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Abstract

:

The rational allocation of water resources in the basin/region can be better assisted and performed using a suitable water resources allocation model. Rule-based and optimization-based simulation methods are utilized to solve medium- and long-term water resources allocation problems. Since rule-based allocation methods requires more experience from expert practice than optimization-based allocation methods, it may not be utilized by users that lack experience. Although the optimal solution can be obtained via the optimization-based allocation method, the highly skilled expert experience is not taken into account. To overcome this deficiency and employ the advantages of both rule-based and optimization-based simulation methods, this paper proposes the optimal allocation model of water resources where the highly skilled expert experience has been considered therein. The “prospect theory” is employed to analyze highly skilled expert behavior when decision-making events occur. The cumulative prospect theory value is employed to express the highly skilled expert experience. Then, the various elements of the cumulative prospect theory value can be taken as the variables or parameters in the allocation model. Moreover, the optimal water allocation model developed by the general algebraic modeling system (GAMS) has been improved by adding the decision reversal control point and defining the inverse objective function and other constraints. The case study was carried out in the Wuyur River Basin, northeast of China, and shows that the expert experience considered as the decision maker’s preference can be expressed in the improved optimal allocation model. Accordingly, the improved allocation model will contribute to improving the rationality of decision-making results and helping decision-makers better address the problem of water shortage.
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1. Introduction


The rapid development of society has made water competition more intense among water users. The water resources allocation model has been employed as a useful tool for planning and management of the water resources. Various studies have been performed on the water resources allocation problems [1,2,3,4,5]. Resource allocation model (REALM) software was utilized by Perera et al. [6] to establish a water resources allocation and management decision-making tool. Abolpour et al. [7] adopted an adaptive neuro-fuzzy reinforcement learning method to enhance the accuracy of optimized parameters in the water resources allocation model. Prasad et al. [8] proposed a linear programming method for finding the optimal irrigation-planning model by considering various growth stages of crops in the water resources allocation. An inaccurate two-stage water allocation model was utilized by Li et al. [9] to simulate the irrigation water requirements of multiple crops in the large-scale areas. Dai and Li [10] constructed a multi-stage irrigation water allocation model for different season water allocation policies. An inaccurate multi-stage stochastic optimization model was proposed by Li and Guo [11] to solve the mesoscale agricultural water resources planning problem. Recently, the rational allocation of water resources has been devoted to solving many difficulties encountered in practice. Kralisch et al. [12] proposed a neural network method to solve the allocation problem between urban living water and agricultural water. Wang et al. [13] proposed a water rights allocation model to solve the problem of water market, policy management, and water rights trading. Read et al. [14] proposed a water resources allocation model to discuss the optimal allocation and social stability problem.



Water resources allocation simulation methods can be divided into three categories: Pure simulation, rule-based simulation, and optimization-based simulation [15]. The pure simulation method is established for appropriate functions among water system elements on the basis of detailed data. The advantages of pure simulation are high accuracy and close to the actual process. However, medium- and long-term problems cannot be solved by this method [16]. The optimal solution of water allocation can be extracted through the optimization-based simulation method; however, such problems may appear that the non-linear optimization may not have the feasible solution and the dynamic optimization may have the existence of a dimension disaster [17,18]. On the contrary, the rule-based simulation that adopts user-defined rules for defining the object behavior is applicable to the problem above, which cannot be solved by optimization simulation. Nevertheless, the rule-based simulation is only applicable to a small number of highly skilled experts [19,20]. The users that lack experience, compared with expert users, are not enough for employing the rule-based simulation method. Thus, the complementarity between rule-based and optimization-based are obvious.



The overall decision-making of water resources utilization is often irreversible, and its effects may be observed after a set of periods [21]. If some empirical rules can be improved for the water allocation model, more reasonable allocation results can be obtained.



