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At the intersection of technological evolution and escalating computational
demand, the role of optics is reemerging as a transformative force in the field
of computing. This article examines the evolving landscape surrounding optical
advantages in computing, focusing on current trends and prospects. Optical
computing finds applications across various domains, such as parallel processing,
high-speed signal processing, energy efficiency, quantum computing, machine
learning, secure communication, and signal/image processing. This review
synthesizes insights from scholarly articles, peer-reviewed journals, and
academic papers to analyze the potential and challenges of leveraging optics
for computational tasks. The literature review also critically examines the
challenges of adopting optical computing solutions. The recommended
multidimensional approach to overcoming adoption challenges involves
holistically addressing integration challenges, manufacturing complexities, and
infrastructure needs where collaboration will catapult optical computing into an
era of computational power. Through a multidimensional exploration, this article
provides a comprehensive understanding of the opportunities and challenges in
harnessing optical advantages in computing, positioning optical computing as a
revolutionary force with far-reaching consequences. Consequently, this review
offers insight and guides researchers, industry professionals, and policymakers
toward a computational future that maximizes the advantages of optical
computing in specific and pivotal application areas, transcending existing
boundaries.
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1 Introduction

Optical computing is a cutting-edge technical advancement that has the potential to
completely change the computer industry because of its exceptional benefits derived from
the characteristics of light. Optical computing harnesses the unique properties of light for
processing information, presenting a potential shift from the established dominance of
electronic processors. Traditionally, electronic processors have been the backbone of
computational systems, but the limitations they pose regarding processing speed, energy
efficiency, and information-handling capabilities have sparked a growing interest in the
potential advantages offered by optics in some applications. This literature review is an
extensive analysis of peer-reviewed journals on the benefits and challenges associated with
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optical computing. The literature review focuses on different
applications, including parallel processing for extensive data
handling, fast signal processing, energy efficiency issues, quantum
computing using optics, applications in machine learning, and
secure optical communication through optical quantum key
distribution. This literature review discusses various optical
computing areas, including parallel processing and massive data
handling, high-speed signal processing with energy efficiency
considerations optics in data centers, quantum computing with
optics optical neural networks for machine learning secure
communication via optical quantum key distribution, and signal
and image processing. In this technological era, understanding the
state of knowledge regarding optical advantages in computing is
imperative for researchers, engineers, and stakeholders.

1.1 Research objective

This review focuses on the existing optical computing knowledge.
The primary research question guiding this exploration is to discern the
transformative potential of optical advantages in computing
applications and understand the challenges that impede their
widespread adoption. Through a comprehensive analysis of scholarly
articles, peer-reviewed journals, and academic papers, this review aims
to offer insights by exploring the merits and limitations of optical
computing. By synthesizing the current state of research, this paper
aims to provide a nuanced perspective that informs future directions
and advancements in the field.

1.2 Scope and limitations

The scope of this literature review spans a diverse array of
applications, encompassing parallel processing for massive data
handling, high-speed signal processing, energy efficiency
considerations, quantum computing leveraging optics, machine
learning applications, secure communication through optical
quantum key distribution, and the role of optics in signal and image
processing. While the breadth of coverage aims to offer a holistic
understanding, it is essential to acknowledge the limitations inherent in
the available literature. The dynamic nature of technology implies that
newer developments may have occurred post-cutoff date, and specific
niche applications may receive limited attention in the literature.
Nevertheless, this review provides a comprehensive overview and
analysis within the parameters of the available research landscape.
This review focuses on eight crucial properties that present potential
success of optics in computing, namely, parallel processing and massive
data handling, high-speed signal processing, energy efficiency, optical
interconnects in data centers, quantum computing, optical neural
networks for machine learning, secure communication, and signal
and image processing.

2 Parallel processing and massive data
handling in optical computing

Time-multiplexed optical computing presents multiple
advantages compared to conventional parallel processing designs

that are particularly relevant regarding simultaneous data
processing, high bandwidth, reduced latency, and scalability. For
instance, according to [1], optics excel in parallelism, which enables
various data streams to run and be processed simultaneously. As
opposed to sequential processing used by electronic processors,
optical computing systems presented by [2] allow performing the
operations simultaneously to reduce time-consuming massive
datasets [3, 4]. Additionally, the inherent properties of light
enable high-bandwidth communication [5, 6]. It becomes feasible
to efficiently transfer large volumes of data at higher speeds, given
that signals with different wavelengths can be transported
simultaneously. [7], [5], and [8] reveal that optics have the
potential to achieve high bandwidth parallelism in data-intensive
applications. Therefore, as argued by several researchers, the
inherent parallelism and high speeds with which time-
multiplexed optical computing transmits reveal its efficiency in
processing that can provide answers to huge data sets at low
latencies but great rates.

