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Abstract: This study evaluated a fuzzy technique for order performance by similarity to ideal solution
(TOPSIS) as a multicriteria decision making system that compensates for missing information with
undefined weight factor criteria. The suggested Fuzzy TOPSIS was applied to ten potential dam
sites in three river basins (the Han River, the Geum River, and the Nakdong River basins) in South
Korea. To assess potential dam sites, the strategic environment assessment (SEA) monitored four
categories: national preservation, endangered species, water quality, and toxic environment. To
consider missing information, this study applied the Monte Carlo Simulation method with uniform
and normal distributions. The results show that effects of missing information generation with one
fuzzy set in GB1 site of the Geum River basin are not great in fuzzy positive-ideal solution (FPIS)
and fuzzy negative-ideal solution (FNIS) estimations. However, the combination of two fuzzy sets
considering missing information in Gohyun stream (NG) and Hoenggye stream (NH) sites of the
Nakdong River basin has a great effect on estimating FPIS, FNIS, and priority ranking in Fuzzy
TOPSIS applications. The sites with the highest priority ranking in the Han River, Geum River, and
Nakdong River basins based on Fuzzy TOPSIS are the Dal stream 1 (HD1), Bocheong stream 2 (GB2)
and NG sites. Among the sites in all river basins, the GB2 site had the highest priority ranking.
Consequently, the results coincided with findings of previous studies based on multicriteria decision
making with missing information and show the applicability of Fuzzy TOPSIS when evaluating

priority rankings in cases with missing information.

Keywords: Fuzzy TOPSIS; missing information generation; Monte Carlo Simulation; multicriteria

decision making; priority ranking; proposed dam sites; strategic environment assessment

1. Introduction

The long-term master plan for dam construction (LPDC) in South Korea is the most
significant regulatory arrangement that oversees the activity of the dam development
plan in areas where water resources are not sufficient. The LPDC is reformulated every
10 years based on Article 4 of “the Act on Construction of Dams and Assistance, etc., to
their Environs” and mainly consists of the basic policy of dam construction, prediction
of the water supply and demand, regional dam construction plan, financing plan, flood
control plan, and mitigation methods for environmental impacts, etc. The LPDC is not the
final stage to determine the feasibility of dam sites because the actual and specific dam
construction sites are not confirmed in the process. However, it establishes basic policies
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on dam construction and plans for each water system and sets up the site selection criteria
for dam construction [1].

The strategic environmental assessment (SEA) process for the national LPDC was
suggested as an effective planning process because SEA not only includes environmental
and social acceptance by aligning the master plan with related plans but also incorporates
feedback to improve the master plan. Thus, SEA is a very useful approach for dam planners
to recognize environmental and sustainability issues. In South Korea, SEA was imple-
mented in the LPDC for 2001-2011 to assess the most suitable sites among ten proposed
dam construction sites. However, the applied data set for SEA contained missing infor-
mation and suggested suitable sites without applying robust decision-making techniques.
Thus, many studies have been conducted to investigate methods for reducing uncertainty
when applying insufficient datasets and to robustly identify the priority of proposed dam
construction sites.

Park et al. [2] applied AHP, PROMETHEE II, ELECTRE III, and Compromise Program-
ming as multiple criteria decision making (MCDM) methods and provided insufficient data
with uniform and binomial distribution generations. They arranged the priority ranking
of potential dam sites in five different river basins. Additionally, Park and Um [3] used
AHP, Maximax, Maximin, Hurwicz, and the equal likelihood criterion method as MCDM
methods and used normal and uniform distributions to fill in data gaps. They classified the
priority ranking results for three river basins. Kim et al. [4] adopted the VIKOR method as
an MCDM method and used different classifications and uniform distributions to generate
missing data. That study investigated the dependence of the priority ranking results on
the weight of the strategy of the maximum group utility (x) of the VIKOR method in an
entire river basin.

