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Abstract

:

In the real-time flood control operation of multi-reservoir systems, it is of great significance to establish a dynamic operating system with high efficiency based on the spatiotemporal variation of flood control situations. This paper proposes a self-adaptive modeling framework for real-time flood control operation of multi-reservoirs based on the cyber–physical system (CPS) theory. Firstly, the random flood samples considering the randomness of both space and magnitude are generated, and then the multi-reservoir real-time flood control hybrid operation (MRFCHO) model is established based on the dynamic identification of effective reservoirs. Then, the CPS theory is introduced to put forward the multi-reservoir real-time flood control hybrid operation cyber–physical system (MRFCHOCPS), which integrates real-time monitoring, control center, database, computation module, and communication network. Finally, the proposed framework is demonstrated in terms of accuracy, efficiency, and adaptability in real-time flood control operations. A case study of the multi-reservoir system upstream of the Lutaizi point in the Huaihe River basin in China reveals that (1) the equivalent qualified rate of the MRFCHO model is 84.9% for random flood samples; (2) the efficiency of solving the MRFCHO model is much higher than the efficiency of solving the MRFCJO model under the premise of ensuring the flood control effect, so it provides a reliable method for the real-time operation of basin-wide floods; (3) the MRFCHOCPS has good adaptability in real-time dynamic modeling and operation of large-scale multi-reservoir systems.
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1. Introduction


The real-time optimal operation of multi-reservoirs plays an important role in flood control. It is characterized by high timeliness and high complexity. The high timeliness is reflected in that the decision-makers need to make timely and accurate decisions according to the real-time hydrologic regime. The large scale of the multi-reservoir systems, multiple objectives, dynamic change of decision information, and the interrelated and mutual restraint of various factors make the joint operation of the multi-reservoirs have the characteristics of high complexity. Complexity makes it difficult to satisfy timeliness, and the contradiction between the two has always been a concern in the real-time flood control operation of multi-reservoirs.



At present, many achievements have been made in the study of the real-time flood control operation of multi-reservoir systems, including the following aspects: (1) The research object: The purpose of the flood control joint optimal operation of reservoirs is to use the spatial and storage compensation between reservoirs to make compensation operations, and ensure the safety of reservoirs and downstream flood control points. Meanwhile, ecological, water supply, power generation, and other objects need to be taken into account [1,2,3,4,5]. With the increase in the number of reservoirs and objects, the flood control joint operation model becomes more and more complex, and the difficulty of flood control decision-making also increases significantly [6,7]. (2) Solving algorithms: The model-solving methods include traditional optimization algorithms and intelligent algorithms. Traditional optimization methods, such as Dynamic Programming (DP), face serious dimensional disasters when solving the joint operation model. Therefore, many improved DP algorithms, such as Progressive Optimality Algorithm (POA) and Dynamic Programming Successive Approximations (DPSA), have been derived to reduce dimensional disasters from different angles [8,9]. At present, intelligent algorithms are widely used, such as Genetic Algorithm (GA), Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO), etc., which provide reliable methods for solving large-scale models [10,11,12,13,14]. (3) Intelligent operation technology: Physically-based methods are often limited by the complexity of physical processes and missing data, while intelligent operation models use data-driven modeling methods to avoid this shortcoming of physical models [15]. The intelligent operation model usually obtains training samples based on optimization algorithms, and then uses machine learning algorithms for operation rules extraction, to realize intelligent control [16,17,18]. (4) Flood control decision support system: The flood control decision support system is an indispensable tool for river basin flood management because it can improve the reliability and timeliness of flood control decisions. The system realizes multi-objective decisions and flood risk management through human–computer interaction based on the modularized design of core functions [19,20]. There are many kinds of universal software in the world, such as MIKE, HEC, etc., which can realize flood simulation, real-time dispatch, and flood control decision-making [21].



