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5- Headwater ratio

6- Vertical aspect ratio/sidewall angle
7- Magnification ratio

8- Sidewall angle
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1- Actual length of side leg
2- Effective length of side leg
3- Length of labyrinth

4- Number of cycles
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4- Fuzzy Inference System (FIS)
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1- Crest shape
2- Apex ratio
3- Artificial Neural Networks(ANN)
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1. Introduction

Among different type of spillways, the labyrinth one is a useful structure for the reservoirs with narrow
floodways. The most advantages of labyrinth spillways are as follows [1]:

- ability the maximum conveyance capacity through a confined width

- flood risk reduction upstream of reservoirs

- increase the reservoir volume

- most adapted with the other types of spillways applied in the rehabilitation processes

- low costs, simplicity in construction and maintenance programming

- The guidelines and design procedures are developed by [2]. Therefore, over the last 25 years, the use of
labyrinth spillways has been significantly increased, particularly in the USA.

Some researches focused on the determination of the discharge capacity of labyrinth spillways using the artificial
networks. But none of them were concentrated on the optimal design of labyrinth spillway. The present research is
focused on optimal design of labyrinth spillways by decreasing the cost of spillway using DE algorithm. Adaptive
neuro fuzzy interference system (ANFIS) model is utilized to estimate the discharge coefficient of spillway.
Diffrential evolution algorithm (DE) is used to determine the best combination of design parameters to minimize the
total construction cost of labyrinth spillway. Finally, the comparison of the results obtained from this research and
the benchmark design represents 19 percent reduction in cost.

2. Methodology
2.1. Parameters defining spillway

Schematic triangular plan of the labyrinth spillway is illustrated in Fig. 1. The discharge-head relationship in
labyrinth spillways is described by a general equation as:

2 1
Q=§CdL2@Hz1'5 M

where, C, is discharge coefficient, L, is effective length of the spillway, H, is total head over the spillway (H, =
H+H,) and g is gravitational acceleration.
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2.2. Neuro Fuzzy systm analysis

The neural-fuzzy model was developed by Chang in 1993. In this model, the Artificial Neural Network (ANN)
and Fuzzy logic are combined, and called ANFIS, to simplify the training and conformity procedures. Using the
training capability of ANN, the optimization of parameters is done automatically [2].

The first step in the design of ANFIS model is the choice of Fuzzy Inference System (FIS). Assume that the
considered FIS has two inputs (x and y) and one output, f. For a first-order Sugeno fuzzy model, the common rules
set with two fuzzy if-then rules are as follows:

Rulel: if  x=4 , y=B then fi=px+tqy+n

Rule2: if x=4, , y=By, then fo=px+qy+tn

In which, A}, A,, B, and B, are parameterized membership functions for x and y inputs and py, qy, 11, p2, qz and r,
are the parameters of the output function. The function of ANFIS model is as follows. In layer 1, the membership of

each input variable is determined by rectangular nodes and the output OPi1 is defined by Egs. (2) and (3):

OF =yt (x) for i=12 @

OP' =y, (y) for i=34 3)

Where pa; (x) and pg;, (y) are appropriate parameterized membership functions and OPl-1 is membership grade of
fuzzy set A (=A;, A,, B; or B, ) and it specifies the degree to which the given input x (y) satisfies the quantifier A.

3. Results and discussion

The ANFIS model is constructed by using Tullis et al. [1] experiments models. The spillway crest shape is a
semi-circle with P/6 inch thickness and other parameters such as number of cycles, width and height of weir are
constant. The discharge coefficient is the output of the model while angle o and ratio H,/P are considered as input
data. 34 data points are used in the analysis by considering 80% of data for learning of the model and the remaining
20% for validating of the model. The variations of the discharge coefficient of the labyrinth spillway with a and
H/P can be followed by considering Fig. 2. Performance evaluation criteria of the ANFIS model for both training
and testing data sets were outlined in Table 2. The high values for CORR and also, low values for RMSE and MAE
represent the performance of the model in both training and testing steps (Table 1). The comparison of the optimal
design of DE procedure with the existing design was presented in Table 2.

End wall

-

T
J !. Labyrinth wWall

5
alpha

Fig. 1. Plan view of triangular labyrinth spillway Fig. 2. Shel provided for input and output data
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Table 1. ANFIS model evauation Table 2. Comparison the actual and optimized design
Validating  Learning  Criteria Parameters
3 H__ H+P W A
0.9988 09999  CORR { ; N L/'W B(m) L(m
m o  m  m (m (@) Lem
0.0087 0.0027  RMSE
Actual 91 579 1489 183 15 14 4 3883 13018
0.00773  0.00186  MAE Design ' ' : ' ' ' '
Optimized o5 5e3 1268 213 0 12 365 3726 935
Design

P is the height of spillway, Ht is the total head over spillway, W is the width of cycle, A
is the apex length, N is the no. of cycles, I/W is the magnification ratio, B is the
spillway width along the stream lines and 1 is the total length of spillway

In the present study, DE procedure was adopted for the cost optimization of the labyrinth spillway of UTE dam.
F,=0.6 m, T,=0.3 m and T,,= 0.5 m was considered in the optimization methodology. The comparison of the optimal
design of DE procedure with the existing design was presented in Table 2. It should be noted that the existing
labyrinth spillway was designed using a trapezoidal plan, while the optimal design of DE has the triangular plan. In
the costs analysis, it is supposed that the overall costs have a direct relationship to the volume of the structure.
Hence, an overall reduction about 19.3% was obtained using DE.

4. Conclusions

The labyrinth spillway, which is a linear weir folded in plan-view to enhance its overall crest length in a confined
width, continues to be a popular type of the control structures for releasing the flood water to the downstream area
of dams because of advantages such as self-aeration, high discharging capacity and low water level fluctuation over
the crest. An optimization methodology for the optimal design of labyrinth spillways was developed in the present
study. The ANFIS model was considered to estimate the discharge coefficient of the labyrinth spillway as a function
of a and Hy/P using available experimental data for two subsequent training and testing steps. The model was
accurately estimated the discharge coefficient in different hydraulics conditions by considering three performance
indices. A real benchmark design problem (i.e. Ute dam) was used to evaluate differential evolution (DE) algorithm
and genetic algorithm (GA) for the minimization of the spillway cost. Several hydraulic conditions were adopted as
the constraints for the optimization procedure. The simulation results showed that DE is better than GA in finding
the optimal design and in the progression convergence of the solutions. Also, the results indicated that the developed
methodology could substantially (up to almost 20%) decrease the total volume of the spillway structure as the cost
index of it.
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