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摘要: 以鄂北水资源配置工程为对象, 研究大型调水工程背景下的多水源多目标优化配置。将鄂北地区水库分为充

蓄水库、补偿水库与在线水库等 3 类, 根据各类水库特点对鄂北水资源配置工程进行系统概化, 建立以年缺水量最

小和调水成本最低为目标函数的多水源多目标优化配置模型。采用权重系数法进行求解得到非劣解集。最后采用

基于区间犹豫模糊语言与 T O PSIS 的多目标决策方法对各方案的缺水量与调水量作出评价并遴选出最优方案。研

究结果表明: 对鄂北水资源配置工程而言, 缺水量与调水量的权重比为 7 B 3的方案综合评价最优,重视缺水的同时

兼顾调水成本 ;基于区间犹豫模糊语言集与 T OP SIS 的水资源多目标决策方法经本文实例验证具有较高的稳定性

与可行性。
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  水资源优化配置是水资源合理高效利用的重要

措施, 也是当今水资源领域研究的重点问题
[ 123]
。国

内外对水资源优化配置的研究 [ 425]已有较大进展, 从

单目标转向了多目标, 即从单一地追求经济目标转

向综合考虑社会、经济、环境等多目标, 从单水源的

优化调度转向多水源联合优化调度的复杂配置。张

翔宇等[ 6]建立了黄河干流河段多目标优化配水模

型,采用改进遗传算法求解河段优化配置问题;闫堃

等[ 7]以加权相对总缺水深度最小和系统供水总成本

最小为目标建立了多目标优化模型, 并采用多目标

粒子群算法( M OPSO)求解; 顾文权等
[ 8]
建立了多

目标风险分析模型, 提出了基于随机模拟技术的

水资源优化配置多目标风险评估方法; 付强等[ 9]

在构建灌区水资源供需联合分布对其耦合量化模

型的基础上分析水资源短缺遭遇概率后构建区间

线性规划模型; 高黎明等
[ 10]
根据区域用水需求与

总量控制及水功能区限制纳污管控要求, 建立基

于水量水质双控的区域水资源优化配置模型, 采

用 AH P法、熵权法、AH P2熵权耦合法计算不同情

景方案的配置效益并优选配置方案。但从已有文

献看,多目标决策方法也尚在发展之中。本文以

包含大型调水工程的区域为背景, 构建以年缺水

量最小和调水成本最小为目标的多水源多目标优

化配置模型,采用权重法求解优化配置模型得到非

劣解集, 采用区间犹豫模糊语言集与 TOPSIS 相结

合的多目标决策方法对方案集进行优选,以鄂北水

资源配置工程为对象开展实例研究并推荐最佳水量

调度方案。
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1  水资源配置工程概化

鄂北地区水资源配置工程利用清泉沟隧洞从

丹江口水库引水, 在不影响南水北调中线工程调

水规模和过程的前提下, 解决鄂北地区水资源短

缺问题,满足鄂北受水区生活、生产以及生态用水

需求。

鄂北水资源优化配置模型较为复杂, 包含多水

源、多用户与多节点, 元素概化主要分为节点、水库

和用户等 3种形式。节点分为入库节点、退水节点、

干渠控制节点和分水口分水节点;水库分为充蓄水

库、补偿水库(虚拟水库, 在总干渠分水口为直供和

补偿的情况下设置)和在线水库; 用户分为生活用

水、生态用水、工业用水和农业用水。

1. 1  充蓄调节水库
充蓄调节水库是指该水库会接收分水口的外引

水,并且这部分水会直接进入充蓄水库中,与天然来

水一起进行调节分配,再供给各个用户。具体概化

见图 1。

图 1  充蓄水库模型概化

水库的水量平衡方程为

V i, t+ 1= V i, t+ W R
i, t

+ W K
i, t

+ W Y
i, t

+

W T i , t - Oi, t- SS i, t ( 1)

式中: V i, t+ 1和 V i, t分别表示第 i 水库第 t + 1和第 t

时刻的蓄量; WR
i , t
表示第 i 水库第 t 时段的天然来

水; W K
i, t
表示第 i 水库第 t 时段接收的其他水库退

水; W Y
i, t表示第 i 水库第 t 时段接收的工程引调水;

W T
i , t
表示第 i 水库第 t 时段接收的用户退水; Oi, t表

示第 i 水库第 t 时段的弃水量; SS
i , t
表示第 i 水库第

t 时段的供水量。

此外, 在对充蓄水库进行蓄量限制时,要在蓄量

的基础上加上引水量再对蓄量进行进一步的限制,

应满足如下蓄量约束

Vmax
i

\V i, t+ 1+ W YK
i , t

( 2)

式中: W YK
i , t
表示第 t 时段第 i 水库的引水量。

1. 2  补偿调节水库

补偿水库是指该水库会接收分水口的外引水,

但是这部分外引水不能自流入库进行调节, 而是引

至补偿水库的下游渠道,这部分水与水库调蓄的本

地径流一同为下游用户供水。因此, 补偿水库主要

通过对本地径流的重新调节实施对引水的补偿。在

建模过程中, 补偿水库下游建立一个库容为 0的虚

拟水库(即引水通道) ,分水口的引水不进入补偿水

库而经过虚拟水库直接供给对应用户,即该区域的

用户由补偿水库与对应的虚拟水库一起供水。具体

模型概化见图 2。

图 2 补偿水库模型概化

1. 3  在线水库(封江口水库)

在线水库是指该水库处于干渠渠道之上, 所有

干渠水与自身天然来水都会直接入库进行综合调蓄

后由在线水库供给对应用户, 其他出库水(包括弃

水)会沿干渠继续流至下游河道。因此,在线水库作

为中转站对干渠水的拦蓄作用相当重要。具体模型

概化见图 3。

图 3 在线水库模型概化

本区域水资源配置工程概化为元素与关系两部

分。经过概化,最终元素有 79个节点、196个水库、

11个虚拟水库以及 148个用户。

2  多水源多目标优化配置模型

鄂北水资源配置工程利用清泉沟隧洞从丹江口

水库引水,分别进入引丹总干渠和鄂北引水干渠两

条线路。引丹总干渠供给唐西地区各水库, 再由各

水库供给各个片区的用户; 鄂北引水干渠通过分水

口门供给鄂北地区沿线水库, 再由各水库供给各个

片区的用户。鄂北水资源配置系统是相当复杂的大

系统,其中需要协调 3方面关系: 一是本地水与外调

水的关系,重点考虑调水成本,确定调水时机和调水

在各受水区的分配;二是各类水库相互补偿关系,确

定各水库的最优供水次序以提升当地水资源的利用

率; 三是水库供水与需水过程的关系, 利用水库调

蓄, 使供水过程尽可能满足需水过程的要求。对于
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如此复杂的多水源、多目标、多用户配置问题, 首要

任务是构建一个整体的大系统多目标优化模型, 通

过优化区域中的调水工程运用方式, 优先利用本地

水资源,减少调水量,以期实现缺水量最小和调水成

本最低的双重目标。

2. 1  目标函数

考虑水资源优化配置的社会和经济两个目标,

以年总缺水量最小反映社会目标,以工程调水的成

本最低反映经济目标。

以年总缺水量最小为目标

F1= m in E
J

j = 1
E
T

t = 1
aj # (D j , t- S j , t ) ( 3)

式中: aj 为第 j 个用户的权重系数, 表示每个用户的

重要程度; D j , t表示第 j 个用户第 t 时段的需水量,

万 m
3
; S j , t表示第 j 个用户第 t 时段接收的供水量,

万 m3。

以工程调水成本最低为目标

F2= m in BE
I

i= 1
E
T

t= 1
Y i, t ( 4)

式中: Y i, t表示第 i 个水库第 t 时段的调水量,万 m
3
;

B为调水成本,万元/万 m3。

采用权重法,将多目标优化问题转化为单目标

优化问题

F= m in [ KF 1+ ( 1- K) F2 ] ( 5)

式中:K为缺水量的权重系数,表示缺水量相对于调

水量的重要程度。

2. 2  约束条件
水库蓄量约束为

Vmin
i [ V i, t [ Vmax

i ( 6)