This study applied the fuzzy technique for order performance by similarity to ideal
solution (TOPSIS) as the MCDM method with insufficient information and analyzed the
results of priority rankings for an entire river basin and for three different river basins.
TOPSIS is one of the well-known MCDM techniques suggested by Hwang and Yoon [5].
In particular, the United Nation Environmental Program (UNEP) has proposed a TOPSIS-
type approach to deal with water resource development projects [6]. The TOPSIS method
involves calculating the geometric distance between each alternative and the ideal positive
and negative ideal solutions [7]. Additionally, Chen [8] extended TOPSIS with triangular
fuzzy number concepts and introduced a vertex method to calculate the distance between
two triangular fuzzy numbers. Fuzzy TOPSIS has been widely used in the airline indus-
try [9], bridge risk assessment [10], garment industry [11], traffic noise abatement [12],
nuclear power plants [13], etc.

In the field of water resources, Afshar et al. [6] used a Fuzzy TOPSIS method to
solve a water resources management problem in the Karun River Basin in Iran. Senent-
Aparicio et al. [14] applied Fuzzy TOPSIS coupled with the SWAT model to assess the
headwaters of the Segura River basin, Spain. Noori et al. [15] investigated the optimal dam
sites in Kermanshah Province, Iran, with the Fuzzy TOPSIS method. In addition, Fuzzy
TOPSIS has been applied to many other water resources issues such as water supply [16],
irrigation water allocation [17], water quality failure evaluations [18,19], and water loss
management [20]. Particularly, in South Korea, the Fuzzy TOPSIS method has been used to
resolve various water resource problems. Fuzzy TOPSIS has been used to assess the spatial
water resource vulnerability index of the North Han River basin by Jun et al. [21], the most
suitable sites for treated wastewater use in the Anyangcheon basin by Kim et al. [22] and
Chung and Kim [23], flood vulnerability in the Han River by Lee et al. [24] and water use
vulnerability in the 12 main river basins by Won et al. [25].

However, previous Fuzzy TOPSIS application studies did not consider missing infor-
mation and did not investigate the performance of Fuzzy TOPSIS as absent information
exists. It is therefore necessary to examine the performance of FPIS, FNIS, and cloudiness
and to understand the characteristics of Fuzzy TOPSIS results for absent information. This
study investigated the application results of the Fuzzy TOPSIS method as an MCDM ap-
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proach to assess the priority ranking of proposed dam sites under conditions with missing
information and provides the priority ranking results and variables of the Fuzzy TOPSIS
method, such as fuzzy positive-ideal solution (FPIS), fuzzy negative ideal solution (FNIS),
and cloudiness coefficients. Finally, this study compared the characteristics of the Fuzzy
TOPSIS approach under incomplete data conditions with those of previous studies.

2. Methods
2.1. Proposed Dam Sites E

The LPDC in South Korea is the highest-ranking administrative plan and provides
a long-term vision of water resource development and basic ideas about dam planning
based on sustainable water resources and environmental strategies for the entire terri-
tory of the nation in Figure 1. Assessment indicators are selected for the plan based
on the possible objectives and directions, the strategy of sustainable development, and
environmental-friendly development rather than environmental effects, such as site condi-
tions and pollution production. The SEA of the LPDC involves monitoring four objectives
at ten potential dam sites. However, national preservation and toxic environmental in-
dicators are not fully monitored, and it is necessary to consider how to add this missing
information. This study used Monte Carlo Simulation of uniform and normal distribu-
tions to generate missing information and applied the Fuzzy TOPSIS method to assess the
priority ranking of ten proposed dam sites, as shown in Figure 2.
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Figure 1. The long-term plan for dam construction (LPDC) including strategic environment assessment (SEA) in South
Korea [1].
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Figure 2. Priority ranking process of dam planning sites containing incomplete information in Fuzzy TOPSIS (Technique for
Order of Preference by Similarity to Ideal Solution) application.

