
Hydrological Sciences—Journal—des Sciences Hydrologiques, 44(4) August ! 999 573 

Fuzzy optimal model for the flood control system 
of the upper and middle reaches of the Yangtze 
River 

CHENG CHUNTIAN 
Civil Engineering Department, Dalian University of Technology, Dalian, China 
e-mail: ctcheng@dlut.edu.cn 

Abstract Based on the characteristics of the Yangtze River floods and the principles 
of fuzzy sets theory, a fuzzy optimal model has been established for the flood system 
of the upper and middle reaches of this river. The system is divided into three sub­
systems with specific flood control objectives. The Three-Gorges Reservoir plays an 
important role in the system. A method for producing flood operation alternatives of 
the Three-Gorges Reservoir is presented. Finally, the model is validated with three 
typical historical floods. The results show that the model is effective and flexible. 

Modèle d'optimisation flou pour la maîtrise des crues sur les biefs 
moyen et supérieur du Yangtze 
Résumé En s'appuyant sur les caractéristiques des crues du Yangtze et sur les 
principes de la théorie des ensembles flou, un modèle d'optimisation flou a été réalisé 
pour l'étude des crues des biefs moyen et supérieur du Yangtze. Le système a été 
divisé en trois sous-systèmes ayant chacun leur propre objectif de maîtrise des crues. 
Le réservoir des Trois-Gorges joue un rôle important dans le système et on présente 
une méthode d'élaboration de différents jeux de consignes d'exploitation de ce 
réservoir. Le modèle a été validé sur trois crues historiques caractéristiques. Les 
résultats démontrent que le modèle est efficace et souple. 

INTRODUCTION 

Reservoir flood operation is one of the important management objectives for sus­
tainable socio-economic development. The optimization of flood operations for a 
multi-reservoir system is usually a large-scale and complicated task. The main 
challenges in developing optimal or near-optimal reservoir operations lie in dealing 
with the complexity of systems typically involving many variables, many objectives, 
considerable risk, uncertainty, and human factors (Russell et ai, 1996). For these 
reasons, relatively little of the research on reservoir operating procedures has found its 
way into actual practice (Yeh, 1985; Simonovic, 1992). The typical optimal techniques 
such as linear programming, dynamic programming, and nonlinear programming are in 
practice unable to solve multi-reservoir flood operation optimization problems due to 
(a) the necessity of considering many state variables which results in the curse of 
dimensionality, and (b) the constraint of limited time in which decisions must be made 
at each reservoir. 

Reservoir flood operation in real time is considerably different from techniques 
needed for planning purposes. The former is constrained to the updating of inflow 
forecasting at the current period and decision making is usually effective only for the 
current period or the following periods. It is not necessary to find a strictly optimal 
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solution. In recent years, research has focused on evaluating feasible alternatives with 
the aid of strong and flexible decision-making support systems, and on finding a 
satisfactory solution or a group of satisfactory solutions. 

The objectives of the present paper are to develop a fuzzy optimal model of real­
time multi-reservoir operation, and establish comprehensive schemes that can be 
applied effectively and feasibly to the real-time flood operation of multi-reservoir 
systems. The method has been applied to the Yangtze River floods. 

BRIEF INTRODUCTION TO THE SYSTEM 

The Yangtze River is the largest river in China with a total drainage area of 
1 800 000 km" and a total length of about 6300 km. The middle Yangtze River, which 
extends from Yichang to Wuhan, is the region most frequently producing disastrous 
floods. The flood control on this river is very complex and extensive. This paper 
mainly considers the flood control system (Fig. 1), composed of the Three-Gorges 
Project, river levees, flood diversion regions, and tributary reservoirs (including Ertan, 
Goupitan, Tingzikou, Zipingpu, Geheyan, Jiangya, Wuqiangxi, Zhexi). Table 1 shows 
the flood storage of the reservoirs. According to the flood control planning of the upper 
and middle reaches of the Yangtze River, the Three-Gorges Project can control the 
Yangtze River floods and ensure flood safety when the Jingjiang district is below the 
100-year flood control standard. For a 1000-year flood, or if a flood similar to the 1870 
event happens, the Three-Gorges Project can control discharge of the Zhicheng—one 
of the most important flood control stations in the middle stream region of the Yangtze 
River—to no more than 8000 m3 s"1 to ensure the flood safety of the Jingjiang reach. 