式中: V i, t表示第 i 个水库第 t 时段的蓄量, 万 m 3 ;

Vmin
i
表示第 i 个水库的蓄量下限, 万 m

3
; Vmax

i
表示

第 i 个水库的蓄量上限,万 m3。

设计分水量约束为

W FZ
m

[ W FS
m

( 7)

式中: WFZ
m表示第 m 个分水口的总分水量, 万 m

3
;

W FS
m
表示第 m 个分水口的设计分水量,万 m 3。

需水量约束为

S j , t [ D j , t ( 8)

式中: S j , t表示第 j 个用户第 t 时段接收的供水量,

万m
3
; D j , t表示第 j 个用户第 t时段的需水量,万 m

3
。

干渠输水能力约束为

CZ
m

[ Cm ( 9)

式中: CZ
m
表示第 m 个分水口流向下一段干渠的水

量,万 m
3
; Cm 表示第m 个分水口所在干渠的设计

输水水量, 万 m
3
。

变量非负约束,即所有变量非负限制。

2. 3  模型求解

求解多目标优化配置模型, 一些学者采用智能

优化算法进行求解, 如粒子群算法
[ 11 ]
、遗传算

法
[ 12]
和蚁群算法

[ 1 3]
等。本文采用权重法将多目

标优化模型转化为单目标模型求解, 并用 LINGO

软件求解单目标模型,通过假定不同权重得到非劣

解集。

在单目标优化过程中, 采用用户权重系数处理

有限水资源量在不同用户之间的竞争性分配问题。

用户权重系数反映有限水资源量在不同用户间分配

时的优先级别与分配比例关系; 用户间的权重系数

主要依据生活、生产、生态等不同用户优先供水的次

序级别进行设定。

3  基于区间犹豫模糊语言与 TOPSIS 的多

目标决策方法

  本文采用基于区间犹豫模糊语言集与 T OPSIS

的多属性决策方法, 处理多目标非劣解集的优选问

题。因为每个决策者对方案优劣的界定不完全一

样, 所以该方法充分考虑到了主观性。此方法中区

间数
[ 14]
的加入较之前的方法有很大的改进,区间数

可以为决策者的判断留有余地,比单值更加灵活,在

扩大评价范围的同时也使得评价更具有代表性和说

服力。区间数与犹豫模糊理论 [ 15] 的结合使该方法

在主观因素上能更好地表达人们在决策时的犹豫心

理, 降低了决策者主观判断出现失误的风险。在对

水资源优化配置方案进行评价时, 决策专家往往需

要考虑多个指标如缺水量、调水量等, 在对每个指标

进行评价时用区间犹豫模糊语言来表达他们的犹豫

心理可有效选择最优方案。

3. 1  区间犹豫模糊语言概述

3. 1. 1  区间犹豫模糊语言集合
对于水资源多目标优化配置的非劣解集(方案

集) ,设 X= { x i | i = 1, 2, ,, n}为待评价的方案集

合, S 表示一个语言术语集合; sD( x)表示对方案 x 的

评价,且 sD( x ) I S。例如 S = { s0 , s1 , s2 , s3 , s4 , s5 , s6 } ,

其中 s3 为中立评价/一般0, 其余分别为 s0 表示/很
差0、s1 表示/差0、s2 表示/较差0、s4 表示/ 较好0、s5

表示/好0、s6 表示/很好0。则,定义区间犹豫模糊语

言集合[ 16217]

A = {3x , sD( x ) , H A ( x )4| x I X } ( 10)

其中 H A ( x )是有限个封闭区间数的集合且区间数

范围为( 0, 1] ,表示 x 方案对应于 sD( x)评价级别的可

能性与配对程度。
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一个方案 x 的评价语言集合为3sD( x) , H ( x )4, 它

是区间犹豫模糊语言集合中的一个元素, 称其为区

间犹豫模糊语言数。如:

A= {3x , sD( x) , H A ( x )4| x I X }=

3x 1 , s2 , { [ 0. 2, 0. 3] , [ 0. 3, 0. 4] , [ 0. 4, 0. 5] }4,

3x 2 , s3 , { [ 0. 4, 0. 6] , [ 0. 7, 0. 8] , [ 0. 8, 0. 9] }4

(11)

即为一个包含两个方案的区间犹豫模糊语言集合,

3x 2 , s3 , { [ 0. 4, 0. 6] , [ 0. 7, 0. 8] , [ 0. 8, 0. 9] }4是其

中一个区间犹豫模糊语言数, [ 0. 4, 0. 6]表示某个专

家对 x 2 方案的某个指标评价为 s3 的配对程度, 配

对程度越接近 1表示 x 2 对应于 s3 的可能性越高,

配对程度越接近 0 表示 x 2 对应于 s3 的可能性越

低。其他区间数的含义与之相同。

3. 1. 2  评价术语的距离测度

设 SA和 S B是语言集合中的两个元素, 则定义

SA和 S B之间的距离测度[ 18] 为

d( SA, S B) =
| A- B|
2k + 1

( 12)

式中: k 表示语言术语集合 S 中的中立评价的下

标; 2k + 1 表示语言术语集合 S 中评价级别的

个数。

设 b= [ b
m
, b

n
] = { x | bm [ x [ bn} , 则称 b 为一个

区间数。对于区间数有如下的运算法则[ 19] :

区间数的加法

b1+ b2= [ b
m
1 + b

m
2 , b

n
1 + b

n
2 ] ( 13)

区间数的减法

b1- b2= [ b
m
1 - b

m
2 , b

n
1 - b

n
2 ] ( 14)

3. 2  区间犹豫模糊语言数距离测度
距离相似性测度

[ 20222]
是用距离刻画匹配实体之

间相似性程度的一种定量度量指标。把距离相似性

测度应用到区间犹豫模糊语言集合中,能够度量两

个方案之间的差距, 对比不同方案与理论最优解和

最劣解的距离来寻求最优方案。基于以上理论, 本

文运用距离相似性测度衡量同一个指标下两个方案

的区间犹豫模糊语言数之间的距离。

3. 2. 1  距离相似性测度
设和是任意两个水资源优化配置方案, 对于区

间犹豫模糊语言集合

A = {3x i , sD( x
i
) , H A ( x i )4x 1 , x 2 } ( 15)

其中H A ( xi )= {[Kmit ,K
n
it ] | [ K

m
it , K

n
it ] < (0, 1] , t= 1, 2, ,,

T }是按从大到小顺序排列的区间数组合。设每个

方案都具有 c个评价指标, 则 c个评价指标的闵可

夫斯基距离
[ 23]
为

d( x 1 , x 2) = E
c

l = 1

| Dl ( x 1)- Dl ( x 2) |
2

(2k + 1) 2 + E
T

t= 1
( | Kml1t- Kml2t |

2+ | Knl1t- Knl2t |
2
) ( 16)

式中:Kmlit , K
n
lit为第 l 个指标下 x i 评价方案的第 t 个

区间数的下限和上限。使用上述距离测度公式的前

提为区间犹豫模糊语言数中的区间数个数 T 相等。

当区间数个数不相等时则向区间数数量少的犹豫模

糊数中添加区间数至相等。

在运用 TOPSIS法时,需要根据决策矩阵找出

最优方案(理论最优解)和最劣方案(理论最劣解) ,

这里采用一种给区间模糊语言数打分的方法从而在

众多方案中找出最优方案与最劣方案。

3. 2. 2  语言尺度函数与打分函数

设 Di 是一个非负实数,语言尺度函数 f 是从语

言到实数的一个映射, 即 f : s i y Di ( i = 0, 1, 2, ,,

2k ) , 0 [ D0 < D1 < ,< D2 k。本文中使用的语言尺度

函数
[ 18]
为

f ( si )= Di=
i

2k
( i= 0, 1, 2, ,, 2k) , Di I 0, 1] ( 17)

设 A= 3sD(A) , H A4= 3sD(A) , G
K= [Km , Kn] I H

A

{ [Km, Kn ] }4

是一个区间犹豫模糊语言数, 则 H A 的期望为

E K[ H A] =

E
[Km , Kn] I HA

(Km, Kn )

