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C5(5.8353, 0.2784, 0.0257), C6(6.9015, 0.3554, 0.0328), 
C7(8.2626, 0.4537, 0.0418), C8(10.0000, 0.5791, 0.0000, 0 0). 
Compared with the nine basic clouds in Peng et al. (2018), 
this paper uses the right ratio rather than the predeter-
mined value 7 10 1.37≈  given that there are nine basic 
linguistic terms in the linguistic term set. Besides, the 
values of entropy En  and hyper entropy He  are smaller 
than or equal to those in Peng et al. (2018), which shows 
the less uncertainty in the nine clouds generated in this 
paper. Previous research (Wang et  al., 2014; Peng et  al., 
2018) took all clouds with respect to the linguistic term 
as  when determining the uncertainty measures, entropy 

and hyper entropy. The reasons why our method to gen-
erate the basic clouds with the less uncertainty or the less 
overlaps are the effective ways to determine the entropy 
and the hyper entropy, Eqs. (2) and (3). Eqs. (2) and (3) 
determine the basic cloud aC  of the linguistic term as  
by focusing on the adjacent two linguistic terms, 1as −  and 

1as + , and ignoring the irrelevant (far away) clouds related 
to the linguistic term as .

2.2. Cloud expressions of natural evaluation 
language

Under the assumption that the basic clouds are obtained, 
this section reviews the existing algebraic operations of 
clouds to give the cloud expressions of natural evaluation 
language. The operations of clouds proposed by Li and Du 
(2007) are as follows:

( )2 2 2 2
1 2 1 2 1 2 1 2, ,C C Ex Ex En En He He+ = + + + ;

( )2 2 2 2
1 2 1 2 1 2 1 2, ,C C Ex Ex En En He He− = − + + ;

( )2 2 2 2 2 2 2 2
1 2 1 2 1 2 2 1 2 1 1 2, ,C C Ex Ex En Ex En Ex Ex He Ex He× = × + + ;

( )1 1, ,C Ex Ex En Ex Heλ λ λ− λ−= λ λ ,

where: ( )1 1 1 1, ,C Ex En He  and ( )2 2 2 2, ,C Ex En He  are two 
clouds and λ is a crisp number.

In the above operations, the operations of clouds 
would reduce to the operation of a cloud and a crisp 
value when one cloud’s entropy and hyper entropy are 
zero at the same time. For example, the multiplica-
tion of a crisp number λ and a cloud ( ), ,C Ex En He  is 

( ), ,C Ex En Heλ× = λ λ λ . In Peng et al. (2018), the opera-
tion is modified into ( ), ,C Ex En Heλ× = λ λ λ , which 
is inconsistent with or contradictory to the algebraic op-
erations of clouds. For this reason, new and better opera-
tions will need to be developed.

After expressing natural evaluation language by cloud 
models, we need to calculate the linguistic information 
based on the operations of clouds. The section mainly fo-
cuses on the uncertain linguistic information in the forms 
of hesitant fuzzy linguistic term sets and probabilistic lin-
guistic term sets. In our view, a hesitant fuzzy linguistic 
term set Sh  is a special probabilistic linguistic term set 
with the uniform probability distribution to each linguistic 

term, that is, 1 , 1,2, ,#
#S L L L

L
h s s S L s

s

   = ∈ =  
   

 , where 

# Ls  represents the cardinality of the linguistic terms.
A hesitant fuzzy linguistic term set can be described by 

the following cloud model based on the operations of clouds:
2 2

# # # #2 2
1 1 1 1
1 1 1 1, ,
# # # #

L L L Ls s s s
S L L L LL L L L

L L L L
h s En Ex He

s s s s= = = =

 
    = × = × × ×    

     
 

∑ ∑ ∑ ∑ ;

