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Abstract

The comprehensive benefit evaluation of water-saving irrigation in the irrigated areas is a complex 
and dynamic evaluation system. According to the characteristics of randomness and fuzziness of the 
system, an optimized cloud model algorithm for the comprehensive benefit evaluation of water-saving 
irrigation in the irrigated areas was constructed, and the calculation of the weight cloud model was 
optimized. At the same time, taking Yahekou as the research area, an evaluation system considering 
the ecological, economic, and social benefits was established, and the comprehensive benefits of water-
saving irrigation in this area were evaluated with the optimization algorithm. The results showed that 
the comprehensive benefit of water-saving irrigation in the Yahekou irrigated area was evaluated as 
grade II “good” , selecting the Normal-Water-Level-Year as a typical year, following the life cycle of 
winter wheat-summer maize rotation mode as the time scale. The optimization algorithm not only 
ensures the accuracy of evaluation results but also takes into account the uncertainty of each index 
factor. It opens up a new way for the comprehensive benefit evaluation of water-saving irrigation in the 
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Introduction

Depleting water resources is one of the major 
issues，which is listed as the biggest global potential 
risk in the next decade [1]. Worldwide, agricultural 
irrigation provides 40% of the energy supply and 
consumes 70% of the water [2]. An important way 
to deal with the water crisis in many countries is to 
improve the efficiency of irrigation and distribute the 
water saved in agricultural production to industry, 
people and the ecological environment [3]. In China, 
according to statistics (Water Resources Bulletin), 
irrigation water consumption in agricultural production 
accounts for 60-65% of the total water consumption. 
The Chinese government has always attached 
great importance to the issue of agricultural water 
conservation. In 1998, the third plenary session of 
the 15th central committee of the communist party of 
China proposed that “The promotion of water-saving  
irrigation should be taken as a revolutionary measure”. 
On september 18, 2019, general secretary Xi-Jinping 
hosted a symposium on ecological protection and  
quality development of the Yellow River basin in 
Zhengzhou. The symposium focusing on the global 
ecological civilization construction，further defined 
the "Water-saving priority, space balance, system 
management, two-handed force" as the idea of water 
conservancy. It emphasized that we should adhere to 
the concept that clear waters and green mountains are 
as good as mountains of gold and silver, give priority 
to ecology, pursue green development, and further 
strengthen ecological and environmental protection 
in river basins. Moreover, he combined agricultural 
water-saving with ecological protection, the whole 
basin, comprehensive management and systematic 
management, and put forward new requirements, new 
ideas and new goals for agricultural water-saving in the 
new era. 

Around the world, while water-saving irrigation is 
in full swing, some scholars have carried out rational 
thinking and relevant research on whether water-saving 
irrigation can save water and whether it has negative 
effects [3-6]. 

studies show that the blind improvement of the 
utilization efficiency of irrigation water in water-saving 
irrigation projects may not save water and may have 
some negative effects on the ecological environment. 
The main reason is that various departments take more 
account of their own economic interests. Meanwhile, 
they lack more scientific and reasonable comprehensive 
evaluation system and indicators. In addition, they 
take less account of something overall macro in the 

preliminary design and planning of water-saving 
irrigation systems.

In recent years, researchers evaluated water-saving 
irrigation by using analytic hierarchy process [7, 8], 
water footprint model [9, 10], BP neural network 
model [11], entropy weight method [12], fuzzy 
comprehensive evaluation method [13, 14] and principal 
component analysis method [15], etc. They achieved 
outstanding results. However, there is still room for 
improvement:

(1) Evaluation scale. The effect of small-scale 
water-saving irrigation in fields is different from that 
in large-scale such as irrigated areas or river basins, 
due to factors such as reuse of return water during 
irrigation. Therefore, the evaluation index system and 
evaluation method used on a large scale should not be 
confused with those used on a small scale. Meanwhile, 
the comprehensive benefit of water-saving irrigation in 
the irrigated areas is different in different hydrological 
years and time scales.

(2) The evaluation process and results are greatly 
influenced by human factors. On the one hand, research 
teams and experts in different fields have different 
concerns, and there are different emphases in the 
evaluation system of water-saving irrigation, which 
directly affects the construction of the evaluation 
system, the selection of indicators, the establishment 
of index weight and the scientific rationality of the 
evaluation results. The evaluation lacks objectivity. 
At present, the research focuses more on the positive 
benefits of water-saving irrigation and ignores the 
negative benefits that water-saving irrigation projects 
may produce.

(3) The phenomenons like focusing on the efficiency 
of water resources utilization, paying attention to the 
evaluation of the economy, and ignoring the assessment 
of its impact on the ecological environment are 
widespread. In fact, for water-saving irrigation, the most 
active factors and the most direct objectives are “water-
saving” and “food conservation”, the important purpose 
is the ecological benefit, and the most fundamental 
end-result is a social benefit. Economic and ecological 
benefits will eventually return to social benefit.

(4) The limitation of the evaluation scope. Most of 
the relevant studies at present focused on the evaluation 
of the benefits within a specific area such as farmland, 
irrigated areas and river basins, meanwhile few consider 
the influence of water-saving irrigation projects on the 
outside areas. However, the water-saving irrigation 
project in the region will also have a certain impact on 
the outside of the region in terms of ecology, economy 
and society. 

research area and provides a new idea for the application and optimization of the cloud model algorithm, 
which has certain popularization value.

