’ - Some relevant departments
C' - Single department

Here, three evaluation grades are defined for the
assessment of “origin of person”. If a project in-
volves only one department, it would be mark&d
whereas if all departments join in, it would be as-
sessed to the best gradé. If a project includes
some of the departments, it would be mark&d
These three evaluation grades for origin of person
are transformed to the general 5 grades using the
rule based information transformation techniques, as
shown in Fig. 3.

The transformation matrix for origin of person is
then given by

A B C D E

x <0rigin of) A1 O 0 0 O
person/ B 0 015 07 015 O

c 0 O 0 0 1

(33)
It is assumed from Fig. 3, that’ is equivalent to
the general grada, C' to E, andB’ to a combi-
nation of 0158, 0.7C and Q15D. In other words,
u(A’) =u(A), u(C’) = u(E) andu(B’) = 0.15u(B) +
0.7u(C) 4+ 0.15u(D).

c. Importance of project
A’ - Very important

B’ - Important

C' - Relatively important
D’ - Indifferent

A product is considered to be very important if this
product can fill a gap in the product range of the
company. If a product can fill a gap in a platform
of product for the company, it should be considered
to be important. If some improvement is made by
developing a product, it should be considered to be
relatively important, whereas it would be thought to
be indifferent if no obvious improvement is made by
developing a product. Figure 4 shows the relation-
ship between the evaluation grades of this factor and
the general evaluation grades.

The best grad@’ in this factor is considered to
be equivalent to the general grade while D’ is
equivalent to the general grade Thus,u(A’) =
u(A), u(d’) =u(E). B’ is assigned t® andC simul-
taneously with the degrees afi and 31, andC’ to
C and D with the degrees ofr, and 3,. u(B’) and
u(C’) could then be calculated as:

u(B') = ayu(B) + B1u(C) (34)
u(C’) = a2u(C) + Bou(D) (35)
General | | | | |
evaluation A B C D E
grades as
az
Bl BZ
Importance
of project Al B/ c D’
very important  relatively  indifferent
important important

Fig. 4. Transformation Rules for Importance of project

In the above transformation formulae; + 3; = 1
andas + B, = 1, which mean the transformation is
complete. The transformation matrix for “impor-
tance of project” is then given by

A B C D E

A1 0 0 0 O
A(importance= B’ 0 a1 B1 0O O (36)

cC 0 0 a B O

DDO O O 0 1
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Here,ai (i=1, 2) andS; (i = 1, 2) are all assumed
to be 05 in the case study.

d. Advance of critical techniques

The evaluation grades for “Advance of critical tech-
niques” are defined according to the advance level
of technology adopted in a product. The more ad-
vanced the technology adopted in a product, the bet-
ter the product would be evaluated. Five evalua-
tion grades are defined for “advance of critical tech-
nique”, namelyA’ - very complex,B’ - complex,C’

- averageD’ - poor, ancE’ - worst. They correspond

to the 5 general evaluation grades withequivalent
toA,B'toB,C' toC, D' toD andE' to E.

e. Ratio between quality and price

6 products of the same type in other 6 car manufac-
turers are selected and assessed on quality and price
ratio. For example, when heavy trailer is assessed on
quality and price ratio, 6 heavy trailers of the simi-
lar type (considering weight, oil consumption and so
on) from other 6 car manufacturers are selected and
evaluated on this factor. Then the quality and price
ratio of the study heavy trailer is compared with the
same type of products from the other 6 manufactur-
ers as follows.

() If the study heavy trailer is much better than
all the same type of other products, it would be
assessed to the evaluation grade

(i) Ifitis better than most of other products and is
only worse than one or two other products, it
should be evaluated ®.

(iii) If it is better than 3 other products but also
worse than 3 other products, it should be eval-
uated toC'.

(iv) If it is worse than most of other products but

better than one or two other products, it should

be evaluated t@'.

v)

If it is worse than all other products, it should
be assessed .

f. Reliability of product

It is evaluated by the number of malfunction prod-
ucts in every 100 products in three months. It also

needs to be transformed to the general evaluation
grades.

g. Economy

It is evaluated by the amount of petrol consumed in
every 100 miles (L/100miles).

h. Theoretical standard of project

It is assessed by the theoretical standard reflected
from the R&D project. Five evaluation gradas,

B/, C/, D' andE’ are defined for this factor, in which

A’ represents the highest theoretical standardeand
the lowest theoretical standard. They all exactly cor-
respond to the 5 general evaluation gradesy| C,

D, andE).

i. Degree of innovation

Four evaluation grades are defined for the assess-
ment of this factor as follows. They also need to
be transformed to the general evaluation grades sim-
ilar to Fig. 4, and equations (34), (35), (36):

A’ - Leading internationally

B’ - Filling a gap nationally

C' - Leading nationally

D’ - Filling a gap for the company

j. Ratio of individual design

Three evaluation grades are defined for this factor.
If a product is completely designed by the members
of the company, it is assessed to the highest grade
A’. If more than 60% of a product is designed by
the members of the company, it is evaluatedto
Otherwise, a product should be assessed .to

Hindvidual design_ fompletely, more than 60%,
less than 60% (37)

The three evaluation grades in this factor may also
be transformed to the general five evaluation grades.
From Fig. 5, it is clear thaa’, B’ andC’ each corre-
sponds taA, C andE with a belief degree of 100%.

It means that the utility oA’ equals to the utility

of A: u(A’) = u(A); similarly u(B’) = u(B) and
u(C’) = u(C). Different from factor b, there is no
grade in factor j related t8 andD in the general
grade level.