Parallel processing in optics also contributes to reduced
latency. Since light travels much faster than electrical signals,
optical systems can provide faster data access and processing
than electronics [9, 10]. This property would be specifically
advantageous to applications that need real-time decision-
making and response. Furthermore, optical systems are
inherently scalable [11, 12]. [13] explains that the necessary
parallelism of visual computing enables scalability due to the
ease with which new components can be added. A component
can scale on demand without significantly increasing complexity
when it fails. This scalability is critical for applications that deal
with constantly growing datasets [14]. Accordingly, the
significant latency reduction provided by optical parallel
processing because of speed–of–light indicates that they can
accelerate real-time decision-making and adjust to changing
data demands.

However, optics also face some drawbacks that should be
addressed for widespread adoption in parallel processing and
massive data handling, including integration challenges, signal
loss, and noise, as well as cost and complexity [15–17]. For
instance, an integration problem of optic components with
current electronic systems is far from simple because connecting
two processors requires specific interfaces. [18] discuss the barriers
to integration and note that this limitation can influence the
reliability of parallel processing in optical systems operated over
long ranges. Suitable signal gain and noise suppression procedures
are essential for preventing perverted parallel data processing.
Additionally, optical elements may be challenging to implement
due to their cost and complexity. Optical computing devices require
highly specialized materials and manufacturing processes, which
make them more expensive than the traditional electronic
components [2, 19].

Furthermore, the complexity of an optics system can cause
problems related to management and maintenance [18].
Although optical technologies exhibit excellent capabilities for
parallel computation, there remain a few challenges, like
integration concerns that lead to signal fading out. However
significant the benefits are, optical computing in parallel
processing and extensive data handling demands a careful
weighing of advantages against disadvantages; otherwise, effective
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integration into computation would be impaired. The landscape
ahead for optic computing will largely depend on emerging
technologies aimed at overcoming these challenges.

3 High-speed signal processing in
optical computing

The speed advantages of optical computing include
computational acceleration, low latency, fast computation rate,
and improved data transfer, allowing the use of the fact that light
travels significantly faster than electrical signal does. Another
fundamental advantage of optical computing is the speed
associated with light. In conventional electronic circuits, light
travels much faster than electric signals. As [13] depicted, this
velocity benefit allows optical systems to process signals quickly.
This fundamental characteristic can greatly benefit tasks
characterized by frequent data analysis and communication [13].
Moreover, the speed of light is high, hence less latency in
communication. Optical signals travel long distances without
much delay, thus making optical communication systems suited
for Real-Time applications. This feature is especially critical in the
telecommunications and network infrastructure sectors [13]. For
instance, an experiment by [20] successfully reported using
256QAM-based constellation shaping with this pre-equalization
calibration approach to test 800 Gbit/s per wavelength
transmission (see Figure 1). In addition, optical computing may
overperform electronic processors in some calculations. Parallelism
in optics and the fast signal processing speeds translate to faster
execution of algorithms. It is essential for applications that demand
fast data processing, such as simulations and scientific
computing [21].

Additionally, the data transfer rate increases due to a faster
optical system. [22] discussed that data center optical interconnects
eliminate bottlenecks and improve a system’s overall performance
through faster communication between components. Not only

computational acceleration and short latency but also high data
rates are achieved with the optical computing advance driven by
light speed, which increases its applicability for applications
requiring responses in real-time processing to be efficient. The
possible quicker algorithm running and better system
performance make optical computing an attractive option for
tasks that demand rapid data analysis and high-speed operations.

Issues related to the design of complex components, sensitivity
towards the environment, and fewer material options must be
considered in successfully applying high-speed optical systems.
Complexity often arises in formulating elements that capitalize
on all benefits of high-speed signal processing using optics.
Controlling optical signals with precision and sustaining
coherence leads to complex designs and sometimes even involves.
It can become an issue while implementing high-speed optical
systems in practice [23]. In addition, optical signals are weather
condition-based as they react to temperature and humidity changes.
These differences can alter light’s nature, resulting in signal
degradation or loss. Environmental effects should be detected
and eliminated to ensure reliable high-speed signal processing in
optical systems [13]. Finally, there is a lack of sufficient materials
that can be used as high-speed optical components. This limitation
may also hamper the evolution of devices that can fully realize speed
opportunities in optical computing. Further research should be
continued to discover and create the materials capable of
satisfying these demands to meet the ultrahigh-speed signal
processing needs.