      
Keywords: water-saving irrigation, ecology, cloud model, comprehensive evaluation, optimized 
algorithm
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Analytic hierarchy process (AHP) is a multi-criteria 
decision-making method that quantitatively describes 
qualitative problems by decomposing the problems 
to be solved as a system. Analytic hierarchy process 
(AHP) is simple and easy to use, but it has some 
problems: judgment matrix has a great dependence 
on experts’ subjective experience, and the fuzziness 
and randomness between evaluation indexes are not 
well expressed. Fuzzy comprehensive evaluation 
(FCE) is a multi-criteria decision-making method 
that transforms qualitative problems into quantitative 
problems by establishing membership functions. 
Fuzzy comprehensive evaluation method can solve 
the problem of fuzziness of the evaluation object, 
but it can not solve the problem of subjectivity and 
randomness of the evaluation process. Cloud model 
(CM) fully describes the inevitable uncertainties like 
randomness and fuzziness in the qualitative description 
by establishing an uncertainty transformation model 
between qualitative concepts and their corresponding 
values.

This paper aimed at correcting the shortcomings of 
the current comprehensive evaluation of water-saving 
irrigation, taking irrigated areas as the spatial scale, 
taking Normal-Water-Level-Year as the typical year, 
taking the life cycle of winter wheat-summer maize 
rotation mode as the time scale, optimizing the analytic 
hierarchy process (AHP) and fuzzy comprehensive 
evaluation method (FCE) respectively by using 
improved cloud model based on the comprehensive 
evaluation system of water-saving irrigation, combining 
with the similarity calculation method of normal 
cloud model considering of both shape and distance, 
constructs the optimized cloud model algorithm which 
adapts to the comprehensive benefit evaluation of 
water-saving irrigation. On the premise of ensuring 
the accuracy of the evaluation results, this algorithm 
gives consideration to the fuzziness and randomness of 
the evaluation system. It breaks new ground in water-
saving irrigation evaluation, improves the cloud model 
algorithm, broadens the new field of cloud model 
application, and has certain theoretical and practical 
significance.

Material and Methods

Description of study site

The Yahekou irrigated areas is located between the 
Tang River and Bai River in Nanyang basin（32°23'-
33°12'N and 112°21'-113°00'E）, China, which was 
built in 1966 and began to irrigate in 1970. The total 
area of the Yahekou is about 2428 km2, in which 
20-30 km wide from east to west, 100 km long from 
north to south. The ground elevation from the north is 
160 m and from south is 80 m (yellow sea elevation). 
The irrigated area has a subtropical monsoon 
climate, with an average annual temperature of 

14.9ºC, evaporation rate of 558 mm and precipitation 
of 802.7 mm. The area is composed of Baitong 
and Yadong irrigated areas. The Baitong irrigated 
areas draw water from Dazhantou dam, which is  
20 kilometers below the dam of the Yahekou reservoir, 
and the Yadong irrigated area draw water from  
Yahekou reservoir directly. The designed irrigation 
area of the Yahekou irrigated areas is 158 733.33 ha, 
the effective irrigation area of the Yahekou irrigated 
areas is 88 400 ha. Through carrying on supporting 
and water-saving transformation in recent years, the 
actual maximum irrigation area of the irrigated areas 
has expanded from about 66 666.67 ha in 1998 to  
106 666.67 ha in 2018.

Construction of Index System

The basis and key for scientifically carrying 
out the comprehensive benefit evaluation of water-
saving irrigation in irrigated areas are the selection 
of indicators and the establishment of the system. we 
set an evaluation index system for agricultural water-
saving by fully considering the ecological economics 
and social benefits under the scientific, systematic, 
operable, comprehensive and representative principles. 
It combined the dynamic with static and referred to 
the ecological service value evaluation system of the 
similar fields such as soil and water conservation [16, 
17] and the traditional comprehensive evaluation system 
of water-saving irrigation [18-24]. The specific steps are 
as follows:
 – The first step was to use frequency statistical method 

to conduct frequency statistics on the 190 indicators 
appearing in the 9 comprehensive evaluation 
systems mentioned above and then removed some 
unrepresentative and repetitive indicators, and there 
were about 35 indicators left. 

 – The second step was to use the theoretical analysis 
method to analyze and compare the connotation, 
characteristics, influence efficiency, and main 
problems of water-saving irrigation, and then 
comprehensively selected 16 important indicators. 

 – The third step was to use the Delphi method to adjust 
the 16 indicators, and determined the 14 secondary 
indicators in the three categories of economy, 
ecology, and society.
In this system, the number of the factors in the 

three benefits of the criterion layer is different, and 
the closeness of the factors of the factor layer with the 
three benefits of the criterion layer is not consistent. 
In order to ensure the objectivity and accuracy of the 
evaluation results, the fuzzy analytic hierarchy process 
was introduced into the evaluation model, and the 
concepts of "weight" and "degree of membership" were 
used to express the contribution degree of each factor 
to the evaluation results objectively. The comprehensive 
evaluation system of water saving irrigation is shown 
in Fig. 1.
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Introduction of Evaluation Model

The water-saving irrigation system in the irrigated 
areas is a complex nonlinear system with randomness 
and fuzziness in time and space under the action 
of multi-factor coupling. These factors, with their 
randomness and fuzziness determine the uncertainty of 
comprehensive evaluation results. This paper developed 
an improved cloud model algorithm for comprehensive 
benefit evaluation of water-saving irrigation in irrigated 
areas. The main steps are as follows:
 – First step, the forward cloud generator, was used 

to calculate and generate the cloud model of the 
comment set.