Fig. 1 The flood control system of the upper and middle reaches of the Yangtze River. 
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Table 1 Flood storage of nine main reservoirs in upper and middle reaches of the Yangtze River and its 
tributaries. 

Reservoir name 
Ertan 
Zipingpu 
Tingzikou 
Goupitan 
Three-Gorges 
Geheyan 
Jiangya 
Wuqiangxi 
Zhexi 

Flood storage (108m3) 
9.0 
2.9 

13.0 
2.0 

221.5 
5.0 
7.4 

13.6 
6.2 

Location 
Yalongjiang River 
Minjiang River 
Jialingjiang River 
Wujiang River 
Main stem in the Yangtze River 
Qijiang River 
Lishun River 
Yuanshun River 
Zishun River 

Further, it prevents destructive south and north bank erosion. At the same time, the 
project minimizes, as far as possible, the water volume released to the vicinity of the 
Chenglinji flood diversion region (see Fig. 1). 

STRUCTURE OF FUZZY OPTIMAL OPERATION MODEL 

Decomposition of the system 

According to statistical analysis, about 95% of floods in the Jingjiang reach come from 
the upper Yichang (e.g. the floods in 1931, 1935, 1954, 1980 and 1998). Flood flows 
at the Yichang hydrological station account for 61-80% of Chenglinji station flows 
and 55-76% of Wuhan station flows from July to August during the main flood 
season. The Three-Gorges Reservoir can therefore play a key role through regulating 
different types of floods such as the whole basin type and the downstream type. 

According to the general flood control objectives of the system and the different 
roles of the Three-Gorges Reservoir and other flood control projects in the Yangtze 
River, the system may be decomposed into three sub-systems. They are: sub-system I 
composed of four upper tributary reservoirs; sub-system II composed only of the 
Three-Gorges Reservoir; and sub-system III composed of four downstream tributary 
reservoirs. The Geheyan Reservoir on the upper Qiangjiang falls into sub-system III 
for ease of application to Yichang-Hukou flood routing programmes, though it has 
some effects on Jingjiang floods as they meet with Yichang floods on the upper 
Qingjiang. Sub-system I mainly aims at the reduction in flood inflow to the Three-
Gorges Reservoir when regulating downstream floods. In the meantime, it ensures 
flood control safety. Sub-system II brings the key actions of the Three-Gorges Project 
into play. The project cooperates with upper and downstream tributary reservoirs in 
controlling and regulating Zhicheng discharges and ensuring safety of the Jingjiang 
reach and the utmost reduction in the volumes released to the vicinity of the Chenglinji 
diversion region. Sub-system III aims mainly at the reduction in reservoir discharges 
and provides compensation regulation to the Jingjiang and Chenglinji diversion 
regions. Sub-system II is central to the above three sub-systems and a cooperative 
operation of a multi-reservoir system will achieve the general flood control objectives 
of the system. 
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Fuzzy optimal dynamic programming operation model of sub-system I 

Four upper tributary reservoirs form a parallel multi-reservoir flood control sub­
system. Their main functions are the compensation regulation for the Three-Gorges 
Reservoir and the control of the flood procedure of the Three-Gorges Reservoir inflow. 
It is to be noted that the Yangtze River floods exhibit earlier effects in the downstream 
reaches than in the upper reaches. While the upper reservoirs may regulate the Three-
Gorges Reservoir, the safety of the reservoirs themselves must be assured. Therefore, 
besides operating the upper reservoirs to meet each downstream flood point's need, 
this sub-system, as far as possible, decreases flood impoundment through conjunctive 
multi-reservoir operations, so that there is more reservoir storage for flood control. On 
the other hand, with regard to the flood control requirements of the whole system, 
there is a need to decrease flood storage of the Three-Gorges Reservoir and operate by 
combination of the four reservoirs. This system is to be considered as having two 
objectives: (a) fewer impoundments in reservoirs; and (b) fewer flood inflows to the 
Three-Gorges Reservoir. 

