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This research delves into the optimization of photonic devices for data center communication,
employing four distinct algorithms: The GA, PSO SA, and ACO. Using the convergence time,
solution quality, and parameter sensitivity in the performance evaluation of GA gave us a high
convergence rate with good near-optimal solutions however moderate parameter tuning has been
needed. The competitive performance of PSO has been revealed, concerning global and local search
features, however, the function is highly sensitive to parameters. Navigating complex landscapes
has been a strength of SA but the convergence rate depended on cooling. When it comes to
combinatorial optimization, ACO outperformed but showed slower convergence and parameter
sensitivity. Comparison between these algorithms gives an idea of their usefulness in the case of
photonic device optimization. Sensitivity to parameters became a recurrent topic, showing that
careful parameter tuning is paramount in achieving optimality. Simultaneously, other studies on
different technological spaces — MEC, structural health monitoring, and EV charging stations—
highlight the cross-domain benefits brought by optimization algorithms to the advancement of
technology scenes. Therefore, this research provides a holistic understanding of photonic device
optimization algorithms which supports better decision-making by the researchers and
practitioners.
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1. Introduction

In the twenty-first century, digital era data centers are the backbones of the networked world
that act as nerve centers for unparalleled levels of information transmission. In the wake of
increasing demand for data processing and storing, efficiency and performance of
communication in a data center are central issues [1]. Such photonic devices have turned out
as potential alternatives to conventional electronic communication systems, which are fraught
with many challenges. Nevertheless, the optimization of these photonic devices for use in data
centers presents an extremely complex and multidimensional challenge [2]. That is, the
photonic components such as waveguide modulators and detectors play a significant role in
enhancing data center communication since they enable high-speed low latency reliable
information transfer. But to get the best design of such devices, it is necessary to conduct large-
scale and multi-parameter exploration that can be performed only via complicated
optimization techniques. However traditional optimization techniques do not work well to
optimize this large-scale factorial area and need different methods that can fully exploit the
power of photonics [3]. This research stream aims to release the potential capabilities of GAs
as a new optimization approach in overcoming challenges associated with optimizing photonic
devices for data center communications. Being based on the theories and laws of natural
selection, genetics leads to a continuous convergence procedure that seeks solutions in
complex spaces where other algorithms are not able [4]. Trying to learn from evolutionary
biology, GAs are expected to move directly across photonic device parameters phase spaces
leaping towards high performances. This exploration of this research venture wants to expose
the strategies between genetic algorithms and photonic device optimization with a view not
only to improving reliability but also efficiency levels as well as scalability in data center
communication systems [5]. The findings of this research not only develop photonic
technologies but also redefine the dynamics of data center architecture towards a new age of
information interaction.

2. Related Works

Zhu et al. [15] reported detailed survey works on MEC based of NIMO technology. In
particular, the survey presents different applications and issues related to MIMO as an enabler
of improved performance in MEC as well as progress towards its implementation. A
systematic review has been performed by Kashmiri et al. to focus on the effects of
environmental and operational conditions on Structural Health Monitoring (SHM) as well as
Non-Destructive Testing (NDT) [16]. The study offers an in-depth analysis of key influencing
factors determining the reliability and performance associated with SHM systems. Guo et al.
formulated a spatial debris material classification scheme through the integration of HC and
FCM [17]. The study contributes to the development of material classification methods in
debris analysis. The work of Xu et al. investigated Structural-Electromagnetic-Thermal
Coupling Technology for Active Phased Array Antenna [18]. The study investigates an
interdisciplinary area of antenna technology, exploring coupling effects and optimizations.
Medical Image Classifications for 6G Internet of Things (IoT)-enabled Smart Health Systems
have been studied by Mohamed et al. [19]. This research is relevant to the modern development
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of healthcare technologies, discussing how advanced image classifiers can be used in smart
health systems. Li et al. proposed an intelligent metasurface system for the automatic tracking
of mobile targets and wireless communications through computer vision [20]. The study
presents a novel metasurface technology for dynamically tracking targets. Soto et al. suggested
a new technique based on CSK/QAM Visible Light Communication and Machine Learning
for COVID-19 detection [21]. The research looks at the modern utilization of VLC and ML
technologies for healthcare purposes. Yang et al. investigated the energy optimization of data
monitoring systems embedded with wireless sensors in a 6G framework [22]. The study
tackles the vital problem of energy efficiency in changing communication networks. In terms
of the resistance to Sybil attacks, Platt and McBurney conducted a general investigation on
blockchain consensus mechanisms [23]. This study is a critical review of multiple consensus
mechanisms, explaining their advantages and disadvantages to the Sybil attacks. Marinescu
focused on the development and implementation of residential EV charging stations with the
use of renewable energy sources [24]. The study adds to the development of sustainable
transportation by looking into developments in residential EV charging infrastructure. From
an optimization perspective, Fayad et al. addressed the design of cost-effective optical front
hauls in 5G/6D networks [25]. The study sheds light on the challenges to critical infrastructure
in next-generation communication networks. In general, the related work spans a broad
spectrum of issues that include but are not limited to advanced communication technologies,
health care applications of technology, structural monitoring applications, and renewable
energy solutions. Each study helps in the development of a specific field, together promoting
the implementation and understanding of modern technologies in different professions.