 – second step, the cloud model was used to improve 
the AHP, and the relevant parameters were modified 
in combination with the comment set cloud model 
so as to determine the weight cloud model of each 
evaluation factor.

 – Third step, the cloud model was used to improve the 
fuzzy comprehensive evaluation method, and the 
normal cloud model was used to objectively express 
the membership degree of the index factors to the 
evaluation level instead of the exact value.

 – Fourth step, the similarity calculation method of the 
normal cloud model with both shape and distance 
was used to determine the final evaluation grade 
so as to comprehensively evaluate the agricultural 
water-saving irrigation benefits of the irrigated areas 
under uncertain conditions.
Normal cloud model is one of the most widely used 

in the cloud model, which has universal adaptability 
and wide application [25]. Therefore, all cloud models 
mentioned in this paper refer to normal cloud models. 
Every cloud model is represented by its corresponding 

expectation (Ex), entropy (En), and hyper entropy (He), 
namely C (Ex, En, He) [26].

Expectation (Ex) reflects the barycenter position of 
the cloud droplet and represents the central value of the 
comment set, factor weight, and membership. Entropy 
(En) represents the randomness and fuzziness of cloud 
droplets, reflects the possible value range of comment 
set, factor weight and membership, and is used to 
describe the width of cloud. Hyper entropy (He) is the 
entropy of entropy, which represents the randomness 
and fuzziness of entropy. It is used to describe the 
thickness of clouds, mainly reflects the degree of 
dispersion between cloud droplets, and measures the 
degree of deviation from the normal distribution. 
According to relevant research conclusions [1, 27], 
when He<En/3, the cloud model is in a good state, when 
He>En/3, the atomization state of the cloud model is 
obvious.

Cloud model realizes qualitative and quantitative 
conversion through forwarding and reversing cloud 
generators. The forward cloud generator converts 
qualitative concepts into quantitative values, namely, 
generating a certain number of accurate cloud droplets 
from qualitative language values (Ex, En, He). Reverse 
cloud generator converts quantitative values into 
qualitative concepts, namely, converting a certain 
number of exact values into corresponding qualitative 
language values (Ex, En, He), which is the three 
parameters of the cloud model.

Comment Set Cloud Model

In this paper, the comprehensive benefit evaluation 
set of water-saving irrigation in irrigated areas was 
composed of four grades: excellent, good, average, 

Fig. 1. Comprehensive Evaluation System of Water Saving Irrigation.
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and poor. Each grade was represented by a normal 
cloud model. The four grades of evaluation cloud 
models jointly constituted the comprehensive benefit 
comment set cloud model of water-saving irrigation in 
irrigated areas. Referring to relevant literature [26], the 
calculation formula is as follows:

                     (1)

(2)

                              (3)

In the formula, xi
up and xi

down are the upper and lower 
boundaries of the four grade sets, respectively, Exi is the 
expectation corresponding to the comment set, Eni is 
the entropy corresponding to the comment set, He is the 
hyper entropy corresponding to the comment set. Refer 
to the definition of hyper entropy and related literature 
for specific details [26, 28], the hyper entropy in the 
comment set cloud model is constant, which of this 
paper is 0.01.

Factor Weight Cloud Model

The determination of weight is an integral part 
of the fuzzy comprehensive evaluation (FCE). The 

analytic hierarchy process (AHP) is a more effective 
method to determine the weight coefficient. The 
traditional analytic hierarchy process (AHP) expresses 
the comparison of the importance of two factors in the 
judgment matrix, by mainly constructing the judgment 
matrix and using the random number of continuous 
quality to express the comparison of the importance of 
two factors in the judgment matrix, and then calculates 
the weight of each factor by combining with the square 
root method and so on. Although this method can 
more clearly quantify the weight of each factor, there 
are also shortcomings such as the strong dependence 
of the judgment matrix on the subjective experience of 
experts, and the unclear expression of randomness and 
ambiguity among the evaluation factors.

In recent years, the analytic hierarchy process 
(AHP) was improved by building weight cloud model.
[29] (hereinafter referred to as “Method 1”).The weight 
cloud model reduced the judgment matrix of the expert 
subjective experience dependence and better expressed 
the ambiguity and randomness between evaluation 
indicators. However, in these studies, there were also 
some cases where the ratio of the entropy and hyper 
entropy of the weight cloud model was close to 1, and 
even part of the entropy was greater than expected, 
resulting in the ambiguity an Previous studies in related 
fields [27, 30] (hereinafter referred to as “Method 2”) 
only used the judgment matrix and square root method 
to obtain the weight value. Only the expectation of the 
weighted cloud model in “Method 1” was calculated, 

Table 1. scale criteria of the weight cloud model.