Process control
k. Quality of project
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It is evaluated on technical criteria. Three evalua-
tion grades are defined. A project would be given
the highest evaluation gradeé if the project reaches
the expected standard on all technical criteria. If ac-
cidents due to quality occur, a project would be as-
sessed to the lowest gra@é A project would be as-
sessed t@' if it does not reach the standard on some
technical criteria. The transformation of these three
evaluation grades to the general evaluation grades
(A, B, C, D, andE) is similar to factor j.

I. Completion time for a project

It is evaluated by actual completion time compared
with work schedule. If a R&D project is completed
ahead of its schedule or on time, then as far as com-
pletion time is concerned, the project is evaluated to
be the best (oA). In a similar way, the equivalence
rule may also be stated as follows:

if a projectis delayed by 2 months, the performance
would beB;

if a projectis delayed by 5 months, the performance
would beC;

if a projectis delayed by 7 months, the performance
would beD;

if a project is delayed by 10 or more than 10
months, the performance would Be

Table 1 may provide a straightforward relation
between completion time and the general evaluation
grades.

Table 1. Transformation Rules for Completion time for a

project
Delayed on |, | 5|7 More
months ) | time than 10
Evaluation
grade (H) A B|C|D E

By equivalence, the utility ohy; is equal to that
of Hi. If the delayed time is not exactly the above
5 points associated with the 5 general evaluation
grades, then it should be transformed to the 5 gen-
eral grades similar to factor a and formula (30).

m. Investment of project

spending. If there is the overspending of 109%, it
would be evaluated to grad. If the overspending

is between 10% and 20%, it would be evaluated to
gradeC'. If the overspending is between 20% and
30%, it would be evaluated to gra@é. If the over-
spending is over 30% or the money for a project is
defalcated, it would be evaluated to the worst grade
E. These five evaluation grades correspond to the
general evaluation grades respectively.

Added value

n. Documents of rules and regulations established
about project group

The following four evaluation grades are defined to
assess this factor.

A’ - There are complete and excellent documents of
rules and regulations, which can be used as a role
model for other projects;

B’ - There are complete documents of rules and reg-
ulation, and the management of rules and regula-
tion in a project is excellent;

C' - There are documents of rules and regulation,
and the management of rules and regulation in a
project is indifferent;

D’ - There are no documents of rules and regulation.

These four evaluation grades could be transformed

to the general grades according to the process de-
fined in equations (34), (35) and (36).

A B C D E
General | | | | |
evaluation
grades [ [ ]
Individual | | |
Design A’ B’ o4
completely more than less than
60% 60%

Fig. 5. Transformation Rules for Ration of Individual
Design

0. Routine operational management documents

The following five evaluation grades are defined to
assess this factor.

It is evaluated by the cost control compared with the A’ - There are complete and excellent documents of

company budget. A project would be assessed to
the best grad@’ if there is cost saving or no over

routine management, which can be used as a role
model for other projects;



36 X.-B. Liuet al.

B’ - There are complete documents of routine man-
agement and the management of a project is good,;

C' - There are documents of routine management
and the management of a project is indifferent;

D’ - There are no documents of routine management,
but the management of a project is not too bad;

E' - There are no documents of routine management
and the management and regulations are poor as
well.

The evaluation grade of factor o could be trans-
formed to the general evaluation grade defined in (4)
respectively

p. Management documents about R&D process of
products

This factor is assessed on the basis of the following
five grades:

A’ - There are complete and excellent documents of
R&D process, which can be used as a role model
for other projects;

B’ - There are complete documents of R&D process
and the management of R&D in a project is good,;

C' - There are documents of R&D process and the
management of R&D in a project is indifferent;

D’ - There are no documents of R&D process, but
the management of R&D in a project is not too
bad;

E' - There are no documents of R&D process and the
management of R&D is poor.

Each of the five evaluation grades for the assess-
ment of factor p corresponds to the five general eval-
uation grades defined in (7) and (8) respectively.

g. Accumulation and continuity of technique

A’ - New techniques applied in a R&D process have
greatly contributed to future developments;

B’ - There are limited or indifferent contributions to
future developments by new techniques applied
in a R&D project;

C' - New techniques applied in a R&D project have
no contribution to future developments.

The transformation process in factor q is similar to
factor j.

The overall assessment table is shown in Table 2
after the transformation of the original information
(Tables 10 and 11) and the original belief degrees
(Table 12) to the general evaluation grades. The
transformation approach is as discussed above. The
original information provided by experts is illus-
trated and transformed in the appendix.

5.3. Acquiring the relative weight of factors
through GAHP

5.3.1. Data collection

The present project management and the evaluation
system adopted by the company were investigated
through many meetings including face-to-face dis-
cussions and interviews with its staff from each de-
partment. As a result of the investigation, the “stan-
dard table for checkout and assessment system of
strategic R&D projects” is constructed. Apart from
this onsite investigation, 200 questionnaires of the
standard table were sent to the members of the R&D
center and the relevant leaders of the company, from
which 172 questionnaires were returned with 5 com-
pletely useless and 10 partly useless.

5.3.2. Generate weights using the GAHP
approach

Considering the complexity of handling multiple
criteria simultaneously, it is important to get a group
of experts involved for assigning criteria weights,
who should have different backgrounds and exper-
tise and may represent conflicting interests. For such
a group of experts, a question appears as to how to
achieve group judgments from individual experts’
estimation of criteria weights. The GAHP approach
is a method for generating the aggregated weight of
a criterion from the judgments given by a group of
experts.