3. Methods and Materials
Data:

The effectiveness of genetic algorithm-based optimization depends largely on the quality and
relevance of data used in optimizing. This uses a detailed dataset in this research that captures
the crucial aspects related to photonic device design and performance for data center
communication [6]. Properties of materials, geometrical configurations and some performance
measures such as signal propagation efficiency, and bandwidths are included in the dataset.
This rich and carefully selected dataset forms the basis for training and assessing genetic
algorithms.

Algorithms:
1. Genetic Algorithm (GA):
Description:

Genetic algorithms are based on natural selection processes, simulating the evolution of a
population toward optimal solutions [7]. The algorithm is based on population initialization,
individual selection by the fitness value followed generally by crossover (recombination),
mutation, and replacements to produce a new generation.
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Let P be the population, F'(x) be the fitness function, C' be the crossover probability,

and M be the mutation probability.

Py = Crossover(Selection(P, F), C)
Prnal = Mutation( Py, M)

2. Particle Swarm Optimization (PSO):
Description:

PSO is a population-oriented algorithm that draws its inspiration from the social behavior of
birds or fish. This algorithm is characterized by individuals, called particles that move in the
search space to find optimal solutions [8]. Each particle makes an individual position to its
personal experience and the whole wisdom of the swarm.

Let X, be the position of particle 7, V; be its velocity, F; be the personal best, (G be the

global best, and w be the inertia weight.

Vi = wV, + e (P;
X, -X;+V;

X;) + eara (G — X5)

3. Simulated Annealing (SA):
Description:

Simulated Annealing is based on the annealing process in metallurgy [9]. It begins with an
initial solution and searches the space of solutions by allowing worse ones a reduced
likelihood, as it relates to decreasing temperature.

Let [.a:) be the energy (objective function) of solution &, T be the temperature, and

A F be the change in energy.

P(accept worse) — e &E/!

4. Ant Colony Optimization (ACO):
Description:

ACO is based on the foraging behavior of ants. It consists of a colony, of artificial ants that
build solutions to optimization problems [10]. Ants leave pheromones on trails, and the
amount of these chemicals determines how many other ants will take that same road.

Equation:

Let P‘:”i be the pheromone level on path ([.j], 7i be the heuristic information, and p

be the pheromone evaporation rate.

Ti; = (1—p) -7 + A7y;
Algorithm | Inspiration Key Operations Parameters Advantages Disadvantages
Effective for | Sensitive to
Natural Population complex parameter
Genetic selection Population size, optimization settings,  may
Algorithm | and genetic | initialization, fitness | crossover problems, converge to local
(GA) inheritance | evaluation, rate, parallelizable, | optima
Global and
Particle local  search | Sensitive to
Swarm Social Swarm size, | capabilities, parameters, may
Optimizati | behavior of | Particle initialization, | inertia simplicity, get stuck in local
on birds or fish | fitness evaluation, weight, convergence optima
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Effective for

complex Convergence
Simulated | Annealing Initial landscapes, speed influenced
Annealing | process in | Initial solution, | temperature, | global by temperature
(SA) metallurgy neighbor generation, cooling rate, | optimization, cooling rate

Convergence

Ant Effective for | may take time,
Colony Foraging Pheromone Pheromone | combinatorial | sensitivity to
Optimizati | behavior of | initialization, solution | evaporation | optimization, parameter
on (ACO) | ants construction, rate, adaptability, settings

4. Experiment

In this gquest to optimize photonic devices for data center communication, comprehensive
experiments using four prominent optimization algorithms: GA, PSO, SA, and ACO [11]. The
aim has been to compare their achievements in terms of convergence rate, solution quality,
and applicability concerning the challenge posed by the intricate photonic design space.
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Figure 1: OESCL Band Y- Junction Splitter
Experimental Setup:

Dataset: It used a data set covering several parameters related to the engineering and
functioning of photonic structures. This dataset encompassed material properties, shape
configurations, and critical performance metrics.

Evaluation Criteria: The processes for modulation optimization algorithms have been
evaluated in terms of convergence to the optimal solutions and three other aspects including
optimum solution generation quality bias as well as dispersion along this dimension [12].