Relative importance between indicators Cloud model Expectation Entropy Hyper entropy

Xi is absolutely more important than Xj D1( Ex1, En1, He1) 9 0.33 0.01

Xi is absolutely more important than Xj generally D2( Ex2, En2, He2) 8 0.33 0.01

Xi is more important than Xj D3( Ex3, En3, He3) 7 0.33 0.01

Xi is more important than Xj generally D4( Ex4, En4, He4) 6 0.33 0.01

Xi is obviously more important than Xj D5( Ex5, En5, He5) 5 0.33 0.01

Xi is obviously more important than Xj generally D6( Ex6, En6, He6) 4 0.33 0.01

Xi is slightly more important than Xj D7( Ex7, En7, He7) 3 0.33 0.01

Xi is a little important than Xj D8( Ex8, En8, He8) 2 0.33 0.01

Xi and Xj are equally important D9( Ex0, En0, He0) 1 0 0

Xj is a little important than Xi D10( Ex10, En10, He10) 1/2 0.33/4 0.01/4

Xj is slightly more important than Xi D11( Ex11, En11, He11) 1/3 0.33/9 0.01/9

Xj is obviously more important than Xi generally D12( Ex12, En12, He12) 1/4 0.33/16 0.01/16

Xj is obviously more important than Xi D13( Ex13, En13, He13) 1/5 0.33/25 0.01/25

Xj is more important than Xi generally D14( Ex14, En14, He14) 1/6 0.33/36 0.01/36

Xj is more important than Xi D15( Ex15, En15, He15) 1/7 0.33/49 0.01/49

Xj is absolutely more important than Xi generally D16( Ex16, En16, He16) 1/8 0.33/64 0.01/64

Xj is absolutely more important than Xi D17( Ex17, En17, He17) 1/9 0.33/81 0.01/81
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the entropy and hyper entropy were ignored,and the 
cloud model was only introduced in the final fuzzy 
comprehensive evaluation. Although the accuracy 
of the evaluation results was guaranteed to a certain 
extent, the consideration of the uncertainty between the 
weighting factors was ignored.

This paper improved the previous evaluation 
method of the weight cloud model, which combined 
the relevant parameters of the comment set of the cloud 
model (hereinafter referred to as “Method 2”). When 
the entropy of the weight cloud model of a factor was 
greater than the comment set of the cloud model, the 
entropy of the weight cloud model of this factor was 
modified to the entropy of the comment set of the cloud 
model, and the hyper entropy was modified to the hyper 
entropy of the comment set of the cloud model, so as to 
achieve the purpose of improving the accuracy of the 
evaluation results and fully considering the randomness 
and ambiguity of each factor. Specific steps are as 
follows.

The first step was to construct the scale criterion of 
the cloud model of evaluation factor weight of water-
saving irrigation in irrigated areas, as shown in Table 1.

The second step was to organize experts and scholars 
from local and related scientific research institutions to 
compare the importance of factors and various benefits 
in the factor layer with the scale criterion constructed 
in the first step and then to establish a judgment matrix.

The third step was to calculate the maximum 
eigenvalue of the judgment matrix and the 
corresponding eigenvector and conduct a consistency 
test. If the test passes, the next step is conducted. If the 
test fails, the feedback communication with relevant 
scholars is needed to adjust the established judgment 
matrix until the consistency test passes. The specific 
algorithm is as follows [27, 31]:

                 (4)

CR represents the consistency ratio of the judgment 
matrix, When CR<1, it means that the consistency test 
of the judgment matrix has passed, λmax represents the 
largest characteristic root of the judgment matrix, CI  
represents the consistency index of the judgment matrix, 
RI represents the average random consistency factor of 
the judgment matrix. This factor is only related to the 
order of the judgment matrix, and its corresponding 
relationship with the order is shown in Table 2.

The fourth step was to use the square root method 
to calculate the relevant parameters Ri

0(Exi
0, Eni

0, Hei
0) 

of each factor weight cloud model, and the specific 
formula is (5)-(7).
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In the formula, Exi
0 is the expectation of the i-th 

factor weight cloud model, Eni
0 is the entropy of the i-th 

factor weight cloud model, Hei
0 is the hyper entropy of 

the i-th factor weight cloud model, and ij represents the 
i-th row and j-column of the judgment matrix.

The fifth step was to improve “Method 1” by 
combining relevant parameters of the comment set 
cloud model. When the entropy of the weight cloud 
model of a factor was greater than the comment set of 
cloud model, the entropy of the weight cloud model of 
this factor was modified to the entropy of the comment 
set of cloud model, and the hyper entropy was modified 
to the hyper entropy of the comment set of cloud model.

Degree of Membership Cloud Model

Membership function is the core part of fuzzy 
comprehensive evaluation method, which is used to 
characterize the degree of membership of the evaluation 
factor belonging to the certain comment set. The 
commonly used methods included f-statistical method, 
expert experience method, binary comparison, and 
sorting method, etc. Because these methods expressed 
the membership relation of evaluation factors to 
the comment set as an accurate and unique value, 
there were problems such as strong subjectivity and 
insufficient expression of the one-to-many mapping 
relation between qualitative and quantitative.

