









	[image: images]
	Computer Modeling in Engineering & Sciences
	[image: images]






DOI: 10.32604/cmes.2023.024247

ARTICLE

A Double Adaptive Random Spare Reinforced Sine Cosine Algorithm

Abdelazim G. Hussien1,2, Guoxi Liang3, Huiling Chen4,* and Haiping Lin5,*

1Department of Computer and Information Science, Linköping University, Linköping, 4189, Sweden
2Faculty of Science, Fayoum University, Fayoum, 63514, Egypt
3Department of Information Technology, Wenzhou Polytechnic, Wenzhou, 325035, China
4Artificial Intelligence, Wenzhou University, Wenzhou, 325035, China
5College of Information Engineering, Hangzhou Vocational & Technical College, Hangzhou, 310018, China

*Corresponding Authors: Huiling Chen. Email: chenhuiling.jlu@gmail.com; Haiping Lin. Email: 2018010012@hzvtc.edu.cn

Received: 27 May 2022; Accepted: 23 November 2022


Abstract: Many complex optimization problems in the real world can easily fall into local optimality and fail to find the optimal solution, so more new techniques and methods are needed to solve such challenges. Metaheuristic algorithms have received a lot of attention in recent years because of their efficient performance and simple structure. Sine Cosine Algorithm (SCA) is a recent Metaheuristic algorithm that is based on two trigonometric functions Sine & Cosine. However, like all other metaheuristic algorithms, SCA has a slow convergence and may fail in sub-optimal regions. In this study, an enhanced version of SCA named RDSCA is suggested that depends on two techniques: random spare/replacement and double adaptive weight. The first technique is employed in SCA to speed the convergence whereas the second method is used to enhance exploratory searching capabilities. To evaluate RDSCA, 30 functions from CEC 2017 and 4 real-world engineering problems are used. Moreover, a non-parametric test called Wilcoxon signed-rank is carried out at 5% level to evaluate the significance of the obtained results between RDSCA and the other 5 variants of SCA. The results show that RDSCA has competitive results with other metaheuristics algorithms.
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1  Introduction

Recently, an enormous number of meta-heuristics algorithms have been proposed which simulate natural-based phenomena or biological behavior [1–6]. These meta-heuristics have been successfully applied to various domains of medical science [7–10], finance [11–13], energy [14–16], engineering [17–21], agriculture [22,23] and education [24–26]. Some examples of these algorithms are Artificial Bee Colony (ABC) [27], Genetic Algorithm (GA) [28], Ant Colony Optimization (ACO) [29], Particle Swarm Optimization (PSO) [30], Cuckoo Search (CS) [31,32], Grey Wolf Optimizer [33], Bat Algorithm (BA) [34], Runge Kutta Optimizer (RKN) [35], Colony Predation Algorithm (CPA) [36], Crow Search Algorithm (CSA) [37], Weighted Mean of Vectors [38], Snake Optimizer (SO) [39], Hunger Games Search (HGS) [40], Whale Optimization Algorithm (WOA) [41], Symbiotic Organism Search (SOS) [42], Lightning Search Algorithm (LSA) [43], Moth-Flame Optimization (MFO) [44], Slime Mould Algorithm (SMA) [45], Ant Lion Optimizer (ALO) [46], Harris Hawks Optimization (HHO) [47,48], Remora Optimization Algorithm (ROA) [49], and Wild Horse Optimizer (WHO) [50].

Sine Cosine Algorithm (SCA) is a novel population-based algorithm that has been introduced to solve real-world problems. For example, Elaziz et al. [51] developed the use of SCA to optimize the optimal parameters of Random Vector Functional Chain (RVFC) networks and use the obtained optimal model for predicting ACE inhibitory activity. Li et al. [52] developed a novel SCA-SVR model using the SCA in order to select the penalty & parameters of the kernel in SVR to improve the performance of generalization to unknown data. The model was able to have the optimal values of the SVR parameters with good results. Nayak et al. [53] introduced an enhanced Extreme Learning Machine (ELM) approach for the sine cosine algorithm (MSCA-ELM) and designed a new automated Magnetic Resonance Imaging (MRI) brain pathology detection system. Wang et al. [54] introduced a hybrid wavelet neural network based on the proposed Multi-Objective Sine Cosine Algorithm (MOSCA), which was successfully applied in wind speed prediction. Dasgupta et al. [55] introduced a newly designed SCA for determining the optimal voltage regulator systems of proportional-integral differential controller parameters, which can effectively tune the PID controller parameters. Chen et al. [16] combined opposition-based learning and local search strategies with SCA to estimate photovoltaic models parameters. Also, Sahlol et al. [56] tried to improve fish liver Enzymes prediction by using SCA to train feedforward neural networks. Also, Sindhu et al. [57] used an elitism strategy with SCA to solve the feature selection problem. Likewise, SCA has been applied to other problems e.g., predicting cervical hyperextension injury [58], predicting master students’ intention [26], hydrothermal scheduling [59], and image segmentation [60].

