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1. Introduction

Environment protection has been becoming an

important issue for modern industry. LCA is one
of the most actively considered techniques for the
study and assessment of strategies to meet environ-
mental challenges. LCA presents a multi-attribute
decision problem with the goal of arriving at a
single measure of performance. Traditional LCA
methods can be categorized into two types of con-
version: (1)transformation, such as Monetization
Method(MM); (2)value measurement, such asMulti-
Attribute Utility Analysis (MAUA)and Analytic Hi-
erarchy Process(AHP) ). In traditional LCA meth-
ods, all factors are either transformed into money

{e.g. MM), or measured into some value(e.g. AHP
and MAUA}) uniformly(see Figure 1).

uantitative
environmental
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Fig. 1  Traditional LCA method

For quantitative factors MM is an ideal method.
Because of the costs of factors can be found in
makets, the result of evaluation will be exact. But
for qualitative factors with the method of MM, the
accuracy and reliability will be affected. In fact,
many environmental goals generally do not have
well defined or agreed upon costs. Although by
examining the social costs, related health costs,
and direct market costs incurred by various activi-

ties, a value which is meaningful in some situations
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can be extracted, but techniques for determing dol-
lar equivalents of environmental factors have not
yet reached a mature state of development 2),
At the same time, for the methods of AHP and
MAUA, problems exist in accuracy that all the fac-
tors (including quantitative factors) are measured
into values uniformly according to human’s subjec-

tive judgments.

In this paper, the comprehensive evaluation with

quantitative and qualitative factors is considered
and an extended AHP method with respect to it
is proposed. An example of LCA will be used to
illustrate the extended AHP method.

2. The Axioms of The AHP

The axioms of AHP ) can be represented as
three parts: {1)decomposing, (2)comparative judg-
ing, and (3)ranking.

In part (1), decision problem is decomposed
into a series of smaller problems. The goal de-
fined at the highest level is broken down into mea-
sures (attributes) which affect it. FEach of these
attributes can in turn be further decomposed into
sub-attributes. At the lowest level of these at-
tributes, known as alternatives, are the proposed
products or strategies in guestion which are the
subject of the study in that they are the possible

appreaches to achieving the goal.

In part {2), a comparison matrix (shown as equa-

Goal or Focus:

Criteria:
I
1

Alterpatives:

Fig. 2

Decomposing of AHP

tion {1)) is set up to carry out pairwise comparisons
of the relative importance of the factors with re-

spect to objectives of the higher level.

wyfwy wi/ws wy fwy
wzfwy  wzfwn wa fwn

A= (L)
wn/w1 wn/wg wn/wﬂ

It is interpreted as follows: every element, ay;,
of the matrix A shows the relative contribution ~
to the subject of comparison — of the ith activity
as compared to the jth activity, i.e

ai; = wifw; 1€in, 1555n. (2)

Where w;,7 = 1,2, -,n presents the weight of
factor i. The scale for entering judgments is given
by Saaty 6) shown as Table 1.

In a general decision making environment, it is
difficult to get the precise values of the w; Jw; but
only estimates of them. Let us consider estimates of
these values given by an decision maker {or a group
of decision makers} who may make small errors in
judgment. According to the eigenvalue theory 6),
a small perturbation around a simple eigenvalue,
as we have in n when A is consistent, leads to an
eigenvalue problem of the form of Aw = Apgw
where Ap,q, is the principal eigenvalue of A where
A may no longer be consistent but is still recipro-
cal. For the consistency index (CT), we adopt the

value (Amez —n)/(n—1). It is the negative average

Table 1  Comparison Scale

Intensity of importance Definition

1 Equal importance
3 Moderate importance
5 © * Essential or strong importance
7 Demonstrated importance
9 Absolute importance
2,468 Intermediate values between

adjacent judgment




of the other roots of the characteristics polynomial
of A. This value is compared with the same index
obtained as an average over a large number of re-
ciprocal matrices of the same order whose entries
are random. The satisfied value of CR is considered
as less than 0.1 in the example of this paper.