However, the expert experience, which is subjective and descriptive, is rarely used in the field of optimal allocation of water resources. The purpose of this paper is to find a way that the expert experience can been easily described as a kind of parameter or variable into the optimal allocation model of water resources.




2. The Prospect Theory in Water Resources


2.1. The Prospect Theory Overview


The prospect theory was proposed by Kahneman and Tversky [22] to predict some special behaviors of the policy makers that are not consistent with the traditional expectation theory in the risk decision-making process. This theory is based on the "bounded rationality" assumption in which many experimental techniques and psychological principles are employed to explain the human decision-making behaviors [23]. Then, Tversky and Kahneman [24] proposed the cumulative prospect theory to solve the multi-attribute decision-making problems. These problems have been widely utilized in economics, finance, risk management, decision support, computational science, mathematics, and medical evaluation [25,26,27]. “Certainty effect”, “reflection effect”, “loss aversion”, “preference for small probability events”, and “reference dependence” can be considered as five major characteristics of the prospect theory [22].



The prospect theory is represented by the cumulative prospect theory value that is defined as the product of the value function and the decision weight [28,29]. It can be described as follows.


V=∑r=1nπrv(Δxr)



(1)






πr={ω+(pr+pr+1+⋯⋯+pn)−ω+(pr+1+pr+2+⋯⋯+pn)0≤r≤nω−(p−z+p−z+1+⋯⋯+pi)−ω−(p−z+p−z+2+⋯⋯+pr−1)−z≤r≤0



(2)






Δxr={d(xr,x0),xr≥x0−d(xr,x0),xr<x0



(3)






v(Δxr)={Δxrα,Δxr≥0−ξ(−Δxr)β,Δxr< 0



(4)




where V is the cumulative prospect theory value; πr is the decision weight; r represents the decision event. The n and −z represent the series number of gain events and loss events, respectively. ω+ and ω− are the gains side and losses side in the probability weight function, respectively. pr describes the probability value of r where ∑r=−znpr=1; x0 represents the reference point; Δxr describes the distance of xr from the reference point; d(xr,x0) is the gain value of Δxr and v(Δxr) is the value function. α and β are the concave and convex curvatures of the gain and loss functions, respectively. The risk-based decision, the neutral decision, and the conservative decision of r correspond with (α<1 and β<1), (α=β=1), and (α>1 or β>1), respectively; ξ indicates that the loss side curvature is steeper than the gain side. The concept mapping of value function is shown in Figure 1.



In the water resources field, the prospect theory has been mainly utilized in theoretical research, analytical computing, and policy research of ecological compensation [30,31,32]. To deal with the emergency response, the prospect theory has been widely recognized as the ideas and characteristic attributes (such as reference dependence and loss aversion). Moreover, the decision-making problems have been solved through this theory [33,34]. It has been employed to solve multi-objective, multi-attribute, and multi-criteria decision-making problems. Moreover, the reference points, probability weight functions, and decision weights can be determined through it [35,36,37,38]. However, to the best of the authors’ knowledge, the prospect theory has rarely been employed for the water resources allocation.




2.2. The Prospect Theory Application in the Water Resources Allocation


Case 1: When the available water is insufficient, the decision-making is usually preferred to supply the ecological water rather than the agricultural water in water allocation results. However, decision-making can be affected by other external factors in practice work. For instance, food security has been considered as a performance evaluating criterion for government functionaries’ achievements in the northeast area of China. The reduction of grain production is unacceptable due to less water supply to agriculture. Hence, the water allocation results will be contrary to the preference of decision-making due to the performance evaluating criterion.



Case 2: For developing countries, the paradox is that middle-level managers tend to highlight the economic benefits rather than the ecological benefits of their achievements. Only when the ecosystem approaches the ecological threshold state that is proposed by Robert [39], the decision-making gives priority to the ecological water even with the economic benefits of the agricultural water [40,41,42].