Multiple strategies can be implemented to address the
environmental sensitivity of high-speed optical components to
temperature and humidity changes, thus mitigating their impact
on signal integrity and system reliability. For instance, using proper
packaging techniques helps protect optical components from
environmental factors. Sealing optical components in hermetic
packages or using protective coatings can shield them from
temperature and humidity fluctuations, thereby preserving signal
integrity [24, 25]. For instance, hydrophobic and anti-reflective

FIGURE 1
Results of experiments using constellation shaping and calibration technologies [20]. (A)Constellation and optical spectrum of calibrated 64-Gbaud
64QAM signal. (B) Evaluation results of constellation-shaped 82-Gbaud 256QAM signal EQL, equalization.
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coatings can prevent moisture absorption and minimize signal
degradation caused by environmental factors [26]. Incorporating
temperature and humidity sensors within the packaging can also
enable real-time monitoring and adjustment of environmental
conditions. Besides, deploying and monitoring basic
environmental control systems, such as air conditioning,
humidity control units, and thermal management solutions,
within optical computing facilities can regulate temperature and
humidity levels to maintain optimal conditions for high-speed
optical components. Optimizing high-speed optical component
designs and implementing rigorous testing and quality assurance
protocols can improve their resilience to environmental sensitivity.
By implementing these strategies, the environmental sensitivity of
high-speed optical components to temperature and humidity
changes can be effectively mitigated, thereby enhancing signal
integrity and system reliability in optical computing systems.

4 Energy efficiency in
optical computing

The energy efficiency of optical computing offers multiple
advantages due to low power consumption during operation and
reduced heat generation. Optical computing has an advantage over
conventional electronic circuits regarding power requirements. In
this regard, [27] observed in their analysis that light transmits
information better and faster than electric signals, particularly
when spaces are long distances apart. This feature is handy in
applications where energy efficiency has a significant impact.
Also, optical systems for data are less heat-producing than
electronic processors. This feature is helpful in applications
where heat dissipation is essential, such as in data centers.
Reduced heat generation can help improve energy efficiency by
reducing or eliminating complex cooling systems [13]. Heat
dissipation and decreased power consumption make optical
computations an innovative concept for minimal energy
production applications.

However, challenges related to energy consumption during
component manufacturing and integration with existing
infrastructure must be carefully addressed to realize the overall
energy-efficient potential of optical computing fully. Though the
operation of optical systems provides low energy consumption,
manufacturing their components can be energy-consuming.
However, unique materials and precise manufacturing processes
involving a more extensive energy footprint during production are
frequently used. Based on [28], balancing the overall energy
equation requires considering operational and manufacturing
energetic demands. In addition, integrating optical components
with standing electronic infrastructure cannot be easy. Seamless
compatibility necessitates more components and interfaces, which
may contribute to increased total energy consumption. It is
necessary to overcome integration challenges to achieve the full
energy-saving potential of optical computing [29].

Simplifying the integration process of optical components with
electronic systems is essential in facilitating practical deployment
and addressing challenges such as interface compatibility and
reliability over long ranges. For instance, establishing
standardized interfaces between optical and electronic

components promotes compatibility and interoperability.
Adopting common communication protocols and connector
standards streamlines the integration process, allowing seamless
connectivity between different components [30–32]. Besides,
interdisciplinary collaboration between optical engineers and
electronic system designers is essential to tackle integration
challenges holistically. Such collaboration allows leveraging
diverse expertise to develop integrated solutions that meet optical
and electronic requirements, ensuring compatibility and reliability
over long ranges. Reliability engineering principles also play an
important role in enhancing the robustness and longevity of
integrated systems. Rigorous reliability testing, including
accelerated aging tests and environmental stress screening,
identifies potential failure modes and ensures the reliability of
integrated systems under diverse operating conditions [33].
Moreover, flexible deployment options, including centralized and
distributed architectures, accommodate various application
scenarios and installation environments, optimizing performance
and scalability.

Offering comprehensive training and educational resources to
end-users and system integrators would foster effective deployment
and operation of integrated optical-electronic systems. Hands-on
training programs and detailed documentation would empower
personnel with the knowledge and skills to effectively deploy,
maintain, and troubleshoot integrated systems. Thus, integrating
optical components with electronic systems can be simplified by
implementing these strategies, resulting in more practical and
reliable deployment of optical systems across diverse applications
and industries. Indeed, the pursuit of sustainable computing
solutions, considering both operational and manufacturing
aspects, remains a key focus in advancing the energy efficiency of
optical computing technologies.