Based on the principle of reverse cloud generator, 
this paper constructed the membership functions of 
each evaluation factor and each evaluation grade by 
organizing experts and scholars from local and related 
scientific research institutions and fully described 

Table 2. Correspondence between average random consistency factor and order [32].

Geometric order of matrix 1 2 3 4 5 6 7 8 9 10

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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the one-to-many mapping relationship between each 
evaluation factor and evaluation grade. The calculation 
process is as follows:

(1) Organizing experts and scholars from local 
and related scientific research institutions to grade 
the evaluation of each factor level according to the 
comprehensive benefit evaluation set of water-saving 
irrigation in the irrigated areas;

(2) Calculating the expectation (Exi
1) of the 

membership cloud model, that is, the average value of 
cloud droplets in the cloud model:

                   

1

1

1
i

n
i
a

a=
= xEx

n
⋅∑

                       (8)

(3) Calculating the entropy (Eni
1) of the membership 

cloud model:

1

1

11=
2

n
i

i a i
a=

ExEn x -
n

π ⋅ ⋅∑
             (9)

(4) Calculating the hyper entropy (Hei
1) of the 

membership cloud model:

       (10)

(5) Checking the validity of the evaluation value 
[27]. When He<En/3, the cloud model is in a good 
state. When He>En/3, the atomization state of the cloud 
model is more obvious, and it is necessary to feedback 
the results with the expert team in time. Experts from 
the expert group re-evaluate until the validity test is 
passed.

In the formula, xa
i is the score of the i-th factor by 

the a-th expert, Exi
1 is the expectation of the i-th factor 

membership degree cloud model, Eni
1 is the entropy 

of the i-th factor membership cloud model, Hei
1 is the 

hyper entropy of the i-th factor membership cloud 
model.

Method of Result Calculation

In the calculation of cloud model comprehensive 
evaluation results, the result calculation methods can 
be roughly divided into two categories according to the 
different weight calculation methods.

One is the cloud model comprehensive benefit 
evaluation system with weight cloud model in the 
evaluation process [26, 29]. Its calculation formula is as 
follows:

X = Y Z⊗                           (11)

Among them, X is the result cloud model of 
comprehensive evaluation; Y is the membership cloud 

model of each factor to the comment layer; Z is the 
comprehensive weight cloud model of each factor to the 
comment layer.

The specific parameters in this formula are 
calculated by referring to the cloud model calculation 
rule [33].

The other is the comprehensive benefit evaluation 
system of the cloud model without establishing the 
weight cloud model [27, 30] , which only considers the 
expectation of the weight cloud model and ignores the 
entropy and hyper entropy of the weight cloud model. 
The calculation formula is as follows:

                     (12)

                    (13)

                    (14)

In the formula, Ex is the expectation of the 
evaluation result cloud model, En is the entropy of the 
evaluated cloud model, He is the hyper entropy of the 
evaluated cloud model, (Exi

1) is the expectation of the 
i-th factor membership degree cloud model, (Eni

1)is 
the entropy of the i-th factor membership degree cloud 
model, (Hei

1) is the hyper entropy of the i-th factor 
membership degree cloud model, wi is the weight of the 
i-th factor.

In this paper, the two methods were combined to 
carry out a comparative study.

In the analysis of comprehensive evaluation results 
of cloud model, the cosine method and expectation 
curve method were commonly used, but these two 
methods have disadvantages such as large dependence 
on the expected value and insufficient consideration 
of entropy and hyper entropy [31]. In this paper, the 
similarity calculation method of the normal cloud 
model with both shape and distance was adopted, and 
the effect of expectation, entropy and hyper entropy on 
the result analysis was fully considered.

Taking the similarity calculation of cloud model C11 
(Ex1, En1, He1) and cloud model C22 (Ex2, En2,He2) as 
examples, the specific calculation process is as follows.

The first step was to calculate the shape similarity 
of cloud model C11 and cloud model C22.The specific 
formula is as follows.

 (15)

The second step was to calculate the entropy ratio 
(k, k>1) of cloud model C11 and cloud model C22, and 
calculate parameter (θ0) by k. The specific formula is as 
follows.
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( )
( )

1 2

1 2

,
=

,
max En En

k
mix En En
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2=1-
+1k
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The third step was to compare the relevant data  
table of the fitting results [31]. According to the 
parameters k and θ0 obtained in the second step, we 
look up the table and get formula (18), then the relevant 
parameters a, b and c in the distance similarity function 
got.

2

=
-b-( )
c

d a e
θ

φ ⋅
                      (18)

The fourth step was to calculate the distance (θ) of 
expectation between the two clouds.

( )
1 2

1 2

-
=

3 -
Ex Ex
En En

θ
                      (19)

The fifth step was to calculate the similarity (φd) 
of the distance between the two clouds according to 
formula (18) and the obtained a, b, c and θ.

The sixth step was to calculate the comprehensive 
similarity (φ) of the two clouds.

