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Abstract: This research paper presents a comprehensive investigation into the effectiveness of the DeepSurNet-NSGA II (Deep Surrogate Model-Assisted Non-dominated Sorting Genetic Algorithm II) for solving complex multi-objective optimization problems, with a particular focus on robotic leg-linkage design. The study introduces an innovative approach that integrates deep learning-based surrogate models with the robust Non-dominated Sorting Genetic Algorithm II, aiming to enhance the efficiency and precision of the optimization process. Through a series of empirical experiments and algorithmic analyses, the paper demonstrates a high degree of correlation between solutions generated by the DeepSurNet-NSGA II and those obtained from direct experimental methods, underscoring the algorithm’s capability to accurately approximate the Pareto-optimal frontier while significantly reducing computational demands. The methodology encompasses a detailed exploration of the algorithm’s configuration, the experimental setup, and the criteria for performance evaluation, ensuring the reproducibility of results and facilitating future advancements in the field. The findings of this study not only confirm the practical applicability and theoretical soundness of the DeepSurNet-NSGA II in navigating the intricacies of multi-objective optimization but also highlight its potential as a transformative tool in engineering and design optimization. By bridging the gap between complex optimization challenges and achievable solutions, this research contributes valuable insights into the optimization domain, offering a promising direction for future inquiries and technological innovations.
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1  Introduction

The advent of robotics, particularly in domains requiring nuanced physical interaction with the environment, has necessitated the development of sophisticated design and optimization strategies. One of the critical challenges in robotics is the design of leg linkages for walking robots, which plays a pivotal role in achieving efficient horizontal propulsion. Traditional design methodologies often fall short when faced with the multi-faceted objectives that such a task entails, including but not limited to energy efficiency, stability, and adaptability to various terrains [1]. Consequently, there has been a growing interest in leveraging advanced computational techniques to address these challenges. Among these, the use of multi-objective evolutionary algorithms (MOEAs) has emerged as a particularly promising avenue, providing a framework for navigating the complex trade-offs inherent in robotic design [2]. However, despite the potential of MOEAs, their application in this context is not without limitations, chief among them being the computational expense associated with evaluating the performance of a vast number of design alternatives.

In response to these challenges, the integration of surrogate models into the optimization process has been proposed as a means to alleviate the computational burden. Surrogate models, by approximating the fitness landscape, enable a more efficient exploration of the design space, reducing the need for exhaustive simulation or physical prototyping [3]. Deep learning, with its remarkable ability to capture complex patterns and relationships, offers a compelling foundation for constructing such surrogate models [4]. The integration of deep learning-based surrogate models with MOEAs holds the promise of significantly enhancing the efficiency and efficacy of the optimization process, yet its practical implementation in the context of robotic leg linkage design remains underexplored.

This research introduces DeepSurNet-NSGA, a novel framework that combines a deep surrogate model with the Non-dominated Sorting Genetic Algorithm (NSGA), specifically tailored for the optimization of leg linkage designs in walking robots. The NSGA, a widely recognized MOEA, is renowned for its effectiveness in handling multi-objective optimization problems, offering a balanced exploration and exploitation of the search space [5]. By augmenting NSGA with a deep learning-based surrogate model, DeepSurNet-NSGA II aims to overcome the computational challenges traditionally associated with such optimization tasks, facilitating a more efficient and nuanced exploration of the design space.

The potential of surrogate-assisted MOEAs in streamlining the design and optimization process has been highlighted in various fields, from aerospace engineering to renewable energy systems [6–8]. In these contexts, surrogate models have been instrumental in reducing computational costs while maintaining or even enhancing the quality of the solutions obtained. Building upon this foundation, DeepSurNet-NSGA seeks to extend these benefits to the domain of robotic design, where the complexity of the design objectives and constraints poses a significant challenge.

Furthermore, the proposed framework is distinguished by its emphasis on deep learning for the development of the surrogate model. Recent advancements in deep learning methodologies have significantly expanded their applicability and effectiveness across a broad range of domains [9]. In particular, the capacity of deep learning models to learn from data and to generalize from it makes them exceptionally suited for capturing the intricacies of the fitness landscape in robotic design optimization [10]. This is a critical aspect of DeepSurNet-NSGA, as the accuracy and predictive power of the surrogate model directly impact the efficiency and effectiveness of the optimization process.

The application of DeepSurNet-NSGA II to the optimization of leg linkage in walking robots represents a significant step forward in the pursuit of more sophisticated and capable robotic systems. By addressing the dual challenges of computational efficiency and optimization effectiveness, this research contributes to the broader field of robotics, opening new avenues for the design and development of advanced robotic systems. In doing so, it underscores the critical role of advanced computational techniques, such as deep learning and evolutionary algorithms, in pushing the boundaries of what is possible in robotics.

2  Related Works

The exploration and application of multi-objective optimization strategies in the realm of robotics have been extensive, reflecting a rich tapestry of approaches and methodologies aimed at enhancing robotic design and functionality. The related works in this domain highlight a progression from traditional optimization techniques to more sophisticated, computationally driven methods, underscoring the evolution of the field towards more efficient and effective solutions.