(4)

where: Ls  is modeled by the cloud ( ), ,L L L LC En Ex He .
If a hesitant fuzzy linguistic term set 1Sh  “between 

slightly good and good” is given on a nine-valued linguis-
tic term set, then the natural evaluation language can 
be translated into “between 6s  and 7s ”, which means 
# 2Ls =  and ( ) ( ){ }1 6 70.5 , 0.5Sh s s= . Based on the afore-
mentioned operations of clouds, 1Sh  can be described as 

( )
1

6.3684,0.2257,0.0208
Sh

C = , visually shown as the blue 
points in Figure 5. The green plus symbols are possible 
cloud drops calculated by the operation in Peng et  al. 
(2018).
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are shown as the red x symbol and the magenta diamond 
symbol, respectively in Figure 6. Besides the complete 
probability in the probabilistic linguistic term sets, the 
ignorance denoted by incomplete probability sum should 
not be forbidden. For example, if the probabilistic linguis-
tic term “60% slightly good and 20% good” is provided, we 
can assign the ignorance probability to endpoints, the full 
linguistic term set, or the envelop containing the lower 
and upper linguistic terms (Fang et al., 2020). The red and 
magenta clouds are lower and upper bounds of the in-
complete probabilistic linguistic term. The clouds of these 
latter two common parts can be calculated by the addition 
and multiplication operations of clouds. An example of 
the cloud of the incomplete probabilistic linguistic term 
set is illustrated in Figure 7.

It is not very hard to find that the green cloud involves 
more uncertainty than the blue one, with larger value 
ranges of possible entropy and hyper entropy. That is to 
say, the operations of clouds and the expression technique 
developed in this paper capture the natural evaluation lan-
guage more accurately than Peng et al. (2018)’s model.

As for probabilistic linguistic term sets, Peng et  al. 
(2018) assumed that the probability sum of these elements 
equals to one. In other words, their model does not al-
low the existence of ignorance regarding the probability 
of linguistic terms. Actually, there are two categories of 
linguistic evaluations with the forms of complete prob-
ability and incomplete probability. For example, the com-
plete probabilistic linguistic term set “80% slightly good 
and 20% good”, and “60% slightly good and 40% good” 
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Figure 6. An example of the cloud of complete probabilistic linguistic term set

Figure 7. An example of the cloud of the incomplete probabilistic linguistic term set
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Based on the above analyses, natural evaluation lan-
guage can be represented by cloud models regardless of 
the length of linguistic evaluations. If only one certain 
linguistic term is given in a defined linguistic term set, 
the basic cloud is a good alternative to express the natural 
evaluation language. If uncertain linguistic terms are pro-
vided, we can classify the evaluations into hesitant fuzzy 
linguistic term sets, probabilistic linguistic term sets with 
or without complete probability. Generally speaking, the 
cognitive cloud model expresses the natural evaluation lan-
guage of an expert in two steps: generating basic clouds 
with the granularity, and expressing the natural evalua-
tion language based on the generated basic clouds and the 
operations of clouds. In the next subsection, the cognitive 
cloud model-based operators are designed to fuse infor-
mation from multiple dimensions.

2.3. Cognitive cloud model-based operators

In this section, the weighted cloud model-based arith-
metic and geometric operators are presented for ag-
gregating multiple dimensional information, which are 
shown as:

( )1 2

2 2 2 2
1 1 1 1

, , ,

, , ;

n

n n n n
i i i i i i i ii i i i

WCA C C C

w C w En w Ex w En= = = =

=

 =  
 

∑ ∑ ∑ ∑


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2 2

1

2
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1 1

, , ,

, , ,

i i

i

in n ni w i
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w

W

x

CG C

En He
Ex Ex E

C C C

w
Ex E

wx= == = =

=

 
    


=

      
     
 

=∏

∑ ∑∏ ∏ ∏



where: 0,1 , 1,2, ,iw i n∈ =     and the weights are nor-

malized as 1 1n
ii w= =∑ .