The South Korean government has proposed ten potential dam sites, shown in Table 1
and Figure 3: four sites are located in the Han River basin, two sites are located in the
Geum River basin, and the remaining four sites are located in the Nakdong River basin.
Among the four sites in the Han River basin, two sites are on the Sooip stream (SS), and
the other two are on the Dal stream (DS), which are tributaries of the Han River. The two
proposed sites in the Geum River basin are on the Bocheong stream (BS), a tributary of the
Geum River. The four proposed sites in the Nakdong River basin are on the Im stream (IS),
Mansoo stream (MS), Gohyun stream (GS), and Hoeggye stream (HS), which are tributaries
of the Nakdong River.

Table 1. Potential dam planning sites for SEA in the LPDC.

Basin Site Name Site ID
Han River Sooip stream 1 HS1
Sooip stream 2 HS2
Dal stream 1 HD1
Dal stream 2 HD2
Geum River Bocheong stream 1 GB1
Bocheong stream 2 GB2

Nakdong River Im stream NI

Mansoo stream NM
Gohyun stream NG
Hoenggye stream NH
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Figure 3. Location of the proposed dam sites in South Korea.

This study selects four socio-ecologic-environmental assessment classes to evaluate
the proposed dam sites and to evaluate environmental risks in terms of the social, ecolog-
ical, and environmental objectives in Table 2. To accurately evaluate the environmental
feasibility of the proposed sites, this study suggested the subfactors in each class. National
preservation (including historic and scenic preservation), endangered species of wildlife,
water quality (in terms of total phosphorus (TP), total nitrogen (TN), chemical oxygen
demand (COD), biological oxygen demand (BOD)), and toxic environmental factors (the
number of abandoned mines) were designated the main evaluation parameters.

Table 2. Assessment objectives of the proposed dam sites.

Objectives Monitoring Indicators

Natural preservation, and historic and scenic preservation
e  Water: amphibians and reptiles, benthic

National Preservation (NP)

Endangered Species (ES) macroinvertebrates, and fish
° Land: birds, mammals, insects, and plants
Water quality (WQ) TP, TN, COD, and BOD

Stream water quality assessment for investigation results

e  Abandoned mines in dam basins (assessment of potential

Toxic Environment (TE) soil and water pollution)

2.2. Study Framework

To assess the suitability of the proposed dam sites, this study investigated four cate-
gories, namely, national preservation (NP), endangered species (ES), water quality (WQ),
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and toxic environment (TE), as shown in Table 2. The NP category contained natural
preservation and historic and scenic preservation, as noted in Table 3. Table 3 shows that
the NG and NH sites do not have information on either natural preservation or historic
and scenic preservation (NP1~NP4). The ES category covers seven types of organisms:
amphibians and reptiles, benthic macroinvertebrates, and fish as water organisms and
birds, mammals, insects, and plants as land organisms, as shown in Table 4. Table 5 shows
that the WQ category is composed of four parameters: TP, TN, COD, and BOD. For TE,
this study has selected the number of abandoned mines, as shown in Table 6. However, the
TE category features three sets of missing information (TC1, TC2, and TC3) in the GB1, NG
and NH sites.

Table 3. Monitoring data and fuzzy indicators for the national preservation objective.

— . Fuzzy Set HF.uzzy Set d
Basins Site ID Natural Preservation HlSi:)OI‘lC and Scenic (Natural (Historic an
reservation Preservation) Scenic
Preservation)
HS1 Demilitarized Zone Jigyeon Falls H M
Han River HS2 Demilitarized Zone Dutayeon Falls H M
HD1 0 0 VL VL
HD2 Songnisan National Park Yongchu Falls VH M
Geum GB1 0 0 VL VL
River GB2 0 0 VL VL
NI Jirisan National Park Yongyudam Pond VH M
Nakdong NM Jirisan National Park Silsangsa Temple VH H
River NG No Data No Data No Data (NP1) No Data (NP2)
NH No Data No Data No Data (NP3) No Data (NP4)
Table 4. Monitoring data and fuzzy sets for the endangered species objective.
Basins Si%e Monitoring Data Fuzzy Sets
Inv I F AR B M P Inv I F AR B M P
HS1 0 0 3 0 2 2 11 VL VL VH VL VH VH VH
Han HS2 0 0 3 0 1 2 11 VL VL VH VL M VH VH
River HD1 0 0 1 0 2 1 2 VL VL L VL VH M VL
HD2 0 0 2 0 1 1 9 VL VL H VL M M VH
Geum GB1 0 0 0 0 1 0 0 VL VL VL VL M VL VL
River GB2 0 0 0 0 0 0 0 VL VL VL VL VL VL VL
NI 0 0 1 0 2 1 0 VL VL L VL VH M VL
Nakdong NM 0 0 1 0 1 2 5 VL VL L VL M VH M
River NG 0 0 0 0 0 0 1 VL VL VL VL VL VL VL
NH 0 0 0 0 0 1 1 VL VL VL VL VL VL VL