In the real-time flood control operation of multi-reservoir systems, the flood control situation is dynamically changing, which is reflected in the dynamic change of the storm flood and the flood control capacity of reservoirs. Most of the current research on real-time flood control operation of reservoirs pursues the overall simulation of the system and it is difficult to consider such dynamic variability. With the increase in the number of reservoirs, the increase in the scale of the joint operation model has made the solution more difficult. Moreover, the forecasting information of reservoir inflows, lateral inflows and reservoir water levels is more complicated, making it difficult for the basin decision-makers to consider the complicated decision-making information and make efficient and accurate decisions.



In a large-scale flood control system, the reservoir has a flood control effect only when it is in the rainfall area and has sufficient flood control storage to regulate and store floods. Both the spatial distribution of storms and the spare reservoir storage change with time, which leads to the change in the flood control effect of the reservoir. The reservoir that has significant flood control effects at a certain moment is defined as “effective reservoir”, otherwise is defined as “noneffective reservoir”. Obviously, the effective reservoirs change with time. Effective reservoirs have the necessity for joint operation and other noneffective reservoirs only need to be operated separately. Li et al. [22] proposed a criteria system and established an effective reservoir intelligent reasoning (ERIR) model for effective reservoir identification according to the real-time hydrological regime. Then, Li et al. [23] established a random forest classification (RFC) model for effective reservoir identification.



Based on the effective reservoir identification, it is imperative to flexibly construct a multi-reservoir real-time flood control hybrid operation (MRFCHO) model, in which the effective reservoirs are operated jointly and the noneffective reservoirs are operated separately. Compared with the traditional multi-reservoir real-time flood control joint operation (MRFCJO) model, the structure of the MRFCHO model changes dynamically with the change in rain and flood regime. The number of reservoirs for joint operation is reduced, so the flood control efficiency can be reduced. Given this, establishing an intelligent operation system including a dynamic self-adaptive MRFCHO model to achieve the convenient and coordinated management of the flood control system is a key issue to be solved.



The cyber–physical system (CPS) is a multi-dimensional and complex system that integrates computing, network, and physical environment, which can realize real-time perception, dynamic control, and information services of large-scale distributed heterogeneous systems [24,25]. It has been used in the energy system [26], transportation [27], and water resources allocation systems [28,29]. This paper introduces CPS theory to realize the self-adaptive modeling and real-time flood control hybrid operation of multi-reservoir systems. Firstly, a random flood sample set is generated considering the randomness of both space and magnitude and the MRFCHO model is established. Then, a framework of multi-reservoir flood control hybrid operation cyber–physical system (MRFCHOCPS) that realizes adaptively modeling and operation based on the CPS theory is established. Finally, the accuracy and efficiency of the MRFCHO model are compared with that of the MRFCJO model and the adaptability of MRFCHOCPS is evaluated.



The remainder of this paper is organized as follows. Section 2.1 generates the random flood samples and establishes the MRFCHO model. Section 2.2 proposes the framework of the MRFCHOCPS. Section 2.3 introduces the evaluation method of the MRFCHO model. Section 3 provides a case study and Section 4 provides the results and discussion. Finally, the conclusions are summarized in Section 5.




2. Methodology


This section first generates random flood samples and establishes the MRFCHO model and the MRFCJO model. After that, the framework of MRFCHOCPS, including the MRFCHO model, is proposed by introducing the CPS theory. Finally, the performance of the MRFCHO model is compared with the MRFCJO model in terms of model accuracy and efficiency, and the adaptability of MRFCHOCPS is evaluated. Flowchart of the proposed dynamic self-adaptive modeling method is shown in Figure 1.