In summary, the water allocation results are not always consistent with the preferences of decision makers. Problems have cropped up: What are the reference conditions for decision-makers to give priority to the agricultural or ecological water? How should the decision-makers make decisions? The decision maker preferences for allocation results correspond with at least the following three characteristics of the prospect Theory: “certainty effect”, “reflection effect”, and “reference dependence”. “Certainty effect” means that most people choose the “certain gains” rather than “gambling”. “Reflective effect” means that most people prefer “gambling” rather than “certainty loss”. “Reference dependencies” means that even with the consistent results, the decision preferences vary according to the reference point.



The “reflection effect” is commonly employed to explain Case 1. It means that no water supply to agriculture is under the loss side with 100% probability, while no water supply to ecology is under the loss side with probability of P (less than 100%). Decision makers tend to make a decision as the former. The “certainty effect” is commonly employed to explain Case 2. It means that when the ecosystem approaches the ecological threshold state, the decision makers commonly consider that water supply to ecology is under the gain side with 100% probability, while water supply to agriculture is under the gain side with probability of P. Decision makers tend to make a decision as the former.



Whether some event conforms to the “reflection effect” or “certainty effect” depends on the difference between the actual situation and the reference point. The cumulative prospect theory function provides a descriptive model, which can only conceptually describe the people’s behavior, and cannot be deduced strictly, unlike the mathematical models. This means that an explicit theoretical or mathematical model may not be obtained via this theory. The paradigm quantification should be realized to solve the decision-making problem for allocating the water resources. According to a step-by step procedure, the reference point, the probability weight function, and the value function of the decision event are determined, respectively.




2.3. Determining the Theoretical Elements of the Prospect Theory for the Water Resources Allocation


2.3.1. Reference Point Selection and Decision Preference Determination


Since the attribute x of the reference point is the basic element for calculating the cumulative prospect theory function, it should be defined as a variable with an absolute value. In this study, the water deficit is denoted by xi. Different precipitation frequencies make the decision makers’ expectations of x0 inconsistent. It is obvious that the water deficit xi in the wet year should be less than the corresponding one in the dry year. Thus, the annual reference point x0 depends on the precipitation frequency.



The preference reversal point is described by an easily quantified mutation point. The decision preference depends on the approximating threshold degree. When the decision event approximates the reference point infinitely, the decision preference reverses.



Consider that the sample set X: {x1, x2, …, xn} consists of independent variables; by sorting the elements of X in the reverse order, the sample set Y is formed, i.e., Y: {xn, xn−1, …, x1}; Sk is the rank sequence of X; ri is the number of sample i when xi>xj,1≤j≤i, E(Sk) is the expected value of Sk; Var(Sk) is the mean square error of Sk; the standard normal distributions of two sample sequences x and y are denoted by UFk,X and UBk,Y, respectively. The corresponding relations for UFk,X and UBk,Y are given as follows:


UFk,X=[Sk−E(Sk)]Var(Sk)1≤k≤n



(5)






UBk,Y=−[Sk−E(Sk)]Var(Sk)1≤k≤n



(6)







The standard normal distributions UFk,X and UBk,Y under the order columns of x and y are obtained and their corresponding curves are drawn. If these curves intersect each other and their intersection point is within the confidence interval, this point is considered as the mutation point. If the mutation point is unique, it is considered as the reversal point of the decision preference. For the case of multiple mutation points, one of them is selected as the decision preference reversal point after some analysis.




2.3.2. Probability Weight Function Quantification


There are three main methods for determining the probability weight function [43]. The first method was proposed by Tversky and Kahneman [24]. As shown in Equation (7), in this method, small and large probabilities have been devoted to large and small weights, respectively. The second one is the risk factor method that has been proposed by Prelec [44]. It is a risk-based, conservative, and neutral method that can describe the decision maker’s overreaction (see Equation (8)). Gonzalez and Wu [45] employed the first method to propose the third one. In this method, the curvature variable and the curve elevation variable were added to define the probability weight function, as shown in Equation (9).