Note: Inv: invertebrates, I: insects, F: fish, AR: amphibians and reptiles, B: birds, M: mammals, P: plants.

Table 5. Monitoring data and fuzzy sets for the water quality objective.

. Site Monitoring Data (mg/L) Fuzzy Set
Basins D
TP TN COD BOD TP TN COD BOD

HS1 0.001 1.324 1.48 0.32 VL L M L
Han HS2 0.004 1.245 1.5 0.3 VL L M VL
River HD1 0.03 2.484 2.81 0.81 M M H M
HD2 0.027 2.546 2.13 0.76 M M M M

Geum GB1 0.008 0.863 1.22 0.52 VL VL L L

River GB2 0.057 2.581 2.34 0.8 VH M H L

NI 0.044 4.459 3.69 0.71 H VH VH L

Nakdong NM 0 2911 3.3 0.45 VL H VH L
River NG 0.016 1.119 2.58 1.58 L L H VH
L H H

NH 0.058 0.901 2.29 1.09 VH
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Table 6. The toxic environment indicator and fuzzy sets.

. . The Number of
Basins Site IDs Abandoned Mines Fuzzy Set
HS1 3 VL
) HS2 1 VL
Han River HD1 20 L
HD2 78 HL
G Ri GB1 No Data No Data (TC1)
eum River GB2 2 VL
NI 4 VL
. NM 2 VL
Nakdong River NG No Data No Data (TC2)
NH No Data No Data (TC3)

For the fuzzy indicator, this study assessed the monitoring information of four classes
based on the fuzzy indicator as very low (VL), low (L), medium (M), high (H), and very
high (VH) in Tables 3-6.

2.3. Generation of Missing Information

This study contains seven sets of missing information. Four sets of missing information
(NP1-NP4) are associated with the NP objective in Table 3, and three sets of missing
information (TC1-TC3) are associated with the TE objective in Table 6. To make up for
these seven sets of missing information, this study used the Monte Carlo Simulation
sampling method with uniform and normal distributions, as shown in Figure 4. The total
number of missing information simulations is 1000 for each distribution.

-NH7 -NH‘1
INH3 BEEINH3
300 IENHA 300 INH4
[ TC mmTCH
250 - [7c2 250 [ Tc2
TC3 [ ITC3
£ 200 i £ 200 q
c c
> >
4 o
O 150 O 150
100 100
50 50
0 . 0 |
VL M VL M VH
Assessment Assessment
(a) (b)

Figure 4. Histograms of missing information generation with two distributions: (a) uniform distribution; (b) normal
distribution.

2.4. Fuzzy TOPSIS

The importance weights of various criteria and the ratings of qualitative criteria are
considered linguistic variables in this study. These linguistic variables can be expressed
with a numeric membership function based on positive triangular fuzzy numbers, as
shown in Table 7.

The Fuzzy TOPSIS method procedure was introduced by Chen [8]. This study adopted
linguistic factors, listed in Tables 1 and 2, which can be represented with positive triangular
fuzzy numbers.



Sustainability 2021, 13, 1458

8 of 16

Table 7. Fuzzy numbers for the relative importance of criteria.