2.1. Generation of Flood Samples and Establishment of Operation Models


2.1.1. Generation of Random Flood Samples


The multi-reservoir system is composed of reservoir and the downstream flood control points. The flood control point is the protected object, e.g., a city. If there are two or more reservoirs upstream of a flood control point, this is the public flood control point. In large-scale basins, the spatial combination of floods is changeable. To verify whether the optimal operation model can adapt to the future real-time flood control operation, random flood samples need to be generated. In a large basin, floods have the characteristics of randomness in space and magnitude. Spatial randomness refers to the possibility that the inflow of a reservoir may occur in other reservoirs or flood control points. This paper adopts the spatial-magnitude double random flood samples generation method proposed by Li et al. [30] to generate representative regional random floods. Suppose the flood control system includes M reservoirs and N flood control points. Z random samples of reservoir inflows and lateral inflows are obtained, denoted as   S  Q v  =   Q  R i v  , Q  L j v     ,   i = 1 , 2 , ⋯ , M  ,   j = 1 , 2 , ⋯ , N  ,   v = 1 , 2 , ⋯ , Z  , where   S  Q v    is the random flood sample set,   Q  R i v    is the vth inflow of the ith reservoir,   Q  L j v    is the vth lateral inflow of the jth flood control point.




2.1.2. Establishment of the Operation Models


In real-time flood control operation, the effective reservoirs change dynamically. The main idea of the MRFCHO model is to divide the reservoirs into a subset of effective reservoirs and a subset of noneffective reservoirs. The effective reservoirs are operated jointly and the noneffective reservoirs are operated separately. The MRFCHO model is described as follows.



The separate optimal operation model is based on the principle of maximum flood peak reduction, and the objective function is as follows:


   min     F 1  =   ∑  t = 1  T       q ( t )    2       



(1)




where, T is the duration of the operation period;   q ( t )   is the reservoir outflow at time t.



The joint operation model aims at minimizing the peak discharge at the public flood control point, and the objective function is as follows:


  min    F 2  =   ∑  t = 1  T         ∑  i = 1   M *       q i ′  ( t ) +  q  D i  ′  ( t )      2  +       ∑  i = 1   M *     q i ′  ( t ) +   ∑  i = 1   M * + 1     q  D i  ′  ( t )        2       



(2)




where,    q i ′  ( t )   is the response flow of the ith reservoir release at time t at the flood control point;    q  D i  ′  ( t )   is the response flow of lateral inflow between the ith reservoir and its private point at time t at the public flood control point;     ∑  i = 1   M * + 1     q  D i  ′  ( t )     is the response flow of the lateral inflow between the effective reservoirs and the public flood control point at time t;    M *    is the total number of effective reservoirs.



The constraints are as follows.



	(a)

	
Water balance equation:









   V i  ( t ) =  V i  ( t − 1 ) +   (    Q i  ( t ) +  Q i  ( t − 1 )  2  ) − (    q i  ( t ) +  q i  ( t − 1 )  2  )   ⋅ Δ t  



(3)




where,    V i  ( t − 1 )   and    V i  ( t )   represent the storage of the ith reservoir at time   t − 1   and t, respectively;    Q i  ( t − 1 )   and    Q i  ( t )   are the inflow of the ith reservoir at time   t − 1   and t, respectively;    q i  ( t − 1 )   and    q i  ( t )   are the outflow of the ith reservoir at time   t − 1   and t, respectively;   Δ t   is the time interval.



	(b)

	
Reservoir release capacity limits:









   q i  ( t ) ≤  q i     Z i  ( t )    



(4)




where,    q i     Z i  ( t )     is the maximum outflow of the ith reservoir.



	(c)

	
Reservoir water level limits:









     Z ¯   i  ( t ) ≤  Z i  ( t ) ≤    Z ¯   i  ( t )  



(5)




where,      Z ¯   i  ( t )   and      Z ¯   i  ( t )   are the minimum and maximum limits of reservoir water level at time t, respectively.



	(d)

	
End water level limits:









   Z  e n d i   =  Z  e i    



(6)




where,    Z  e n d i     is the ith reservoir’s end water level;    Z  e i     is the ith reservoir target end water level.



	(e)

	
Reservoir release fluctuation limits:









     q i  ( t ) −  q i  ( t − 1 )   ≤ ∇    q ¯   i   



(7)




where,   ∇    q ¯   i    is the permissible maximum release fluctuation between time t and   t − 1  .