At first, criteria which have great relevance to
a project should be selected. Then, pairwise com-
parisons between every two criteria are provided by
each expert to construct his/her judgmental matrix
that is then used to generate a ranking vector by each
expert. The judgmental matrix of each expert can be
aggregated to form an overall judgmental matrix.
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Table 2. The standard table for checkout and assessmeetrsg§strategic R&D project

Type of project

General Criteria in the second Factors in the lowest level Light Heavy
attributes level (contents of assessment) t . MPV SRV
Trailer | Trailer
workloader; (w111 = 0.25) D(1.0) | B(.0) gigé?i A1.0)
- B(0.15) | B(0.15) | B(0.15) | B(0.15)
. origin of persoref, C(0.70) | C(0.70) | C(0.70) | C(0.70)
Scale and importance of (w112 =0.25)
OrOJECtEL (ty; — 0.3) D(0.15) | D(0.15) | D(0.15) | D(0.15)
A(0.45) | A(0.83) | A(0.2) | A(0.70)
importance of projeoﬂzfl B(0.165) B(0.085) B(0.4) | B(0.15)
(o113 = 0.50) C(0.165) C(0.085) C(0.4) | C(0.15)
E(0.22)
advance of critical B(0.67) | A(0.67) | A(0.4) A(0.6)
techniquest, C(0.33) | B(0.33) | B(0.5) | B(0.3)
(o121 = 0.1875) C(0.1) | C(0.1)
Quality of | content of techniquE, |  ratio between quality and A(0.56) | A(0.25) | A(0:3) | A(0.1)
production (w12 = 0.4) ricee?, ( — 0.2500) B(0.22) | B(0.67) | B(0.7) B(0.4)
E @12 Pricee, (w122 c(0.22) | c(0.08) C(0.5)
(o1 = 0.40) reliability of productes, H(1.0) | H(1.0) | H(1.0) | H(1.0)
((L)_]_23 = 043750)
economyey, A(1.0) B(1.0) | A(0.4) B(0.7)
(w124 =0.1875) B(0.6) | C(0.3)
theoretical standard of gigig ggggg gggg gigg
projecteys (3, = 0.25) C(0.33) | D(0.08)
Theoretical value and D(.11)
level of innovationE; 3 degree of innovation%3 B(0.05) | B(0.125) A(0.1) B(0.1)
(@3 = 0.3) (@ysp— 0.42) C(0.275) C(0.415) B(0.1) | C(0.2)
D(0.225) D(0.29) | C(0.35) | D(0.1)
E(0.45) | E(0.17) | D(0.25) | E(0.6)
E(0.2)
ratio of individual design B(1.0) B(1.0) B(1.0) B(1.0)
€2 (w133 =10.33)
A(0.44) | A(0.83) | A(0.5) | A(0.5)
Quality of projectEps (awpg = 0.51) B(0.56) | B(0.17) | B(0.4) B(0.5)
Process
control Eo —— - €0.1)
(wp = 0.35) Completion time for a projedEz, (awp2 = 0.20) B(1.0) | A(L.0) | A(1.0) | A(L.0)
InvestmenE,3 (w3 = 0.29) A(1.0) A(1.0) A(1.0) A(1.0)
A(0.22) | A(0.33) | A(0.2) | A(0.2)
documents of rules and | g 19) | Bo.21) | B(0.2) | B(0.2)
regulatlons established C(0.335) C(0.335 C(0.4) | C(0.4)
about project groug};
Project teants; (w311 = 0.25) I;E(())ﬁ)S D(0.125) D(0.2) D(0.2)
(w51 =0.48) routine operational A(0.11) | A(0.25) | A(0.3) | A(0.1)
V):ﬁjdeegy management documer&%l B(0.33) | B(0.58) B(0.5) B(0.5)
DrojectEs (o312 = 0.33) C(0.56) | C(0.17)| C(0.2) | C(0.4)
(w3 =0.25) management documents A0.22) 1 A033) | A0.6) | A(0.4)
about R&D process of B(0.11) | B(0.58) | B(0.3) | B(0.4)
productse},; (w313 = 0.42) gég:iii c(0.09) | c(0.1) | c(.2)
Continuity of technique | accumulation and continuity A(0.67) | A(0.92) | A(0.7) A0.7)
Esp (@32 — 0.52) of technique C(0.22) | E(0.08) | C(0.2) | C(0.3)
32102 E(0.11) E(0.1)
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There are some approaches for the aggregation of
matrices, for instance, the ideal synthesis matrix in
a group context, additive convex set and Hadamard
convex set of judgmental matrThese approaches
can minimize the impact of inconsistence among in-
dividual expert judgments. In this paper, Hadamard
convex set of judgmental matrix is implemented to
construct an overall pairwise matrix. Then, the an-
alytic hierarchy process (AHP) approach is applied
to calculate the weight of each criterion. This whole
process is referred to as a generalized AHP ap-
proach, or GAHP. The detailed calculation process
and Hadamard convex set of a judgmental matrix are
described in the appendix.

Based on the 172 questionnaires, the GAHP is
used to calculate the weights of all attributes used
in the checkout and assessment system as follows.
Weights of attributes in the first level are given by:

w =0.3957 w=0.3617 w3=0.2426;

Weights of attributes in the second level are given
by:

w11 =0.2886 w>=0.3845 wi3=0.3269;

w1 =0.4919 wy;=0.2175 wp3=0.2906;

w31 =0.4794 w3 = 0.5206;

Weights of attributes in the third level are given by:

wi11 = 0.2247, wy1= 0.2438 w13 = 0.5315;
wi21 = 0.1319 wy2o= 0.2692 wy23=0.3781

wi24 = 0.2208;
w31 = 0.2446 wy3o= 0.405Q w33 = 0.3504;
w11 = 0.2842 31o= 0.343Q w313 = 0.3728;

Since the company is operating in a dynamic busi-
ness environment, the above weights could be re-
vised in the future. The values of weights are

rounded, as shown in Table 2.