2 #H #
A

, 其中 H
#
A 是 H A中区间

数的总个数。相应地, A的打分函数
[ 18]
为 E ( A) =

f ( sD(A) ) @ E K(H A)。打分函数值越大,区间犹豫模糊

语言数越大。

根据上述方法, 可计算每个指标各个方案对应

的区间犹豫模糊语言数的打分函数, 通过打分函数

的比较, 将每个指标下得分最高的方案的区间犹豫

模糊语言数组合在一起, 得到理论最优解 x
+
, 反之

得到理论最劣解 x
-
。

3. 3  基于区间犹豫模糊语言集与 T OPSIS

的决策流程

T OPSIS 法
[ 24225]

又称为优劣解距离法, 其基本

原理是通过度量评价方案与最优解、最劣解的距离

来进行排序, 若评价方案最接近最优解同时又最远

离最劣解则为最优。本文结合区间犹豫模糊语言数

的距离相似性测度与 T OPSIS 法, 对水资源优化配

置方案进行多指标评价决策。

在水资源优化配置方案遴选问题中, 设有 n个

非劣解方案X = { x 1 , x 2 , ,, x n} ,有 m 个指标 Y =

{ y 1 , y2 , ,, y m} , 有 z 个专家对各方案的每个指标进

行评价。决策流程见图 4。
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图 4 基于区间犹豫模糊语言集与 T O PSIS 的决策流程

  Step 1建立区间犹豫模糊语言决策矩阵。

Step 2根据风险偏好及区间数添加规则, 添加

区间数使每个指标下各方案的区间数相等。

Step 3根据区间犹豫模糊语言数的比较准则确

定理论最优解与理论最劣解。

Step 4根据距离相似性测度公式, 计算每个方

案与理论最优解和理论最劣解的距离。

Step 5 计算每个方案的相对贴近度 C i , C i =

d( x i , x
-
) / [ d( x i , x

+
) + d( x i , x

-
) ]。对其进行排

序, C i 越大,方案越优。

4  实例分析

4. 1  非劣解生成

以 1956年至 1961年水文长系列资料计算, 改

变权重系数求解多目标模型得到非劣解集, 最终得

到 7个非劣解方案, 即 X = { x 1 , x 2 , x 3 , x 4 , x 5 , x 6 ,

x 7}。整理可得水资源优化配置方案集见表 1、表 2、

图5。

表 1 多目标权重配置方案

方案 年总缺水量 年总调水量

1 0. 95 0. 05

2 0. 90 0. 10

3 0. 80 0. 20

4 0. 70 0. 30

5 0. 55 0. 45

6 0. 40 0. 60

7 0. 25 0. 75

表 2  水资源优化配置方案结果
单位:亿 m3

方案 年均缺水量 年均调水量

1 1. 41 14. 09

2 0. 97 14. 79

3 0. 73 15. 69

4 0. 89 15. 37

5 1. 02 15. 13

6 1. 04 15. 05

7 1. 68 13. 72

  由图 5可知, 年均调水量与年均缺水量大致成

反比关系:年均调水量越大, 缺水量越小;年均调水

量越小, 缺水量就越大。因此,缺水量与调水量的目

标相互冲突, 需要综合考虑缺水量与调水量,对非劣

解集进行筛别选取最优方案。

图 5  年均缺水量与调水量对比

4. 2  水资源优化配置方案优选

从 7个水资源优化配置方案中选取最优非

劣解方案, 从年均缺水量和年均调水量两个指标
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Y= { y1 , y 2}对这 7 个方案进行评价。语言集 S=

{ s0 , s1 , s2 , s3 , s4 , s5 , s6 }中的元素分别表示非常差、

差、较差、一般、较好、好、非常好。决策专家根据主

观经验和客观因素对 7个方案的每个指标进行评

价, 评价结果以区间犹豫模糊语言决策矩阵的形式

给出。

经过讨论与协商,最终的区间犹豫模糊语言决

策矩阵见表 3。

表 3  区间犹豫模糊语言决策矩阵

方案 y 1 y2

x1 3s2 , { [ 0. 6, 0. 9] }4 3s4 , {[ 0. 4, 0. 7] , [ 0. 7, 0. 9] }4

x2 3s4 , { [ 0. 3, 0. 5] , [ 0. 7, 0. 9] }4 3s3 , {[ 0. 4, 0. 6] , [ 0. 6, 0. 7] }4

x3 3s5 , { [ 0. 4, 0. 6] , [ 0. 6, 0. 8] }4 3s1 , {[ 0. 3, 0. 7] }4

x4 3s4 , { [ 0. 8, 0. 9] }4 3s2 , {[ 0. 5, 0. 8] , [ 0. 8, 0. 9] }4

x5 3s3 , { [ 0. 2, 0. 4] , [ 0. 4, 0. 5] , [ 0. 6, 0. 8] }4 3s4 , {[ 0. 7, 0. 8] }4

x6 3s3 , { [ 0. 2, 0. 3] , [ 0. 3, 0. 4] , [ 0. 6, 0. 7] }4 3s3 , {[ 0. 1, 0. 3] , [ 0. 3, 0. 5] , [ 0. 6, 0. 8] }4

x7 3s1 , { [ 0. 3, 0. 6] , [ 0. 7, 0. 9] }4 3s5 , {[ 0. 1, 0. 3] , [ 0. 4, 0. 7] }4

  根据水资源优化配置默认风险规避原则, 添加

最小的区间数, 使各个区间犹豫模糊语言数的区间

数个数相等, 处理结果见表 4。

表 4 正规化区间犹豫模糊语言决策矩阵

方案 y 1 y2

x1 3s2 , { [ 0. 6, 0.9] , [ 0. 6, 0. 9] , [ 0. 6, 0. 9] }4 3s4, { [ 0. 4, 0. 7] , [ 0. 7, 0. 9] , [ 0. 4, 0. 7] }4

x2 3s4 , { [ 0. 3, 0.5] , [ 0. 7, 0. 9] , [ 0. 3, 0. 5] }4 3s3, { [ 0. 4, 0. 6] , [ 0. 6, 0. 7] , [ 0. 4, 0. 6] }4

x1 3s5 , { [ 0. 4, 0.6] , [ 0. 6, 0. 8] , [ 0. 4, 0. 6] }4 3s1, { [ 0. 3, 0. 7] , [ 0. 3, 0. 7] , [ 0. 3, 0. 7] }4

x4 3s4 , { [ 0. 8, 0.9] , [ 0. 8, 0. 9] , [ 0. 8, 0. 9] }4 3s2, { [ 0. 5, 0. 8] , [ 0. 8, 0. 9] , [ 0. 5, 0. 8] }4

x5 3s3 , { [ 0. 2, 0.4] , [ 0. 4, 0. 5] , [ 0. 6, 0. 8] }4 3s4, { [ 0. 7, 0. 8] , [ 0. 7, 0. 8] , [ 0. 7, 0. 8] }4

x6 3s3 , { [ 0. 2, 0.3] , [ 0. 3, 0. 4] , [ 0. 6, 0. 7] }4 3s3, { [ 0. 1, 0. 3] , [ 0. 3, 0. 5] , [ 0. 6, 0. 8] }4

x7 3s1 , { [ 0. 3, 0.6] , [ 0. 7, 0. 9] , [ 0. 3, 0. 6] }4 3s5, { [ 0. 1, 0. 3] , [ 0. 4, 0. 7] , [ 0. 1, 0. 3] }4