One of the foundational aspects of robotics optimization, particularly in the context of legged locomotion, has been the application of evolutionary algorithms (EAs). These algorithms mimic natural selection processes to iteratively improve design solutions [11]. The NSGA-II method and its subsequent iterations have been pivotal in this regard, offering robust frameworks for navigating the complex trade-offs between multiple objectives [12]. These algorithms have been successfully applied in various aspects of robotics, including the optimization of legged robot structures for enhanced mobility and efficiency [13–15].

Despite the effectiveness of EAs in handling multi-objective problems, their application is often hampered by the high computational cost associated with evaluating a large number of potential solutions. This challenge has led to the integration of surrogate models as a means to approximate the fitness landscape, thereby reducing the need for exhaustive evaluations [16]. Surrogate models, particularly those based on polynomial regression, Gaussian processes, and machine learning, have demonstrated considerable success in reducing the computational load while maintaining optimization quality [17]. However, these models often struggle to capture the highly complex and nonlinearity in robotic design problems.

The advent of deep learning has introduced new possibilities for surrogate model development. With their capacity for high-dimensional data representation and pattern recognition, deep learning models have shown great promise in accurately approximating complex fitness landscapes [18]. The application of deep learning-based surrogate models in the optimization of aerodynamic designs and material properties has illustrated their potential to significantly enhance the efficiency of evolutionary optimization processes [19].

In the context of legged robotics, the design and optimization of leg linkages stand out as a particularly challenging problem, given the intricate interplay between mechanical design, energy efficiency, and environmental adaptability. Previous studies have explored various optimization strategies, including gradient-based methods and traditional EAs, to improve the design of leg linkages [20–22]. However, these approaches often fail to adequately address the multi-objective nature of the problem or to efficiently explore the vast design space.

The concept of Deep Surrogate Model-Assisted Multi-Objective Evolutionary Algorithms (DSM-MOEAs) represents a novel integration of deep learning-based surrogate models with MOEAs. This approach aims to leverage the strengths of both methodologies to optimize complex systems more effectively. Preliminary applications of DSM-MOEAs in fields such as renewable energy optimization and structural design have demonstrated their potential to significantly improve optimization outcomes [23]. However, the implementation of DSM-MOEAs in robotic leg linkage design remains relatively unexplored, highlighting a gap in the current literature and a compelling opportunity for advancement.

Additionally, the environmental and operational adaptability of legged robots, a critical aspect of their design optimization, poses additional challenges. The need to ensure that optimized designs are not only efficient but also capable of navigating a variety of terrains has led to the exploration of adaptive optimization strategies [24]. These strategies, which dynamically adjust optimization objectives based on environmental feedback, represent an advanced frontier in robotic design optimization.

In summary, the related works in the optimization of legged robotics underscore a trajectory from traditional evolutionary algorithms towards more sophisticated, surrogate-assisted approaches. The integration of deep learning-based surrogate models with MOEAs, exemplified by the proposed DeepSurNet-NSGA framework, marks a promising advancement in the field. Nonetheless, the exploration of this integration in the specific context of leg linkage design optimization remains nascent, presenting a fertile ground for further research. Additionally, the consideration of metrics such as burstiness and perplexity, alongside the adaptation to varying environmental conditions, highlights the multi-dimensional complexity of the optimization challenge and the need for innovative, comprehensive solutions.

3  Materials and Methods

The development of leg-linkage designs for walking robots that enable the foot’s center to follow a straight-line trajectory offers significant benefits, notably in terms of energy conservation and streamlined control mechanisms [25–27]. A model illustrating the legged robot’s horizontal movement system is depicted in Fig. 1a, where feet F1 and F2 are in the supporting phase (touching the ground), and F3 and F4 are in the transferring phase (swinging) [28–30]. The concept of employing straight-line mechanisms to advance walking machines has been a fruitful avenue of exploration since Chebyshev introduced the “lambda mechanism” in 1878 [31]. This mechanism, shown in Fig. 1b as a four-bar linkage ABCD with a coupler point E, creates a horizontal straight line as the crank AB undergoes rotation exceeding 180 degrees, denoted by the crank rotation angle and the initial crank angle. Previous research has applied the Sobol-Statnikov method for the multi-criteria optimal design of bar linkages, utilizing a “LP-tau generator” based on random searches and trial tables [32,33]. Fig. 1c illustrates a three-dimensional model of the horizontal propulsion mechanism of the legged robot, highlighting its complex structural integration and mechanical linkages. This visual representation is instrumental in understanding the spatial configuration and the engineering design principles applied. Fig. 1d further elaborates on the 3D model by focusing on specific components such as joints and actuators, providing a detailed view of the assembly and the functional aspects of the propulsion system. This detailed visualization aids in comprehending the operational dynamics and potential stress points within the mechanism.
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Figure 1: Model of the horizontal propulsion system for the legged robot (a, b) and 3D model (c, d)

The primary design objectives focused on achieving high precision in the generated output movement (criterion c1) and optimizing the force transmission angle (criterion c2). Additional objectives included extending the crank rotation angle ΔΦ beyond 180 degrees to ensure overlapping support phases for alternating legs (criterion c3) [34] and reducing the sum of the mechanism’s link lengths to minimize its overall dimensions (criterion c4).