Table 3. Subjective assessment about theoretical valusmaaodation of Heavy Trailer

. . Evaluation grades
Weights Attributes E 5 c B A
w31 =0.25 Theoretical standard 0 0.08 0 0.50 | 0.42
w3z = 0.42 Degree of Innovation | 0.17| 0.29 | 0.415| 0.125| O
w33 = 0.33 | Ratio of individual design 0 0 0 1.0 0

5.4. ER modeling framework for R&D project
assessment

When the ER approach is applied to generate the ag-
gregated assessments for R&D projeeds, to €,

el, to ef,, el; to €, and e}, to €, are aggregated
first, resulting in the assessments of the first level
attributes. TherkE;; to Ej3, Eoq to Exz and Ez; to

Es, are aggregated to generate the assessments for

these second level attributes. Finally, the three third
level attributes: quality of production, process con-
trol and added value are aggregated to generate the
overall assessment for each project. This forms a
systematic aggregating process for the generation of
overall assessment for a R&D project.

For example, the criterion “theoretical value
and level of innovation” is assessed through the

three lower level attributes: theoretical standard of
project, degree of innovation, ratio of individual de-
sign. The assessments of the heavy trailer project
produced by the company on these three attributes
are shown in Table 3.

We could see that these three assessments are all
complete. From Table 3 we have:

Biz2 = 0.17, Bz = 0.29, B3 = 0.415, B4 = 0.125,
B52 - 01
Bi13=0,B23=0, B3z =0, Ba3= 1.0, Bs3=0.

From the belief degrees and the weights calcu-
lated using GAHP, we could have the following ba-
sic probability masses:
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My =0, mp1=0.02, Mg =0,
my1 = 0.125 ms; =0.105

My =1—w31=0.75
5
My 1 = 60131<1— z Bn1> =0
n=1

Mo = 0.0714 Mpo = 0.1218 Mgy = 0.1743
my2 = 0.0525 ms=0.

My 2 =1—w32=0.58,
5
My = 60132(1— Z Bn2> =0
n=1

M3 =0, M3 =0, Mgz = 0, My3 = 0.33,Ms3 = 0.
m‘h?’ =1- Wi33= 067,

5
My 3 = 60133<1— z Bn3> =0
n=1

Firstly, the assessments on “theoretical standard”
and “level of innovation” are aggregated to gener-
ate an intermediate assessmentEp,, as shown
by equations (18), (19), (20), and (21),

5 5 -1
K2 = [1— mslm,,z] — 11062
B &Zlg

My 1 (2) = Ki(2) (MuaMa2 + MMy 2 + MyoMiy 1)
=0.05924

My (2) = Ki(2) (Ma1Mp2 -+ Mp1My 2 + MMy 1)
=0.11658

Mg (2) = Ki(2) (Ma1Ma2 + MMy 2 + MeoMiy 1)
=0.14461

My 2) = Ki(2) (MazMaz + MaaMiy 2 + MMy 1)
=0.13102

M, (2) = Ki(2) (Ms1Ms2 + M5 1My 2 + Ms2Myy 1)
=0.067367

M (2) = K (2)My 1My 2 = 0.4812

My 1 (2) = Ki(2) (M 1My 2+ My 1My 2 + My 1My 2) = 0

Then, generate the assessment on “theoretical
and innovation level” (3)) by aggregatingg ;)

and the assessment on individual design:

5 5 -1
Kia) = [1—5; ,Z Mg (2) mj,S] =1.14675

i#s

My 1 (3) = Ki(3) (My12) M3+ My j(2)My 3+ MMy )
= 0.04551

My 3) = Ki(3) (Mg, (2) M3+ My (2) My 3+ MaaMyy j(2))
= 0.08957

Mg i(3) = Ki(3) (Mg (2)Me3+ Mg (2)MH 3 + MaaMyy (2))
=0.11111

My 1(3) = Ki(3) (Ma (2) M3+ My j(2)MH 3+ MuzMyy | (2))
=0.33234

Ms 1 (3) = Ki(3) (M5 (2)Ms3+ M) (2)MH 3+ Me3Myy (2))
=0.05176

Mh1(3) = Ki(3)MH,1(2)Mh,3 = 0.3697

My 1(3) = Ki(3) (My,12)MH 3+ My 2)My 3

+ My (2)MH3) =0

Then, the belief degrees of “theoretical value and
level of innovation” could be calculated from (22)
and (23),

My (3) M (3)
=" —00722 Bp=—2"— =01421,
A 1-my3 P 1-my3
__Meie  _ _ M _
Bz = T Mo =01763 [y = T Mg = 05273
Mg (3) My (3)
== =0082L fH=—"— =0,
Ps 1-my 3 P 1-my3

The assessment of the heavy trailer project on the
attribute can be represented by the following state-
ment:

S(theoretical value and level of innovatips:
{(Worst 0.0722), (Poor,0.1421), (Average 0.1763),
(Good 0.5273, (Best 0.0821) }

The overall assessment of the heavy trailer can be
aggregated in the same fashion, given by:

B =00143 B, =00400 B;=0.0538
Bs=02185 PBs=0.6361 By =0.0374
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So the distributed assessment of the heavy trailer
project is represented as follows:
S(Heavy Trailej = {(Worst 0.0143),
(Poor,0.0400, (Average 0.0538, (Good 0.2185),
(Best0.6361),(H,0.0374 }

Heavy Traller on RED product assessment sysitem

100 005

1m‘6/5m/ ’ I:IN!.//r

PHOE goad Urémaue

a0
woTs AVERIEE st

Evaluation grades
Fig. 6.

The incompleteness in the assessment of the
heavy trailer is measured by a belief degree of
0.0374 due to the complete ignorance in the at-
tribute “reliability of product”. It is the same case
to the assessments of the light trailer, MPV and SRV
projects. Using the IDS software, the assessment of
the heavy trailer project on each grade can be visu-
ally presented as shown in Fig. 6.