  计算每个方案下缺水量与调水量区间犹豫模糊

语言数的打分函数, 见表 5。

表 5 区间犹豫模糊语言数打分函数

方案 y 1 y2

x 1 0. 250 0. 422

x 2 0. 356 0. 275

x 3 0. 472 0. 083

x 4 0. 567 0. 239

x 5 0. 242 0. 500

x 6 0. 208 0. 217

x 7 0. 094 0. 264

  通过表 5可以确定理论最优解和理论最劣解。

x
+ = 3s4 , { [ 0. 8, 0. 9] , [ 0. 8, 0. 9] , [ 0. 8, 0. 9] }4,

3s4 , { [ 0. 7, 0. 8] , [ 0. 7, 0. 8] , [ 0. 7, 0. 8] }4;

x
- = 3s1 , { [ 0. 3, 0. 6] , [ 0. 7, 0. 9] , [ 0. 3, 0. 6] }4,

3s1 , { [ 0. 3, 0. 7] , [ 0. 3, 0. 7] , [ 0. 3, 0. 7] }4。

计算各个方案与理论最优解和理论最劣解的距

离及其相对贴近度,计算结果见表 6。

相对贴近度 C i 越小, 表明该方案与理论最优解

的相对距离越近, 与理论最劣解的相对距离越远,由

此可得方案优劣排序如下:

x 4> x 1> x 5 > x 2> x 7 > x 6 > x 3 , 所以最优方案

是 x 4。方案 x 4 的年均缺水量较小, 年均调水量也

处在一个相对合理的水平上。

表 6 各方案与理论最优最劣解的距离及其相对贴近度

距离及其相对贴近度 x 1 x2 x3 x 4 x5 x 6 x 7

d ( x i , x
+ ) 0. 641 6 1. 063 2 1. 124 3 0. 426 2 1. 000 2 1. 486 9 1. 488 0

d ( x i , x
- ) 0. 783 6 0. 644 4 0. 605 4 1. 133 2 0. 930 2 0. 832 6 0. 858 2

Ci 0. 450 2 0. 622 6 0. 650 0 0. 273 3 0. 518 1 0. 641 0 0. 634 2

5  结  论

工程调水条件下的水资源多目标优化配置需要

统筹协调本地水与工程调水的关系, 在优选非劣解

时对两个向相反方向优化的指标进行评价, 定义区

间犹豫模糊语言数的距离测度, 将之与传统的
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TOPSIS方法相结合, 用基于区间犹豫模糊语言集

与 TOPSIS的多指标决策方法优选非劣解集, 主要

结论如下: ( 1)经过对鄂北水资源配置方案的遴选,

选择 4号方案为最优水量调度方案。4号方案侧重

于降低缺水量的同时兼顾调水量,具有较高的合理

性和可行性,对于鄂北水资源配置工程的实际应用

有较高的参考价值。( 2)基于区间犹豫模糊语言集

与T OPSIS的水资源多目标决策方法经本文实例验

证具有较好的稳定性。
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Multi2objective decision2making of water resources
based on interval hesitant fuzzy language set

XIAO Yao1 , ZH ONG Pingcan1 , XU Bing1, 2 , M A Yufei1 , GAO Yihui3

( 1. Co llage o f Hy dr olog y and W ater Reso ur ces, Ho hai U niversity, Nanjing 210098, China; 2. H ydro lo gy and Water Resources

Department, Nanjing H ydraulic R esear ch Institute, N anjing 210029, China; 3. Water Resources and Water

Env iro nment Department, Z hejiang Institute of H ydr aulics & Estuar y, Hang zhou 310020, China)

Abstract: T aking t he w ater r eso urces a llo cation pro ject in the no rthern H ubei as the object, the mult i2wat er2source multi2objec2

tive o ptimal allo cation was studied under the backgr ound of a lar ge2scale w ater tr ansfer project . T he r eser voirs in the nor ther n

Hubei are div ided into thr ee t ypes: filling reservo ir s, compensatio n r eser vo irs, and online reserv oir s. T he wat er resources alloca2

tion pr oject in the nor ther n H ubei is sy stematically g eneralized accor ding to the char acter istics o f v ario us reserv oir s. A multi2

water2so urce multi2o bject ive optima l allocation model is established w ith the minimum annual w ater sho rtag e and the minimum

water transfer cost as the objective funct ion. T he w eight coefficient method is used to obtain the Par eto optimal set . T he multi2

objective decisio n2making metho d based on int er val hesitant fuzzy lang uag e and T O PSIS is ado pted t o evaluate the w ater shor t2

ag e and w at er tr ansfer o f each scheme and select t he o ptimal scheme. T he r esults sho w that: for the w ater r esources allocatio n

pr oject in the nor thern H ubei, the scheme w ith a weig ht ratio of water shor tage to w ater tr ansfer being 7B 3 is t he best in co m2

prehensive evaluat ion, w hich focuses on w ater sho rtag e while the w ater tr ansfer cost is taken into account; the multi2objectiv e

decisio n2making met ho d o f water resources based on interv al hesitant fuzzy lang uage set and T OP SIS has been pro ved to hav e

high stability and feasibility by ex amples.

Key words:w ater transfer project; o ptimal allocation; mult i2objectiv e; hesitant fuzzy lang uag e; T O PSIS

  T he opt im al al locat ion o f w ater resources is an

im po rtant measure for the rat ional and ef ficient use

of w ater resources, w hich is also a key issue in the

resear ch of w ater resour ces[ 123] . T he resear ches[ 425]

on the opt im al allocat ion of w ater reso urces in Chi2
na and abro ad has made g reat pro gress, f rom sin2
g le2object ive to m ulti2objective, nam ely that it

shift s fr om a single pursuit of econom ic go als to

com prehensiv e co nsideration of social, econom ic,

env ir onm ental, and other g oals, and from an opt i2
mal dispatch of a single w ater source to a com plex

conf igurat io n of joint opt im al dispatch o f multiple

w ater so urces. Zhang et al. [ 6] establ ished the m ult i2

object ive optimal al locat ion model in the main

stream sect ion of the Yellow river, and used an im2
pr oved genet ic alg orithm to solve the optim al allo2
cat ion of the river sect ion. Yan et al. [ 7] established

a m ulti2objective o pt imal m odel w ith the goal of
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minim izing the weighted r elat ive total w ater short2
ag e depth and the total cost of system w ater sup2
ply, w hich w as solv ed by mult i2object iv e part icle

sw arm opt imizatio n ( M OPSO) . Gu et al. [ 8] estab2

lished a multi2objective risk analy sis mo del and

pro posed a mult i2object ive risk assessment metho d

for optim al al locat ion of w ater reso urces based on

stochastic simulat ion technolog y. Based on the es2
tablishment o f a coupling quant itat ive model for

the jo int dist ribut ion of w ater supply and demand

in the irrigated area, Fu et al. [ 9] analy zed the en2
counter probability of w ater shor tag e and then con2
st ructed an interval linear prog ramming m odel. Ac2
cording to the dem and and total cont ro l of reg io nal

w ater and the po llut ion contro l requir em ents in the

w ater funct ion zo ne, Gao et al.
[ 10]

established an

opt imal allocation m odel of regional w ater re2
sources based o n the dual co nt rol of w ater quant ity

and quality, calculated the allocatio n benef it s w ith

AH P method, ent ropy w eight m ethod, and AH P2
entropy w eight coupled metho d under dif ferent

scenarios and then selected the optim al allocation

scheme. But fr om the ex ist ing literature, the mult i2

objective decision2making metho d is st ill under de2
v elo pment. This paper intends to build a m ult i2w a2
ter2source mult i2object ive opt imal allocatio n m odel

w ith the minimum annual w ater shor tag e and the

minim um w ater t ransfer cost as the object iv e func2
t ion under the backgr ound of a lar ge2scale w ater

tr ansfer project . T he w eig ht coeff icient metho d is

used to so lve the o pt imal allocat ion model and ob2
tain the Pareto opt imal set. The mult i2object ive de2

cision2m aking method based on interval hesitant

fuzzy language and T OPSIS is adopted to select the

opt imal scheme. Taking allo cat io n project of w ater

resources in the no rthern H ubei as the object, we

carry out case studies and recom mend the opt imal

scheme o f w ater transfer.

1  Generalization of water resources alloca2
tion project

  The w ater resources allocatio n pro ject in the

no rthern H ubei uses the Qingquang ou tunnel to di2
v ert w ater f rom the Danjiang kou r eserv oir. With2
o ut affect ing the scale and pro cess o f the w ater

t ransfer in the middle ro ute of the South2to2N orth

Water Diversio n Project , this project has solved the

problem of w ater sho rtag es in the no rthern H ubei

and m eets the w ater demand for living , pro duct ion

and eco logy in the w ater2receiving area o f the

northern H ubei.