Design parameters p1 = rAB, p2 = lBC, p3 = lCD, p4 = ϕ0 were adjusted within predefined limits through a “random LP-tau sequence generator” [35], while six specific parameters x1, …, x6 were identified to satisfy the main criterion c1. The design challenge was formulated as a minimization problem, aiming to reduce the design error δi, which is the discrepancy between the actual Ei and desired positions Ei∗ of the foot center E:

δ=∑I=1nδI2=>minxE,yE,Sx,Sy(1)

δ2≡‖EiEi∗‖22(2)

To achieve criterion c1, an analytical solution for variables x1,…,x6 was derived by solving a system of six linear equations.

Ax=b(3)

with the matrix A and vector b

A=[EA1A2A1TE12EA2T12E1N∑i=1NkiE](4)

E=[1001],(5)

A1=[−1N∑i=1Ncos⁡βi−1N∑i=1Nsin⁡βi1N∑i=1Nkisin⁡βi−1N∑i=1Nkicos⁡βi](6)

A2=[−1N∑i=1Nkicos⁡βi−1N∑i=1Nkisin⁡βi1N∑i=1Nkisin⁡βi−1N∑i=1Nkicos⁡βi](7)

b=[b1,b2,…,b6]Tb1=−1N∑i=1N(XBicos⁡βi+YBisin⁡βi)b2=1N∑i=1N(XBisin⁡βi−YBicos⁡βi)b3=1N∑i=1NXBib4=1N∑i=1NYBib5=1N∑i=1NkiXBib6=1N∑i=1NkiYBi(8)

with adjustments made to parameters p1, …, p4 using the LPτ-sequence method within set constraints [0.175 ≤ p1 ≤ 0.500; 0.410 ≤ p2 ≤ 1.200; 0.530 ≤ p3 ≤ 1.200; 40° ≤ p4 ≤ 100°.].

For each set of parameters p1,…, p4 the following conditions are imposed:

The least favorable value µe of the force transmission angle µi was identified. Six synthesis parameters X = [x1, …, x6]T were calculated by resolving a system of linear equations. The greatest divergence from the intended trajectory (with an error ε=maxi=1..N‖EiEi∗‖22) was determined. These findings were documented in a trial table included in Appendix A.

3.1 Multi-Objective Optimization

Managing trial tables can be exceedingly time-consuming, particularly when dealing with design criteria that are inherently at odds. The complexity escalates when the number of design criteria increases to three or four. Efforts to improve accuracy (criterion c1) can inadvertently compromise the effectiveness of force transmission (criterion c2), and the reverse is also true. To navigate these conflicts, a balanced approach is necessary, which led to our decision to adjust the parameter ΔΦ. Consequently, we also began to modify this parameter within its designated range, introducing it as a fifth variable, p5 = ΔΦ. An excerpt from the updated trial table is presented in Table A2 (Appendix A), while the complete version, containing 2384 entries, is available in Appendix A. Our objective was to identify the top 100 solutions positioned on the Pareto optimal front. To achieve this, we employed the NSGA method, aiming to efficiently resolve the challenge presented by the competing design criteria.

The core of this study revolves around a multi-objective optimization problem (MOP) integral to the design of leg-linkages for walking robots, aiming to reconcile conflicting design objectives to achieve an optimal blend of efficiency, functionality, and compactness. The problem is articulated within a mathematical framework, underpinned by a set of design objectives, constraints, and variables. The MOP is formalized as follows:

Let X={x1,x2,…,xn} represent the set of design variables with n variables, and each xi is bounded by a predefined range [xi,min,xi,max]. The objective of the optimization is to find the set of X that optimizes the following set of objective functions F(X)={f1(X),f2(X),…,fm(X)}, where m is the number of objectives. These functions are defined as:

f1(X): Accuracy of the foot’s center following a straight-line trajectory, aiming to minimize the deviation from the desired path. The deviation is quantified by the design error σ, which is the distance between the actual and desired positions of the foot’s center across a series of discrete points along the path.

f2(X): Force transmission angle, seeking to maintain this angle within optimal bounds to ensure efficient power transmission and mechanical advantage.

f3(X): Crank rotation angle ΔΦ, corresponding to the support phase of the leg’s step cycle. This angle should exceed 180 degrees to allow for overlapping support phases of two alternating legs, maximizing this parameter enhances stability and gait efficiency.

f4(X): Overall dimensions of the mechanism, represented by the sum of the mechanism link lengths. Minimizing this sum is crucial for creating a compact, lightweight design conducive to energy efficiency and portability.

The multi-objective optimization problem can thus be formulated as:

Minimize F(X)={f1(X), f2(X), f3(X), f4(X)}(9)

Subject to the constraints: [0.175 ≤ p1 ≤ 0.500; 0.410 ≤ p2 ≤ 1.200; 0.530 ≤ p3 ≤ 1.200; 40° ≤ p4 ≤ 100°, ΔΦ > 180°].

where p1, p2, p3, φ0, and ΔΦ are design parameters subject to optimization within their respective bounds.

The optimization aims to identify a set of Pareto optimal solutions, representing the best trade-offs among the conflicting objectives. This is achieved through the application of the Non-dominated Sorting Genetic Algorithm (NSGA), which sorts the potential solutions based on Pareto dominance, facilitating the selection of the most promising design configurations.

This problem statement encapsulates the theoretical and mathematical underpinnings of the optimization challenge at the heart of this study, setting the stage for the application of sophisticated algorithms to navigate the intricacies of robotic leg-linkage design.