Many variants of SCA have been proposed such as a multi-objective SCA (MO-SCA) which was proposed by Tawhid and Savsani [61]. Also, Issa et al. [62] tried to design an adaptive SCA version that is combined with PSO called (ASCA-PSO). Likewise, Sine Cosine Crow Search Algorithm (SCSCA) [63], hybrid algorithms between sine cosine and particle swarm algorithm known as (H-PSO-SCAC) [64], hybrid algorithm between SCA and differential evolution (SCA-DE) [65], Opposition-Based SCA (OBSCA) [66], enhanced sine cosine algorithm called (MSCA) [67], and orthogonal-learning driven multi-swarm sine cosine called (OMGSCA) [68]. Abd Elaziz et al. [68] presented an improved version of SCA that incorporated backward learning to increase the exploration search space to generate more accurate solutions. Guo et al. [69] presented a Riesz derivative fractional sinusoidal algorithm abbreviated as that is based on Riesz fractional derivative variation mechanism and applyed it to the design of welded beams and pressure vessels. Gupta et al. [70] developed a novel and improved sine cosine algorithm using cross-exploitation techniques with the integration of individual optimal states of individual solutions, global search, and self-learning mechanisms and applied it effectively to multi-stage threshold segmentation in images. Gupta et al. [71] developed an improved SCA that is based on the logarithmic and adaptive components of the perturbation rate. Their algorithm was employed in order to solve five different engineering optimization problems and effectively solve the global optimization problem. Issa et al. [64] introduced a modified SCA version in which SCA was combined with PSO. This algorithm was used to solve the pairwise local alignment problem with the aim of looking for the longest continuous substring between two biological sequences, which has shown good performance in accuracy and calculation time. Long et al. [72] introduced inertial weights and a novel SCA version known as (ISCA) and applied it in solving high dimensional problems based on a Gaussian function with a nonlinear transformation parameter decreasing strategy. Compared to traditional SCA and other population-based algorithms, the ISCA algorithm has faster convergence and better ability to escape from local optimal solutions. Nenavath et al. [67] proposed a new differential evolutionary sine and cosine mixture optimization algorithm and confirmed its accuracy under various challenging conditions.

Although the success of all mentioned variants of SCA, it still has low convergence and may struggle in local optimal regions. This motivated us to propose a novel variant of SCA called RDSCA that employed two strategies: 1) double adaptive weight strategy in order to achieve a good balance between exploitation and exploration by using two weights w1 in the first half of iterations and w2 in the last half of iterations. 2) random spare strategy in which each individual in search space can replace the optimal solution in each dimension which helps in escaping from local optima. Moreover, 30 functions from CEC 2017 and 4 real-world constrained engineering problems are used to validate our algorithm. Also, a comparison with many SCA variants has been done with RDSCA. Chen et al. [73] has used the same strategies with WO and they argued that it has a very good results. So, we test the same mechansim on SCA.

To the best of our information & knowledge and according to the literature, this is the first time that these two strategies were introduced into SCA. The main contributions of this paper are shown below:

•   A new metaheuristic algorithm, called RDSCA, is proposed based on a random replacement and double adaptive weight strategy, combined with SCA.

•   In classical CEC2017 benchmark functions, experimental results with SCADE [74], OBSCA [68], CGSCA [75], ASCA_PSO [64] and CESCA [26] demonstrate that the RDSCA algorithm has efficient performance and competitive ability in optimization search.

•   To verify the performance of the algorithm on real-world problems, RDSCA’s experimental results on four engineering problems demonstrate that the optimizer can effectively solve complex real-world problems.

The rest of this paper is organized as follows: the basic SCA and its mathematical equation are given in Section 2 whereas RDSCA is discussed comprehensively in Section 3. Section 4 shows both experiments & the results whereas the conclusion & possible future works are given in Section 5.

2  Sine Cosine Algorithm

Recently many new meta-heuristics algorithms have been developed and have shown great potential in tackling complex optimization problems such as image segmentation [76,77], PID optimization control [78], economic emission dispatch problem [79], expensive optimization problems [80], combination optimization problems [81], bankruptcy prediction [12,82], plant disease recognition [83], traveling salesman problem [84], feature selection [85,86], multi-objective problem [87], detection of foreign fiber in cotton [88,89], medical diagnosis [7,8], fault diagnosis [90,91], parameter optimization for machine learning models [92,93], prediction problems in educational field [24,25], constrained optimization problems [94,95], scheduling problem [96,97], and object tracking [98,99]. SCA can be considered as one of the most powerful and well-known meta-heuristics algorithms which was firstly proposed in 2016 [100]. The main idea in SCA is Sine & Cosine operator, which update agent movement according to Eqs. (1a), (1b):