T he o pt imal allocat ion model of w ater re2
sources in the northern H ubei is r elat ively com2
plex , including m ultiple w ater sources, mult iple us2
er s, and multiple nodes. The element generalizat ion

is m ainly div ided into three fo rms: nodes, reser2
voirs, and users. No des are div ided into sto rag e

nodes, subsiding w ater no des, m ain canal co nt ro l

nodes, and w ater diver sion nodes at the bleeder.

Reserv oirs are div ided into f illing reserv oirs, com2
pensat ion reservoirs ( virtual reser voirs set up

w hen the bleeder o f gener al main canal is of dir ect

supply and co mpensat ion) , and online reserv oirs.

U sers are div ided into domest ic w ater, eco logical

w ater, industrial water, and ag ricultural w ater.

1. 1  Filling reservoir

Fil ling reservo ir means that the reservoir w il l

receive the w ater diver ted f rom the bleeder. T his

par t o f w ater w ill direct ly enter the fil ling reser2
voir, and w ill be adjusted and dist ributed w ith the

natural w ater, and then supplied to the users. The

specif ic g eneralization is show n in Fig. 1.

Fig. 1  Generalization of f illin g reservoi r m odel

T he balance equat ion of w ater quant ity of the

reservo ir is

V i, t+ 1= V i, t+ W Ri , t + WK i , t + W Y i , t +

WT
i , t

- Oi, t- SS
i , t

( 1)

w here: V i, t+ 1 and V i, t r epresent the storag e capacity

of the i2th reservoir at m oments t+ 1 and t, respec2
t iv ely ;W R

i , t
represents the natural inf low o f the i2

th reservo ir during the t2th period;W K
i, t

represents

subsiding w ater of the i2th reservoir received f rom

other reserv oirs during the t2th period; WY
i , t

repre2
sents the diverted w ater received by the i2th reser2
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v oir dur ing the t2th period; W T
i , t

represents the

subsiding w ater of users received by the i2th reser2
v oir dur ing the t2th period; Qi, t r epresents the sur2
plus w ater received by the i2th reservoir during the

t2th period; SSi , t repr esents the w ater supply o f the

i2th reservoir during the t2th period.

In addition, fo r the rest rict ion of the storage

capacity of the f illing reservoir, the diverted w ater

volume should be added to the storage capacity to

further rest rict the storage capacity, and the fol2
lo w ing stor ag e capacity const raint should be m et :

Vmax
i

\V i, t+ 1+ W YK
i , t

( 2)

w here:W YK
i , t

represents the diverted w ater volume

of the i2th reservoir during the t2th period.

1. 2  Compensation reservoir

Co mpensat ion reserv oir means that the reser2
v oir w ill receiv e the w ater diverted f rom the bleed2
er, but this par t of w ater cannot auto matically f low

into the r eser voir for reg ulat ion, but be diver ted to

the do wnstr eam channel of the compensat ion reser2
v oir, w hich is supplied to dow nst ream users tog eth2
er w ith the local runof f adjusted by the reserv oir.

Therefore, the co mpensat ion r eser voir mainly im2
plements compensat ion for w ater div ersion by re2
adjust ing the local runo ff . In the mo deling pr ocess,

a virtual reservoir w ith a storag e capacity of 0

( namely, div ersion channel) is established in the

dow nst ream o f co mpensat ion r eser voir, and the di2

v erted water at the bleeder does no t enter the co m2
pensation reservo ir but is direct ly supplied to the

cor respo nding users thro ug h the virtual reserv oir,

namely that the w ater is supplied to the users in

this area by the co mpensat ion reservo ir and the

cor respo nding virtual reserv oir. The specif ic m odel

generalizat ion is show n in Fig . 2.

Fig. 2  General izat ion of com pensat ion res ervoir model

1. 3  Online reservoir (Fengjiangkou reservoir)

Online reservoir is above the m ain canal chan2
nel. All main canal w ater and its ow n natural in2

f low w ill direct ly enter the r eser voir for compre2
hensive reg ulat ion and storage, and then be sup2
plied to the corresponding users by the online res2
er voir. Other outf low w ater ( including surplus w a2

ter) will cont inue to f low along the main canal to

the dow nst ream river. T herefore, as a t ransfer sta2
t io n, the online reservo ir is v ery important for the

impoundment of m ain canal water. T he specific

g ener alizat ion of online reservo ir model is show n in

Fig . 3.

Fig. 3  Generaliz at ion of online reservoir model

T he w ater resour ces al locat ion pr oject in this

area is g eneralized into tw o parts, namely, elements

and relat ionships. Af ter g eneralizatio n, the final

elem ents include 79 nodes, 196 reservoirs, 11 virtu2

al reserv oirs, and 148 users.

2  Multi2water2source multi2objective optimal
allocation model

  T he northern H ubei w ater resources al locat ion

project uses the Qingquang ou tunnel to divert w a2
ter fr om Danjiangkou reservoir into tw o lines,

nam ely, the Yindan g eneral main canal and the

main diver sion canal of northern H ubei. The Yin2
dan g ener al main canal supplies water to the reser2
voirs in the Tangx i region, and then supplies water

to users in each ar ea thro ug h each r eser voir. The

main diversio n canal in the nor thern H ubei sup2

plies water to the r eser voirs along the nor thern

H ubei area through the bleeders and then supplies

w ater to users in each area through each reservoir.

T he w ater resources allo cat ion system of nor thern

H ubei is a lar ge and com plex system, w hich re2
quir es the coordinat io n of three aspects. T he first

aspect is the relat ionship betw een local w ater and

div erted w ater, w hich fo cuses o n the w ater t ransfer

cost , the determ inat io n o f w ater t ransfer t ime, and

the dist ribut ion o f w ater t ransfer in each w ater2re2
ceiving area. The second aspect is the m utual com2
pensat ion relat ionship betw een various reserv oirs,

w hich m ainly determines the opt imal w ater supply
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sequence of each r eser voir so as to im prov e the ut i2
lizat ion rate of local w ater resources. T he thir d as2
pect is the r elat ionship betw een w ater supply and

w ater dem and of the reservo ir s, w hich uses the

reg ulat ion and storag e of the reservoirs so that the

w ater supply pro cess can meet the r equirements o f

the w ater demand pro cess as much as possible. For

such a com plex, mult i2w ater2so urce, mult i2objec2
t ive, and m ult i2user allo cat io n problem, the f irst

task is to build an overall larg e2scale and mult i2ob2
ject ive o pt imizat ion model. Through the application

opt imizat ion of water t ransfer projects in the re2
g ion, priority should be given to local w ater re2
sources and w ater t ransfer reduct ion, so as to

achieve the dual g oals o f the m inimum w ater short2
ag e and the minim um w ater t ransfer cost.

2. 1  Objective function

Co nsidering the so cial and economic g oals o f

the o pt imal allo cat io n of w ater resources, the m ini2
m um total annual w ater shortage and the m inimum

w ater t ransfer cost are adopted to reflect social

goal and econom ic g oal r espect ively.

Aim to minimize the annual total w ater shortage

F1= m in E
J

j = 1
E
T

t = 1
aj # (D j , t- S j , t ) ( 3)

w here: aj is the w eig ht co ef ficient of the j2th user,

indicating the importance of each user; D j , t repre2
sents the w ater demand ( 104 m3 ) of the j2th user

during the t2th period; S j , t represents the amount o f

w ater ( 104 m3 ) received by the j2th user during the

t2th period.

Aim to minimize the water diversion project cost

F2= m in BE
I

i= 1
E
T

t= 1
Y i, t ( 4)

w here: Y i, t represents the w ater t ransfer quant ity

( 10
4

m
3
) o f the i2th reservo ir during the t2th peri2

od; B is the w ater transfer co st ( CNY 104 / 104 m3 ) .