3.2 Deep Surrogate Model-Assisted NSGA

The proposed Deep Surrogate Model-Assisted Non-dominated Sorting Genetic Algorithm (DeepSurNet-NSGA) integrates the efficiency of deep learning-based surrogate models with the robust optimization capabilities of the NSGA. This approach aims to address complex multi-objective optimization problems, such as the design of robotic leg linkages, by enhancing the exploration and exploitation of the search space while significantly reducing computational costs. Below is a detailed description of the proposed algorithm’s workflow that illustrated in Fig. 2.
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Figure 2: Flowchart of the proposed model

We have advanced a streamlined one-dimensional Convolutional Neural Network (Conv1D) to create a surrogate model linking process parameters with product quality attributes, as illustrated in Fig. 3. This model functions as a mechanism for managing multi-objective optimization of quality attributes through its input parameters.

[image: images]

Figure 3: Application of deep surrogate model

The proposed surrogate deep learning model is structured to map input features to output predictions efficiently, using a sequence of convolutional and normalization layers. The architecture of this model is depicted in Fig. 4. The input data is first processed by a one-dimensional convolutional (1D Conv) layer to extract local patterns, followed by batch normalization to stabilize and accelerate training. This process is repeated with another 1D Conv layer and batch normalization, after which a ReLU activation function is applied to introduce non-linearity. A third 1D Conv layer and batch normalization are again followed by a ReLU activation. The extracted features are then downsampled using max pooling, which reduces the spatial dimensions while retaining essential information. Finally, a fully connected layer maps the processed features to the output, completing the model architecture.
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Figure 4: 1D convolutional neural network surrogate model

wf=γwσ2+ε(10)

bf=γb−μσ2+ε+β(11)

Lastly, the neural network architecture optimization involves configurable hyperparameters such as the quantity of filters, the dimensions of convolution kernels, and the dilation rate. These parameters allow for fine-tuning the model to achieve optimal performance.

The Deep Surrogate Model-Assisted NSGA-II (DeepSurNet-NSGA) initiates with the generation of an initial solution population, which is then subjected to objective function evaluations to assess performance. This is followed by the application of Non-dominated Sorting to rank the solutions based on Pareto dominance. A subset of these solutions is selected to train a deep learning-based surrogate model, which is subsequently validated and updated to enhance prediction accuracy. This surrogate model is then employed to assist in the selection, crossover, and mutation processes, enabling an efficient exploration of the design space with reduced computational demand. Periodic evaluations of new solutions using actual objective functions ensure the model’s accuracy. The algorithm applies elitism to merge and select the top-performing individuals from the combined parent and offspring populations. This cycle repeats until predefined stopping criteria are met, at which point the algorithm concludes by presenting a final set of Pareto-optimal solutions, effectively balancing the computational efficiency provided by surrogate modeling with the robust optimization capabilities of NSGA.

3.3 Baseline Design for the Proposed Method

To effectively evaluate the performance of the proposed DeepSurNet-NSGA II, it is essential to establish a robust baseline. The baseline model will serve as a point of reference, allowing for a clear comparison of the improvements offered by our method. Below, we outline the key components and steps involved in designing the baseline model.

Baseline Model: Standard NSGA-II. The standard NSGA-II is chosen as the baseline model. NSGA-II is a well-established multi-objective optimization algorithm widely used for its efficiency and effectiveness in handling complex optimization problems. The key steps involved in implementing the NSGA-II baseline are as follows:

1. Initialization: Generate an initial population of solutions randomly within the defined parameter space. Each solution represents a potential configuration of the leg linkage design.

2. Evaluation: Compute the objective function values for each solution in the population. The objectives include minimizing the RMSE and MAE, and maximizing the CC, to ensure high prediction accuracy and reliability.

3. Non-dominated Sorting: Arrange the solutions according to Pareto dominance. Solutions are classified into multiple fronts, with the first front comprising non-dominated solutions, the second front including solutions dominated solely by those in the first front, and continuing in this manner.

4. Crowding Distance Calculation: Calculate the crowding distance for each solution within each front to ensure diversity among the solutions. The crowding distance helps maintain a spread of solutions across the Pareto front.

5. Employ binary tournament selection, utilizing rank and crowding distance, to choose parent solutions for the subsequent generation.

6. Crossover and Mutation: Apply genetic operators such as crossover and mutation to generate offspring solutions. These operators introduce variability and help explore the search space.

7. Merge the parent and offspring populations, then select the leading solutions through non-dominated sorting and crowding distance to establish the new population.

8. Termination: Repeat the evaluation, sorting, selection, crossover, mutation, and replacement steps until a predefined number of generations is reached or convergence criteria are met.

4  Results

The research was conducted using a high-performance computer powered by an Intel Core i5-12400F processor, which features a base clock frequency of 2.5 GHz and a Turbo Boost frequency of 4.4 GHz. This processor, part of the Alder Lake platform, has six cores, an 18 MB L3 cache, and operates with a thermal design power (TDP) of 117 watts, utilizing the LGA1700 socket for optimal performance and reliability. For computational tasks, we employed Python 3.0 and a comprehensive suite of libraries essential for scientific computing and data analysis, including NumPy, SciPy, Matplotlib, Scikit-learn, Pandas, TensorFlow, and Seaborn. These libraries facilitated various aspects of our research, from data processing and statistical analysis to machine learning and visualization, ensuring a robust and efficient workflow.