Most of the existing methods for optimal operation of flood control systems 
determine solutions by means of dynamic programming assuming that reservoir level 
and release are a decision variable and a state variable, respectively. For the practical 
operation of flood control, however, when employing gate regulation rules, it is not 
suitable to change the status of gates frequently. Considering the need of downstream 
navigation and agricultural activity, reservoir outflows must change as little as 
possible. Because of the real constraint conditions on outflows, the alternatives of 
reservoir flood operation are limited. It is common that the decision making of 
reservoir flood operation is represented by open gate status and constant outflows. 
Thus reservoir level (or release) as a decision variable (or state variable) is not suitable 
for practical flood operation. Accordingly, in this paper, an operation alternative is 
chosen as a decision variable and an outflow process as a state variable. After testing 
alternatives, the objective values can be found through a water volume balance 
equation or by reservoir routing (Fenton, 1992). From the objective values, a 
satisfactory solution or a group of satisfactory solutions can be achieved through the 
model shown in Fig. 2. 

So 
S 

n-\ S 

D, 
• D 

D„ 

Reservoir 2 Reservoir n-1 Reservoir n 

Fig. 2 Recurring procedure of fuzzy optimal dynamic programming. 
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For sub-system I, composed of four reservoirs, one considers the outflow process 
as a state variable and the operation alternative (opening status) as a decision variable, 
with each reservoir and its downstream flood control point being a stage of the sub­
system. Then, using a recursive method of fuzzy optimal dynamic programming, one 
can resolve the optimal strategy and arrangement of this sub-system's alternatives. 

The total number of objectives of this sub-system is m, the total number of stages 
is n (equal to the number of reservoirs), the stage number is i (i = 1, 2, ..., n), the 
constraint conditions of stage / are G„ the decision vectors are £>,, and the state vectors 
are 5,. If the total alternative number at stage / is «,-, and the alternative number is 
j (J =1,2,..., «,-), then D, = (D),—,D? ), S, = (s],—,S? ), whereDjand S{ denote the 
y'th decision and the7th state at stage i, respectively. When recurring to stage / forward, 
for decision D/and corresponding to state vector St.\, suppose that the number of 

states which satisfy the constraint conditions G, is p-t.\ < nt.\, then the multi-objective 
matrix at the current stage is 

n-(s,-..£/) = 
fu(S^,D!) - f^JS^Df) 

/„,,($,,„£>/) ••• /„,„,., (5 H ,D / ) 

= (fu,(Si.l,D!))ll (1) 

where k = 1, 2, ..., m; h = 1, 2, ..., /?,-.). If x* denotes the cumulative value of 

objective k at the residual stage i - 1 corresponding to state S,*,, then the residual 

matrix at stage / - 1 is 

X*(S,_t) = 

vi./v 

= (** (%))„ (2) 

When the state at stage / is 5 / , the recursion matrix of multi-objective values at 

stage / is 

X(S/) = FiJ(Si_l,Df)®X*(Si_l) 

MS^D/) ••• f.iS^D') 

fAS-^Di) ••• f(S,_x,D>) 

® 
i./vi 

xn(S!) ••• x.jsn 

Ï . , ( S / ) ••• xM„JSf) 

=MS/))n (3) 

where <8> denotes the operators +, v, A depending on the objective's type. 
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Equation (3) is a multi-objective assemblage of finite alternatives and it can be 
resolved by fuzzy optimal methodology introduced in the following. With the above 
methodology, the determination of the local optimal cumulative objectives vector for 
state S' can be represented by 

X*(Si) = (x* , - , x * Y (4) 

The transfer equation of corresponding state j at stage i is S' - (p(5,_,,Z)/). Similarly, 
for all «, decisions at stage /, according to the above method, one can obtain the 
corresponding local optimal cumulative objectives vector of each state viz. 
X* {S)),---,X* (S"'). As to the D, decisions and «, states at stage /', the optimal 
cumulative objectives matrix is 

After recurrence to the final stage, the optimal cumulative objectives matrix is 

(4 U„ (6) 

According to matrix equation (6) and using equation (16) developed in a later 

section, one can obtain optimal decisions D* of the sub-system at stage n. From the 

state transfer equation Sn = <p(Sn_,, Dn ) it is possible to obtain the corresponding 

optimal decisions D *_, at stage n - 1 . Correspondingly, optimal decisions 

Dn*2 ,-•-, D* at each stage may be obtained. 