Using the w eight method, w e can convert the

mult i2object iv e o pt imizat io n problem into a sing le2
objective opt imizat ion problem :

F= m in [ KF 1+ ( 1- K) F2 ] ( 5)

w here: Kis the w eight coeff icient of w ater shortage

and indicates the importance of w ater shortage

relat ive to w ater tr ansfer.

2. 2  Constraints

Co nst raint of r eser voir storage capacity

Vmin
i

[ V i, t [ Vmax
i

( 6)

w here: V i, t represents the storage capacity o f the

i2th reserv oir during the t2th period ( 104 m 3 ) ; V min
i

repr esents the low er limit of the storage capacity of

the i2th reservoir ( 104 m3 ) ; V max
i

represents the

upper limit of the storag e capacity of the i2th reser2
voir ( 104 m3 ) .

Const raint of desig n w ater diversion

W FZ
m

[ WFS
m

( 7)

w here:W FZ
m

represents the total w ater diversion of

the m2th bleeder ( 10
4

m
3
) ;W FS

m
repr esents the de2

sign water diver sion o f the m2th bleeder ( 104 m3 ) .

Water demand constraint

S j , t [ D j , t ( 8)

w here: S j , t represents the w ater supply receiv ed by

the j2th user during the t2th period ( 104 m3 ) ; D j , t

repr esents the w ater demand of the j2th user dur2
ing the t2th period ( 104 m3 ) .

Const raints on the w ater delivery capacity of

main canal

CZ
m

[ Cm ( 9)

w here: CZ
m

represents the am ount o f w ater f low ing

f rom the m2th bleeder to the next sect io n o f the

main canal ( 104 m3 ) ; Cm represents the desig ned

w ater delivery volume o f the main canal w here the

m2th bleeder is lo cated ( 104 m3 ) .

Non2negat ive variable co nstr aints, i. e All v ar i2

ables are non2neg ative.

2. 3  Model solution

T o solve the mult i2object ive optimal al locat ion

mo del, some scholars choo se intellig ent optim iza2
t io n algorithms, such as part icle sw ar m optim iza2
t io n[ 11] , g enetic alg orithm[ 12] , and ant colony algo2
rithm [ 13] . This paper uses the w eight method to

t ransfo rm the mult i2object ive opt imizat ion model

into the sing le2object iv e m odel, and adopts the

LINGO sof tw are to solv e the single2objective m od2
el. Finally, the par eto o pt imal set is obtained by as2
suming different w eights.

In the sing le2object ive o pt imizat ion process,

the user w eig ht co ef ficient is used to deal w ith the

compet it ive allocat ion of l im ited w ater resources

among dif ferent users, w hich ref lects the prior ity

and dist ribut ion propo rt io n of the limited w ater re2
sources among dif ferent users. T he w eig ht co ef f i2
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cients are m ainly set accor ding to the priority o rder

of w ater supply for different users, such as life,

pro duct ion, and eco logy .

3  Multi2objective decision2making method

based on interval hesitant fuzzy language

and TOPSIS

  T his paper adopts a m ult i2at t ribute decision2

making metho d based on interval hesitant fuzzy

lang uage sets and T OPSIS to deal w ith the o pt imi2
zat ion pro blem o f mult i2o bject ive Pareto opt imal

set. Because each decision m aker has dif ferent defi2
nit io ns for the quality of schem es, the above m eth2

o d fully takes into account the subject ivity. T he in2
terval number

[ 14]
int roduced in this m ethod is a

great improvement over the previous m ethods,

w hich can leave roo m for the judg ment of decision

maker and is more f lexible than a sing le value. In

addit ion, it ex pands the evaluat ion scope and m akes

the evaluat ion m ore repr esentative and convincing .

The combinat ion of interval numbers and hesitant

fuzzy theo ry[ 15] enables this method to bet ter ex2

press the hesitat ion of people in decision2m aking

fro m a perspect ive of subject ivity, and reduces the

failure risk of subject ive judg ments. W hen evalua2
t ing the opt imal allocat ion schemes of w ater re2

sources, decisio n2making ex perts of ten need to con2
sider mult iple indices such as w ater sho rtag e and

w ater t ransfer. When each index is evaluated, using

interval hesitat ing fuzzy lang uag e to express their

hesitat io n can ef fectively cho ose the opt imal

scheme.

3. 1  Overview of interval hesitant fuzzy lan2
guage

3. 1. 1  Interval hesitant fuzzy language set

For the Par eto o pt imal set ( scheme set ) of the

mult i2object iv e optim al al locat ion of water re2
sources, X= { x i | i= 1, 2, ,, n} is set as the set o f

schemes to be evaluated; S represents a set of lan2

g uag e terms; sD( x ) repr esents the evaluat ion o f the

scheme x , and sD( x ) I S. For ex ample, S= { s0 , s1 , s2 ,

s3 , s4 , s5 , s6 } , w here: s3 refers to the neutral evalua2
t ion " g eneral", and s0 , s1 , s2 , s4 , s5 and s6 refer to

"very po or", " poo r", "w o rse", " goo d", " bet ter" and

"very g ood" respect ively. Thus, the inter val hesi2

tant fuzzy lang uag e set [ 16217] is defined as follow s:

A = {3x , sD( x ) , H A ( x )4| x I X } ( 10)

w here: H A ( x ) is a set of a f inite number o f closed

intervals and the range of interval numbers is ( 0, 1] ,

indicat ing the po ssibility and degree o f the scheme

x m atching ev aluat io n level sD( x ) .

T he evaluat ion languag e set of scheme x is

3sD( x) , H ( x )4, w hich is an element in the set o f in2
terv al hesitant fuzzy lang uag es and is called the

num ber of interval hesitant fuzzy languages. For

example,

A = {3x , sD( x ) , H A ( x )4| x I X } =

3x 1 , s2 , { [ 0. 2, 0. 3] , [ 0. 3, 0. 4] , [ 0. 4, 0. 5] }4,

3x 2 , s3 , { [ 0. 4, 0. 6] , [ 0. 7, 0. 8] , [ 0. 8, 0. 9] }4

( 11)

It is an interval hesitant fuzzy lang uag e set contai2
ning tw o schemes, in which 3x 2 , s3 , { [ 0. 4, 0. 6] ,

[ 0. 7, 0. 8] , [ 0. 8, 0. 9] }4 is the number of interv al

hesitant fuzzy languages in one scheme and[ 014, 016]

indicates the pairing degree that an ex pert evalu2
ates a certain index o f the scheme x 2 as s3 . T he pai2
ring degree closer to 1 m eans that x 2 is mo re likely

to correspond to s3 , and the pairing degree closer to 0

means that x 2 is less likely to correspond to s3 . The

meaning of other interval numbers is the same.

3. 1. 2  Distance measure of evaluation terms

Assuming that SA and SB are tw o elements in

the lang uage set , the distance m easure[ 18] betw een

SA and SB is defined as

d( S A, SB)=
| A- B|
2k + 1

( 12)

w here: k represents the subscript of the neutral

evaluat ion in the language term set S, and 2k + 1

repr esents the number o f evaluat ion levels in the

languag e ter m set S.

It is assum ed that b= [ b
m
, b

n
] = { x | b

m [ x [
b
n
} , w here: b is called an interval num ber. For in2

terv al numbers, there are the fol low ing algo2
rithm s[ 19] :

Addit io n of interval numbers

b1+ b2= [ b
m
1 + b

m
2 , b

n
1 + b

n
2 ] ( 13)

Subtract ion of inter val num bers

b1- b2= [ b
m
1 - b

m
2 , b

n
1 - b

n
2 ] ( 14)

3. 2  Distance measure of interval hesitant

fuzzy language number

  T he distance sim ilarity measure
[ 20222]

is a quan2
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t itative m easure index that uses distance to de2
scribe the deg ree o f similarity betw een m atching

ent ities, w hich can be applied to the interval hesi2
tant fuzzy language set to measure the difference

betw een the tw o schem es. T he distance betw een

different solut ions and the theoret ical o pt imal/

w orst so lut ion is compared to find the opt imal

scheme. Based on the abo ve theor y, this paper uses

the distance similarity measur e to m easure the dis2
tance of interv al hesitant fuzzy language number s

in tw o schem es under the same index .