ω(pr)={prσ+prσ++(1−pr)σ+σ+Δxr≥0prσ−prσ−+(1−pr)σ−σ−Δxr<0



(7)






ω(pr)={e{−δ+[−ln(pr)]σ+}Δxr≥0e{−δ−[−ln(pr)]σ−}Δxr<0



(8)






ω(pr)={η+prσ+η+prσ++(1−prσ+)Δxr≥0η−prσ−η−prσ−+(1−prσ−)Δxr<0



(9)




where σ+ and σ− describe the relationship between probability and weight from the gain and loss perspective, respectively; δ+ and δ− indicate the overreacting rates of the decision makers from the gain and loss perspective, respectively; η+ and η− represent the discernment from the gain and loss perspective, respectively.



Although the water resources system is complex, the decision-making preference is not positive or negative. Therefore, the first method is employed in this study. Moreover, the decision-makers’ probability weighting function parameters are chosen similar to those proposed by Ma and Sun [46] (σ+=0.55, σ−= 0.49)




2.3.3. Value Function Quantification


The cumulative prospect theory function is a descriptive model, which cannot be deduced like general mathematical formulas. Since the value function does not have any accurate mathematical derivation, the descriptive equation may generally be determined through design tests. Ma and Sun [46] concluded that 0<α<1 and 0<β<1 correspond to the adventurous decision while α>1 or β>1 correspond to the conservative decision-making. A comparison between the decision-making preferences of people from different cultural backgrounds with similar decision-making events indicates that the western culture is adventurous (α=0.68, β=0.88) while the oriental culture is conservative (α=1.21, β=1.02). By computing the gain side and loss side sensitivities for both of them, it can be concluded that their sensitivity to loss side is higher (ξ>1). In addition, a conservative coefficient is chosen for this study.






3. Methodology


We adopt the water resources optimization-based allocation model developed by the general algebraic modeling system (GAMS) as a widely used commercial software for optimization. It is quite an effective tool for solving large, complex problems requiring multiple revisions to finalize and provides a simple environment for mathematical modelling with any difficult mathematical algorithms [47,48,49,50]. Its basic framework, variables, constraints, objective functions, as well as input and output files were presented in [51]. In the current paper, the mentioned model is improved through the following steps:



Step 1: Run GAMS model built-in the nonlinear programming algorithm to generate the initial results and obtain the decision water deficit allocation plan as the output.



Step 2: Use the questionnaire survey to collect the preference attribute W of the decision maker and preference plan to set D for the water deficit allocation. Now, construct the preference plan set matrix of the decision maker under the w attribute of D=(dij)m×n.



Step 3: Transform the intuitional fuzzy matrix D into the interval fuzzy matrix B and normalize it.



Step 4: Employ the t distribution to process the interval fuzzy matrix B. Now, calculate the probability Qr of the interval fuzzy matrix B under the attribute W that was introduced in Ma [52] as shown in Equation (10).


Qr=Q(t≤ϕr)−Q(t≤φr).



(10)







Step 5: If S(dij) represents the score of the cumulative prospect theory function of dij, then the probability of S(dij) is denoted by Pij. Sj is the expected score of Wj attribute for each scenario. Now, calculate the score function according to the following equation and set the decision reversal point score to zero. Sj, which is not zero, will be used for the piecewise of water demand [53].


Sj=∑i=1mP¯ij×s(dij)



(11)







Step 6: When the reversal point of the decision preference is identified, the model can start a new objective function. Now, re-execute the new water demand input with the objective function weight and other constraints.



The original objective function can be described with the following equations:


Max Obj=−(∑k=1WzoneN∑j=1UserN∑t=1TTN∑s=1StepzNMBRk,j,t,s×XDeficit1k,j,t,s+∑l=1LakN∑t=1TTN∑s=1SteplNMBLl,t,s×XDeficit2l,t,s)



(12)






XSupply1k,j,t,s≤PZWZSk,j,t,s



(13)






XSupply2l,t,s≤PZWLSl,t,s



(14)






XDeficit1k,j,t,s=PZWZSk,j,t,s −XSupply1k,j,t,s



(15)






XDeficit2l,t,s=PZWLSl,t,s −XSupply2l,t,s.