The MRFCJO model carries out a joint operation to all reservoirs. The objective function is shown in Formula (8), and the constraints are the same as Formulas (3)–(7).


  min   F =   ∑  t = 1  T         ∑  i = 1  M      q i ′  ( t ) +  q  D i  ′  ( t )      2  +       ∑  i = 1  M    q i ′  ( t ) +   ∑  i = 1   M + 1     q  D i  ′  ( t )        2       



(8)




where, M is the number of reservoirs in the flood control system.





2.2. Establishment of the Multi-Reservoir Flood Control Hybrid Operation Cyber–Physical System


The framework of multi-reservoir flood control hybrid operation cyber–physical system (MRFCHOCPS) is proposed in this section by introducing the cyber–physical system (CPS) theory.



2.2.1. Framework Design of the MRFCHOCPS


CPS is an intelligent system that realizes real-time perception, dynamic coordination control, and information services of large-scale distributed heterogeneous systems through 3C technology, namely, communication, computation, and control [25]. In the CPS, sensors collect information about physical systems and transmit this information in real-time to computers and embedded systems for intelligent control. These network components use computational intelligence to process information and determine appropriate control settings for the physical components of the system.



MRFCHOCPS is specifically designed for real-time flood control operation of large-scale multi-reservoir systems, including five parts: real-time monitoring, control center, database, computation module, and communication network. In the computation module, the reservoir operation is realized by the MRFCHO model. The framework of the MRFCHOCPS is shown in Figure 2.



MRFCHOCPS adopts 3C technology to realize real-time monitoring, dynamic operation, and decision-making of the flood control of the multi-reservoir systems. Communication refers to the transmission of information among monitoring equipment, control center, database, and computation module. Computation refers to realizing the hydrological forecast, effective reservoir identification, real-time operation of the multi-reservoir system and flood evolution through computational models. Control refers to realizing information interaction and closely coordinated control of the monitoring equipment, database, and computing module through self-adaptive control technology.




2.2.2. Functions of Each Component of MRFCHOCPS


In MRFCHOCPS, the information can be interacted and coordinated to ensure real-time perception, reliable communication, high-speed calculation, and precise control of the system. The MRFCHOCPS has characteristics of perceptibility, heterogeneity, integration, autonomy, real-time capability, and reliability. The functions of components of MRFCHOCPS are as follows.



	(1)

	
Monitoring equipment







The monitoring equipment monitors changes in the physical environment in real-time and transmits the information to the database for storage through the communication network, and then the information can be called by the calculation module. In this system, the physical environment is composed of many elements such as weather conditions, underlying surface environment, etc. The monitoring information is the input of the computation module and affects the calculation accuracy. Therefore, monitoring equipment is the basis to ensure the reliable operation of MRFCHOCPS.



	(2)

	
Database







The database is used for the storage and management of data in MRFCHOCPS and provides support for the real-time intelligent operation system. The database contains three kinds of data: (a) inherent data, such as historical hydrological data, river basin geospatial data, and hydrologic engineering parameters; (b) monitoring data, such as real-time rain, flood, and reservoir water level; and (c) computed results, such as hydrological forecast results, criteria calculation results, effective reservoir identification results, reservoir operation schemes, and flood routing results. Various types of data in the database are organized and structured for information exchange and sharing among each part of the system.



	(3)

	
Communication network







The communication network connects the main computing and physical components, mainly responsible for the data transmission and information interaction between various components of the system. Since reservoir flood control operation emphasizes real-time capability, the communication network needs to meet the accuracy and timeliness of communication.



	(4)

	
Computation module







The computation module of MRFCHOCPS mainly includes the hydrological forecast model, criteria system calculation, effective reservoir identification model, reservoir operation model, and flood routing model. In practical applications, the most suitable model is selected in the forecasting model library for hydrological forecasting. The criteria for effective reservoir identification can be calculated according to the hydrological forecast results, and then the effective reservoirs can be identified [22]. Based on the subsets of effective reservoirs and noneffective reservoirs, the MRFCHO model is adopted to perform flood control hybrid operation of multi-reservoirs, and then the release of each reservoir is obtained. After that, the flow at each flood control point is obtained by calling the flood routing models. After the above calculation process, a real-time flood control operation is completed.