Similarly, the assessments of the Light Trailer,
MPV and SRV projects can also be generated as fol-
lows:

S(Light Trailer) = {(Worst 0.0468), (Poor,0.0231),
(Average0.1529), (Good 0.3346), (Best 0.4021),
(H,0.0406)}

S(MPV) = {(Worst 0.0173), (Poor,0.0159,
(Average0.1126), (Good 0.2951), (Best 0.5220),
(H,0.0370}

S(SRV) = {(Worst 0.0266), (Poor,0.0100),
(Average0.1297), (Good 0.2375), (Best 0.5570),
(H,0.0391)}

The above distributed assessments provide a

panoramic view of the overall performances of each
of these different projects individually. However, it

is not easy to rank the four projects just based on the
distributed assessments. The utility intervals can be
calculated for the comparison. Suppose the utility
of the evaluation grades are equidistantly distributed
according to equation (14). Then the maximum util-
ity, minimum utility and average utility of the heavy
trailer project can be calculated according to equa-
tions (25), (26), (27) and (28) as follows:

u(S(y(Heavy Trailey)) = % Bn x u(H,) = 0.8369
n=1

Umax(Heavy Traile) = u(S(y(Heavy Traile)))
+ BH(Heavy Traileju(Hs) = 0.8742
Umin(Heavy Traile) = u(S(y(Heavy Traile)))
+ Br(Heavy Traileju(H1) = 0.8369
Uave(Heavy Traile)

_ Umax(Heavy Trailey + Umin(Heavy Traile)
N 2

= i Bn x U(Hp) + Br(Heavy Trailebw
n=1

= 0.8556

Similarly, the utility intervals for the other three
projects could also be calculated as shown in Ta-
ble 4.

Table 4. Utility interval of the four R&D projects
Light | Heavy

: WY MPv | SRy
Trailer | Trailer

Maximum | 22cel 0 8742 | 0.8406| 0.8416
Utility
Minimum | 22231 0.8369| 0.8036| 0.8025
Utility
Average | 1 sess| 0.8556| 0.8221| 0.8221
Utility
Rank 4 1 2 2

From the utility interval, we could get the rank-
ing order of the four projects using formula (29):

r

P(Heavy Trailer— MPV)
. { ( 0.8742-0.8036
= min<{ max ,
[0.8742-0.8369-[0.8406-0.8036
=9502%
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P(MPV > SRV)
, 0.8406-0.8025
:mln{max( ,O),l}
[0.8406-0.803§+(0.8416-0.8025
=50.07%

From Table 4, it is clear that the maximum utility of
the light trailer project is less than the minimum util-
ity of all the other three products, so the light trailer
project is ranked the last. It is also obvious that the
heavy trailer project is superior to the MPV project
to the extent of 992 %, whereas the MPV project is
superior to the SRV project to the extent of GD%.
Also, the average utility of MPV almost equals that
of the SRV. So, these two R&D projects are almost
equivalent. The four projects could be ranked as fol-
lows with certain level of confidence:

Heavy Trailer— MPV ~ SRV > Light Trailer

Here, the ranking order of the four projects gener-
ated by formula (29) is the same as that calculated
by average utility, though this is not always the case.
Figure 7 and Table 5 shows the average utilities of
these four R&D projects on the overall performance
and three second level attributes. From the figure, it
is clear that the average utility of light trailer is ob-
vious inferior to the other three projects, and heavy
trailer is superior evidently.

[ELiaht Trailer BHeavy Trailer Ome OsRy|

1.2

0.8
0.6
0.4
0.2

Leickec]
resuts

Cusd ity of
producti on

Process
cant ral

RED pr o ect
assessment

Fig. 7. Average utilities of the four R&D projects

Although the combined weights calculated us-
ing the GAHP methods represent the aggregated
opinion of all experts involved in the investigation,
they do not necessarily reflect the views of indi-
vidual experts or departments. So the sensitivity
analysis of weights should be conducted based on
the above combined weights. In the investigation

process in the car manufacturer, 200 guestionnaires
were handed out to different departments as men-
tioned in Section 5. The three different departments
involved are the marketing department, manufactur-
ing department, and human resource department of
the car manufacturer. GAHP is used for the data
collected from two of the three departments and two
different pieces of weights are generated afterwards.
The following are the rounded values of the weights
calculated using GAHP. Weights calculated using
the information collected from the marketing depart-
ment are as follows.

Table 5. The average utilities of the four R&D projects on
major attributes

R&D General | Quality | Process| Added

projects assessmenﬁfoductior control | results

Light _ .
) 0.7556 0.6438 0.879607 0.699717

Trailer

Heavy | ]
. 0.8556 0.687833 | 0.982007 0.870727

Trailer

MPV 0.8221 0.696884 | 0.928944 0.816872

SRV 0.8221 0.689781 0.940787 0.792692

The weights of the attributes in the first level are
given by:

w =040, wp=044, w;y=0.16:

The weights of the attributes in the second level are
given by:

wi1=030, =060  w3=0.10;
w1 =011  wp=053 =036
(w1 =045 = 055;

The weights of the attributes in the third level are
given by:

wi11=050, w12=0.25  w13=0.25;
@1 =013 =046  cpz=0.11

w24 = 0.30;
w31 =025  w3=042 w33=0.33;
w311=0.25  w312=0.35  w313=0.40;

The weights calculated using the information
collected from the manufacturing department are as
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follows. The weights of the attributes in the first
level are given by:
w =047, @ =034, w;=0.19

Table 6. The utility of each R&D products under the weights
calculated from marketing department

from people in the different departments. So it is
significant to construct several sets of weights from
different departments to support the decision mak-
ing process.