xit+1=xit+r1×sin⁡(r2)×|r3pit−xit| if r4<0.5(1a)

xit+1=xit+r1×cos⁡(r2)×|r3pit−xit| if r4≥0.5(1b)

where r2, r3, and r4 are random numbers in the interval (0,1], pit is the best solution position obtained in the i-th iteration, and r1 can be obtained from the following equation:

r1=a−taT(2)

where a refers to a constant number, and T, t refer to the maximum iteration number and the current iteration, respectively. Also, flowchart of SCA is given in Fig. 1.
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Figure 1: Flowchart of SCA

3  Proposed Algorithm

3.1 Architecture of RDSCA

In this section, the structure of the suggested algorithm called RDSCA has been illustrated in detail. RDSCA is a modification of SCA with 2 strategies: 1) random spare/replacement. 2) double adaptive weight. The pseudo-code and flow chart are given in Algorithm 1 and Fig. 2. The integration of two mentioned strategies has a great impact on SCA in search capabilities and convergence curve.
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Figure 2: Flowchart of RDSCA

3.1.1 Random Spare/Replacement

In this strategy, the current individual with n-th dimension position will be replaced with the corresponding dimension of the optimal individual vector. A certain probability is used to implement a random spare strategy, since not any dimension value in the optimal individual is optimal. Cauchy random is used as a ratio between the current evaluation number to total evaluation number.

3.1.2 Double Adaptive Weight

In this strategy, similar to PSO [30], a double adaptive weight was used to improve the ability of local & global search w1, w2 can be calculated from Eqs. (3) and (4). Furthermore, Fig. 1 in the supplement analyzes the balance of RDSCA and SCA.

w1=(1−FEsMaxFES)1−tan⁡(π×(rand−0.5)×sMaxFEs)(3)

w2=(2−2FEsMaxFES)1−tan⁡(π×(rand−0.5)×sMaxFEs)(4)

where FEs is the current number of iterations, MaxFES is the maximum number of iterations of the algorithm, tan⁡(π×(rand−0.5) denotes the Cauchy random number, s changes with the local optimum, and s automatically increases by 1 when an individual is not updated, otherwise the value of s is subtracted by half when an individual is updated. w1 and w2 are not linearly decreasing, but fluctuate in frequency as the algorithm falls into the local optimum, and the fluctuation range of w1 is [0, 1], w2 takes values in the range [0.5, 1]. Therefore, w1 is mainly used in the first half of the algorithm iteration to improve the global search ability of the algorithm, and w2 is used in the second half of the algorithm iteration to improve the ability of the algorithm to jump out of the local optimum. Eq. (5) is used in the first half of iterations whereas, Eq. (6) is used in the last half of iterations.

xit+1={xit+w1×r1×sin⁡(r2)×|r3pit−xit| if r4<0.5xit+w1×r1×cos⁡(r2)×|r3pit−xit| if r4≥0.5(5)

xit+1={xit+w2×r1×sin⁡(r2)×|r3pit−xit| if r4<0.5xit+w2×r1×cos⁡(r2)×|r3pit−xit| if r4≥0.5(6)

3.2 The Proposed RDSCA

In the algorithmic optimization search process, certain dimensional vectors of the current individual may be responsible for the superior quality of the individual, and in contrast, certain dimensions may also lead to the poor quality of the individual. This is explained by the fact that the result of the mapping from the decision space to the objective space is determined jointly by multiple dimensions of the decision variables. Therefore, we go to adopt the values of some dimensions of the current optimal individual to replace the values of the corresponding dimensions of the current individual with a certain probability in the optimization process of the algorithm. In addition, the timing of random replacement is also very important, and we use the mathematical description in lines 10 to 13 of Algorithm 1 to define a random replacement probability. The mathematical description is mainly used to determine whether the individual adopts the random replacement strategy through the Cauchy random number and the current number of iterations. At the beginning of the algorithm iteration, the Cauchy random number can improve the randomness, so we have a higher probability to replace some dimensions of the individual, thus speeding up the convergence of the algorithm; at the later stage of the algorithm iteration, the mathematical description in the third line of the pseudo-code will have a smaller probability to replace the dimensions of the individual, resulting in Individuals have more vectors of random dimensions, thus reducing the possibility of the algorithm falling into a local optimum.