= s dφ φ φ⋅
                          (20)

Results and Discussion

Results

Construction of Comment Set Cloud Model 

The comment set of the comprehensive benefit of 
water-saving irrigation was established to facilitate the 
quantitative evaluation of the comprehensive benefit of 
regional water-saving irrigation. This paper divided the 
comprehensive benefit of water-saving irrigation into 
four grades: excellent (grade I = 0.75-1), good (grade 
II = 0.5-0.75), average (grade III = 0.25-0.5), and poor 
(grade IV = 0-0.25). According to formulas (1)-(3), the 
corresponding characteristic parameters of the cloud 
model of each grade were calculated respectively, and 
the parameters of the grades are:
Grade I (0.875, 0.1062,0.01), grade II (0.625,0.1062,0.01), 
grade III (0.375,0.1062,0.01), and grade IV 
(0.125,0.1062,0.01).

The forward cloud generator was used to simulate 
the cloud model of comprehensive benefit evaluation 
of water-saving irrigation with MATLAB, as shown in 
Fig. 2.

Construction of Factor Weight Cloud Model

Experts and scholars from local and related scientific 
research institutions were organized to make pairwise 
comparison of various benefits and the importance of 
factors in the criterion layer and factor layer by using 
the scale criterion of factor weight cloud model in 
Table 1, and then a judgment matrix was established. 
According to formulas (4)-(7), the constructed judgment 
matrix was calculated, and the consistency test of the 
weight cloud model was conducted. After passing the 

Fig. 2. Comment set of cloud model.
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test, the parameters of the weight cloud model of the 
criteria layer (Table 3) and factor layer (Table 4) were 
obtained.

The parameters in Table 4 are modified according to 
relevant parameters of comment set cloud model. since 
the entropy of the four factors C1 (The increase of gross 
agricultural product), C10 (The improvement of surface 
and groundwater quality), C12 (The improvement of 
rural life quality), and C13 (The benefit of disaster 
prevention and mitigation) is greater than the entropy  
of the comment set cloud model, the entropy of the 
weight cloud model of the four factors is revised to 
the entropy of the comment set cloud model, which 
is 0.1062, and the hyper entropy of the four factors  
is revised to the hyper entropy of the comment set 
cloud model, which is 0.01. Therefore, the randomness 
and ambiguity of each factor is fully considered  
while improving the accuracy of the evaluation  
results.

Construction of Membership Cloud Model

Experts and scholars from local and related 
scientific research institutions were organized to score 

each factor at the factor layer, referring to the comment 
set of comprehensive benefit evaluation of water-
saving irrigation. According to the formulas (8)-(10),  
the relevant parameters were calculated, and finally,  
the validity of the calculation results was tested.  
If the test was passed, the membership cloud model 
of the factor layer could be obtained. Parameters of 
the membership cloud model of the factor layer are 
obtained in Table 5.

Among them, the changes of C2 (The change 
of agricultural production input) and C9 (The change 

of groundwater level) were negative effects.

Results of Evaluation  

Method 1, method 2 and method 3 (the improved 
algorithms in this paper) were respectively used to 
calculate the results of the comprehensive evaluation of 
the cloud model.

Parameters of the evaluation result cloud model 
were obtained in Table 6.

According to the evaluation results in Table 6, 
combining with formulas (15)-(20), the similarity 
calculation method of the normal cloud model with both 
shape and distance was used to calculate the similarity 
of each result and each grade in the comment set. The 
similarity of each result and each grade in the comment 
set was obtained in Table 7.

It can be seen from Table 7 that the similarity of 
grade II is the highest and the comprehensive benefit 
of water-saving irrigation in Yahekou irrigated areas is 
good belonging to grade II according to the evaluation 
results obtained by the three methods.

Table 3. Parameters of weight cloud model of criteria layer.

Criteria layer Expect Entropy Hyper entropy

B1 Economic benefit 0.3656 0.3662 0.3627

B2 Ecological benefit 0.3324 0.3380 0.3347

B3 Social benefit 0.3020 0.2957 0.3026

Table 4. Parameters of weight cloud model of factor layer.

Factor layer Expect Entropy Hyper entropy

C1 The increase of gross agricultural product 0.3199 0.4528 0.4506

C2 The change of agricultural production input 0.0457 0.0647 0.0644

C3 Carbon fixation and oxygen supply 0.0147 0.0209 0.0208

C4 Air purification 0.0147 0.0209 0.0208

C5 The prevention and control of soil secondary salinization 0.0398 0.0574 0.0571

C6 The prevention and control of sediment deposition 0.0244 0.0356 0.0355

C7 The storage of soil nutrients 0.0627 0.0904 0.0900

C8 The increase of land area 0.0398 0.0574 0.0571

C9 The change of groundwater level 0.0147 0.0209 0.0208

C10 The improvement of surface and groundwater quality 0.1217 0.1707 0.1698

C11 The scientific level of water management 0.0189 0.0268 0.0268

C12 The improvement of rural life quality 0.1321 0.1873 0.1873

C13 The benefit of disaster prevention and mitigation 0.1321 0.1873 0.1873

C14 The enhancement of farmers’ water saving awareness 0.0189 0.0268 0.0268
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Discussion 

Analysis of Index Benefit

By comparing and analyzing the expectation of 
membership cloud model of factor layer, it is found 
that the last five places of expectation value are the 
change of agricultural production input (negative 
effect), the change of groundwater level (negative 
effect), air purification, the prevention and control 
of soil secondary salinization, carbon fixation and  
oxygen supply, which reflects the low recognition of 
experts on the development level of the five indicators 
of irrigation area.