	(5)

	
Control center







The control center of the system determines the control strategy, issues control instructions, and manages and controls the operation status of MRFCHOCPS, including centralized control and distributed control. Due to the continuous expansion of the flood control system, the MRFCHOCPS has a high complexity, and centralized control is difficult to meet the needs of the system for integrated control and management. Therefore, the distributed control platform performs better in a large-scale MRFCHOCPS.





2.3. Evaluation of the MRFCHO Model


The purpose of the establishment of the MRFCHO model in this paper is to improve the solution efficiency of the flood control operation model under the premise of ensuring the flood control effect. Therefore, the performance of the MRFCHO model in real-time flood control operation is evaluated in terms of model accuracy and solving efficiency.



2.3.1. Evaluation of the Model Accuracy


The RFC model is established according to L historical floods [23]. Calculate the criteria of each reservoir for Z floods in the sample set   S  Q v   , and then identify the effective reservoirs of Z floods based on the RFC model. The MRFCJO model and the MRFCHO model are applied to the Z floods. The flood hydrograph obtained by the MRFCJO model is   Q C  , and its peak discharge is   Q  C m   ; the flood hydrograph obtained by the MRFCHO model is   Q  C *   , and its peak discharge is   Q  C m *   . Then the relative error of the two models is defined as:


  ε r =     Q  C m *  − Q  C m      Q  C m    × 100 %  



(9)







The relative error threshold to measure whether the two models are equivalent is denoted as  ε . If   ε r > ε  , it is considered that the flood control effect of the MRFCHO model is much lower than that of the MRFCJO model, so the flood control effect of the two models is not equivalent. The effect of the MRFCHO model is measured by the equivalent qualified rate index, which is defined as follows:


  δ =    Z *   Z  × 100 %  



(10)




where    Z *    is the number of floods satisfied   ε r ≤ ε  .




2.3.2. Evaluation of the Model Solving Efficiency


At present, the solution methods of the multi-reservoir optimal operation model include DP and its improved algorithms such as POA, DPSA, etc., as well as intelligent algorithms, such as GA, PSO, etc. Feng et al. [31] studied the time and space complexity of commonly used algorithms for optimal operation multi-reservoirs, and the results show that the space and time complexity of the algorithms will increase exponentially or manyfold with the increase of the number of reservoirs. This paper takes POA and GA as examples to evaluate the dimensionality reduction effect of the MRFCHO model.



Suppose there are M reservoirs for joint operation, T periods, and a total of I iterations. The initial time   t = 0   and the end time   t = T   have one state variable. The state is fixed at time   t − 1   and time   t + 1  , and at time t, it is discretized into k states for optimization. The number of storage units of POA is   (  k M  + 2 ) M   and the number of regulating calculations is   2  k M  M T I  . The corresponding space complexity is   O ( M  k M  )   and time complexity is   O ( I M T  k M  )  .



Suppose there are M reservoirs for joint operation, T periods. The initial population size of GA is N, the selection probability is    P s   , the crossover probability is    P c   , and the mutation probability is    P m   . The maximum generation I is used as the termination condition. Each individual is regarded as an operation scheme, so the storage space of N individuals is   N M   T + 1    . The number of individuals in one evolution is   N    P s  +  P c  +  P m      and the number of calculations is   N    P s  +  P c  +  P m    M T  . The storage space of the I round of evolution remains unchanged, and there the total number of calculations is   I N    P s  +  P c  +  P m    M T  .   0 ≤  P s  ,  P c  ,  P m  ≤ 1  , so that the maximum amount of calculation is   3 I N M T  . The corresponding space complexity is   O   N M T     and time complexity is   O   I N M T    .






3. Case Study


3.1. Study Area


The Huaihe River basin is one of the most severely flooded areas in China. A large-scale flood control engineering system consisting of reservoirs and dikes has been built in this basin. This paper takes the flood control system upstream of the Lutaizi point of Huaihe River Basin as a case study, shown in Figure 3. There are 14 reservoirs and 11 flood control points in the flood control system, and Lutaizi point is a public flood control point of all reservoirs.