Fuzzy optimal operation model of sub-system II 

Sub-system II is a key part of the whole system. This paper concentrates on finding a 
method for producing flood operation alternatives of the Three-Gorges Reservoir and 
choosing flood control objectives for the evaluation and choice of alternatives. The 
operation rales of compensation regulation of the Three-Gorges Reservoir for the 
downstream Chenglinji floods and Jingjiang floods have been presented (Tan, 1993). 
The flood control storage of the Three-Gorges Reservoir is divided into three parts and 
in sequence is used for (a) Chenglingji's compensation, (b) Jingjiang's compensation, 
and (c) Jingjiang's project flood, which may cause significant damage, but their 
probability of occurrence is relatively low. In fact, in order to know fully the effect of 
the three parts of the reservoir storage on flood control of the system, they can be 
divided further into flood control planning and real-time operation. In the meantime, 
concerning actual floods and maximum allowable discharges at the two control 
sections of Jingjiang and Chenglinji, one can find different criteria of maximum 

X* (S,) 

X*(Sn) = 
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allowable discharges at the two control sections. Combining these factors permits 
planning of the discharge from the Three-Gorges Reservoir. These considerations 
allow a basis for producing alternatives of discharges from the Three-Gorges 
Reservoir. With regard to the control of Jingjiang's project flood, the Three-Gorges 
Reservoir must reserve 3.6 billion m3 flood control reservoir storage. Therefore, the 
flood control storage partitioning of the Three-Gorges Reservoir is mainly expressed 
for (a) and (b) above with the (c) fixed throughout. Based on the above considerations, 
combining several groups of flood storage of the Three-Gorges Reservoir with 
compensations of Chenglinji and Jingjiang and several groups of allowable discharges 
of sections of Jingjiang and Chenglinji, one may obtain many different operation 
alternatives based on flood rules (Tan, 1993). After producing the above alternatives, 
use of river routing programming will yield the release volume of each alternative to 
Jingjiang and to the vicinity of the Chenglinji diversion region and also the maximum 
discharge of Shashi. 

For the general objectives of flood control of the whole system and the 
Three-Gorges Reservoir's functions in the system, this sub-system must include three 
objectives—release volumes to the Jingjiang diversion region, release volumes to the 
Chenglinji diversion region and maximum discharges at Shashi. In addition, for the 
sake of the complex of the Yangtze River's floods, the Three-Gorges Reservoir when 
regulating floods must control unfavourable floods which may occur. The system has 
to be ensured to impound fewer flood discharges and yield better terminal states for 
regulating the next flood. Therefore, this sub-system is considered to have five flood 
control objectives viz. to impound flood discharge into the Three-Gorges Reservoir, 
terminal reservoir storage of the Three-Gorges Reservoir, release of volumes to the 
Jingjiang diversion region, release of volumes to the vicinity of the Chenglinji 
diversion region, and maximum discharges at Shashi. Reservoir routing and river 
routing may yield five flood control objective values of different alternatives. After 
assigning five objective weights, using fuzzy optimal methodology can give an 
alternative optimal arrangement in their order. 

Fuzzy optimal operation model of sub-system III 

Sub-system III may also be seen as a system of parallel multi-reservoir flood control 
operations, allowing a procedure similar to that of sub-system I. 

System model solution 

Flood operation consists of a sequence of hydraulic relationships. After reservoir 
routing, the future information at each flood control point can only be found through 
river routing. The system is thus resolved as follows. 

Firstly, a group of satisfactory conjunctive operation alternatives is found for sub­
system I. Secondly, a group of satisfactory alternatives corresponding to sub-system III 
is obtained from the flood procedures for Qingjiang and Dongtingsishui after 
downstream tributary reservoir regulations. Thirdly, the Three-Gorges Reservoir 
discharge procedure for each plan is obtained from sub-system II corresponding to a 