In addition, the proposed RDSCA algorithm in which we introduce an double adaptive weight strategy is shown in lines 16 to 22 of Algorithm 1. w1 and w2 are affected by the change of individuals into local optimum, which can increase the ability of the algorithm to jump out of local optimum when individuals are detected to be in local optimum. The specific principle is that when an individual is not updated for a long time, the individual is more likely to fall into a local optimum, and then the values of weights w1 and w2 increase, increasing the range of random fluctuations in Eqs. (1a), (1b) and enhancing the ability of the algorithm to jump out of the local optimum. As a result, the algorithm can jump out of the local optimum faster and increase the speed of convergence. The random replacement strategy and the double adaptive weight strategy cooperate with each other in the iterative process of the algorithm, which well balances the algorithm between search and exploitation to improve the convergence ability and the ability to jump out of the local optimum.

In addition, it should be especially noted that RDSCA and SCA use the same algorithm framework, and SCA mainly accomplishes the balance of algorithm exploration and exploitation through Eqs. (1a), (1b), while RDSCA mainly balances algorithm exploration and exploitation through Eqs. (5) and (6). Eqs. (5) and (6) expand the perturbation frequency and amplitude of RDSCA by adding adaptive dual weights w1 and w2 without changing the conversion mechanism of the algorithm from exploration to exploitation.

3.3 Time Complexity of RDSCA

The complexity of any meta-heuristic algorithm is very crucial as it computes its needed time. The time complexity of RDSCA is is depended on the number of individuals (N), maximum iteration number (T), and number of dimensions (Dim). Therefore, RDSCA complexity is as follows:


O(RDSCA)=O(Initialization)+O(Evaluating )+O(Updating individual)=O(N×D)+O(N×D×T)+O(N×D×T)=O(N×D×T)

4  Experiment

In order to verify the effectiveness of the algorithm, a fair experiment is necessary, and the whole process must be controlled and have a verifiable data set [101]. In this section, a discussion on the performance of RDSCA is introduced based on some experiments using CEC 2017, they have been internationally recognized test data in the field of metaheuristic algorithms. References [102,103] are a benchmark and a number of compared algorithms. All experimental results are the average of the results of 30 independent runs of the algorithm on each benchmark function. All experiments of the algorithms were coded and run on the MAT-LAB R2014b software platform.

4.1 Benchmark Test Functions

In order to evaluate the performance of the proposed RDSCA, 30 functions from CEC 2017 benchmark were used. These functions have really complex parameters and a variety of real optimization difficulties that are close to reality. They can be classified into unimodal (F1–F3), multi-modal (F4–F10), hybrid (F11–F20), and composite (F21–F30) as given in Table S1 in the supplement, where ‘’Types” denotes the type of function; unimodal indicates that there is only one global optimum solution and no local optimum, which can test the convergence speed of the algorithm; multi-modal contains multiple local optima with one and only one global optimum; hybrid and composite functions are more complex, which often have multi-modal nature and have more difficult to jump out of the local optimum, which requires a better balance between exploration and exploitation of the algorithm. “Name” denotes the name of the function; “Opt” denotes the optimal objective value of the function. In all experiments, the number of population (n) is set to 30, dimension numbers (dim) is equal to 30, and the number of maximum evaluation of fitness function (MaxFEs) has been set to dim * 10000 = 300000 as it is shown in Table 1.
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4.2 Comparative Algorithms

To evaluate the performance of RDSCA, a comparison against many other variants of SCA has been done using 30 functions from CEC 2017. Modified SCA versions are chosen for comparison purpose, which are mentioned as bellow:

•   SCADE [74]: differential evolution (DE) operators have been employed in SCA as local search operators.

•   OBSCA [68]: opposition-based learning (OBL) is used in the initialization and updating phases.

•   CGSCA [75]: exponential decreasing conversion parameter and linear decreasing inertia weight methods are employed within SCA to achieve a good balance between exploration and exploitation. Moreover, a greedy Levy mutation technique is also applied.

•   ASCA_PSO [62]: ASCA-PSO is an algorithm that hybridizes PSO with SCA in order to have more exploitation properties.

•   CESCA [26]: chaos theory concepts have been employed in SCA.

4.3 Measures of the Performance

Here, a number of statistical metrics are used to compute the RDSCA performance.

•   Average (mean):

Avg=1N∑i=1Ng∗i(7)

•   Std:

SD=1N−1∑i=1N(g∗i−Avg)2(8)

where N refers the number of total evaluated times, g∗i is the value of the fitness function at i-th iteration.
•   Min: the best solution obtained over all running.

best=mini=1Ng∗i(9)

where M refers to the iteration number to perform the experiments and g∗i refers to the result obtained from the fitness function at i-th iteration and Avg refers to the average of all running.

•   Max: the worst solution obtained over all running.

Worst=maxi=1Ng∗i(10)

where N refers to iteration number to perform the experiments and g∗i is the result obtain fron the fitness function at i-th iteration.