3.2. Data


The basin-wide flood which has a large-scale influence has been selected as a typical flood sample. The frequency of this kind of flood is very low. In the Huaihe River basin, since the 14 reservoirs have been put into operation, the basin-wide flood has occurred in 1983, 1991, 1996, 2003, 2005, and 2007. Considering factors such as spatial distribution of storm, flood magnitude, etc., 13 typical floods are selected, which could represent all possible scenarios of floods in the Huaihe River Basin. Each typical flood contains the inflows of 14 reservoirs and the lateral inflows upstream of the 11 flood control points. The duration of the flow data time series is 360 h. The lateral inflows are calculated by subtracting the outflows of the upstream reservoirs from the flow of the flood control point. Table 1 shows the characteristics of typical floods. Then, 1000 random flood samples are generated on the basis of the historical typical floods, denoted as   S  Q v  =   Q  R i v  , Q  L j v     ,   i = 1 , 2 , ⋯ , 14  ,   j = 1 , 2 , ⋯ , 11  ,   v = 1 , 2 , ⋯ , 1000  . The study of Li et al. [23] shows that the RFC model has high accuracy and stability in the identification of effective reservoirs. Therefore, the RFC model is established for the identification of effective reservoirs of these random flood samples.





4. Results and Discussion


4.1. Accuracy of the MRFCHO Model


The effective reservoirs of the 1000 random samples are identified based on the RFC model. The initial water level and the end water level of each reservoir are set as the flood limited water level, and the highest water level is set as the design flood level. The flood control operation of the 1000 flood samples is carried out according to the MRFCJO model and the MRFCHO model, respectively. Then, the releases of 14 reservoirs and the flood hydrographs at 11 flood control points are obtained. Calculate the relative error of the flood peak discharges at the Lutaizi point obtained by the two models by Formula (9), and the statistical result of the relative error is shown in Figure 4.



According to China’s hydrological forecast error standard, the water level error should not exceed 20 mm. According to the rating curve of the Lutaizi point, the water level error can be less than 20 mm when the flow error does not exceed 5%. This paper measures the equivalence degree of the two models according to the requirements of runoff forecasting accuracy, so the relative error threshold  ε  of the Lutaizi point is taken as 5%. The equivalent qualified rate of the MRFCHO model is calculated by the Formula (10):


  δ =   849   1000   × 100 %  = 84   . 9 %   











It can be seen from the above calculation results that the equivalent qualified rate of the MRFCHO model is 84.9%. The result reflects that in future floods, the probability of the relative error between the MRFCHO model and the MRFCJO model exceeding the threshold is 15.1%.



The equivalent qualified rate of the MRFCHO model in the flood of different magnitude is calculated, as shown in Table 2.



As can be seen from Table 2, with the decrease of flood magnitude, the equivalent qualified rate of the MRFCHO model generally presents a downward trend. When the peak discharge at the Lutaizi point QCm ≥ 7000 m3/s, the equivalent qualified rate is above 90%; when 4000 m3/s ≤ QCm < 7000 m3/s, the equivalent qualified rate is between 80% and 90%; when QCm < 4000 m3/s, the equivalent qualified rate is below 80%. The MRFCHO model is put forward to mitigate the dimension disaster problem of the multi-reservoir flood control operation for the basin-wide flood. It is not necessary to carry out the joint operation of multi-reservoirs for the flood of small magnitude. In the real-time flood control operation, it is better to apply the MRFCHO model to the flood with a large magnitude.




4.2. Solving Efficiency of the MRFCHO Model


In order to analyze the solving efficiency of the MRFCHO model, the number of effective reservoirs in each flood sample is counted, as shown in Figure 5.



Figure 5 illustrates that the number of effective reservoirs is in the random flood samples less than 11, generally 4–7. The probability that the number of effective reservoirs accounts for less than 50% of all reservoirs is 90.2%. In addition, the probability of six effective reservoirs is the highest, which is 23%. Taking six effective reservoirs as an example, the complexity of POA and GA are shown in Table 3.