Table 7. The utility of each R&D products under the weights
calculated from manufacturing department

Light Heav
9 WY MPv | SRV
Trailer | Trailer
Maximum | 56307 0.882935 0.908186 0.882412
utility
Minimum | 506130 0.868959 0.895613 0.867977
utility
Average | ) 813218 0.875947 0.901899 0.875194
utility
Rank 4 2 1 3

The weights of the attributes in the second level
are given by:

wi1=041  wp=035  w3z=024;
wp1=0.60, =028  ws3=012;
w31 =049, = 051;

The weights of the attributes in the third level are
given by:

wi11=052  w12=023  w13=0.25;
w21 =022  w2=030, wr3=0.17,

w124=0.31;
w31=028  w32=040, wg33=0.32;
w311=0.34, w312=0.39, w313=0.27;

Light trailer is ranked the worst among the four
R&D projects no matter whether the ranking is
based on the weights calculated by the marketing
department, the manufacturing department or all the
departments. Heavy trailer is ranked the best one
among these four R&D projects using the weights
calculated from the information provided by all the
departments, while MPV is ranked the best one un-
der the information provided by the marketing de-
partment and SRV is ranked the best from the infor-
mation provided by the manufacturing department.
The ranking results are inconsistent due to the dif-
ferent opinions to the importance of the attributes

Light Heav
9 WYY MPv | SRV
Trailer | Trailer
o
axIMum | 762167 0.781756 0.825977 0.846581]
utility
M'n'_m“m 0.746213 0.765699 0.811814 0.830847
utility
Ave_r_age 0.754190 0.773728 0.818895 0.838714
utility
Rank 4 3 2 1

6. Concluding remarks

In this paper, we applied the evidential reasoning ap-
proach to the assessment of strategic R&D projects
for a car manufacturer. A strategic R&D project
in the car manufacturing industry is normally con-
cerned with lots of money and human resources and
lasts a long period of time. From the case study,
a reliable and rational hierarchy of attributes for
the assessment of R&D projects was constructed.
The GAHP method is introduced to calculate the
weights of the attributes in the evaluation hierar-
chy by synthesizing 100 experts opinions with dif-
ferent backgrounds and knowledge. For acquiring
the original information represented by distributed
evaluation grades on qualitative attributes (Table 11)
and numerical values on quantitative attributes (Ta-
ble 10) of each R&D project from experts in the car
manufacturer, one table for assessing quantitative at-
tributes was provided to one expert in each R&D
project, and tables for assessing qualitative attributes
were provided to a group of experts in each R&D
project. The distributed assessment of each R&D
project on each attribute (Table 12) is calculated by
means of rules as investigated in 5.2.2 and frequency
as mentioned in appendix A.3, which provides a
vigorous, flexible yet pragmatic way for transform-
ing surveyed data decision knowledge for decision
modeling and analysis. The evidential reasoning
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approach is suitable to assessing the R&D projects
for car manufacturers, which is characterized by the
inherent uncertainty of human judgments that exist
in the R&D project assessment process. Although
the GAHP method can be used to combine opinions
from a group of experts in terms of the calculation of
weights, such aggregated weights may not represent
the different views of individual experts or depart-
ments. As such, the sensitivity analysis on weights
was conducted in the paper to examine the impact
of different weights on the assessment and ranking
of projects. In this paper, only preliminary sensitiv-
ity analysis was conducted. In future research, more
comprehensive analyses on interval or fuzzy weights
will need to be conducted to support more informa-
tive decision making.
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Appendix A.

In the appendix, the convex set of Hadamard
multiplication and the calculation process of GAHP
are outlined, and the original information collected
is also presented.

A.1l. Convex set of Hadamard multiplication

(seeb)

Definition 1. The Hadamard multiplication of ma-
trix A= (&j)nxn and matrix B= (bjj)nxn is defined
as follows, represented I6y/= (Cij )nxn:

Cij = aj - bij (A.1)
which is denoted b = A-B.

Definition 2. Supposex € R. The exponential algo-
rithm of matrix A = (&jj )nxn is defined as:

A= (&) (A2

Definition 3. If a; = a;%, i #j,i,j =1,2,...,n,

then matrixA = (ajj )nxn is called reflexive matrix.

Definition 4. SupposeA,Ay,...,An are m judg-
mental matrices for the same problem. If
A1, A2, Am exist, A; (i = 1,2,...,m) satisfy A; €
[0,1] and S, A = 1, andA = At - Al ... Abm,
thenA = (ajj )nxn is called a convex set of Hadamard
multiplication fromAq, Ay, ..., An, Where

3 = (a)" - @) ()™

(i,j=21,2,...,m). (A.3)
B
[ B | [ B | [ Bs |

Fig. 8. Hierarchical structure of the attributes

SupposeA* is the completely consistent matrix.
FromA_ = A*g (L=1,2,...,m), we can generate
g_as follow:

L L
&1

g=1 - . (L=1,2,...,m),
a el

where the elements are non-negative, ane- ngl
@i,j=212,...,n).
Suppose
11
11

€= (A.4)

11 - 1
If & = ¢, thenA_ is supposed to be a consistent

matrix of a matrix. We denotd = A* - €, with
€ = (&jj)nxn, Where

Eij _ (8(1)))\1 ) (8(2)))\2 ..... (8('m))/\m’

ij ij

(i,j=12,...,n) (A.5)
Theorem 1. Suppose A Ao,..., An are m judg-
mental matrices for the same problem. Parameter
R > 0is small enough that leads to the equation
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and A is a convex set of Hadamard multiplication

from Ay, Ao, ..., Am. Then we will have the conclu-
sion:

1

n(n—

Z |Iog§ij ‘ <R

1) 1<i<)<n

where Y |loggj| is the measurement

n(n—1) 1<iSj<n
of the consistence .