(16)







After reversing, the objective function can be rewritten as


Max Obj=−(∑k=1WzoneN∑j=1UserN∑t=1TTN−TTRP∑s=1StepzNMBRk,j,t,s×XDeficit1k,j,t,s +∑l=1LakN∑t=1TTN−TTRP∑s=1SteplNMBLl,t,s×XDeficit2l,t,s)−(∑k=1WzoneN∑j=1UserN∑ty=1TTRP∑sy=1StepzRPMBRk,j,ty,sy^×XDeficit1k,j,ty,sy^ +∑l=1LakN∑ty=1TTRP∑sy=1SteplRPMBLl,ty,sy^×XDeficit2l,ty,sy^)]



(17)







Several equations have been added, as follows:


XSupply1k,j,ty,sy^≤PZWZSk,j,ty,sy^



(18)






XSupply2l,ty,sy^≤PZWLSl,ty,sy^



(19)






XDeficit1k,j,ty,sy^≤PZWZSk,j,ty,sy^ −XSupply1k,j,ty,sy^



(20)






XDeficit2l,ty,sy^≤PZWLSl,ty,sy^ −XSupply2l,ty,sy^



(21)




where Obj is the objective function. k and WzoneN are the sequence number and the total number of calculation units, respectively. j and UserN are the sequence number and the total number of socio-economic water use types including living, industry, agriculture, and ecology, respectively. t and TTN are the sequence number and the total number of simulation periods in a year, respectively. When the calculation is performed monthly, TTN = 12 is considered. The sequence number and the total number of rivers/lakes are denoted by l and LakN, respectively. s is the piecewise number of a water demand. StepzN is the total piecewise number of water demand j in the calculation unit k. SteplN is the total piecewise number of water demand h of river/lake l. PZWZSk,j,t,s is the socio-economic water demand of segment s in the calculation unit k. PZWLSl,t,s is the ecological water demand of segment s for the water demand j of river/lake r in the calculation unit k. MBRk,j,t,s is the marginal utility of the socio-economic water demand of segment s for the water demand j in the calculation unit k. XSupply1k,j,t,s and XDeficit1k,j,t,s denote the water supply and the water deficit corresponding to the socio-economic water demand, respectively. MBLl,t,s is the marginal utility of the ecological water deficit of segment s for river/lake r in the calculation period t and XSupply2l,t,s and XDeficit2l,t,s are the water supply and the water deficit corresponding to the ecological water demand. Finally, ^ denotes redefined variables by reversing of decision preferences. The year in which the decision reversal occurs is defined as ty and the total number of ty is TTRP. After decision reversal, the piece of water demand will also change together. The new piecewise number of a water demand is defined as sy. StepzRP is the total piecewise number of sy. SteplRP is the total piecewise number of water demand h of river/lake l. All variables begin with X need to be optimized.



The water demand and marginal utility function values are different after decision reversal. The parameters after decision reversal are marked with ^, including PZWZSk,j,t,s^, PZWLSl,t,s^, MBRk,j,t,s^, and MBLl,t,s^. When decision reversal occurs, water demand may increase or decrease, and its corresponding marginal utility function values will change together. For example, as shown in Figure 2, water demand PZWZSk,j,t,s is described as the green part in the Figure 2a before decision reversal. The corresponding marginal utility value MBRk,j,t,s is also described as the green part in the Figure 2b. When decision reversal occurs, water demand may be reduced to the red part in the Figure 2a. The corresponding marginal utility function value will also change together. Which parts of the Figure 2b is the marginal utility function value corresponding to the red part of the water demand? That depends on the Sj solved by the step 5 and the piecewise of the water demand, which is described by He et al. [53].