The weighted operators are calculated by the operations 
of cognitive cloud models, i.e., ( ), ,C Ex En Heλ× = λ λ λ , 

( )2 2 2 2 2 2 2 2
1 2 1 2 1 2 2 1 2 1 1 2, ,C C Ex Ex En Ex En Ex Ex He Ex He× = × + +  

and ( )1 1, ,C Ex Ex En Ex Heλ λ λ− λ−= λ λ . Hence, the 
aggregated results by the WCA  and WCG  operators 
are also a cloud. Compared with the previous cloud 
model-related operators proposed in Peng et al. (2018), 
less uncertainty are produced by the WCA  and WCG  
operators.

In the process of capturing natural language by cogni-
tive linguistic cloud models, generating basic clouds with 
different granularities of linguistic term sets is the prelimi-
nary step, which was addressed in Section 2.1. Based on 
the established basic units, certain or uncertain linguistic 
terms can be represented based on the operations of cor-
responding clouds, which was justified in Section 2.2. If 
the evaluation language comes from multiple dimensions, 
the weighted cloud model-based operators given in Sec-
tion 2.3 can fuse information into one dimension.

3. Case study: investment decision analysis of 
international megaprojects

This section gives a case study about the investment de-
cision analysis of international megaprojects by the pro-
posed cognitive cloud models. Further, we will compare 
the presented model with other similar models to show 
its advantages.

3.1. Case description

The McKinsey Global Institute (Woetzel et al., 2016) es-
timated that, during the time period from 2013 to 2030, 
about 4% of total global gross domestic product (3.4 US 
dollars trillion / year) will be served for large-scale pro-
jects. Megaprojects are usually accompanied with a large 
amount of committed investment, long-lasting impact on 
economy, environment and society (Flyvbjerg, 2011, 2014; 
Brookes & Locatelli, 2015). Investigating megaprojects is a 
continuing concern within the research area of economy. 
Boateng et al. (2015) analyzed the risks in megaprojects 
using the analytical network process from the multiple 
criteria perspective. He et  al. (2015) measured the con-
struction complexity of megaprojects from technological, 
organizational, goal, environmental, cultural and informa-
tion aspects with fuzzy numbers. Chapman (2016) studied 
the inherent multiple dimensions and complexity within 
the framework of megaprojects. Lin et al. (2017) presented 
the indicator system for evaluating the social responsibil-
ity of megaprojects at different organizational levels.

Moreover, any definition of megaprojects contains big 
business, which is less influenced by the economy recession. 
In some situations, the investment of megaprojects may be 
stimulated by the economy downturn, such as 2008 finan-
cial crisis (Flyvbjerg, 2014). In this way, the construction 
of megaprojects usually contributes to the development of 
economy. However, the required amount of investment in 
megaprojects is large. Hence, understanding the complex-
ity of a megaproject and then smartly investing are signifi-
cantly important from the aspect of limited resources. To 
this end, Flyvbjerg (2014) provided an overview about the 
knowledge and reasons for investing megaprojects.

In this paper, we take four sublimes of megaprojects 
as four criteria related to the investment decision analy-
sis. Moreover, the social responsibility of megaprojects is 
adopted as the fifth criterion (Zeng et al., 2015; Ma et al., 
2017; Lin et  al., 2017). The detailed criteria and related 
descriptions are tabulated in Table 2.

Based on the above five criteria in the investment deci-
sion analysis of international megaprojects, we adopt the 
five typical megaprojects in Flyvbjerg (2011) as alterna-
tives for this study. The five alternatives and related natural 
evaluation language on the nine-valued linguistic term set 
are listed in Table 3.

Based on the obtained evaluations of the alternatives 
on each criterion, below we solve this investment decision 
problem by the proposed cognitive cloud models.
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3.2. Solving the problem by cognitive cloud models

As the evaluations are given on the nine-valued linguistic 
term set, nine basic clouds are generated by the person-
alized semantics as presented in Section 2.1 and visually 
shown in Figure 4. Next, we transform the evaluations 
into clouds based on the operations of clouds and the 
representation techniques. The transformed clouds of al-
ternatives are listed in Table 4.