4.1 Evaluation Parameters

This subsection elaborates on the evaluation indicators employed in our study, justifying their selection and exploring potential alternative metrics. The primary evaluation metrics used are Root Mean Squared Error (RMSE), Mean Absolute Error (MAE), and Correlation Coefficient (CC). These indicators were chosen due to their robust ability to quantify the accuracy and reliability of the predictive models, facilitating a comprehensive assessment of model performance.

RMSE is a widely used metric that measures the average magnitude of the errors between predicted and observed values. It is particularly useful in highlighting significant errors, as it squares the deviations, thus giving more weight to larger discrepancies. This makes RMSE a crucial indicator in applications where larger errors can have a substantial impact on the system’s overall performance. MAE, on the other hand, provides a straightforward measure of the average absolute errors, offering a clear and interpretable indication of the model’s prediction accuracy. Unlike RMSE, MAE does not amplify larger errors, making it more robust to outliers. The Correlation Coefficient (CC) measures the strength and direction of the linear relationship between predicted and observed values.

RMSE=1n∑i=1n(yi−y^i)2(12)

where yi represents the observed values, y^i represents the predicted values, and n is the number of observations.

MAE=1n∑i=1n|yi−y^i|(13)

The Correlation Coefficient is calculated using the following formula:

CC=n∑i=1nyiy^i−∑i=1nyi∑i=1ny^i(n∑i=1nyi2−(∑i=1nyi)2)((n∑i=1ny^i2−(∑i=1ny^i)2))(14)

4.2 Experiment Results

Fig. 5 unfolds a graphical illustration of the relationships between five unique parameters, presenting a detailed analysis of their complex interrelations and mutual influences. This visual representation aids in the examination of the subtle interactions and correlations that bind these parameters together, playing a critical role in the understanding of their combined effects on overall outcomes. Thus, Fig. 5 becomes a pivotal analytical instrument, shedding light on the detailed and possibly non-linear connections among the parameters. This, in turn, supports the development of hypotheses and analytical frameworks, paving the way for future investigations into the mechanisms at play behind these observed relationships.

[image: images]

Figure 5: Dependencies between parameters

Fig. 6 presents a clear empirical relationship between actual data collected from a sample table and the outcomes generated through the application of the Deep SurNet-NSGA method. In this figure, red dots are used to mark the actual data points, collected from a comprehensive sampling table, while blue dots illustrate the solutions derived within the framework of Pareto optimality. There is a notable strong correlation between these datasets, highlighting the accuracy and effectiveness of the Deep SurNet-NSGA method in closely mirroring real-world data scenarios.

[image: images]

Figure 6: Obtained results (Comparison of the real data and the generated solutions by the Deep SurNet-NSGA approach)

Furthermore, the concluding section of Fig. 6 reveals the Pareto front, achieved via the meticulous implementation of the Deep SurNet-NSGA algorithm. This visual display not only delineates the non-dominated solutions within the objective space but also accentuates the algorithm’s adeptness in exploring the solution space to approximate the genuine Pareto front accurately. The identification of the Pareto front is significant, representing a set of optimal solutions where none can be considered better than another across all objectives simultaneously. This showcases the critical trade-offs among the various objectives being considered.

Hence, the correlation demonstrated and the elucidation of the Pareto front in Fig. 6 validate the practical effectiveness of the Deep SurNet-NSGA approach in navigating the intricate terrains of multi-objective optimization problems. This approach aids in the enhancement of decision-making processes, grounded on a detailed and computational analysis of potential solutions.

Fig. 7 elucidates the positioning of solutions that align with the Pareto-optimal frontier, identified through a combination of empirical research and the deployment of the Deep SurNet-NSGA. This figure uses a visual scheme where solutions pinpointed by the NSGA-II are highlighted in blue, while outcomes from direct experimental activities are marked in red. The observable strong correlation between these varied sets of data vividly attests to the accuracy and dependability of the approach utilized. It showcases the effectiveness of the Deep SurNet-NSGA algorithm in generating solutions that closely align with those derived from empirical experiments, underlining the algorithm’s significant role in aligning theoretical models with practical experimental findings.

[image: images]

Figure 7: Comparison between practical solutions and the obtained results (Red dots are the practical solutions; blue dots are the obtained results). (a) Scatter plot across the entire space, (b) Scatter plot within a limited space

Fig. 8 provides a comprehensive comparison of the convergence behavior of two algorithms, NSGA-II and SurNet-NSGA, under similar operational conditions, revealing distinct performance dynamics. The NSGA-II model, depicted in Fig. 8a, exhibits incomplete convergence, stabilizing around a value of 0.9 after 4000 iterations, which can be attributed to factors such as parameter sensitivity, an imbalance between exploration and exploitation, reduced population diversity, and inefficiencies in the selection mechanism. Conversely, the SurNet-NSGA model, shown in Fig. 8b, achieves near-ideal convergence at a value close to 1 within just 1500 iterations, thanks to advanced search mechanisms, improved exploitation capabilities, adaptive parameter settings, and robust diversity maintenance. These differences in convergence behavior have significant implications: SurNet-NSGA demonstrates greater computational efficiency and resource utilization, making it more suitable for real-time or resource-constrained applications. It also provides higher quality solutions and better scalability for complex problems or larger search spaces. The superior convergence characteristics of SurNet-NSGA highlight its potential as a preferred choice for applications requiring precise and timely solutions, emphasizing the importance of selecting and customizing optimization algorithms based on their convergence performance. This analysis underscores the critical advantages of SurNet-NSGA in achieving efficient and high-quality results, guiding its application in various optimization tasks.