4. Case Study


In this study, the Wuyur River basin, which is located at the east longitude of 125°20′~128°30′ and the north latitude of 46°40′~48°2′, is selected as the study area, shown in Figure 3. The terrain is high in the northeast and low in the southwest. The total length of the main stream is 576 km, its average slope is 0.047%, and the total area of the basin is 24,142 km2 [54]. The average annual precipitation is 524 mm in the basin (1990–2014). The precipitation from June to August is considered as more than 70% of the corresponding one for the whole year. The average annual temperature is 3.5 °C. The lowest temperature for each year occurs in January. The average annual sunshine hours are 2864 h and the average annual wind speed is 3.5 m/s. The lower reaches of the Wuyur River is a flooded area. Flat terrain leads to a slow flow that forms a wide distribution of lake and swamp. Zhalong wetland, which is on the list of important international wetlands, is located in the Wuyur River basin. Zhalong wetland covers an area of 2100 km2. The typical crop is phragmite and its growth period in a year is from May to September [55]. It is assumed that the evapotranspiration of phragmite multiplied by area equals the amount of ecological water demand of Wuyur River Basin in this paper. The study area with 6540 km2 cultivated area is subordinated to the Fuyu county, Tailai county, Lindian county, and Dorbod Mongol Autonomous County in the Heilongjiang province. The main irrigated crop in this area is rice, where its growth period is from May to September. Thus, the main water use contradiction occurs in May to September between ecological and agricultural water in Wuyur River Basin.



Water deficit is defined as the difference between water demand and water supply. If precipitation is considered as the only source for ecological and agricultural water, water deficit may occur in some historical years. Ecological and agricultural water deficit are shown in Figure 4 and Figure 5, respectively. The main water use contradiction in this region occurs between where their demands are shown in.



The annual water deficit ratio is low, while the water deficit ratio of May–June, in which is the peak of water demand for crop and phragmite growth, is extremely high. Therefore, this study only considers the decision preferences of water competition for these two water users. In order to coordinate the water supply process of ecology and agriculture, it is necessary to use prospect theory to solve the problem of decision reversal.



The generalization of water resources system is the first step in water resources allocation. The relationship among the water resources units, nodes, and channels should be assumed [56]. The water system network chart of the study area is shown in Figure 6. In this study, there are 2 water resources basins, 6 conventional computing units, 2 virtual computing units, 3 control nodes, 2 reservoirs, 3 independent users, 11 water supply channels, 3 natural river channels, and 10 drainage channels. The input data contain a series of long-term data like water demand, water inflow, the control nodes flow, and model parameters. The results obtained from the Songhua river basin comprehensive plan of water resources (from 2011 to 2030) are employed to derive the data. The data are considered during May to October of each year from 1990 to 2014.




5. Results and Discussion


5.1. Reference and the Reversal Points of the Decision Preference


In this paper, the ecological mutation point is defined as the reference point. The Mann–Kendall mutation test (M-K test for short) is utilized to obtain the mutation point of the phragmite area as the decision preference reversal point with a confidence interval of 0.05. The data of the phragmite area over the years are considered as samples. The mentioned data are measured by using the Landsat TM images acquired from June to September in 1990~2014 (data source: http://glovis.usgs.gov/app). Since the images acquired from June to September in 1993, 1997, 2009, and 2014 are covered by clouds and are unsharp, the images acquired in March, April, or November are utilized instead. The area is corrected and is compared with the same month of the year with similar precipitation frequency. In addition, the phragmite area in the Zhalong wetland in remote sensing interpretation is basically consistent with the corresponding one in the Planning Report (2004) of Zhalong wetland water resources [57]. The comparative results are shown in Figure 7.