3. 2. 1  Distance similarity measure

Assuming that x 1 and x 2 ar e tw o arbit rary op2

t im al allocat ion schem es of w ater resources, for the

interval hesitant fuzzy language

A = {3x i , sD( x
i
) , H A ( x i )4x 1 , x 2 } ( 15)

H A ( x i )= { [Kmit , K
n
it ] | [ K

m
it ,K

n
it ] < (0, 1] , t= 1, 2, ,,

T } is the combinat ion of inter val numbers arr anged

in descending or der. Assuming that each scheme

has c evaluat ion indices, the M inkow ski distance
[ 23]

of c evaluat ion indices is

d( x 1 , x 2) = E
c

l = 1

| Dl ( x 1)- Dl ( x 2) |
2

(2k + 1) 2 + E
T

t= 1
( | Kml1t- Kml2t |

2+ | Knl1t- Knl2t |
2
) ( 16)

w here: K
m
lit and K

n
lit represent the low er limit and up2

per lim it of the t2th interval number in the evalua2
t ion scheme x i under the l2th index. T he premise o f

using the above distance measure form ula is that

the number of intervals T in the interval hesitant

fuzzy lang uage num ber is equal. When the num ber

of intervals is no t equal, the hesitant fuzzy num ber

w ith a small number of inter vals should be added

unt il it has the same interval number as other s.

When using the T OPSIS m ethod, w e should

find the opt im al scheme ( theoret ical optim al solu2

t ion) and the w o rst schem e ( theo ret ical w o rst so2
lut ion) accor ding to the decisio n m atrix . In this pa2
per, a scoring m ethod o f the inter val fuzzy lang uage

number is used to find the best schem e and the

w orst scheme am ong m any schem es.

3. 2. 2  Language scaling function and scoring

function

Assum ing that Di is set as a non2negat iv e r eal

number, the language scaling funct ion f is a mapping

from language to real numbers, namely f : si yDi ( i= 0,

1,2, ,,2k) , 0 [ D0 < D1< ,< D2k . The language scal2

ing funct ion
[ 18]

used in this paper is as follows:

f ( si )= Di=
i

2k
( i= 0, 1, 2, ,, 2k) , Di I _0, 1] ( 17)

Assum ing that A = 3sD(A) , H A4 = 3 sD(A) ,

G
K= [Km , Kn] I H

A

{ [ Km , Kn ] }4 is an interv al hesitant fuzzy

lang uage number , the expectat ion of H A is EK[ H A] =

E
[Km , Kn] I H

A

( K
m
,K

n
)

2 #H #
A

, w here H
#
A is the total num ber o f

interval numbers in H A. Corr espondingly, the sco2

ring funct io n of A[ 18] is E (A)= f ( sD(A) ) @ EK(H A) . A

larg er scoring funct ion value leads to the gr eater

interval hesitant fuzzy language number.

According to the abov e metho d, the scor ing

funct ion of the interval hesitant fuzzy languag e

num ber o f each index corresponding to each

schem e can be calculated. T hrough the co mparison

of the scoring funct ions, the interval hesitant fuzzy

languag e number of the schem e w ith the hig hest

score under each index is com bined to obtain the

theor et ical opt imal solut ion x
+

. Otherw ise, the

theor et ical w orst so lut ion x - can be o btained.

3. 3  Decision2making process based on interval

hesitant fuzzy language set and TOPSIS

  The TOPSIS method
[ 24225]

is also called the

T echnique for Order Preference by Sim ilar ity to an

Ideal Solut ion, w hose basic pr inciple is to sort the

evaluat ion schemes by m easuring the distance be2
tw een them and the optim al/ wo rst so lut ion. If an

evaluat ion scheme is the closest to the o pt imal so2
lution and the far thest fr om the w orst solut ion, it is

the best . This paper com bines the distance sim ilar i2
ty measur e of the interval hesitant fuzzy languag e

num ber and the TOPSIS m ethod to carry out

mult i2index evaluat ion and decisio n making of the

opt im al allocation schemes of w ater resources.

In the select ion pr oblem of the opt im al alloca2
t io n schemes of w ater reso urces, ther e are n Pareto

optimal solutions X = { x 1 , x2 , ,, x n} , m indices Y=

{ y 1 , y 2 , ,, y m } , and z ex perts evaluat ing each in2
dex of each scheme. T he decision2m aking process is

show n in Fig. 4.
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Fig. 4  Decision2making proces s bas ed on in terval h esitant fuzz y language set and TOPSIS

  Step 1 An interval hesitant fuzzy languag e de2
cision m atrix is established.

Step 2 According to the addit ion rules of risk

preference and inter val num ber, interval number o f

each schem e is added to m ake sure the schemes

have the sam e interval number under each index.

Step 3 The theoretical opt imal/ w or st so lut ions

ar e determ ined acco rding to the compar ison criteri2
o n of the interval hesitant fuzzy languag e num ber.

Step 4 Acco rding to the formula of distance

similarity m easure, the distance betw een each

scheme and the theo ret ical opt imal/ w o rst solution

is calculated.

Step 5 The relat ive closeness Ci of each scheme is

calculated and sorted, with Ci , Ci=
d(xi , x

-
)

d( xi , x
+
)+ d(x i, x-

)
.

A larg er C i m eans a bet ter schem e.

4  Case analysis

4. 1  Generation of Pareto optimal solution

Based o n the long series o f hydr olog ical data

fro m 1956 to 1961, the w eight coeff icients are

chang ed to so lve the multi2objectiv e model and ob2
tain the Pareto optim al set , and seven Pareto opt i2
m al so lut ions are obtained finally, namely, X = { x 1 ,

x 2 , x 3 , x 4 , x 5 , x 6 , x 7 } . T he o pt imal allocation

scheme sets of w ater resources af ter arrangement

ar e show n in T ab. 1, Tab. 2, and Fig. 5.

Tab. 1  M ul ti2object ive w eight al locat ion s chemes

Sch eme Total annual w ater s hortage Total annual w ater t ransfer

1 0. 95 0. 05

2 0. 90 0. 10

3 0. 80 0. 20

4 0. 70 0. 30

5 0. 55 0. 45

6 0. 40 0. 60

7 0. 25 0. 75

Tab. 2  Result s of opt imal al location s chem es of w ater res ou rces

Un it: 100 mill ion m 3

S cheme Average annual water shortage Average annual w ater transfer

1 1. 41 14. 09

2 0. 97 14. 79

3 0. 73 15. 69

4 0. 89 15. 37

5 1. 02 15. 13

6 1. 04 15. 05

7 1. 68 13. 72

Fig. 5  C om paris on of average annual w ater

shortage and w ater t ransfer
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  It can be seen fr om Fig . 5 that the av erag e

annual w ater t ran sfer is r oug hly inver sely pr o2
por t iona l to the a ver ag e annua l w ater sho rtag e.

T he lar ge r av era ge annual w ater t ra nsfer m eans

the sm aller w ater sho rtag e. T he sm alle r av er2
ag e annu al w ater t ran sfer m eans th e g rea ter

w a ter sh or tag e. T h e g oa ls of w ater sho rtag e

and w ater t r ansfer co nf lict w ith ea ch o ther, and

it is necessa ry to screen the Par eto o ptim al set

to select the o pt im al so lut ion thr oug h com pre2
hensive co nsider at ion o f w a ter sho rta g e and

w a ter tr ansfer.

4. 2  Selection of optimal allocation schemes

of water resources

This sect ion selects the Pareto opt im al scheme

from seven opt im al allocation schemes of w ater re2
sources. T hese seven schemes are evaluated by the

tw o indices Y = ( y1 , y2 ) , namely the average an2
nual w ater sho rtag e and the average annual w ater

t ransfer. The elem ents in language set S = { s0 , s1 ,

s2 , s3 , s4 , s5 , s6 } r epresent very poo r, poor, w orse,

g ener al, goo d, bet ter, and v ery go od r espect ively.