Importance Abbreviation Membership Function
Very Low VL 1,1,3)
Low L 1,3,5)
Medium M (3,5,7)
High H (5,7,9)
Very High VH (7,9,9)

A fuzzy MCDM problem that can be generally expressed in matrix format as

C, C - Gy
Ay 3?11 3212 X fftln
D= A2 X1 Xpp v X 1)
A3 fml 5CVmZ e J?mn
W = [@, @, -+, Wn] ©)

where A; represents the alternatives, C; represents the criteria or attributes, J?i]- denotes the
fuzzy performance rating, and w; (j =1, 2, ..., n) represents the fuzzy weight for each
criterion. X;; and w; can be expressed by triangular fuzzy numbers, such as x;; = (aij, bij, ci j)
and @] = (ZUjl, ZU]Q, w]3)

To avoid the complicated normalization formula used in classical TOPSIS, the linear
scale transformation is used here to transform the various criteria scales into a comparable
scale. The normalized fuzzy decision matrix denoted by 7;; can be calculated as follows:

Foo (%00 Gk omaxes if € B )
rij = o1 s |, € = maxc; if j
ket i
R
(Y5 Yy 4
rij = , = , a; =ming;; if j€C 4)
Cij bz] Ell']' ] i

where B and C represent the set of benefit criteria and cost criteria, respectively.
Next, the weighted normalized fuzzy matrix, 7j;, is calculated by multiplying the
normalized fuzzy decision matrix and weights values, w, as follows:

vij = 7ij ()W ©)

To equivalently reflect the effect of weight values, this study generates w; values
between one and nine and applies all possible cases to all normalized fuzzy decision
matrices. This study applied triangular fuzzy numbers as weight values in this study, as
shown in Table 8.

Table 8. Fuzzy numbers for the relative importance of weights.

Importance Abbreviation Membership Function
Very Poor VL 1,1,3)
Poor L 1,3,5)
Fair M (3,5,7)
Good H 5,7,9)
Very Good VH 7,9,9)

Then, the FPIS (A*) and ENIS (A7) are estimated as follows:

A" =max(v],05,...,0,) (6)
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A~ =min(0],05,...,0,) 7)

The Euclidian distance equation is applied to estimate the distance of two fuzzy
numbers, Ay = (a1,b1,¢1) and Ay = (ap, by, ¢2), as follows:

d(ﬁl, Az) - \/; [(al — 1)+ (by — by)? + (c1 — cz)ﬂ ®)

The distance of each alternative from FPIS (A*) and FNIS (A™) can be currently
determined as

n

d;rzzd(aij,Aj), i=12,...,m )
j=1
n

d;:Zd(ﬁij,Alf), i=1,2,...,m (10)
j=1

where m denotes the number of alternatives and d(-,-) is the distance measurement between
two fuzzy numbers.
A closeness coefficient (CC;) for each alternative (Ai, [ =1, 2, ..., m) is estimated with
FPIS and FNIS as follows:
ccC 9. =1, 2 (11)
=—>—,i=1,2,...,m
bl +dr

The closeness coefficient (CC) ranges between 0 and 1. The ranking of all alternatives
can be determined by a descending order of CC values. In other words, a higher CC value
indicates a better alternative in fuzzy MCDM problems.

3. Results

This study applied 625,000 generations to estimate priority rankings in the Fuzzy
TOPSIS method. The 625,000 generated data sets were calculated from the 1000 generated
data sets for seven sets of missing information with uniform and normal distributions
multiplied by 625(=5114) to account for the five possible weights in Table 8 of the four
categories. This study adopted a box plot, and mean values were calculated to represent
all results.

The box plots of FPIS (A*) results based on the four classes are represented in Figure 5.
The FPIS box plots are close to zero in the HD1, GB1, and GB2 sites for NP; the GB2 site
for ES; the HS2 and GB1 sites for WQ); and the HS1, HS2, GB2, and NM sites for TE. This
indicates that the normalized fuzzy decision numbers (7;;) from Equation (3) in the above
sites are small because the triangular fuzzy numbers (a;;, bjj, c;;) in the above sites are too
small to compare with the maximum fuzzy numbers (c]’f).