In part (3), priorities are synthesized by muti-
plying local priorities by the priority of their cor-
responding criterion in the level above, and adding
them for each factor in a level according to the cri-
teria it affects.

The extended AHP method proposed here in-
tegrates the evaluation of quantitative factors and
qualitative factors into one AHP model. It is based
on a view that for quantitative factors it is better
as to use their objective costs as pdssible to make
evaluation, and for the other factors use subjec-
tive judgment to get an approximate result, finally
a comprehensive evaluation is done based on the
~ former intermediate results, so that the accuracy
of evaluation result will be improved. However,
it must be noted that only by basing on an in-
tegrated criterion for various factors can make the
evaluation result objective and reliable. The view
of comprehensive evaluation with quantitative and

qualitative factors is shown in Figure 3.

quantitative intermediate
environmental [—={ °§al“a'1§ﬂ ‘
factors ““’juggeif““ comprehensive
bea\;a.}duation ﬁnall
1 ;
ualitative intermediate . onan resu
enc\laimnmental evaluation _ integrated criterion
faclors based on subjective
cost
Fig. 3 Comprehensive evaluation proposal

In the part of decomposing of the extended AHP
method, the factors are categorized into two types:

quantitative factors and qualitative factors. AHP

method is used to do evaluation for quantitative
factors based on objective costs, and for qualitative
factors based on subjective judgment respectively.
And then the middle priorities of two type factors
are calculated. Finally, the comprehensive evalu-
ation for the two middle priorities is done. The
weights to do it are derived from an importance
comparison matrix overall factors.

Assume that there are k quantitative factors all
of ﬁ factors, so that the number of qualitative fac-
tors is (n — k). The alternative number is defined
as m. The middle priorities of quantitative fac-

tors and qualitative factors are defined as follows

Tespectively:
711 21
12 T22
R = [ Ry = (3)
Tim 2m

Also assume that the former k rows (or column)
in matrix (1) corresponds to quantitative factors,
and the later (n — k) ones corresponds to qualita-
tive factors. The eigenvector with respect to the
maximum eigenvalue of matrix (1) are as follows:

[er = e eipn en ]T (4)

The average weights of quantitaitve factors and
qualitative factors can be obtained from (4) and
noemalizing them as follows:

Ef:l €i
k
Zisl i+ Z?:k-i-l €

"

Wouen =

Ly €
i=k41 ™t (5)

E
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The final priority of all the m alternatives, R =
[r1r2 -+ - Tm], will be calculated by multiplying the
middle ranks of two kinds of factors with the aver-

age weights of two kinds of factors derived by (5):
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As the average weight vector of comprehensive
“evaluation is derived from the comparison judg-
ment over all factofs, the weights of two type fac-
tors should be feasible to the decision maker’s ini-
tial judgment which made over all the factors, and

the consistent of final result can be guaranteed.

3. An example

It is an example that uses the extended AHP
method to apply in LCA with quantitative and
qualitative factors. In step 3 and step 4, AHP is
used to get middle ranks of alternatives with quan-
titative and qualitative factors respectively. In step
* 5, a comprehensive evaluation on the middle ranks
is done. The average weights of quantitative and
qualitative factors are calculated from the eigen-
vector with respect to the maximum eigenvalue of
comprehensive comparison matrix created in step
1 and step 2. The part of quantitative problem of
this example is refered to 4),

Problem

Suppose that the decision maker wishes to choose
a best car among three types according to 7 fac-
tors {attributes): OA (Outward Appearance), NP
(Noise Pollution), GE (Gaseous Emission); PP (Pur-
chase Price), MC (Maintenance Cost per year), GC
(Gallons per 10,000 miles of city driving), GR (Gal-
lons per 10,000 miles of rural driving).

Additional conditions: he will use the car for 3
years and drive 30,000 city miles and 20,000 rural
miles over the 3 years; expected gasoline cost is

$1.50/gal.

Step 1: Analyzing the hierarchy of the
example

According to the axiom of AHP 3-6) we get
the hierarchy of this example shown as Figure 4.

The former three factors are intangible factors,
no market exist that can give their cost values. The
other four factors are quantitative factors, their
cost value can be calculated based on market in-
formation. .