A.2. Step of GAHP

In the following, a simple example is discussed to
illustrate the calculation process of the GAHP ap-
proach. The details about the AHP approach can be
found in Ref.8°. A two level attribute hierarchy is
presented in Fig. 8, in which three basic attributes
are associated with one top level attribute. For illus-
tration purpose, five experts out of the 172 experts
contacted in our survey are selected for constructing
the pairwise comparison matrices of the three basic
attributes. They are supposed to be equally impor-
tant,orAj =02 (A, =1,...,5).

In this paper, we use a three-level judgmental
scale?® If B; is as important as B the judgmental
scale is 1; if B is more important than B then it
is 2; if Bj is less important than Bthen itis 0. This
[0,1,2] three-level scale is simpler to use by prac-
titioners than the 1-9 nine-level scale proposed by
Saaty?° Based on Fig. 8, and the three-level scale,
each expert is asked to give his/her own compari-
son matrix, leading to the following comparison ma-
trices accompanied by consistency inspection. The
comparison matrices provided by the five experts are
shown in Table 8.

Table 8. Comparison matrices by five experts

Expert 1:
B|B1 B, B3|W| B |[B; By Bs
Bi1| 1 1 2 B:1| 1 1 5
B 1 1 2 By | 1 1 5
Bz| 0O 0 5 Bs |15 15 1

Amax— 3, CR=0< 0.1

Expert 2:
B | By B, B3| W| B | By By Bs
B 1 2 2 By | 1 3 5
B 0 1 2 B, |13 1 3
B3| 0 0 1 Bz |15 13 1

Amax= 3.039, CR=0.0332< 0.1

Expert 3:
B | By B, B3| W | B |B;y By Bs
B 1 0 O B:| 1 1/3 1/5
B 2 1 O B> 3 1 1/3
B3| 2 2 1 B3| 5 3 1

Amax= 3.039 CR=0.0332< 0.1

Expert 4.
B | By B, B3| W| B | By By Bs
B 1 1 2 By | 1 1 5
B 1 1 2 Bo| 1 1 5
B3| 0 0 1 Bz |15 15 1

Amax=3,CR=0<0.1

Expert 5:
B | B B, B3|W| B | By By Bs
B1| 1 2 2 Byi| 1 3 5
B 0 1 2 B, |13 1 3
B3| 0 0 1 Bz |15 13 1

Amax=3.039 CR=0.3332< 0.1

On the basis of the above comparison matrices
from the five experts, we can generate the aggre-
gated judgmental matrices (Table 6) via the convex
set of Hadamard multiplication as mentioned in ap-
pendix A.1. Thd0,1,2] scale should be transformed
to the 1-9 scale before the aggregation process. The
right sides of Table 5 are based on the 1-9 scale after
transformation. The consistency ratio of the aggre-
gated matrices could also be calculated.

Let ai(jm) be the comparison coefficient of Bver
B; provided by expennunder the0, 1,2] scale, and

itis transformed t@; (M under the 1-9 scale. Lay
be the aggregated comparison coefficient pbter
B;. From Definition 4, we have

()% (@) (@ ™)
1 = |
(A.6)
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So,a;, = 1%2-392.(1/3)°02.102.392 = 1 2457,
A = éi = 0.8027,
ay3= 592502, (1/5)%2.5%2.502 = 2.6265,
ag = ai = 0.3807,
a3 = 592,302 (1/3)%2.5%2.302=23714,

1
azy = — = 0.4217.
a3

Table 9. Aggregated judgmental matrices

B B, B> B3 \W

B1 1 1.2457 2.6269 0.4543
B, | 0.8027 1 2.3741 0.37940
Bz | 0.3807 0.4217 1 0.1663

Amax= 3.001, CR=0.0016< 0.1

The total consistency ratio (CR) is calculated as
CR=10.0016< 0.1. So the weights of the general
attributes are acquired as follows:

wp = (a1, Wa2, we3) = (0.45,0.38,0.17)

In essence, GAHP is a process of using AHP to cal-
culate the judgmental matrices and weights for each
expert individually, and then using the convex set

of Hadamard multiplication to aggregate these in-

consistency data for generating overall matrices and
weights. The results represent the judgment of the
whole group.

A.3. The original information collected

In the process of collecting the assessment informa-
tion about the R&D projects, 17 attributes in the as-
sessment hierarchy are split into two parts: 7 quan-
titative and 10 qualitative attributes. In assessing
these four R&D projects on the 7 quantitative at-

participated in the R&D process and is quite famil-
iar with it. From Table 10, it is clear that there is no
assessment for “reliability of produ¢e,)” on each
R&D project.

When assessing the four projects on the 10 qual-
itative attributes, it is not enough for only one ex-
pert to assess each R&D project due to the subjec-
tive nature of the assessments. A group of experts
who joined in the process of R&D in a project were
invited to assess the project on these 10 attributes.
9 experts were invited for assessing the light trailer
project, 12 experts for heavy trailer, 10 experts for
MPV, and 10 experts for SRV. Table 11 shows the
original assessment data given by the groups of ex-
perts on the 10 qualitative attributes.

Let P(a) denotes the number of experts who
take part in the assessment of R&D projegtand
P4, (&) denotes the number of experts who assess
a to then™ evaluation degree on th# qualitative
attribute. Takeefl (importance of project) for exam-
ple. The belief degree of light trailer assessed'o
on e}, could then be calculated as follows:

Py,, (light trailer) 4

- (light trailer) = =45=04
P ot rallen) = =5 o raien) ~ 9~ 04
Similarly,

_ _ Ry, (light trailer) 3

- (light trailer) = — =—-=033

P (light raller) = 5 o Craiien 9
. . Ry,, (light trailer) 0

/, (light trailer) = —2 =5=0

Be (light rallen) = 5 ralen 9
. . Ry, , (light trailer) 2

/. (light trailer) = — —2-022

Por gt ralle) = =5 a9~ ©

The assessments of the four projects on the other 9
gualitative attributes can be calculated similarly. Ta-
ble 12 shows the belief degree after the calculation

tributes, each project is assessed by an expert who process.