We adopted the M-K test to recognize the reversal point as the intersection point of UF and UB curves. UF and UB are statistical variables representing the standard normal distribution of positive and inverse samples, respectively. The standard normal distribution curves of UF and UB according to the phragmite area in remote sensing interpretation are shown in Figure 8. According to Figure 8, two mutation points can be observed in the confidence interval, which occur between 2002–2003 and 2012–2013, respectively. Considering the precipitation lagging effect on the wetland ecosystem, the ecosystem elasticity and special historical events (the emergency ecological water supplement in the Zhalong wetland after 2001), 2002 or 2003 is considered as the reversal point of the decision preference. When decision events infinitely approximate the reference point events, the decision preference reverses.




5.2. The Effect of Water Deficit Scenarios on the Foreground Function


All input data, except ecological and agricultural water demands of GAMS, can be quoted from You [21]. Water demand is calculated by quota method; that is, the evaporation depth multiplied by the crop area mentioned in the case study. The average ecological and agricultural water demands are 0.503 billion m3 and 1.717 billion m3, respectively. Water supply and water deficit are calculated by GAMS. The total water supply and water deficit for ecology and agriculture are 2.128 billion m3 and 0.092 billion m3, respectively.



For the first time, the decision-makers make the rational judgment on the allocation results using their own knowledge and behavioral cognition, which generally forms the preliminary impression of “mistake recognition, distortion recognition, and hesitation determination”. The reference point depends on the expected score Sj of Wj attribute. According to the first operating results, the ecological and agricultural water deficit allocation scenarios are designed. In this paper, θ is defined as proportions between each deficit and the total deficit, which can express the preferences of the decision makers for different users. The allocation ratio is adjusted by the equal step method, with the step size of 0.05. This leads to 19 groups in total, if only the preference of the decision makers for ecological and agricultural water are taken into account. Since the decision preferences are different, the selected allocation scenarios are different, too. As can be seen from Figure 9, the horizontal and vertical axes are considered as θ value and the average annual cumulative prospect theory values, respectively. E-value and A-value are the abbreviations for the average annual cumulative prospect theory values for ecological and agricultural water, respectively. E-value is a growth curve while A-value is a decrease curve. They can intersect at the point of zero, which means that the decision-making results are more equitable between ecology and agriculture. We must further discuss the effect of decision weights in order to demonstrate the reliability of the recommended results by uniform criteria.



The decision-makers’ preference proportions to ecology and agriculture are represented with decision weights γ and 1−γ, respectively. γ represents the same meaning as πr and γ values are subordinate to πr values, which are obtained by expert survey. The closest scenarios to the reference point for are the decision weights γ=0.5, γ=0.65, and γ=0.45, respectively. When the intersection occurs (equal to zero), we considered as the recommended scenario of θ value. Figure 10 demonstrates that we should recommended the scenario of θ value equal to 0.25 when γ equals to 0.5. When the decision weights are constants, which means the decision makers’ preference is known, the θ can be chosen to better express the water deficit in proportion to the total water deficit.



For a constant decision weight value γ equals to 0.5, the average annual cumulative prospect theory values for different water deficit allocation scenarios from 1990 to 2014 are shown in Figure 11. The conclusion of Case 1 in Section 2.2 demonstrated that the cumulative prospect theory value of agriculture is higher than that of ecology.




5.3. Comparison of the Water Deficit Before and After Decision Reversal


This section is based on the recommended scenario mentioned in the previous section, namely, θ value equals to 0.25 and γ value equals to 0.5. It is assumed that under the limited water supply capacity constraint Wlimit, the sum of ecological water demand Weco and agricultural water demand Wagr exceeds Wlimit with the excess of WW. Equation (22) shows this fact. The ecological and agricultural water demands are elastic or compressible. Wecofz and Wagrfz as the ecological and agricultural water demands after the decision reversal are calculated through Equations (23) and (24), respectively.