Step 2: Getting comprehensive compari-
son matrix

In order to do comprehensive evaluation, an in-
tegrated cr_iterion for all the factors is necessary.
The comprehensive comparison matrix is created

acording to the decision maker’s pairwise compar-

ison judgment of all the factors:

OA NP GE PP MC GC GR
OA [ 1 1/3 1/3 5 5 1/3 5]
NP 3 1 3 1 7 3 9
GE 3 13 1 5 7 3 9
pp | 1/5 15 1/5 1 3 1/5 3
MC | /5 17 1/7 1/3 1 1/5 3
GC 3 13 1/3 5 5 1 7
GR | 1/5 1/9 1/9 1/3 1/3 /T 1 |

(7

The consistency index (CI) of this pairwise com-
parison matrix is 0.0947, and the consistency ratio
of it is 0.0717, they are all less than 0.10, so that
we consider the judgment of decision maker is con-
sistency roughly.

Step 3: Evaluating with qualitative fac-
tors

The pairwise comparison matrices of cars on
each qualitative criterion (OA, NP and GE) are
obtained by a gquestionnaire for decision maker as

follows:

criterion QA criterion NP criterion GE

[1 1/9 1] [ 1 9 9] { 1 79 7
9 1 9|, /9 1 1|, 9/7 1 9
i 1/9 1 1/9 1 1 /7 1/9 1

(8)
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choose a best car

decision
| 1
T T i I [ i 1
attributes 0A NP GE PP MC GC GR
allematives ca.r'A' car B‘ K /"A" car B" car C"
final rank of alternatives carA car B carC

Fig. 4

The normalized eigenvectors with respect to the
maximum eigenvalues of the above three matrices

are as follows.

criterion OA criterion NP criterion GE

0.0909 0.8151 0.4118 (9)
0.8181 |, 0.0809 |, 0.5294
0.0909 0.0909 0.0588

A judgment matrix can be constructed from
them.

From (7) the pairwise comparison matrix of qual-
itative factors (OA, NP and GE) is gottén. Itisa
And the normalized eigenvec-

sub matrix of (7).

tor with respect to its maximum eigenvalue is as

follows:
1 1/3 1/3 02030 1 . [ 0.1350
3 1 3 j—| 0882 || 05841 | (10
3 1/3 1 0.4242 0.2809

The importance of each option is obtained by
multiplying the matrix formed by the vectors of op-
tion weights (equation (9)} by the vector of criteria
weights (equation (10)). So that the middel prior-
ity vector about the qualitative factors is (0.6058,
0.3122, 0.0819), i.e. C' = B’ — A’

Step 4: Evaluating with quantitative fac-
tors

Relevant data on these quantitative attributes

are known as below:

PP{$) MC($) GC GR
A 10000 200 250 200 (11)
B 8000 400 500 250
C 6000 600 1600 500

The hierarchy of the example

The relative weights of alternatives on quanti-
tative criteria PP, MC, GC and GR can be got as

follows:

criterion PP criterion MC  criterion GC
0.4167 0.1667 0.1429 0.2105
0.3333 |, 0.3333 |, 0.2857 |, 0.2632

0.2500 0.5000 0.5714 0.5263

From (7) we can get the comporison matrix of
quantitative factors (PP, MC, GC, GR) as follows,

it is a sub matrix of (7).

1 3 1/5 3 0.3027 0.2019
1/3 1 1/5 3 0.1731 0.1155
5 5 1 7|7 o932 | — 1 06223
1/3 1/3 1/7 1 0.0904 0.0603
(13)

The importance of each alternative on qua.nti-
taitve factors (0.2050, 0.2995, 0.4955) is obtained
by multiplying equation (12) by vector {13). As a
result, the middle rank about quantitative factors
is as follows: 4" — B" — C".

Step 5: Comprehensive evaluation

The comprehensive comparison matrix (7} got
at step 2 is the basis of comﬁrehensive evaluation
with quantitative and qualitative factors. Because
that it is derived from the comparison judgment
over all factors, the matrix is consistent about both
quantitative factors and qualitative factors. Sothat
the result of final evaluation done by it will be re-

liable. From it we can get the eigenvector with

- h -
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respect to the maximumn eigenvalue as follows.