After obtaining the cloud expressions of alternatives’ 
performances, we need to aggregate the clouds on five di-

Table 2. Five criteria in investment decision analysis of international megaprojects

Criteria Descriptions

c1, Technological Engineers and experts in technologies are extremely excited for pushing forward “international-longest-
highest-fastest” types of projects

c2, Political Politicians from contained countries or regions benefit from establishing monuments in international 
megaprojects, and the visibility from the public and the media

c3, Economic A lot of money and job opportunities can be earned by businessmen and trade unions; such as contractors, 
consultants, bankers, construction and transportation workers, lawyers and developers

c4, Aesthetic The public gains happiness from the construction and use of large, symbolic and beautiful designs
c5, Social 
responsibility

Polices and practices of stakeholders’ responsibility for wider social welfare in the life cycle of international 
megaprojects

Table 3. Evaluation language of five typical megaprojects on five criteria

Alternatives c1 c2 c3 c4 c5

x1 Large-scale 
hydropower projects

Good Between slightly 
good and good

Good (60%) and 
very good (40%)

Very good Good (40%) and 
very good (20%)

x2 High speed 
railways

Good (40%) and 
very good (20%)

Fair (70%) and 
slightly good (20%)

Very good Between good and 
very good

Between slightly 
poor and fair

x3 Expressway 
networks

Between good and 
very good

Slightly poor (50%) 
and fair (40%)

Between fair and 
slightly good

Good (30%) and 
very good (50%)

Between fair and 
slightly good

x4 Gas pipeline 
projects

Fair (50%) and 
slightly good (30%)

Fair Poor (30%) and 
slightly poor (60%)

Very good Good (80%) and 
very good (10%)

x5 Long-span 
bridges

Between slightly 
poor and fair

Poor (20%) and 
slightly poor (60%)

Between good and 
very good

Good (80%) and 
very good (10%)

Fair

Table 4. The alternatives’ performances in forms of clouds

Alternatives/Criteria c1 c2 c3

x1 Large-scale hydropower projects (4.5824, 0.1969, 0.0128) (3.8449, 0.1871, 0.0172) (7.5820, 0.2882, 0.0266)

x2 High speed railways (7.5820, 0.2882, 0.0266) (4.5406, 0.1794, 0.0129) (5.4176, 0.1969, 0.0128)

x3 Expressway networks (6.9015, 0.3554, 0.0328) (6.3684, 0.2257, 0.0208) (7.4459, 0.2800, 0.0258)

x4 Gas pipeline projects (7.4459, 0.2043, 0.0188) 5.7506, 0.2065, 0.0057) (8.2626, 0.4537, 0.0418)

x5 Long-span bridges (5.3341, 0.1671, 0.0081) (5.0000, 0.2784, 0.0000) (3.7915, 0.1995, 0.0184)

Alternatives/Criteria c4 c5 Overall clouds

x1 Large-scale hydropower projects (7.1057, 0.2894, 0.0267) (5.0000, 0.2784, 0.0000) (5.6230, 0.1128, 0.0087)

x2 High speed railways (7.7181, 0.2572, 0.0237) (5.4176, 0.1969, 0.0128) (6.1352, 0.1018, 0.0084)

x3 Expressway networks (8.2626, 0.4537, 0.0418) (7.4459, 0.2043, 0.0188) (7.2849, 0.1419, 0.0131)

x4 Gas pipeline projects (7.5820, 0.2882, 0.0266) (4.5824, 0.1969, 0.0128) (5.9633, 0.1214, 0.0089)

x5 Long-span bridges (8.2626, 0.4537, 0.0418) (7.1057, 0.2894, 0.0267) (5.8988, 0.1319, 0.0107)

mensions by the proposed weighted cloud model-based 
arithmetic operator WCA. The last column in Table 4 shows 
the five overall clouds of the alternatives produced by the 
normal cloud generator, which is illustrated in Figure 8.