4.4 Discussion

4.4.1 Comparison between RDSCA and Other Algorithms

The comparison results between RDSCA and other SCA variants mentioned in Section 4.2 are shown in Table 2. From this table, it is notable that the suggested algorithm achieved better fitness value. RDSCA achieved the best average in 24 functions from 30 functions, second best in 4 other functions (F2, F11, F18, and F24) and the third best in F14. Furthermore, RDSCA ranked first in term of standard deviation in 19 functions and the second best in the other 11 functions.
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Fig. 3 shows the convergence curve for some functions from all types (unimodal, multimodal, hybrid, and composite). It can be observed from this figure that RDSCA has a better speed convergence compared to other algorithms.

[image: images]

Figure 3: The average of convergence curves of unimodal & multi-modal functions

Also, Fig. 4 shows the 2-D appearance of the function in the first column whereas the search history is shown in the second one where we can observe that RDSCA’s search agent tends to exploit the promising regions of search space more extensively. The third column shows the first particle trajectory where we can see the first agent changes in the first dimension and the fourth and fifth columns show RDSCA’s average fitness and convergence curve, respectively. Furthermore, the result of banlance analysis of RDSCA and SCA is shown in Figure S1 in the supplement, which also shows the superiority of RDSCA.
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Figure 4: (a) The average of convergence curves of unimodal & multi-modal functions 2; (b) The average of convergence curves of unimodal & multi-modal functions 2

4.4.2 Statistical Analysis

Besides the performance measured mentioned in Section 4.3, a non-parametric test called Wilcoxon signed-rank (WSR) [104] is used to be able to prove the significant superiority of the RDSCA. WRS considers all results as one group and then ranks are assigned to all scores in each group then, WRS test sums each group rank.

All algorithms are tested in all test functions for WSR. Each algorithm is performed 30 times independently on each test function, and the resulting solutions are available as data samples. WSR can test whether the two algorithms are significantly different on that test function based on these samples. First, we start with the null hypothesis, which is the assumption that there is no significant difference in the performance of the two algorithms. When p<0.05, the null hypothesis is rejected, and when p>0.05, the null hypothesis is accepted. Therefore, the two algorithms are significantly different when the p-value is greater than 0.05. Table S2 in the supplement represents the p-values for RDSCA and each comparison algorithm on each test function. From the table, we can find that most of the p-values are less than 0.05, therefore, we can conclude that RDSCA and other comparison algorithms are significantly different on the CEC2017 test functions and that RDSCA outperforms the comparison algorithms from the results in Table 2.

4.5 Engineering Problems

To validate our proposed meta-heuristic which known as RDSCA, we apply it to solve real engineering constrained problems which have various inequality and equality constraints. Furthermore, best values of such parameter of these problems remain unknown. Here, four different engineering optimization problems are used in order to validate RDSCA namely: tension/compression spring design (TCSD), welded beam design (WBD), pressure vessel design (PVD), and I-beam design (IBD).

4.5.1 TCSD Problem

The first engineering problem is called TCSD [105] (see Appendix A for the mathematical formulation). This problem aims to find the optimal and minimum weight and includes 3 design variables: mean coil diameter (D), active coils number (N), and diameter of wire (d).

Table S3 in the supplement shows the results of RDSCA against other peers. It can be noticed that the proposed algorithm achieved the best results.

4.5.2 WBD Problem

WBD problem is a well-known metal problem [106] which aims to obtain welded beam that has the minimum cost of fabrication. The mathematical modeling of WBD can be found in Appendix B. Here a comparison of our proposed approach has been done against other peers as shown in Table S4 in the supplement. It is obviously noted from the above mentioned table that RDSCA has got the minimum optimal solution, i.e., minimum fabrication cost.

4.5.3 PVD Problem

The purpose of this unconstrained engineering problem is to find the minimum cost of the cylindrical pressure vessel [107]. The PVD has 4 variables: head thickness (Th), shell thickness (Ts), inner radius (R), and cylindrical section length (L). Appendix C shows mathematical equations of PVD.

Table S5 in the supplement shows the comparison results among RDSCA, other peers. It is obviously noticed that RDSCA ranked first.

4.5.4 IBD Problem

In this section, our proposed algorithm is used to find the optimal design of I-beam problem [108] in order to have minimum deflection. This problem has four design parameters: height, length, and 2 thickness. The mathematical formulation is founded in section Appendix D. The results of RDSCA against other algorithms are shown in Table S6 in the supplement where we can observe that RDSCA ranked first.