Wlimit=Weco+Wagr−WW



(22)






Wecofz=Weco−θ×WW



(23)






Wagrfz=Wagr−(1−θ)×WW



(24)







When the decision is reversed, the new water demands (Wecofz and Wagrfz) are employed as the inputs for running the water allocation model by GAMS. The water deficits before and after the allocation decision reversal are shown in Table 1.



The water deficit allocation is necessary to redistribute the water deficit between the ecological and agricultural water. When the allocation coefficient is less than 0.5, the decision makers hope that the ecological water deficit is smaller than the agricultural water. As can be seen from Table 1, the ecological water deficit values after reversal are less than the corresponding ones before reversal. Moreover, the depth of ecological water deficit and the maximum depth of water deficit after reversal are lower than the corresponding ones before reversal. On the contrary, the average agricultural water deficit value after reversal is greater than the corresponding one before reversal only in May. This indicates that the wedged water demand coefficient and the water deficit allocation coefficient are not necessarily coincident. Moreover, unlike the ecological water, the depth of agricultural water deficit and the maximum water deficit depth after reversal are higher than the corresponding ones before reversal.





6. Conclusions


To propose a simple method for determination of the experience of highly skilled experts into a paradigm, the prospect theory is employed in this paper to establish the water resources allocation model. In the first step, the elements for expressing the decision maker’s preference in the water resources utilization field are determined according to the prospect theory principles. Secondly, the methods are summarized to determine the elements in the cumulative prospect theory function and their corresponding range. These elements include reference points, decision reversal points, probability weight functions, and value functions. Then, the water resources optimization allocation model is improved by GAMS. Moreover, the reversal point is added. Now, the inverse objective function and other constraints are defined. The simulations performed on the case study in the Wuyur River basin demonstrate that the preference of decision makers can be incorporated in the optimal allocation model based on the prospect theory. This helps to present a superior solution for the problem of planning and management of water resources by using the expert experience. Due to lack of the mathematical background in the prospect theory, people’s behavior can only be modeled through it conceptually. This limits its applicability. Making a descriptive decision with universal characteristics and applying a psychological model for solving the water resources optimization-based allocation problem can be considered as future research topics.
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Figure 1. The concept mapping of value function. 
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Figure 2. The comparison of water demand before and after decision reversal as well as marginal utility. (a) water demand; (b) marginal utility. 
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Figure 3. The map of Wuyur River Basin. 
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Figure 4. The difference of ecological water demand and precipitation during May to October of each year from 1990. 
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Figure 5. The difference of agricultural water demand and precipitation during May to October of each year from 1990. 
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Figure 6. The water resources allocation network chart of the Wuyur river basin. 
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Figure 7. Comparison between the phragmite area in the remote sensing interpretation and the previous results from 1990 to 2014. 
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Figure 8. The M-K test results of the phragmite area from 1990 to 2014. 
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Figure 9. The cumulative prospect theory values for ecological and agricultural water in different preferences of decision-makers. 
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Figure 10. The recommended scenarios for different decision weights γ of preferences. 
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Figure 11. The cumulative prospect theory values for different water allocation scenarios in γ=0.5 from 1990 to 2014. 
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Table 1. The water deficits before and after decision reversal in θ=0.25.
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Category

	
Status

	
Average Water Deficit

	
Water Deficit

	
Depth of Water Deficit

	
Maximum Water Deficit Depth




	
May

	
June

	
July

	
August

	
September






	
Ecology

	
Before

	
7610.0

	
5459.9

	
2095.4

	
2900.9

	
372.0

	
18438.3

	
49%

	
71%




	
After

	
817.3

	
568.6

	
232.8

	
322.3

	
354.5

	
2295.6

	
6%

	
8%




	
Agriculture

	
Before

	
2783.7

	
2251.2

	
893.7

	
1522.6

	
222.9

	
7674.0

	
22%

	
29%




	
After

	
3888.6

	
1879.6

	
893.7

	
1522.6

	
222.9

	
8407.3

	
24%

	
40%
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