Table 3 illustrates that if POA is used, the space and time complexity of the MRFCHO model reduces exponentially compared with the MRFCJO model; and the complexity reduces manyfold if GA is used. Therefore, the MRFCHO model can significantly improve the solution efficiency, and this model is suitable for the real-time flood control operation of large-scale flood control systems.




4.3. Adaptability of MRFCHOCPS


Two random flood samples are selected to assess the adaptability of MRFCHOCPS. Flood sample 1 and sample 2 are denoted as S1 and S2, respectively. In these two floods, implementing two operations at t = 0 and t = 120, and operation horizons are 240 h. Effective reservoirs of S1 and S2 are shown in Figure 6a,b.



In the first operation of S1, the effective reservoirs are Suyahu, Baiguishan, and Xianghongdian. The flood control situation keeps changing over time, and in the second operation of S1, the effective reservoirs are Suyahu, Meishan, Foziling, and Xianghongdian. In the first operation of S2, the effective reservoirs are Boshan, Suyahu, Nanwan, Nianyushan, and Xianghongdian. With the change of flood control situation, there are only two effective reservoirs in the second operation of S2, namely, Nianyushan and Xianghongdian.



The flood hydrographs at the Lutaizi point of the two operations obtained by the MRFCJO model and the MRFCHO model of S1 are shown in Figure 7a. The flood hydrographs at the Lutaizi point of the two operations obtained by the MRFCJO model and the MRFCHO model of S2 are shown in Figure 7b. The relative errors (εr) of the peak discharge at the Lutaizi point obtained by the MRFCJO model and the MRFCHO model are shown in Table 4.



Table 4 shows that in flood S1, the relative error of the MRFCJO and MRFCHO model is 3.69% for the first operation and 1.54% for the second operation. In flood S2, the relative error is 3.17% for the first operation and 2.27% for the second operation. The MRFCHO model has the equivalent flood control effect to the MRFCJO model because the relative errors are not over the threshold of 5%.



The results illustrate that in real-time flood control operation, the effective reservoir identification sub-module in MRFCHOCPS can identify effective reservoirs according to the information of rain, flood, and reservoir conditions. Then, the MRFCHO model can be established adaptively based on the effective reservoirs and noneffective reservoirs. The MRFCHO model performs well in real-time flood control operations because it has approximately the same flood control effect as the MRFCJO model. Therefore, MRFCHOCPS has better adaptability in real-time dynamic modeling and operation of large-scale multi-reservoir systems to different floods.





5. Conclusions


In the real-time flood control operation of a large multi-reservoir system, not all reservoirs are effective for flood control, and the traditional flood control method is difficult to realize the adaptive combination of effective reservoirs. In this paper, the MRFCHOCPS framework is proposed, which adaptively combines effective reservoirs according to the spatiotemporal variation of flood control situations, establishes a dynamic model and realizes intelligent operation. First, a random flood sample set considering the randomness of both space and magnitude is generated and a MRFCHO model is established. Then, the CPS theory is introduced to put forward the MRFCHOCPS framework. Finally, the accuracy and solving efficiency of the MRFCHO model, as well as the adaptability of the MRFCHOCPS, are evaluated. A case study of the flood control system in upstream of Lutaizi point in the Huaihe River Basin shows that:




	(1)

	
Among 1000 random flood samples, the equivalent qualified rate of the MRFCHO model is 84.9%. It shows that in the future real-time flood control operation, it is highly reliable to establish the MRFCHO model for flood control operation on the basis of identifying effective reservoirs.




	(2)

	
The operation results of floods with different magnitudes show that the equivalent qualified rate decreases with the decrease of flood magnitude. When the peak discharge of the Lutaizi point is more than 7000 m3/s, the equivalent qualified rate is more than 90%. The MRFCHO model is more suitable for basin-wide floods.