[image: images]

Figure 8: Convergence of the proposed model before and after the application of the surrogate model. (a) Convergence of NSGA-II, (b) Convergence of surrogate assisted NSGA-II

4.3 Comparative Analysis of Obtained Results

Table 1 provides a comparative analysis of the proposed model against several existing models, highlighting its advantages. The proposed model demonstrates superior performance, as evidenced by its low error rates and high Correlation Coefficient, indicating its accuracy and reliability. Compared to other models, such as the deep learning model with surrogate-assisted feature selection, the ANN surrogate model, the multi-output regression algorithm-based NSGA II, and the CNN-BiGRU model, the proposed model consistently shows better results across all evaluated metrics. This underscores the proposed model’s effectiveness in providing precise predictions and maintaining high-quality outputs, making it a more robust solution for multi-objective optimization tasks.
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5  Discussion

Here it aims to encode and present the results provided by DeepSurNet-NSGA II utilization in multi-objective optimization of robotic-leg linkage’s design into a broader perspective. In this section, we conduct a thorough analysis of the outcomes to assess the algorithm’s performance, its capability to efficiently integrate deep learning based surrogate models, and comprehend the impact of these developments on the overall design process efficiency and effectiveness. In addition, this part identifies and discusses the methodological advances incorporated into this study that could set standards for the forthcoming process stages. Along this, we look at the shortcomings in our strategy and state areas for future research; there, we suggest using different optimization methods which would allow the techniques to be more reliable and applicable for various tasks. Through this discussion, we eventually would be able to produce an informative discussion on the main idea behind our work with its robotic design and optimization techniques contribution.

5.1 Key Findings and Implications

Deep learning of surrogate models has been incorporated into the NSGA-II framework which was confirmed by the results obtained as such provokes significant reduction in computational time and quality of solutions. The proposed method was able to express the Pareto-optimal frontier with utmost accuracy. As a result, the complexity of nonlinear optimization function can be dramatically reduced which is typically a major computational task. Particularly in robotics, this brings down expenses connected with functional complexity and several stages of tests. They might rise out of control. One of the most attractive features of the research is the proficiency of DeepSurNet-NSGAII in navigating the intricate spatial optimisation with a great sensitivity. The simulated system not only suggested approaches that are optimized in the computational level but also closely corresponded to the experimental data as an indicator of the reliability of the algorithm in real workplace. It is true that this alignment is critical for the practical realization of a theoretical model that must be adapted to be the base design and for practical robustness in the real world.

5.2 Methodological Innovations

This approach frames the framework in a broadly deep learning perspective by incorporating recent findings in machine learning, including deep learning schemes. Utilization of the emulation of fitness constructor as the replica of robotic leg linkage design is a unique strategy. On the other hand, the main complications are the need for intense computations that reduce the number of function evaluations to their minimum possible and this is the aim of this algorithm. The application in practice to the solutions for single objective vs. multi objective optimization—wherein the efficiency airplane is the the case of this one analogous to the multi objective problem—proves that the researchers are aware about the complex nature of the design problem. It, moreover, can be considered as a trailblazer for the future development of machine learning in various complex system optimization situations and some others can utilize this blueprint.

5.3 Limitations and Future Work

Though results are positive, the investigation possesses not the absence of restrictions. This is another constraint to be taken into consideration and that is the quality of data used for training the substitute models; all the possible inaccuracies in the initial data set can eventually lead to worst design outputs. Furthermore, this study does not detail the legged robot leg design itself, which is the most significant and challenging aspect of the project. Besides the applicability of the model to other types of robotic systems or even to the branches of other engineering fields, the model could be used for confirmation of its accuracy and for improvement. Next research might find few of the following areas interesting. Secondly, evaluating the algorithm on different sorts of environments and robots from different bases as well can give a clear overview pertaining to its versatility and robustness. Another factor which may advance the surrogate models is improving their self-convergence and precision to make the final optimum more predictable. In addition, the integration of one or two more artificial neural networks such as the reinforcement learning system with unsupervised learning algorithms will enhance the pathways through which complex systems optimized can be done more effectively.

6  Conclusion

In conclusion, this research has demonstrated the significant efficacy of the Deep Surrogate Model-Assisted Non-dominated Sorting Genetic Algorithm II (DeepSurNet-NSGA II) in tackling complex multi-objective optimization problems, specifically in robotic leg-linkage design. The empirical investigations and theoretical analyses underscore the robustness, precision, and computational efficiency of the proposed algorithm. Critical results include a high degree of correlation between empirical outcomes and algorithmic predictions, validating the method’s reliability. The integration of deep learning-based surrogate models within the NSGA-II framework has markedly enhanced the algorithm’s ability to approximate the Pareto-optimal frontier accurately while substantially reducing computational overhead. This advancement is evidenced by the graphical representations, which highlight the algorithm’s adeptness in navigating intricate design spaces and yielding practically viable solutions. Key developments include enhanced optimization efficiency through reduced computational demands, superior predictive accuracy, and effective surrogate model integration. These contributions collectively establish a robust foundation for future research, suggesting potential refinements in surrogate models and exploration of alternative evolutionary algorithms. The demonstrated potential of DeepSurNet-NSGA II positions it as a pivotal tool for optimizing complex systems, extending its applicability beyond this study to broader engineering and design optimization contexts.
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Table 1: Comparison with the other solutions