Implementation Details: Each algorithm has been augmented and tuned with suitable
parameters. The experiments have been done in a typical computer environment where there
has been enough computing power available.

Nanotechnology Perceptions Vol. 20 No. S6 (2024)



Genetic Algorithm-Based Optimization... Manoj Kumar Rath et al. 40

/™

Crossover

Selectlon sy A l

1000 1()0 30

Children

V[em” }
Surrogate , Reference

Figure 2: Surrogate-Based Genetic Algorithm
Comparative Analysis:
1. Genetic Algorithm (GA):

Results: The genetic algorithm worked well in terms of exploring the design space, converging
to near-optimal solutions with robust performance [13]. Yet it has been sensitive to the
parameter settings and demanded precise adjustment for best performance.

2. Particle Swarm Optimization (PSO):

Results: PSO demonstrated such advantages as competitive performance making use of
particles’ social behavior that enabled searching for a solution space effectively [14]. It has
been able to find various solutions due to its global and local search capacities. However, PSO
is sensitive to parameter settings and the convergence rate depends upon the nature of the
problem.

3. Simulated Annealing (SA):

Results: Through its applications in complex landscapes and global optimization, Simulated
Annealing showed effectiveness. Its promise to avoid local optima, particularly in the initial
phase of optimization has been worthwhile. Nevertheless, the rate of convergence depended
on the cooling process and adjustment has been needed for best performance.
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Figure 3: Optimization Algorithm
4. Ant Colony Optimization (ACO):

Results: ACO displayed adaptiveness and efficient coverage of the solution space as it shined
in combinatorial optimization tasks. However, the algorithm exhibited a slowing convergence
rate, and its results have been highly sensitive to parameter choices like exploration vs.
exploitation rates.

Comparison with Related Work:

This work expands on previous related efforts aimed at optimizing photonic devices for use in
data center communication [26]. When compared to earlier studies, these experiments focused
on Genetic Algorithms, Particle Swarm Optimization Simulated Annealing and Ant Colony
Optimization provided a broader study as well as comparisons of their use in this particular
sector.

Genetic Algorithm vs. Related Work: These findings are consistent with previous studies that
have utilized Genetic Algorithms to accomplish photonic device optimization [27]. On the
other hand, this work shows that sensitive algorithm requires careful parameter adjustment to
achieve the best results.

Particle Swarm Optimization vs. Related Work: This experiments with Particle Swarm
Optimization follow the trend in previous works, proving its high level of competitiveness in

terms of problem optimization [28]. This demonstrates the importance of parameter
sensitivity, which emphasizes that its implementation must be done carefully in practical use.
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Figure 4: Genetic Algorithm-Based Optimization of Photonic Devices

Simulated Annealing vs. Related Work: Similar to other studies, Simulated Annealing is
shown effective in global optimization [29]. It highlights its adaptability to challenging
topographic settings and gives it credit for the impact of regimes on the convergence rate.

Ant Colony Optimization vs. Related Work: Some tests of Ant Colony Optimization also
confirm its applicability to combinatorial optimization problems that come out in photonic
device design [30]. Yet, this experiment indicates the algorithm’s slowness in convergence

and its susceptibility to parameters.
Algorithm Convergence Solution Applicability to Sensitivity to
Speed Quality Photonic Devices Parameters
Genetic High Near- Effective Moderate
Algorithm (GA) optimal exploration
Particle Swarm Moderate Competitive | Global and local High
(PSO) search capabilities
Simulated Moderate Global Navigating Moderate
Annealing (SA) optimization complex
landscapes
Ant Colony Slow Effective Combinatorial Moderate
Optimization optimization

5. Conclusion

Finally, this research voyage of discovery to the optimization of photonic device for data center
communication has proved as an insightful and transformative process. First, four dominant
optimization algorithms (GA, PSO, SA, and ACO) have shed light on the feasibility of using
them in a challenging design space that photonic technologies create. Each algorithm had its
peculiar strengths and weaknesses influencing its convergence speed, solution quality, and
extensivity to parameters. The Genetic Algorithm proved to be a high-performance algorithm,
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which successfully explored the design space and reached almost optimal solutions. However,
its sensitivity to parameter adjustment requires fine-tuning for best results. Particle Swarm
Optimization turned out to be very efficient, utilizing the particle social behavior and thus
allowing for exploring large parts of solution space. However, its dependence on parameter
configurations and convergence speed according to the nature of the problem needs to be
addressed. Simulated Annealing proved to be effective in moving through challenging terrains
towards global optima, influenced by the cooling rate with proper adjustments. In the area of
combinatorial optimization, related to photonic device design, Ant Colony Optimization
performed well revealing some adaptability and successful exploration through solution space.
However, its slow convergence and parameter sensitivity emphasize the importance of an
appropriate choice in a real application.
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