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Abstract; [ Objective] The undulating terrain and uneven spatiotemporal distribution of rainfall in hilly regions result in rapid
runoff generation and concentration, making it difficult to effectively collect water resources. This leads to issues such as frequent
flooding in lowlands and droughts in uplands. Therefore, a coordinated water allocation and supply system for hilly regions is
required to alleviate the conflict between water supply and demand. [ Methods | Based on the integrated water supply approach in
hilly regions, a multi-objective optimal allocation model for water resources in hilly regions was established. The Non-dominated
Sorting Genetic Algorithm-II ( NSGA-IT) was improved in three aspects: crossover, mutation, and sorting processes within the
same non-dominated layer, for solving the model. A comprehensive evaluation indicator system for water resources was
developed. The cloud model was improved using the Analytic Hierarchy Process (AHP) for evaluating the set of schemes and
selecting the overall best multi-objective optimal allocation scheme for water resources. Finally, the theoretical method was
applied to the Liuhe District, Nanjing City, to conduct a case study. [ Results] (1) The improved NSGA-II algorithm was
employed to obtain the Pareto solution sets for Liuhe District in 2025 and 2035. These sets were screened based on economic,
social, ecological benefits, along with optimal coordination, resultsing in seven allocation scheme sets for each year. (2) After
the seven scheme sets for 2025 and 2035 were evaluated using the cloud model rating, the optimal scheme set for both 2025 and
2035 was scheme 4, representing the optimal coordination between economic and social benefits. The scores were 89. 87 and
90. 95, respectively. [ Conclusion] A multi-objective optimal allocation model for water resources in hilly regions is established.
By improving the traditional NSGA-II algorithm in three aspects, the quality and rationality of the solution sets are significantly
enhanced. A multi-level evaluation indicator system is established. An improved cloud model is innovatively applied to
quantitatively evaluate the schemes, and the optimal scheme is selected through comparison. This approach provides a complete
technical pathway of “model construction-algorithm optimization-scheme comparison and selection” for efficient water resource
allocation in hilly regions. It can provide a reference for decision-makers, alleviate water supply-demand conflict, and promote
comprehensive and coordinated development in hilly regions.

Keywords: hilly regions; optimal allocation of water resources; improved NSGA-II algorithm; scheme evaluation; improved

cloud model ; multi-objective optimization; Pareto optimal solution; Analytic Hierarchy Process ( AHP)
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Table 2 Water demand prediction results for Liuhe District in 2025 and 2035 10'm’
B AT K Al 7K Tolk K ALK HBFEK & it
2025 3401.8 46 024.0 1034.9 1817.4 1970.2 54 248.3
2035 3 830.2 51647.7 1078.7 1919.7 1797.6 60 273.8
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Table 3 Multi-objective optimal allocation results of water resources under different schemes 10* m®
gy moA ES! VEY EX EX! UER E) FET
£ 3401.8 3401.8 3186.9 3401.8 3278.7 3221.7 3278.7
|4 40 358. 8 39 438.3 38 547.3 40 191.2 38 744.2 38 517.8 39 100. 6
2025 T ik 887.1 866. 4 866. 6 894.3 851.0 845. 8 894.3
NS 1 626.0 1716.9 1599.8 1638.1 1 656. 4 1629.3 1 604.0
Ja 1767.3 1 865.8 1798.7 1 780.2 1 898. 8 1970.2 1897.4
A it 48 041.0 47 289.2 45 999.3 47 905. 6 46 429. 1 46 184.8 46 775.0
R 3 830.2 3 830.2 3527.4 3 830.2 3615.7 3629.0 3577.4
£k 42 790. 0 41 757.0 40 608. 8 42 079.0 40 977. 6 40 724. 1 41 376. 4