Model RMSE MAE CcC
Proposed model 0.0109 0.0072 0.999
Deep learning with surrogate-assisted and filter-based 0.0126 0.0089 0.9983
multi-objective evolutionary feature selection [36]

ANN surrogate model [37] 0.251 — —
Multi-output regression algorithm-based NSGA 11 [38] 1.06113 — —
CNN-BiGRU [39] 0.0178 0.0095 -
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Table A2: Fragments of the truncated trial table with the best force transmission angle . (criterion c¢,)

N LPT pi j2) D3 P4 X1 X2 X3 X4 X5 X6 e(c1)  pe(c2)
1 2675 0,2445 0,4867 0,5002 238 0,9230 0,1457 1,7207 1,8693 —-2,1189 —-0,4327 0,0060 25,5
2 21267 0,2423 0,4925 0,4993 239 0,9388 0,1367 1,7818 1,8664 —2,1386 —0,3782 0,0060 25,4
3 27955 0,2363 0,4841 0,4819 243 0,9464 0,1391 1,8490 1,8840 —2,2115 —-0,3155 0,0060 25,3
4 15107 0,2360 0,4895 0,4966 243 0,9520 0,1225 1,8200 1,8906 -—2,1907 —0,3299 0,0060 25,2
5 4811  0,2360 0,4774 0,4789 244 0,9378 0,1419 1,8235 1,8925 —-2,2240 -0,3362 0,0060 25,2
6 26059 0,2415 0,4820 0,4949 241 0,9253 0,1390 1,7484 1,8794 —2,1598 —0,4086 0,0059 25,2
7 22667 0,2445 0,4854 0,5063 239 0,9197 0,1347 1,7031 1,8725 -—-2,1203 —-0,4477 0,0059 25,2
8 14131 0,2447 0,4893 0,5115 238 0,9241 0,1283 1,7063 1,8702 -2,1121 -0,4427 0,0059 25,1
9 7211  0,2454 0,4904 0,5055 237 0,9263 0,1306 1,7475 1,8603 —2,1243 —-0,4177 0,0059 25,1
10 10995 0,2390 0,4854 0,4946 242 0,9380 0,1282 1,7979 1,8819 —-2,1843 —-0,3622 0,0057 25,1
11 17123 0,2414 0,4971 0,5083 239 0,9464 0,1154 1,8023 1,8663 —2,1476 —0,3592 0,0060 25,0

128 20759 0,2358 0,4869 0,4941 244 0,9492 0,0822 1,9381 1,8672 —2,2753 —0,2580 0,0052 23,6
173 12151 0,2334 0,4846 0,4862 245 0,9542 0,0769 1,9964 1,8636 —2,3154 —0,2075 0,0052 23,4

244 4639 0,2345 0,4816 0,4910 246 0,9449 0,0685 1,9668 1,8674 —2,3195 —0,2367 0,0051 23,0
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Table A3: Truncated trial table: Best accuracy solutions with force transmission angle limitation
M. >23.5deg

N LPT p P2 P3 P4 X X2 X3 X4 Xs X6 e(c1)  pelea)
1 20759 0,2358 0,4869 0,4941 244 09492 0,0822 1,9381 11,8672 —2,2753 —0,2580 0,0052 23,6
2 9031 0,2350 0,4850 0,4920 244 0,9491 0,0899 1,9189 1,8760 —2,2715 —0,2675 0,0053 23,9
3 20623 0,2382 0,4900 0,4954 242 09479 0,0786 1,9597 1,8496 —2,2685 —0,2524 0,0054 23,4
4 29755 0,2370 0,4841 0,4914 243 09427 0,1097 1,8639 1,8787 —2,2340 —0,3132 0,0054 24,4
5 25015 0,2374 0,4805 0,4932 244 09354 0,0934 1,8756 1,8754 —2,2617 —0,3130 0,0054 23,7
6 26807 0,2339 0,4830 0,4792 245 0,9533 0,0935 1,9934 1,8621 —2,3072 —0,2112 0,0055 23,7
7 6231 0,2389 0,4828 0,4931 242 0,9351 0,1027 1,8666 1,8698 —2,2392 —0,3238 0,0055 24,0
8 7327 0,2376 0,4776 0,4832 244 0,9338 0,0998 19164 1,8660 —22846 —0,2881 0,0055 23,6
9 23207 0,2388 0,4885 0,4943 241 09442 0,0988 1,9013 1,8607 —2,2356 —0,2944 0,0055 24,0
10 8119 0,2396 0,4883 0,4953 241 0,9417 0,0915 19147 1,8544 —22444 —0,2905 0,0055 23,7
11 10823 0,2407 0,4871 0,4978 241 0,9360 0,1079 1,8441 1,8652 —2,2059 —0,3419 0,0055 24,3
12 31419 0,2319 0,4901 0,4944 246 0,9636 0,0706 19827 1,8737 —2,2980 —0,2060 0,0056 23,6
13 24175 0,2341 04746 04777 246 0,9401 0,0969 19437 1,8754 —2,3178 —0,2523 0,0056 23,6
27 10995 0,2390 0,4854 0,4946 242 09380 0,1282 1,7979 1,8819 —2,1843 —0,3622 0,0057 25,1
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Table A1: Fragments of the truncated trial table with the best accuracy ¢ (criterion c,)