	(3)

	
In random flood samples, the number of effective reservoirs is generally 4–7, and the maximum number is not more than 11. Compared with the MRFCJO model, the space and time complexity of the MRFCHO model is reduced drastically.




	(4)

	
The solving efficiency of the MRFCHO model is significantly improved compared with that of the MRFCJO model under the premise of ensuring the flood control effect. The MRFCHO model provides a reliable method for the real-time operation of basin-wide floods.




	(5)

	
MRFCHOCPS has better adaptability in the real-time operation of large-scale multi-reservoir systems because it can realize the intelligent identification of effective reservoirs and dynamical modeling according to the rain and flood information.









Although this paper verifies the accuracy and efficiency of the MRFCHO model and the adaptability of MRFCHOCPS, there are many uncertainties such as flood forecast errors in real-time operation. The performance of the MRFCHO model under uncertain conditions needs further exploration.
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Figure 1. Flowchart of the proposed dynamic self-adaptive modeling method. 
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Figure 2. The framework of MRFCHOCPS (Labeling of the data in the database corresponds to the models in the computation module, for example, the data labeled (a) are the input to model (a)). 
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Figure 3. The flood control system in upstream of Lutaizi point of Huaihe River basin. 
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Figure 4. Relative error of the peak discharges obtained by the MRFCJO model and the MRFCHO model. 
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Figure 5. The number of effective reservoirs in random flood samples. 
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Figure 6. Effective reservoirs of (a) S1 and (b) S2. 
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Figure 7. Flood hydrographs of (a) S1 and (b) S2 at the Lutaizi point. 
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Table 1. The characteristics of typical floods.
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	Serial Number
	Location of Rainstorm Center
	Flood Magnitude





	1
	centralizing in the whole basin
	medium



	2
	centralizing in the whole basin
	medium



	3
	centralizing in the southeast
	large



	4
	centralizing in the whole basin
	large



	5
	centralizing in the southeast
	large



	6
	centralizing in the southeast
	medium



	7
	centralizing in the southeast
	small



	8
	centralizing in the southeast
	small



	9
	centralizing in the upstream of the main stream
	medium



	10
	centralizing in the southeast
	small



	11
	centralizing in the whole basin
	medium



	12
	centralizing in the upstream of the main stream
	small



	13
	centralizing in the whole basin→centralizing in the southeast
	large
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Table 2. Equivalent Qualified rate in Flood of Different Magnitude.
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	Peak Discharge at the Lutaizi Point (m3/s)
	Number of Samples
	Number of Qualified Samples
	Equivalent Qualified Rate (%)
	Non-Qualified Rate (%)





	QCm ≥ 10,000
	50
	50
	100
	0



	9000 ≤ QCm < 10,000
	47
	45
	95.74
	4.26



	8000 ≤ QCm < 9000
	65
	63
	96.92
	3.08



	7000 ≤ QCm < 8000
	120
	109
	90.83
	9.17



	6000 ≤ QCm < 7000
	172
	149
	86.63
	13.37



	5000 ≤ QCm < 6000
	216
	183
	84.72
	15.28



	4000 ≤ QCm < 5000
	185
	153
	82.70
	17.30



	3000 ≤ QCm < 4000
	112
	73
	65.18
	34.82



	QCm < 3000
	33
	24
	72.73
	27.27
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Table 3. The complexity of POA and GA.
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MRFCHO Model

	
MRFCJO Model






	
POA

	
space complexity

	
O(6k6)

	
O(14k14)




	
time complexity

	
O(6ITk6)

	
O(14ITk14)




	
GA

	
space complexity

	
O(6NT)

	
O(14NT)




	
time complexity

	
O(6INT)

	
O(14INT)
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Table 4. Relative errors (εr) of the peak discharge at the Lutaizi point.
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MRFCJO

	
MRFCHO

	
Relative Error (%)






	
S1

	
(1)

	
7320

	
7590

	
3.69




	
(2)

	
4540

	
4610

	
1.54




	
S2

	
(1)

	
12,600

	
13,000

	
3.17




	
(2)

	
9260

	
9470

	
2.27
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