One is the negative effect of the change of 
agricultural production input. Taking 2017 as an 
example, the input of summer corn and summer 
peanut in the Yahekou irrigated area increased by  
1663.5 yuan per ha and 2745 yuan per ha, respectively, 
under irrigation. The reason is that the level of 
agricultural production technology in the research area 
is low, the primary water-saving measure is canal lining, 
the field water-saving measures are weak, and the 
intelligent degree of irrigation is low. Excessive irrigation 
means increase of water costs. The average labor cost 
of summer corn and summer peanut increased by  
759 yuan per ha and 1207.5 yuan per ha, respectively, 
and the average water cost increased by 123 yuan per ha 
and 277.5 yuan per ha respectively. In addition, farmers 
in the irrigated areas have more extensive management 
of crops, and the use of chemical fertilizers and 
pesticides is scarce when the crops are not irrigated. 
After the crop irrigation is guaranteed, the farmers’ 
demand for crop yield is stimulated, and more chemical 
fertilizers and pesticides are put in. Among them, the 
cost of pesticide of summer corn and summer peanut 
increased by 91.5 yuan per ha and 196.5 yuan per ha, 
respectively, and the cost of fertilizer increased by  
690 yuan per ha and 1063.5 yuan per ha respectively. 
This is consistent with the related research [34, 35].

The second is the negative effect of the change of 
groundwater level. On the one hand, the amount of 
water diversion decreased significantly through the 
water-saving transformation of the irrigated areas. 
According to statistics, from 1971 to 1999, before the 
implementation of the project, the average volume 
of water diversion was 374.19 million cubic meters 
per year, and the average water consumption was  

Table 6. Parameters of the evaluation result cloud model.

 Method Expect Entropy Hyper entropy

Method One 0.6161 0.3222 0.3186

Method Two 0.6161 0.1198 0.0290

Method Three 0.6161 0.1970 0.0919

Table 7. The similarity of each result and each grade in the 
comment set.

Method Grade IV Grade III Grade II Grade I

Method One 0.1138 0.2077 0.2333 0.2022

Method Two 0.0247 0.2750 0.8840 0.2410

Method Three 0.0679 0.3015 0.5012 0.2801

Table 5. Parameters of membership cloud model of factor layer.

Factor layer Expect Entropy Hyper entropy

C1 The increase of gross agricultural product 0.7909 0.1261 0.0263

C2 The change of agricultural production input 0.5858 0.1076 0.0322

C3 Carbon fixation and oxygen supply 0.2626 0.1154 0.0164

C4 Air purification 0.2404 0.1087 0.0248

C5 The prevention and control of soil secondary salinization 0.2624 0.1254 0.0302

C6 The prevention and control of sediment deposition 0.5368 0.1243 0.0282

C7 The storage of soil nutrients 0.7118 0.1198 0.0329

C8 The increase of land area 0.7844 0.1362 0.0449

C9 The change of groundwater level 0.2911 0.1368 0.0171

C10 The improvement of surface and groundwater quality 0.4855 0.1259 0.0335

C11 The scientific level of water management 0.7712 0.1041 0.0298

C12 The improvement of rural life quality 0.6766 0.1049 0.0224

C13 The benefit of disaster prevention and mitigation 0.8275 0.1118 0.0322

C14 The enhancement of farmers’ water saving awareness 0.7969 0.1092 0.0332
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6255 cubic meters per ha. From 2000 to 2017, after 
the implementation of the project, the average volume 
of water diversion was 107.49 million cubic meters 
per year, and the average water consumption was  
2010 cubic meters per ha. Compared with the changes, 
the water diversion decreased by 71.27% per ha and the 
water consumption decreased by 67.87% per ha.

On the other hand, channel irrigation is the main 
measure of the Yahekou irrigated area, supplemented 
by good irrigation. In terms of water-saving reform, 
the main measure was canal lining, and there were few 
water-saving projects in the field. The comprehensive 
effect of these two factors directly led to the decrease 
of shallow groundwater levels in some areas of the 
irrigated areas. According to the field investigation 
in the irrigated areas, it was found that after the 
implementation of the water-saving renovation project 
in the irrigated areas in 2000, a large area of cracks 
appeared in some houses, and the pits and rivers dried 
up for years in the project areas, indicating that water-
saving irrigation measures would bring certain negative 
environmental effects. This is consistent with the 
research conclusion of Du Jun [36] et al., that is: after 
the trunk canal lining in Hetao irrigated area, the burial 
depth of shallow groundwater in the irrigated areas 
continues to decline, which has a certain impact on the 
ecological environment.

The third is the carbon fixation and oxygen supply 
and air purification. Through communication with the 
experts and scholars involved in the assessment, it 
is concluded that water-saving irrigation experts and 
irrigated areas managers are generally unfamiliar with 
the concepts of carbon fixation and oxygen supply and 
air purification and have a weak sense of identity. No 
relevant literature has been hit by the search of topics 
and keywords “Water-saving irrigation” and “Carbon 
fixation and oxygen supply”, as well as “Water-saving 
irrigation” and “Air purification” on Chinese and 

English literature websites such as Zhiwang, Wanfang, 
springer and science-direct. Continue to search “Carbon 
fixation and oxygen supply” and “Air purification” on 
the relevant websites mentioned above. It is found that 
the relevant studies mostly appear in the fields related 
to ecology and environment such as soil and water 
conservation, indoor and outdoor air purification [37, 
38]. This confirms the inference that experts in the field 
of water-saving irrigation generally do not have a strong 
sense of identity to the two concepts of “Carbon fixation 
and oxygen supply” and “Air purification”.