5  Conclusion & Possible Future Works

In this study, a new metaheuristic algorithm, called RDSCA, is proposed by adding double adaptive weight and random replacement strategy to the algorithmic framework of SCA, where random replacement are used in the process of iterative optimization of the algorithm, and each individual has a certain probability to select a dimensional value and the corresponding dimension of the current optimal value for replacement. The basic principle of this strategy is that the cause of poor individual fitness values may be the value of a single dimension of an individual. And this method can effectively increase the convergence speed of the algorithm because the individuals are using as much information as possible from the current optimal solution. The double adaptive weight strategy mainly uses two adaptive weights w1 and w2 to enhance the ability of the algorithm to jump out of the local optimum, where the updates of w1 and w2 are related to the frequency of individuals falling into the local optimum and the Corsi random number. Once an individual falls into a local optimum, the algorithm can jump out faster, thus improving the convergence speed. Based on this, we experimentally compare RDSCA with other mainstream metaheuristic algorithms on CEC2017 and four restricted real-world engineering problems, and the experimental results prove that RDSCA has stronger performance and strong competitiveness.

However, RDSCA and SCA’s use the same algorithm framework, which also means that the algorithm is explored and developed in the same way of conversion as the original SCA, which may not be able to better balance the exploration and development of the algorithm when optimizing complex composite functions. In the future, we will use new techniques to improve the ability of algorithms to balance exploration and development. In the future, we will apply this version to many applications in different fields such as community service [109], multicore systems [110], etc. We can also try to propose a multi-objective version and binary version of RDSCA for other interesting scenarios. Also, it is possible in future to apply these combination of operators to other metaheurstics and comparing them.
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Appendix A. Tension/compression spring design problem

Minimize: f(x)=(x3+2)x2x12

Subject to: g1(x)=1−(x23x3/71,785x14)≤0


g2(x)=(4x22−x1x2/12,566(x2x13−x14)+(1/5108x12))−10≤0


g3(x)=1−(140.45x1/x22x3)≤0


g4(x)=(x2+x1)/1.5−1≤0,

Variable Range


0.05≤x1≤2.00


0.25≤x2≤1.30


2.00≤x3≤15.00

Appendix B. Welded beam design problem

Minimize: f1(x)=1.10471∗x(1)2∗x(2)+0.04811∗x(3)∗x(4)∗(14.0+∗x(2))

Subject to: g1(x)=τ−13600


g2(x)=σ−30000


g3(x)=x(1)−x(4)


g4(x)=6000−p

Variable Range


0.125≤x1≤5


0.1≤x2≤10


0.1≤x3≤10


0.125≤x4≤5

Appendix C. Pressure vessel design problem

Minimize: f(x)=0.6224x1x3x4+1.7781x2x32+3.1661x12x4+19.84x12x3

Subject to: g1(x)=−x1+0.0193x


g2(x)=−x2+0/00954x3≤0


g3(x)=−πx32x4−(4/3)πx33+1,296,000≤0


g4(x)=x4−240≤0

Variable Range


0≤xi≤100,i=1,2


0≤xi≤200,i=3,4

Appendix D. I-beam design problem

Minimize: f(x)=5000tw(h−2tf)312+btf36+2btf(h−tf2)2

Subject to:


g=2btw+tw(h−2tf)≤0

Variable Range


10≤x1≤50


10≤x2≤80


0.9≤x3≤5


0.9≤x4≤5

Figure S1: Balance analysis of RDSCA and SCA

Table S1: CEC 2017 benchmark functions

Table S2: The calculated p-values from the Wilcoxon signed-rank test

Table S3: Results of TCSD problem

Table S4: Results of WBD problem

Table S5: Results of PVD problem

Table S6: Results of IBD problem
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Table 1: The parameter settings

No. Parameter name Value

1 Population size 30

2 No. of dim 30

3 MaxFEs dim % 10000
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Algorithm 1: RDSCA

: Input: Individuals number in the population (n), Maximum number of function evaluation
(MaxFEs), Number of dimensions (dim), Lower Bound (/) & Upper Bound (ub)

2: Output: Best agent position

3: Positions = Initialize search agents positions X

4: Find X* = best search agent threads

S5:FEs=0

6

7

8

9

—

: Calculate each individual fitness and update the current agent with best fitness
: X = best agent
: While FEs < MaxFEs
Check the boundary using ub and /b
10:  For each search agent
11:  If (tan (wr % (rand — 0.5)) < (1 — FEs/MaxFEs))

12: Randomly select a dimension of the current individual: j = randi([1dim])

13: Use the dimension of the current optimal solution to replace the dimension of the current
individual: agent; (j) = X* (j)

14: EndIf

15: EndFor

16: Calculate each search agent fitness
17:  For (agent; belong to agent)
18: If (FEs/MaxFFEs <0.5)

19: Update search agent position using Eq. (5)
20:  Else

21: Update search agent position using Eq. (6)
22:  EndIf

23: EndFor

24: Calculate each search agent fitness
25: Update X~
26: EndWhile
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Table 2: Results of the RDSCA compared with other peers over 30 functions