Based o n subject ive experience and object ive fac2
tors, the decisio n2making ex perts evaluate each in2

dex of these seven schemes and give the evaluat ion

results in the form of an interv al hesitant fuzzy lan2
guage decision m atrix .

Af ter discussion and neg ot iat ion, the final in2
terv al hesitant fuzzy languag e decision matrix is

show n in T ab. 3.

Tab. 3  Interval hes itant fu zzy lan guage decision mat rix

S cheme y 1 y2

x1 3s2 , { [ 0. 6, 0.9] }4 3s4, { [ 0. 4, 0. 7] , [ 0. 7, 0. 9] }4

x2 3s4 , { [ 0. 3, 0.5] , [ 0. 7, 0. 9] }4 3s3, { [ 0. 4, 0. 6] , [ 0. 6, 0. 7] }4

x3 3s5 , { [ 0. 4, 0.6] , [ 0. 6, 0. 8] }4 3s1, { [ 0. 3, 0. 7] }4

x4 3s4 , { [ 0. 8, 0.9] }4 3s2, { [ 0. 5, 0. 8] , [ 0. 8, 0. 9] }4

x5 3s3 , { [ 0. 2, 0.4] , [ 0. 4, 0. 5] , [ 0. 6, 0. 8] }4 3s4, { [ 0. 7, 0. 8] }4

x6 3s3 , { [ 0. 2, 0.3] , [ 0. 3, 0. 4] , [ 0. 6, 0. 7] }4 3s3, { [ 0. 1, 0. 3] , [ 0. 3, 0. 5] , [ 0. 6, 0. 8] }4

x7 3s1 , { [ 0. 3, 0.6] , [ 0. 7, 0. 9] }4 3s5, { [ 0. 1, 0. 3] , [ 0. 4, 0. 7] }4

  According to the default risk avo idance princi2
ple of opt imal allocat ion of w ater r esources, the

minim um interval number is added to m ake sure

that the interval number of hesitant fuzzy langua2
ges in each inter val is equal. T he processing results

are show n in Tab. 4.

Tab. 4  Normalized interval hesi tant fuz zy language decision mat rix

S cheme y 1 y2

x1 3s2 , { [ 0. 6, 0.9] , [ 0. 6, 0. 9] , [ 0. 6, 0. 9] }4 3s4, { [ 0. 4, 0. 7] , [ 0. 7, 0. 9] , [ 0. 4, 0. 7] }4

x2 3s4 , { [ 0. 3, 0.5] , [ 0. 7, 0. 9] , [ 0. 3, 0. 5] }4 3s3, { [ 0. 4, 0. 6] , [ 0. 6, 0. 7] , [ 0. 4, 0. 6] }4

x1 3s5 , { [ 0. 4, 0.6] , [ 0. 6, 0. 8] , [ 0. 4, 0. 6] }4 3s1, { [ 0. 3, 0. 7] , [ 0. 3, 0. 7] , [ 0. 3, 0. 7] }4

x4 3s4 , { [ 0. 8, 0.9] , [ 0. 8, 0. 9] , [ 0. 8, 0. 9] }4 3s2, { [ 0. 5, 0. 8] , [ 0. 8, 0. 9] , [ 0. 5, 0. 8] }4

x5 3s3 , { [ 0. 2, 0.4] , [ 0. 4, 0. 5] , [ 0. 6, 0. 8] }4 3s4, { [ 0. 7, 0. 8] , [ 0. 7, 0. 8] , [ 0. 7, 0. 8] }4

x6 3s3 , { [ 0. 2, 0.3] , [ 0. 3, 0. 4] , [ 0. 6, 0. 7] }4 3s3, { [ 0. 1, 0. 3] , [ 0. 3, 0. 5] , [ 0. 6, 0. 8] }4

x7 3s1 , { [ 0. 3, 0.6] , [ 0. 7, 0. 9] , [ 0. 3, 0. 6] }4 3s5, { [ 0. 1, 0. 3] , [ 0. 4, 0. 7] , [ 0. 1, 0. 3] }4

  T he scoring funct ion of the inter val hesitant

fuzzy lang uag e num ber of w ater shor tag e and w ater

tr ansfer under each scheme is calculated and sho wn

in Tab. 5.

  According to T ab. 5, the theo ret ical opt imal

scheme x
+

and the theo ret ical w orst scheme x
-

can

be determined.

x
+

= 3s4 , { [ 0. 8, 0. 9] , [ 0. 8, 0. 9] , [ 0. 8, 0. 9] }4,

3s4 , { [ 0. 7, 0. 8] , [ 0. 7, 0. 8] , [ 0. 7, 0. 8] }4;

x
- = 3s1 , { [ 0. 3, 0. 6] , [ 0. 7, 0. 9] , [ 0. 3, 0. 6] }4,

3s1 , { [ 0. 3, 0. 7] , [ 0. 3, 0. 7] , [ 0. 3, 0. 7] }4。

T he distance and relat ive clo seness betw een

each schem e and the theo ret ical o pt imal/ w orst so2

lution are calculated. T he calculat ion results are
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show n in T ab. 6.

Tab. 5  S coring fun ct ion of in terval h esitant fuzz y language num ber

Sch eme y 1 y2

x 1 0. 250 0. 422

x 2 0. 356 0. 275

x 3 0. 472 0. 083

x 4 0. 567 0. 239

x 5 0. 242 0. 500

x 6 0. 208 0. 217

x 7 0. 094 0. 264

  A smaller relat ive closeness C i means that the

relat iv e distance betw een the scheme and the theo2

retical opt im al so lut ion is smaller, and the r elat ive

distance betw een the scheme and the theoretical

w orst so lut ion is larger. Therefor e, the quality of

the schemes is ranked as follows: x4 > x 1 > x5 > x 2 >

x 7> x 6 > x 3 , and the optim al scheme is Scheme 4.

T he av erag e annual w ater shortage of Scheme 4 is

small and the average annual w ater t ransfer is also

at a r elat ively r easonable level.

T ab . 6  Distance b etw een each sch eme and the theor et ical optim al/ w ors t solu tion as well as th eir relat ive closen ess

Distance and relat ive closen ess x 1 x 2 x3 x 4 x5 x 6 x 7

d( x i , x+ ) 0. 641 6 1. 063 2 1. 124 3 0. 426 2 1. 000 2 1. 486 9 1. 488 0

d( x i , x
- ) 0. 783 6 0. 644 4 0. 605 4 1. 133 2 0. 930 2 0. 832 6 0. 858 2

Ci 0. 450 2 0. 622 6 0. 650 0 0. 273 3 0. 518 1 0. 641 0 0. 634 2

5  Conclusions

T he m ult i2object ive optim al allocat ion of w a2

ter resources under the condit ions of project w ater

tr ansfer r equires o verall co ordinat io n o f the rela2

t ionship betw een local w ater and project w ater

tr ansfer. W hen selecting the best solut io n f rom

the Pareto o pt im al so lut ions, w e ev aluate tw o in2

dices opt imized in o ppo site direct ions. T he dis2

tance m easure of interval hesitant fuzzy language

num ber is def ined and co mbined w ith the t radi2

t ional T O PSIS m ethod. T he Pareto optim al set is

selected by the m ulti2index decisio n2m aking m eth2

o d based on the interval hesitant fuzzy language

set and T O PSIS. T he fo llow ing conclusions can

be dr aw n: ( 1) Af ter the select io n o f the allocat ion

schem es of w ater reso ur ces in the northern H u2
bei, Schem e 4 is chosen as the opt im al w ater allo2

cat io n schem e. Scheme 4 focuses on reducing w a2

ter shor tag e w hile taking into acco unt w ater

tr ansfer, w ith hig h rat ionality and feasibility , and

has hig h refer ence v alue in the actual applicat io ns

to the allocat io n projects of w ater resources in the

no rther n H ubei. ( 2) The m ult i2object ive decisio n2
making m ethod o f w ater resources based o n inter2

v al hesitant fuzzy lang uag e set and T OPSIS has

been pro ved to have high stability by ex am ples in

this paper.
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