The box plots of FPIS for the ES and WQ classes in Figure 5b,c are similar, regardless of
the use of the normal or uniform distribution for missing information generation, because
there was no missing information in these two classes. However, the NP class shows much
greater differences in the box plots between normal and uniform distributions than other
classes. This is because the NP class contains four sets of missing information with two
fuzzy sets (natural preservation and historical and scenic preservation) at the NG and NH
sites. This combination of missing information and two uncertain fuzzy sets creates great
uncertainty, and the box plots are very different depending on the generation methods.
Particularly, to fill missing information, the normal distribution generation provides a
greater maximum of the weighted normalized fuzzy set in Equation (5) than uniform
distribution generation.

However, the TE class in Figure 5d features three sets of missing information with one
fuzzy set at the GB1, NG, and NH sites. In this case, there is only one uncertain fuzzy set,
unlike in the national preservation case. This fuzzy set produces constant maximum fuzzy

numbers (c}‘) in Equation (3) for both uniform and normal missing information generation,
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because the probability of the generated numbers having an effect on the maximum number
in a TE class fuzzy set is small. These constant maximum fuzzy numbers (c]’-‘) lead to almost
identical box plots between the generation methods for the TE class.

Uniform Distribution
[ INormal Distribution

[y A,

il

FPIS
w

HS1HSZHD1HD2GB1GB2 NI NM NG NH HS1HS2HD1HD2GB1GB2 NI NM NG NH
Proposed Sites in the Entire Rivers Proposed Sites in the Entire Rivers
(a) (b)
6 10
4 . i
& | i i E s | i
i o ; : H
0 . “ 1 1 0 .‘. .o ‘. .o : .‘. N P
HS1HSZHD1HD2GB1GB2 NI NM NG NH HS1HS2HD1HD2GB1GB2 NI NM NG NH
Proposed Sites in the Entire Rivers Proposed Sites in the Entire Rivers
(© (d)

Figure 5. Fuzzy positive-ideal solution (FPIS) box plots of the proposed sites based on four categories:
(a) national preservation, (b) endangered species, (c) water quality, and (d) toxic environment.

Figure 6 shows the box plots of FNIS (A-) results for the four categories. The FNIS
box plots are close to zero for the NM site in national preservation (Figure 6a), HS1 and
HS?2 sites in ES in Figure 6b, NI site in WQ and HD2 site in TE (Figure 6d). These sites are
characterized by distances of d (ﬁl, gz) from Equation (7) that are very small and fuzzy
set numbers that are close to the minimum fuzzy number (c;»k) in Equation (4). Likewise,
the FPIS box plot in Figure 4 shows that the differences in the box plots of the GB2, NG and
NH sites based on different generation methods for the TE class in Figure 6d are very small
because the generated numbers of the fuzzy set in the TE are rarely effective in calculating
the minimum fuzzy numbers (c]*) in Equation (4).