N LPT p; P2 D3 ps X1 X2 X3 X4 X5 X6 e(c1)  Hel(e2)
1 22207 0,2335 0,4926 0,5037 245 0,9568 0,0271 2,0543 1,8465 —2,3449 —0,1666 0,0049 222
2 23023 0,2347 0,4889 0,4982 244 0,9523 0,0514 2,0063 1,8550 —2,3193 —0,2069 0,0050 22,7
3 12127 0,2304 0,4904 0,5025 248 0,9603 0,0180 2,0699 1,8570 —2,3735 —-0,1404 0,0050 22,0
4 26783 00,2277 0,4869 0,4889 249 0,9683 0,0279 2,1232 1,8539 -—-2,4010 —0,0867 0,0051 22,3
5 9071 0,2286 0,4950 0,5017 248 0,9712 0,0085 2,1298 1,8461 —2,3869 —0,0853 0,0051 22,0
6 4639  0,2345 0,4816 0,4910 246 0,9449 0,0685 1,9668 1,8674 —2,3195 —-0,2367 0,0051 23,0
7 7423 0,2389 0,4938 0,5050 241 0,9475 0,0484 1,9986 1,8363 —2,2896 —0,2298 0,0051 22,6
8 25775 0,2323 0,4912 0,5026 246 0,9585 0,0332 2,0344 1,8581 —2,3408 —0,1748 0,0051 224
9 21983 0,2375 0,4858 0,5050 244 0,9380 0,0553 1,9282 1,8628 —2,2910 —0,2786 0,0051 22,7
10 29431 0,2340 0,4930 0,5031 244 0,9582 0,0453 2,0092 1,8566 —2,3115 —0,1989 0,0052 22,8
137 10995 0,2390 0,4854 0,4946 242 0,9380 0,1282 1,7979 1,8819 —2,1843 —0,3622 0,0057 25,1
201 4123 0,2377 04811 0,4860 243 0,9372 0,1300 1,8290 1,8827 —2,2153 —0,3400 0,0058 24,9
278 7211 0,2454 0,4904 0,5055 237 0,9263 0,1306 1,7475 1,8603 —2,1243 —0,4177 0,0059 25,1
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Table A4: Truncated trial table: Best force transmission angle solutions with accuracy limit ¢ < 0.0058

N LPT p P2 D3 P4 X1 X2 X3 X4 X5 X6 e(c)  Mel(c2)
1 10995 0,2390 0,4854 0,4946 242 0,9380 0,1282 1,7979 1,8819 —2,1843 -0,3622 0,0057 25,1
2 4123  0,2377 04811 0,4860 243 0,9372 0,1300 1,8290 1,8827 —2,2153 —-0,3400 0,0058 24,9
3 14027 0,2338 0,4851 0,4887 245 0,9539 0,1060 1,8972 1,8865 —2,2544 —0,2736 0,0057 24,5
4 29755 0,2370 04841 0,4914 243 09427 0,1097 1,8639 1,8787 —2,2340 —-0,3132 0,0054 24,4
5 21415 0,2403 04815 0,4928 242 09294 0,1162 1,8242 1,8723 —-2,2132 —-0,3580 0,0057 24,3
6 20071 0,2376 0,4826 0,4833 242 09412 0,1150 1,9008 1,8677 —2,2496 —0,2922 0,0057 24,3
7 10823 0,2407 0,4871 0,4978 241 0,9360 0,1079 1,8441 1,8652 —-2,2059 -0,3419 0,0055 24,3
8 31451 0,2453 0,4971 0,5167 237 0,9346 0,0979 1,7969 1,8512 —-2,1444 —0,3833 0,0057 24,3
9 29659 0,2318 04793 0,4822 247 09525 0,1021 1,9199 1,8916 —2,2919 -—0,2519 0,0057 24,2
10 5223 0,2415 04817 0,5012 241 0,9242 0,1085 1,7877 1,8739 —-2,1974 —0,3887 0,0057 24,2
11 28039 0,2471 04918 0,5196 237 09206 0,1011 1,7424 1,8551 —-2,1294 —-0,4333 0,0057 24,1
12 23879 0,2448 0,4965 0,5110 237 09370 0,0962 1,8381 1,8452 —-2,1667 —0,3551 0,0057 24,1
13 3223 0,2351 04832 04766 243 09513 0,1080 1,9731 1,8611 —2,2861 —0,2298 0,0057 24,1
14 23207 0,2388 0,4885 0,4943 241 0,9442 0,0988 1,9013 1,8607 —2,2356 —0,2944 0,0055 24,0
22 9031 0,2350 0,4850 0,4920 244 0,9491 0,0899 1,9189 1,8760 —-2,2715 -0,2675 0,0053 23,9
39 20759 0,2358 0,4869 0,4941 244 0,9492 0,0822 1,9381 1,8672 —2,2753 —-0,2580 0,0052 23,6
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