T ik 871.2 849. 6 846.5 884. 1 833.5 828.0 878.7
2035
NI 1 620. 1 1716.0 1 620.2 1 652.0 1651.8 1622.8 1596.5
Ja SR 1522.7 1612.5 1555.3 1552.4 1642.6 1797.6 1641.3
& 3 50 634.2 49 765. 3 48 158.2 49 997.7 48 721.2 48 601.5 49 070.3
F4 2025 %, 2035 FAFES B UEE A RITEMIEIRERR 5 iRE
Table 4  Classification criteria for evaluation indicators of multi-objective optimal allocation schemes of
water resources in 2025 and 2035
PN AR
FTRG |88 I I m Y
2025 4F 2035 4F 2025 4F 2035 4F 2025 4F 2035 4F 2025 4F 2035 4F
C, 46.7~47.6 64.8~66.2 45.8~46.7 63.4~64.8 44.8~45.8 61.8~63.4 43.8~44.8 60.2~61.8
M C, 29.1~29.9 44.9~46.4 28.3~29.1 43.4~44.9 27.7~28.3 42.6~43.4 27.1~27.7 41.8~42.6
: Cs 1.6~1.7 1.7~1.8 1.5~1.6 1.6~1.7 1.4~1.5 1.5~1.6 1.3~1.4 1.4~1.5
C, 4.4~4.6 4.7~4.8 4.2~4.4 4.6~4.7 4.1~4.2 4.5~4.6 4.0~4.1 4.4~4.5
" Cs 0.3~0.4 0.9~1.0 0.4~0.5 1.0~1.1 0.5~0.6 1.1~1.2 0.6~0.7 1.2~1.3
2 Cg 664.2~679.3 | 646.3~663.6 | 649.1~664.2 | 629.0~646.3 | 636.0~649. 614.7~629.0 | 622.9~636.0 [600.4~614.7
C, 1.3~1.4 1.4~1.5 1.4~1.5 1.5~1.6 1.5~1.6 1.6~1.7 1.6~1.7 1.7~1.8
M, Cyg 1.6~1.7 1.6~1.7 1.7~1.8 1.7~1.8 1.8~1.9 1.8~1.9 1.9~2.0 1.9~2.0
Cy 4.3~4.6 3.7~4.1 4.0~4.3 3.3~3.7 3.7~4.0 3.0~3.3 3.4~3.7 3.0~2.7
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Fig. 6 Weight distribution of subsystems
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Table 5 Calculation results of subsystems and evaluation
0.8 indicator weights
oo | B | SO | g | mAn | aAR
% o4 C, 0.144 9 0.116 2 0.114 7 0.148 1 0.145 8
) G, 0.116 0 0.108 9 0.100 1 0.1111 0.101 9
Cs 0.090 9 0.099 1 0.107 2 0.079 2 0.085 5
027 Cy 0.079 2 0.129 5 0.1123 0.090 2 0.078 0
= 3 L o Cs 0.1829 0.134 6 0.140 9 0.216 6 0.226 1
%,2 O,I3 0,I4 0.5 . 0,I6 '0,I7 0.8 Ce 0.107 8 0.160 2 0.152 6 0.1520 0.144 4
G C, 0.107 9 0.078 4 0.088 4 0.074 4 0.083 6
oA AN AP BRI Cy 0.0990 | 0.0814 | 0.0816 | 0.0709 | 0.0709
8 HoeUBFARGTRZIERNE Cy 0.0713 0.091 7 0.102 2 0.057 5 0.063 9
Fig. 8 Indicator weights under social benefit subsystem
&6 2025 12035 FAFREBRMUEEATRE
10- BREERTS
Table 6 Cloud model rating scores of multi-objective optimal
08l i allocation schemes of water resources in 2025 and 2035
i G 3] IR | hE2 | HE | 4| RS | R6 | IR
0.6 | {{ 2025 | 85.02 | 87.94 | 71.59 | 89.87 | 78.88 | 77.22 | 81.15
‘E %z 2035 | 89.74 | 87.55 | 73.96 | 90.95 | 83.03 | 81.81 | 84.42
® 041 i(\.
i2 t % 6 A%, 2025 4EF1 2035 AEPE4fc i (934
02} 2 TR, BEAENNGARRTTE, WAk 5is
1 DI EAL T % . 2025 4F 55 2035 4F 75 % 4 AR PR X
0 - PP AT B SR BE Nk 7 gl
B ST RO R I, ik 7 AT, 2025 AR5
CODHEH SRR A A RIAY 3 T RGN ER DB RGF . R4, &
9 AAMBFRETRISHNE B o XA G R T BAR T AT
Fig.9 Indicator weights under ecological benefit subsystem (1) ELTHERBETRAET , HE AR 25 B
R®7 2025 52035 FHRMEFRERITFMIERT RITNELREE
Table 7 Membership degrees of evaluation grades for subsystems and evaluation indicators of scheme 4 in 2025 and 2035
THRSE | 20254 2035 4F 2025 4F R B2 2035 4FHJR 2
ASE 7N fEHRE fEtE I I v I 1 m v
M, 0.008 1 0.781 9 0.203 8 0.000 2 0.005 4 0.993 2 0.001 4 0
(o8 45.92 4270 | 64.674475 | 0.0219 0.978 1 0 0 0 1 0 0
G, 28.94 {47C | 44.18 /27T 0.001 3 0.998 7 0 0 0 1 0 0
Cs 1.55 127t 1.67 17T 0.001 3 0.996 2 0.002 5 0 0.024 8 0.974 4 0.000 8 0
C, 4. 114278 | 4.64127T 0 0.033 0 0.966 0 0.001 0 0.001 4 0.992 3 0.006 3 0
M, 0.004 7 0.634 8 0.360 4 0.000 1 0.590 8 0. 409 2 0 0
Cs 0.50 0.99 0. 000 2 0.386 3 0.613 3 0.000 2 0.968 0 0.0319 0 0
Co 662.32m’ | 638.21m* | 0.0112 0.988 8 0 0 0 1 0 0
M, 0 0.003 6 0.760 2 0.236 2 0.063 7 0.294 7 0.641 4 0
(o8 1.52 77t 1.68 1t 0 0.009 6 0.989 4 0.001 0 0. 000 1 0.088 6 0.910 8 0.000 5
Cyg 1.89 /it .71 )7t 0 0.000 3 0.502 7 0.497 0 0.196 1 0.803 3 0.000 6 0
Co 3.72% 3.10% 0 0 0.788 2 0.211 8 0 0 0.999 8 0. 000 2
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