Table 10. Original assessment in quantitative attributes

- . (Def (4) e (6) Ez2 7
Quantitative attributes (Montills ) €, | (3¢, (L/lOOlan) (5) €}, (Months) |(521
Light Trailer 3 B’ unknown 11 B’ 2 A/
R&D Heavy Trailer 3 B’ unknown 20 B’ 0 A
Product MPV 8 B’ unknown 7.3 B’ 0 A
SRV 10 B’ unknown 9.7 B’ 0 A/
Table 11. The Original assessment of R&D project in quéligsattributes
Qualitative Attributes A é:}) e%/ DA B (Zz:leiz DIE|A B (Bz:leiz DIE | A B (4)C/ei3 D[ E | A é?) e%/ D’
Light Trailer | 4 | 3 2 6| 3 51 2|2 11431 114 4
R&D Heavy Trailer | 10 | 2 8 | 4 3181 516 1 3|7\ 2
Product | MPV 2| 8 4 | 5|1 3|7 5|5 11 2|5]| 2
SRV 713 6| 3|1 1145 81| 2 21216
Qualitative Attributes (6) B2y () %l (8) %1 () % (10)Es Total number
Al|lB |C|A|B|C|D|A|B|C|D|EF|A|B|C|D|E|A |B|C of experts
Light Trailer | 4 | 5 21214 ]1|1|3]5 2|1 1|51 6| 2|1 9
R&D Heavy Trailer | 10 | 2 4 | 5] 3 3|17 2 417 |1 11 1 12
Product | MPV 514|112 |4| 4 3|51 2 6| 3|1 7121 10
SRV 5|5 214 | 4 1|5 4 41 4| 2 713 10

o

‘relsni"g-"x
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Table 12. The standard table for checkout and assessmeatrsgEstrategic R&D project

General

Criteria in the second

Type of project

Factors in the lowest level

) Light Heavy
attributes level (contents of assessment) . . MPV SRV
Trailer | Trailer
workloadetl (wi11) 3 3 8 10
_ origin of persore?;(w112) | B/(1.0) | B'(1.0) | B/(1.0) | B'(1.0)
Scale z.and importance of - . A(0.45)| A10.83)] A02) | A©07)
projectEyg(wi1) importance of project B(0.33)| B017)| B08) | B(03)
951(0)113) D'(0.22)
» B/(0.67)| A’(0.67)| A’(0.4) | A’(0.6)
teﬁ"n"’l‘gﬁzg C(rc';ca)' C(0.33)| B'(0.33)| B'(0.5) | B'(0.3)
127121 c(0.1) | C(0.1)
_ _ _ A'(0.56)| A’(0.25)] A/(0.3) | A’(0.1)
Content of technique ratio bgtween quality and B(0.22)| B'(0.67)| B(0.7) | B'(0.4)
Erz(wr2) priceel,(wiz2) C'(0.22)| C'(0.08) C'(0.5)
Quality of reliability of product
product & (wr29)
E1(wr) 124123
€Conomyey,(wi24) 11 20 7.3 9.7
A’(0.11)| A’(0.42)| A/(0.5) | A/(0.8)
theoretical standard of | B’(0.45)| B’(0.50)| B’(0.5) | B'(0.2)
projectels(wis1) C/(0.33)| D/(0.08)
D’(0.11)
Theoretical value and level B/(0.10)| B’(0.25)| A’(0.1) | B/(0.2)
of innovationE; 3(a3) degree of innovation C'(0.45)| C'(0.58)| B'(0.2) | C/(0.2)
4(wn32) D’(0.45)| D'(0.17)| C'(0.5) | D'(0.6)
D’(0.2)
ratio of individual design B'(1.0) | B(1.0) | B(1.0) | B/(1.0)
e%s(wLBB)
A'(0.44)| A'(0.83)| A'(0.5) | A/(0.5)
Quality of projectEay (1) B/(0.56) | B’(0.17)| B/(0.4) | B/(0.5)
Process C'(0.1)
control >
Ez(w2) Completion time for a projedEoz(w;2) months 0 0 0
InvestmenE3(wy3) A'(1.0) | A(1.0) | A'(2.0) | A'(1.0)
documents of rules and | A'(0:22)] A’(0.33)) A'(0.2) | A'(0.2)
regulations established | B'(0.22)| B'(0.42)| B'(0.4) | B'(0.4)
about project group C'(0.45)| C/'(0.25)| C(0.4) | C/(0.4)
e31(ws11) D'(0.11)
the routine operational A’(0.11)| A’(0.25)| A'(0.3) | A(0.1)
Added Project teants; (w31) management documents| B’(0.33)| B/(0.58)| B’(0.5) | B/(0.5)
value by &1 (ws12) C(0.56)| C'(0.17)| C(0.2) | C'(0.4)
project A’(0.22)| A’(0.33)| A/(0.6) | A/(0.4)
Ez(ws) management documents B/(0.11)| B/(0.58)| B'(0.3) | B/(0.4)
az‘:géfc‘i%?&?;s °f | c056)| c0.09)| co1 | co.2)
D’(0.11)
o . ) | A/(0.67)| A’(0.92)| A'(0.7) | A'(0.7)
Continuity of technique accumulatlon.and continuity B'(0.22)| C(0.08)| B(0.2) | B/(0.3)
E32(w32) of techniquews, C(0.10) c0.1)
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