In Figure 8, the blue snow symbols are possible cloud 
drops of the third alternative’s performance cloud. We can 
observe that the investment ranking result of the alter-
natives is 3 2 4 5 1x x x x x> > > > , which implies that the 
expressway networks > high speed railways > gas pipeline 
projects > long-span bridges > large-scale hydropower 
projects, where “>” refers “prior to”.



424 X. Mi et al. Investment decision analysis of international megaprojects based on cognitive linguistic...

3.3. Comparative analyses

This section compares the results deduced by other models 
with the one derived in Section 3.2 from three aspects, i.e., 
basic clouds generation, natural evaluation language expres-
sion in clouds, and multiple-dimensional clouds aggregation.

1.	As for the basic clouds’ generation, this paper takes 
the personalized semantics into consideration instead 
of the fixed golden ratio value. The expectation values 
can be determined by three types of linguistic scale 
functions. For the values of entropy and hyper en-
tropy, the differences between the expectations of ad-
jacent linguistic terms are considered rather than the 
maximal adjacent difference among the whole clouds. 
This reduces the uncertainty and ensures the smaller 
values of entropy and hyper entropy, which can be 
visually demonstrated by the less overlaps of clouds.

2.	Expressing natural evaluation language can be di-
vided into two scenarios: the certain evaluation lan-
guage representation and the uncertain evaluation 
language representation. As for the former case, the 

generated basic clouds are useful tools. With respect 
to the latter case, this paper models the uncertain 
evaluation language in the forms of hesitant fuzzy 
linguistic term sets and probabilistic linguistic term 
sets. In particular, the ignorance of probability is 
accepted in this study compared with Peng et  al. 
(2018) which gave a strict restriction that the sum 
of probabilities of linguistic terms should be equal 
to one.

3.	From the information fusion process of cognitive 
clouds, different operators based on the operations 
of clouds are presented. Compared with the previ-
ous research in Peng et al. (2018), the uncertainty 
measures would not enlarge too much by our aggre-
gation operators. If we assume that the incomplete 
probabilistic linguistic term sets can be replenished 
by the envelope of related linguistic terms, then five 
clouds with larger uncertainty can be obtained by 
the operator in Peng et al. (2018). The larger uncer-
tainty can be observed by the overlaps in Figure 9.
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Figure 8. The overall clouds of five alternatives
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Figure 9. Five clouds calculated by previous operations
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In conclusion, the cognitive cloud model proposed has 
the advantages in modeling natural evaluation languages 
and fusing multiple language evaluations. It controls the 
original uncertainty in the computation process without en-
larging the uncertain part in the entropy and hyper entropy.

Conclusions

To invest international megaprojects with natural evalu-
ation languages, this paper presented a cognitive cloud 
model to capture information modeled as hesitant fuzzy 
linguistic term sets and probabilistic linguistic term sets. 
The cognitive cloud model generated basic clouds on a 
linguistic term set by considering the personalized seman-
tics and the granularity of a linguistic term set at the same 
time. Based on the basic clouds, the cognitive linguistic 
evaluation information can be modeled by hesitant fuzzy 
linguistic clouds and probabilistic linguistic clouds. The 
former was a special case of the latter with no ignorance 
and equal probability for each linguistic term. With re-
spect to the computation process of clouds, two weighted 
cloud model-based operators were proposed from the 
arithmetic and geometric aspects. A case study regarding 
the investment decision analysis of international megapro-
jects was implemented to show the application and advan-
tage of the presented cognitive cloud model.

In this paper, the probabilistic linguistic information 
can be viewed as the payoff value of the expert if (s)he 
chooses the specific alternative on the criterion in one 
time. This can be regarded as the game between the ex-
pert and the nature (Wu & Seidmann, 2018). In the future, 
the matrix games with hybrid strategies using clouds may 
be interesting research topics with challenges. The main 
disadvantage of the proposed cognitive linguistic cloud 
model is the determination of the hyper parameters in the 
personalized linguistic scale function. We will consider to 
adopt machine learning and data mining techniques to 
analysis the personalities of decision-makers based on the 
available information.
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