The fourth is the prevention and control of soil 
secondary salinization. By analyzing the climatic and 
geological conditions of the irrigated areas, it is found 
that types of soil in the irrigated areas are mainly 
sandy soil, black soil, and old loess, which account 
for about 97% of the total area of the irrigated areas. 
The average annual rainfall in the irrigated areas is  
802.7 mm, the average evaporation on land is 558 mm 
per year, and the average annual temperature is 14.9ºC. 
The groundwater quality in the irrigated areas is good, 
most of which is freshwater with salinity less than 
0.5g/L. This is different from the natural conditions 
of the regions prone to secondary soil salinization 
pointed out in relevant literature [39]. It shows that 
the natural conditions of the irrigated areas have a 
certain inhibitory effect on the problem of secondary 
soil salinization. It is also the main reason for the low 
efficiency of water-saving irrigation in preventing and 
controlling secondary soil salinization in the Yahekou 
irrigated area.

Analysis of Evaluation Results 

It can be seen from Table 6 that the ratio of hyper 
entropy to entropy reaches 98.88% and is close to 
1 in the evaluation result obtained by method 1. 
It shows that the cloud model obtained by method  

Fig. 3. Comprehensive evaluation results cloud model of method 1.



Liu S., et al.3724

1 has strong atomization. The ratio of hyper entropy 
to entropy in method 2 and method 3 is 24.21% and 
46.65%, respectively. It is shown that the accuracy of 
the evaluation results is improved, and the randomness 
and fuzziness of each factor are fully considered by 
adjusting the parameters of the weighted cloud model.

The forward cloud generator was used to superpose 
the cloud model and the comment set cloud model of 
the comprehensive benefit evaluation results of water-
saving irrigation obtained by the three methods, 
and the MATLAB software was used for simulation 
verification, as shown in Fig. 3, Fig. 4 and Fig. 5.

It can be seen from Fig. 3 that although the evaluation 
results of method 1 reflect randomness and fuzziness, 
the uncertainty is too strong. This is consistent with 
the dispersion degree of evaluation results obtained in 

similar studies [26, 29]. The ratio of hyper entropy to 
the entropy of evaluation results in these studies is close 
to 1, and the atomization degree of evaluation results in 
the cloud model is relatively severe. This also confirms 
the similarity calculation results in Table 7, that is, the 
similarity between the cloud model of evaluation result 
obtained by method 1 and the cloud model of level I, II 
and III of the comment set are relatively close, and the 
similarity between the evaluation result and level II is 
only 1.15 times of the similarity between the evaluation 
result and the adjacent level I, and 1.12 times of the 
similarity between the evaluation result and the adjacent 
level III, and the discrimination is small.

It can be seen from Fig. 4 that the evaluation 
results of method 2, which is obtained by ignoring 
the fuzziness and randomness of weights, have low 

Fig. 4. Comprehensive evaluation results cloud model of method 2.

Fig. 5. Comprehensive evaluation results cloud model of method 3.
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atomization and high accuracy, which is consistent with 
the conclusions of relevant studies [27, 30]. It confirms 
the similarity calculation result in Table 7 , that is, the 
evaluation result of cloud model obtained in method  
2 has a high similarity with the level II in the comment 
set cloud model while has a low similarity with other 
levels of the comment set of cloud models, and the 
similarity between the evaluation result and level II 
is 3.67 times of the similarity between the evaluation 
result and the adjacent level I, and 3.22 times of the 
similarity between the evaluation result and the adjacent 
level III.

It can be seen from Fig. 5 that the credibility of the 
evaluation results of method 3 is relatively high. Because 
on the basis of ensuring accuracy, it takes into account 
the ambiguity and randomness of the evaluation factors 
to the greatest extent. This confirms the similarity 
calculation result, that is, the evaluation results of cloud 
model obtained in method 3 has a high similarity with 
the level II in the comment set cloud model while has 
a low similarity with other grades of the comment set 
cloud models, and the similarity between the evaluation 
result and level II is 1.79 times of the similarity between 
the evaluation result and the adjacent level I, and 1.66 
times of the similarity between the evaluation result and 
the adjacent level III.

Conclusion

This paper opens up a new way for the 
comprehensive benefit evaluation of water-saving 
irrigation in the irrigated areas, and also provides a new 
idea for the application and optimization of cloud model 
algorithm. The comprehensive benefit of water-saving 
irrigation in the Yahekou irrigated area is evaluated as 
grade II “good”. 

There are negative effects on the change of 
agricultural production input and the change of 
groundwater level. The benefits of air purification, the 
prevention and control of soil secondary salinization 
and carbon fixation and oxygen supply are less 
recognized. It reflects that the importance of enhancing 
the attention of experts and managers in the field of 
water-saving irrigation to ecological benefits and the 
importance of fully considering the precision, fuzziness 
and randomness, which is also the focus of future 
research.
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