[ 0.2566 0.6928 0.5461 0.1110 0.0727 0.3691 0.0461 |*

(14)

It represents the relative importances of all the
factors including quantitative factors and qualita-
tive factors.

Because the middie ranks got at step 3 and
step 4 is about qualitative factors and quantitative
factors separately, the weights that to be used to
do the comprehensive evaluation should also corre-
spond to quantitative factors and qualitative fac-
tors respectively. Therefore, we choose the aver-
ages of importances of the two kinds of factors to
be comprehensive evaluation weights.

The average weighting with respect to qualita-
tive factors is: 0.4985.

i.e. 0.4985=(0.2566+0.6928+0.5461)/3;

The average weighting with respect to quanti-
tative factors is: 0.1497.

ie. 0.1497=(0.11104+0.0727+40.369140.0461) /4.

Normalising them, we can get an average weight-
ing vector with respect to qualitative factors and
quantitative factors as follows:

0.7691 ] (15)

0.2308

From the middle-ranks of step 3 and step 4, the
middle evaluation result matrix can be constructed

as follows.

0.3122  0.2095
0.0819 0.2050

D.60568 0.4955
(16)
Multiplying the middle evaluation result matrix
by the weights of the two kinds of factors, we can
get the final rank of comprehensive evaluation.

0.6058 0.4955 07691 0.5803
0.3122 0.2995 [ 0.2309 ] = | 0.3003 (17
0.0819  0.2050 ' 0.i103

From the above result it is known that the fi-
nal priority vector about all the factors is: (0.5803,
0.3093, 0.1103), and the final rank of three cars is:
C' — B — A. That is, considering all the 7 factors,
the most ideal choice is car C.

Discussion

Figure 4 gives an analysis on the weights of all
the factors overall (w0), the wejghts of qualitative
factors (wl) and the weights of quantité,tive factors
inmiddle evaluation (w2), the weights of two type
factors in comprehensive evaluation are pesented
in line Final. And Figure 5 express the compar-
ison of priorities of three alternatives decided by
the weights above in different levels — evaluation of
quantitative factors (qual.), evaluation of qualita-
tive factors (quan.) and comprehensive evaluation

of two type factors (Final).

Bram

Fig. 5

-Weight analysis

In the evaluation of qualitative factors, the mid-
dle rank is; ¢ — B — A, and the priority dif-
ferences between three cars are big. In the eval-
uation of quantitative factors, the middle rank is:
A — B — C, and have small differences between
three cars. But the final rank is: ¢ — B —

A, keeping the trend of qualitative evaluation. It

is the result of effecting from the weights of two

- g -



type factors in comprehensive evaluation. And this
weights ( Final, Figure 4) reflected the inicial judg-
ment over all the factors (w0, Figure 4) of the de-

cision malker.

Fig. 6

Priority comparison

4. Conclusion

In the past 15 years, AHP has been applied
to many fields successfully. Although it has some
shortcomings, AHP has been accepted as a sig-
nificant contribution to the study of multicriteria
decision making. It can solve not only intangible
problems but also give the difference degree of the
priorities of alternatives intuitively.

Multicriteria decision making in actual is a very
complicated problem. They are almost included
with both quantitative and qualitative factors simu-
tanousely. In order to ensure the evaluation to be
done objectively and reliability, the human opinion
must be considered to tarticipate in the decision
making process. For the sake of improving the ac-
curacy and reliability of the evaluation results, it
is necessary that for quantitative factors as using
their objective costs as possible te do evaluation,
and for qualitative factors to use human’s subjec-

tive judgments to get an approximate result. The

key to ensure the extended AHP method be ob-
jective and reliable is the consistent of weights of
coriprehensive evaluation. Because that the aver-
age weight vector of comprehensive evaluation is
derived from the comparison judgment over all fac-
tors, the consistent of final result can be guaran-
teed. The extended AHP method has advantages of
simplicity, flexibility, intuitive appeal, and the abil-

ity to integrate quantitative and, qualitative factors

a in one model.
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