F1 F2 F3
Avg Std Avg Std Avg Std
RDSCA 6.2219E + 08 1.8712E + 08 1.1238E + 22 2.0717E + 22 1.3508E + 04 3.2852E + 03
SCADE 1.9458E + 10 2.9400E + 09 6.5175E+ 36 1.9188E + 37 5.9178E + 04 8.8280E + 03
OBSCA 1.6934E + 10 2.7440E + 09 4.8814E + 35 1.5962E + 36 6.1150E + 04 8.0092E + 03
CGSCA 1.4120E + 10 2.5116E + 09 7.4460E + 34 1.6640E + 35 4.2958E 4 04 6.9959E + 03
ASCA_PSO 7.7378E + 08 1.5252E 409 1.2520E + 27 4.6678E + 27 1.3321E + 03 4.9046E + 02
CESCA 5.7287E + 10 6.1611E 409 3.7953E +45 5.0936E +45 1.0539E 4 05 1.6255E 4+ 04
F4 F5 F6
Avg Std Avg Std Avg Std
RDSCA 5.5428E + 02 2.4583E + 01 6.7389E + 02 2.2956E + 01 6.1130E + 02 2.2483E + 00
SCADE 4.0202E + 03 1.3020E + 03 8.3253E+ 02 2.2439E + 01 6.6306E + 02 8.3519E + 00
OBSCA 2.7684E + 03 9.3773E + 02 8.0663E + 02 2.5466E + 01 6.5491E + 02 6.3008E + 00
CGSCA 1.6880E + 03 3.4037E 4+ 02 7.8427E + 02 2.0481E + 01 6.5665E + 02 5.1924E + 00
ASCA_PSO 5.3237E + 02 6.6006E + 01 7.2477E + 02 4.3301E+01 6.3756E + 02 8.4264E + 00
CESCA 1.6195E 4+ 04 2.5128E 403 9.6710E + 02 1.8414E + 01 7.0422F + 02 5.7106E + 00
F7 F8 F9
Avg Std Avg Std Avg Std
RDSCA 9.5297E + 02 2.7136E + 01 9.6254E + 02 2.5753E+01 63.1188E+03  1.1288E+ 03
SCADE 1.1704E + 03 2.9579E + 01 1.0879E + 03 1.3911E + 01 7.8497E + 03 1.1822E + 03
OBSCA 1.1782E + 03 3.5411E+01 1.0723E + 03 2.3461E + 01 6.7385E + 03 1.1729E + 03
CGSCA 1.1400E + 03 2.8765E + 01 1.0611E + 03 1.7267E + 01 6.7102E + 03 1.2599E + 03
ASCA_PSO 9.8674E + 02 3.9556E + 01 9.9564E + 02 3.8894E + 01 4.9985E 403 1.9772E + 03
CESCA 1.5571E + 03 4.7498E 4 01 1.1812E + 03 2.1949E + 01 1.4828E 4 04 1.4044E + 03
F10 Fl1 F12
Avg Std Avg Std Avg Std
RDSCA 5.5289E + 03 5.1937E 402 1.3329E + 03 5.9536E + 01 1.3777E + 07 5.6877E + 06
SCADE 8.1219E + 03 3.7608E + 02 3.3038E + 03 5.6592E + 02 1.9612E + 09 4.6716E + 08
OBSCA 7.5473E + 03 3.2308E + 02 2.7073E + 03 5.1518E+02 2.0054E + 09 5.5859E + 08
CGSCA 8.1201E + 03 3.3866E + 02 2.2159E + 03 3.5319E+02 1.4299E 409 3.4403E + 08
ASCA_PSO 5.9528E + 03 7.9130E + 02 1.3065E + 03 5.1754E + 01 7.2270E + 07 1.1435E + 08
CESCA 8.7428E + 03 2.5306E + 02 1.0656E + 04 1.8880E + 03 1.5387E 410 1.9571E + 09
F13 F14 F15
Avg Std Avg Std Avg Std
RDSCA 1.6006E + 05 2.8831E + 05 1.2088E + 05 1.0403E + 05 1.4060E + + 04 1.5482E + 04
SCADE 6.4792E 4 08 2.4197E 4+ 08 3.4666E + 05 2.2972E+ 05 7.0301E 4 06 3.6304E + 06
OBSCA 6.7626E + 08 3.0294E + 08 2.6070E 4 05 1.3005E + 05 9.5494E + 06 1.2684E + 07
CGSCA 4.8767E + 08 2.1961E + 08 1.6833E 4+ 05 7.8688E + 04 7.2397E 4 06 6.0676E + 06
ASCA_PSO 1.0763E 4+ 07 1.2694E + 07 3.0588E + 04 2.3903E + 04 1.1501E 406 4.5750E + 05
CESCA 1.2639E + 10 3.4271E 409 5.5891E + 06 2.5718E 4 06 5.2247F 4 08 1.7039E + 08