Figure 7 shows CC box plots for the proposed dam sites in different basins. A higher
CC indicates a more suitable site. In other words, a high CC implies that the d; to d; ratio
from Equation (11) is high. At all sites, the uniform distribution generation method yields
slightly higher means and boxes than the normal distribution generation method. In the
Han River basin, the HS1, HS2, and HD1 sites show similar CC box plots, but the HD1 site
has slightly higher CC values than the HS1 and HS2 sites. The CC values from the normal
distribution generation method are greater than 0.2, but the CC values from the uniform
distribution generation method are less than 0.2, except for HD2. The HD2 site shows very
low CC results. In the Geum River basin, the GB2 site has greater mean and median CC
values than the GB1 site. In the Nakdong River basin, the box plots of the NG and NH sites
are only slightly different. This result demonstrates that the priority rankings of the NG
and NH sites are not overwhelming different and are similar to each other.
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Figure 6. FNIS box plots of the proposed sites based on four categories: (a) national preservation,
(b) endangered species, (c) water quality, and (d) toxic environment.
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Figure 7. Box plots of the closeness coefficient (CC) for the proposed dam sites in different river
basins with two different missing information generation methods for (a) the entire rivers, (b) the
Han River, (c) the Geum River, and (d) the Nakdong River.
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Figure 8 shows box plots of the priority rankings of the suitable sites based on uniform
and normal distribution data generation for the seven No Data components in Table 3
(NH1~NH4) and Table 6 (TC1-TC3). Among all the sites in the river basins, GB2 and
GBI rank first and second, respectively, and HD2 represents the tenth priority rank in all
cases. This suggests that the ranks of these three sites are not influenced by the generation
of the missing information in Tables 3 and 6. The other seven sites are presented as box
plots because the priority rankings of the seven sites change depending on the cases. This
also implies that these seven sites were affected by generation of the missing information.
However, in the Han River and Geum River sites, the priority rankings of each river site are
constant in all cases. This indicates that the relative site comparison in the Han River and
Geum River basins is not affected by changes in the generation of the missing information.
In the Han River, the order of the site priority rankings is HD1, HS2, HS1, and HD2. In
the Geum River, the GB2 site is a higher priority site than the GB1 site. However, in the
Nakdong River basin, the order of site priority ranking changes depending on the method
for generating the missing information. The NH site has a better priority ranking than the
NG sites for normal distribution is applied for information generation, but the NG and
NH sites have almost the same mean and median values when the uniform distribution is
applied for information generation. The only distinctly different result between the NG
and NH sites under uniform distribution information generation in the Nakdong River
basin is the third quartile in Figure 8. The priority rankings of the NM and NI sites are
stable regardless of the missing information generation method, either normal distribution
or uniform distribution. Consequently, the missing information generation method has
an effect on priority comparison for the entire river basin and for the Nakdong River
basin. However, the priority site analyses in the Han River and Geum River basins are not
influenced by the choice of missing information generation method.
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Figure 8. Priority rankings of suitable proposed dam sites in different basins based on two data
generation methods. Black dots denote the mean of the generated results for (a) the entire rivers, (b)
the Han River, (c) the Geum River, and (d) the Nakdong River.
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Figure 9 shows the selected percent of the most suitable (first priority ranking) pro-
posed sites by river basins. In all river basins in Figure 9a, GB2 is selected over 80% of
the time, and GBI is chosen less than 20% of the time under both normal and uniform
distribution generation methods. In the Han River in Figure 9b, HD1 is chosen as the most
suitable site among the four sites in all missing information generations, and there are no
other secondary suitable sites for dam planning. In the Geum River in Figure 9c, GB2 is
selected approximately 80% of the time, and GBI is selected approximately 20% of the time
under the two generation methods. The results for the Geum River in Figure 9c are the
same for the entire river basin in Figure 9a because among the ten proposed sites, GB1
and GB2 are the two most suitable sites (highest priority rankings) in the entire river basin.
In the Nakdong River in Figure 9d, the NG site is more suitable than the other sites. The
difference in the selection percentage between the NH and NG sites differs among the
missing information generation methods. The uniform distribution generation method
results in a greater difference in selected selection percentage between NH and NG sites
than normal distribution generation. In addition, the NI site is not the most suitable site
in any cases. This reveals that the NI site is the least suitable site for dam construction
planning among the four sites in the Nakdong River in Figure 9d. Consequently, the order
of suitable dam planning sites in the Nakdong River based on the two missing information
generation methods is as follows: the NG, NH, NM, and NI sites.
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4. Discussion

In Figures 5 and 6, FPIS and FNIS results between normal and uniform distribution
generation for missing information are different in natural preservation and toxic environ-
ment categories. In the natural preservation category, normal distribution generation is
greater FPIS than the unform distribution application for missing information. However,
FPIS and ENIS results with two different generation methods in the toxic environment
category are similar as shown in Figures 5d and 6d. It is determined that the results
of difference in the natural preservation is greater than the toxic environment category
because of the combination of four uncertain numbers in the natural preservation. In other
words, these results show that the combination of the missing information including the
natural preservation category (NP1-NP4) influences FPIS and FNIS calculations while the
single missing information including the toxic environment category (TC1-TC3) do not
have a great effect on FPIS and FNIS calculations. Regarding CC estimation as shown in
Figure 7, the uncertainties of NG, NH, and GB sites which contain absent information are
not dominant from other sites. The CC values of the uniform distribution generation are
higher than the CC values of normal distribution generation for all sites in Figure 7.

In Figure 8, the estimated priority rankings for NG and NH sites show the large
differences comparing with other sites. Similarly, the missing information (NP1-NP4 and
TC2-TC3) are centralized to NG and NH sites and these missing information produce
various rankings in NG and NH sies. HS1-HS?2 sites in Figure 8a and NI and NM sites in
Figure 8d show different rankings due to the change of rankings in NG and NG sites. In
addition, Figure 8c represents that the missing information generation of TC1 seems not to
affect the estimation of ranking in the Geum River.

Overall, the GB1 and GB?2 sites are the most suitable sites for dam construction
planning in entire river basin. In particular, the GB2 site is the most suitable site for dam
planning if a decision-maker is required to choose one site for dam planning. HD1 is the
most suitable site if a decision-maker is choosing among dam planning sites in the Han
River basin. Three of the four sites in the Nakdong River are considered suitable sites, and
there is no single outstandingly suitable dam planning site.

For comparison with the findings of previous studies [2,3], the highest priority rank-
ings in the Han River basin and Geum River basin, namely, HD1 and GB2, in this study
are selected. However, the highest priority ranking in the Nakdong River basin in this
study differs from that in previous studies, as NG site is considered higher priority than the
NH site, although previous studies showed that the NH site was higher priority than the
NG site. The main reason for these different results in the Nakdong River basin between
previous studies and this study is the difference in evaluation with the fuzzy set of this
study and the site assessment results of previous studies. Based on this analysis, it would
be better to consider both the NG and NH sites the highest priority sites in the Nakdong
River basin.

5. Conclusions

This study investigated the performance of the Fuzzy TOPSIS method in generating a
missing information set. This study used the dam planning assessment based on socioen-
vironmental data categorized as NP, ES, WQ, and TE. There are seven missing sets in the
data set, and these gaps were filled with Monte Carlo-generated data with normal and
uniform distributions. This study pointed out that the FPIS and FNIS of each alternative
do not distinctly vary in data sets containing one fuzzy set and missing information but
do show large differences in data sets containing two fuzzy sets and missing information.
This is because the Fuzzy TOPSIS method used the maximum and minimum weighted
normalized fuzzy values to estimate the priority ranking.

The priority rankings of proposed dam sites in different basins are classified in this
study. Based on the entire river basin, GB2 is the dominant proposed dam site, and GB1
is also a suitable dam site. Based on various analysis approaches, the HD1, GB2, and
NG sites are the highest priority sites in the Han River, Geum River, and Nakdong River
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basins, respectively. The priority rankings of the Han River sites are constant between
the different methods for generating missing information. However, the priority rankings
of the proposed sites in the Geum River and the Nakdong River basins are influenced
by the choice of the missing information generation method. Based on the results, this
study concludes that Fuzzy TOPSIS produces robust priority rankings with probabilistic
selection percentages for proposed dam sites with missing information. However, this
study is still uncertain because the study applied Monte Carlo Simulation for missing
information with uniform and normal distribution. Moreover, we do not know the actual
distribution of absent information. For future research, it is necessary to apply various
types of absent information to estimate the precise performance of Fuzzy TOPSIS and
to investigate theoretical approaches for Fuzzy TOPSIS performance. Further, it needs
to explore the most suitable MCDM approach to provide an optimal solution in absent
information cases.
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