Fl16 F17 F18
Avg Std Avg Std Avg Std
RDSCA 2.6320E + 03 2.9551E+02 2.1111E 4+ 03 1.9596E + 02 9.5726E + 05 1.1475E + 06
SCADE 3.8803E + 03 2.4641E +02 2.4752E+03 1.5444E + 02 3.6425E 4 06 2.4851E+ 06
OBSCA 3.7950E + 03 2.0856E + 02 2.5064E + 03 1.8704E + 02 3.8241E 4 06 1.8391E 4+ 06
CGSCA 3.6968E + 03 1.8349E + 02 2.5356E 403 1.4308E + 02 3.4098E + 06 2.0000E + 06
ASCA_PSO 2.8850E 403 3.5832E + 02 2.3200E 4+ 03 1.9910E + 02 5.0653E + 05 2.8667E + 05
CESCA 5.9314E+03 5.1787E 402 4.5860E + 03 7.4977E 4+ 02 5.4109E + 07 2.3017E 407
F19 F20 F21
Avg Std Avg Std Avg Std
RDSCA 1.7003E + 04 1.6999E + 04 2.4398E + 03 1.6119E+ 02 2.4592E + 03 2.8768E 401
SCADE 2.6168E 407 1.7777E + 07 2.7560E + 03 8.7286E + 01 2.5820E+03 2.4448E 401
OBSCA 4.2022E + 07 2.2274E 407 2.6801E+03 1.1593E + 02 2.4642E 403 8.0519E + 01
CGSCA 2.6169E 407 1.3637E + 07 2.6328E 403 1.2153E+02 2.5624E + 03 2.0162E + 01
ASCA_PSO 3.1399E + 06 2.0703E 406 2.4800E + 03 1.2768E + 02 2.4967E + 03 3.9199E + 01
CESCA 1.0812E 4+ 09 3.6928E + 08 3.1630E+03 1.5016E 4 02 2.7655E 4+ 03 3.3188E 401
F22 F23 F24
Avg Std Avg Std Avg Std
RDSCA 6.7629E 403 1.5406E + 03 2.8289E + 03 2.5385E 401 3.0600E + 03 3.4885E + 01
SCADE 4.5688E + 03 4.3701E + 02 3.0113E+03 2.4627E + 01 3.1721E+ 03 2.8027E + 01
OBSCA 4.1686E + 03 2.9004E + 02 3.0123E+03 3.3441E 401 3.1861E + 03 3.0541E+01
CGSCA 3.8925E + 03 2.8385E + 02 2.9985E+03 2.6455E + 01 3.1473E+03 3.0094E + 01
ASCA_PSO 5.7603E + 03 2.1633E+03 2.8827E+03 2.9855E + 01 3.0428E + 03 3.1956E + 01
CESCA 9.3554E 4+ 03 5.1942E 4+ 02 3.4619E+03 6.2651E 401 3.4831E 403 4.1613E+01
F25 F26 F27
Avg Std Avg Std Avg Std
RDSCA 2.9410E 403 3.1895E + 01 5.2515E + 03 4.6596E + 02 3.2311E+ 03 1.2686E + 01
SCADE 3.4387E + 03 7.9046E + 01 7.5227E+03 3.8399E + 02 3.4437E 403 5.6021E + 01
OBSCA 3.3592E + 03 1.1763E 4+ 02 7.1190E + 03 5.7717E+02 3.4644E + 03 5.8403E + 01
CGSCA 3.2545E +03 8.2526E 401 7.0669E + 03 5.1308E 402 3.3868E + 03 3.9520E +01
ASCA_PSO 2.9334E + 03 4.6595E + 01 6.1373E403 9.3932E 402 3.3062E + 03 5.6614E + 01
CESCA 5.6851E + 03 4.8949E + 02 1.1209E + 04 4.9538E 4+ 02 3.7079E 4 03 8.6987E 401
F28 F29 F30
Avg Std Avg Std Avg Std
RDSCA 3.3476E + 03 3.9886E + 01 3.8596E + 03 1.8331E + 02 2.2287E + 05 3.7272E + 05
SCADE 4.3131E+03 2.9379E + 02 5.0399E + 03 2.9513E+02 1.1438E + 08 3.7507E 4+ 07
OBSCA 4.2012E 4+ 03 2.2539E 4+ 02 5.0085E + 03 2.1728E+ 02 1.0531E+08 3.9825E 4072
CGSCA 3.9233E+03 1.6877E 4+ 02 4.7242E + 03 2.0969E + 02 9.0569E + 07 3.2672E+072
ASCA_PSO 3.3253E + 03 8.8893E + 01 4.4363E+ 03 2.0425E 402 9.2961E + 06 4.8182E 406
CESCA 7.0690E + 03 4.6778E + 02 6.0375E+03 1.9535E+ 02 2.3883E+09 7.2958E 408
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