5 Optical interconnects in data centers

The advantages of optical interconnect in data centers include
wide bandwidth, ultra-low latency, and reduced signal attenuation,
thereby enhancing communication performance and overall system
efficiency. Optical interconnect has high-bandwidth solutions and
low latency advantages, rendering them perfect for data centers. [34]
also say optical communication technology has a great potential to
increase the data transfer rates within and between DCs. It also
reduces latency, thus improving the performance of a system in
general [34]. For instance, [35] review the performance
corresponding to the three intra-DC situations studied:
uncompensated SMF propagation at 120, 560, and 960 m. The
findings are compiled in Figure 2, which displays the BER
evolution against the received optical power for each scenario
where successful post-FEC communication is achieved.
Additionally, a table summarizing the optimal sensitivity results
for all combinations, FEC codes, and equalization strategies that
were taken into consideration is included. Optical signals suffer
significantly lesser attenuation over long-haul transmissions when
compared to electrical waveforms. This characteristic of optical
interconnects helps to preserve signal integrity, providing
accurate communication between different elements in a data
center. Reduced signal degradation helps to maintain high-speed
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data transfer [36]. In this sense, the benefits of optical interconnect
in terms of high bandwidth capacity, low latency levels, and minimal
signal attenuation contribute to increased communication efficiency
and overall system performance level that makes use of such a
technology helpful in improving data centers.

However, the cost, complexity, and compatibility challenges
must be thoroughly addressed for implementation. Optical
interconnects are expensive and can be complicated. Optical
communication in data centers necessitates specialized equipment
and infrastructure. The initial configuration costs and the
complexities involved with maintenance may be hurdles for
organizations that want to implement optical interconnects [27].
In addition, incorporating optical interconnects alongside installed
electronic infrastructure in data centers is not easy. Achieving
seamless compatibility between optical and electronic
components requires additional interfaces and may necessitate
modifications to the existing infrastructure. Overcoming
compatibility challenges would enable the successful deployment
of optical interconnects in data centers. However, utilizing optical
interconnects for data center deployment is subject to a few
constraints related to their compatibility [37]. As data centers
evolve to meet increasing demands for higher performance and
efficiency, exploring and resolving these challenges is crucial for
realizing the full potential of optical interconnects in transforming
data center architectures. Such limitations are, however, being
addressed by continuous research and advances in optical
communication technologies that will make the application of
optical interconnects a real possibility for modern data
centers [38–40].

Various cost-effective approaches can be adopted to make
optical interconnect technology more accessible for
organizations despite its cost, complexity, and specialized
infrastructure requirements. For instance, just as in other
systems, standardization and modularization efforts can
promote interoperability, lower development costs, and facilitate
mass production of optical components [41, 42]. Modular designs
allow flexible integration into existing infrastructure, minimizing
the need for specialized equipment and custom solutions. The
innovative world continuously embraces open-source
development models that encourage collaboration and
innovation within the optical interconnect community, reducing
costs and fostering a broader ecosystem of compatible hardware
and software solutions [43]. Likewise, using commercial off-the-
shelf (COTS) components would offer affordability,
standardization, and availability due to economies of scale,
reducing reliance on custom-designed solutions and minimizing
development time. Integrating COTS components also reduces
development time and minimizes reliance on proprietary
technologies [44]. Moreover, designing optical interconnect
solutions that seamlessly integrate with existing electronic
infrastructure can reduce deployment costs and complexity as
hybrid approaches would allow organizations to maximize their
current investments while gradually transitioning to some optical
technologies. Furthermore, collaborative research initiatives
involving academia, industry, and government agencies can
help pool resources and expertise, fostering knowledge exchange
and cost-sharing arrangements to tackle common challenges in
developing optical interconnect solutions.

FIGURE 2
Bit-error rate (BER) vs. received optical power into the photodiode for all combinations of intra-DC transmission distances [35].
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These cost-effective approaches can help organizations
overcome barriers to optical interconnect adoption and harness
its benefits for improved computing performance and scalability.
Scalable deployment models enable organizations to start small and
expand gradually, mitigating financial risks and ensuring alignment
with organizational objectives. Pilot projects and phased rollouts
allow testing, optimization, and cost control before full-scale
deployment, facilitating a smooth transition to optical
technologies. Ultimately, embracing these strategies can enable
organizations to unlock the potential of optical interconnect
technology to drive innovation, efficiency, and competitiveness in
computing systems.

6 Quantum computing with optics

Significant benefits are associated with quantum computing
using optics, including quantum entanglement for information
processing and parallelism in quantum operations. For instance,
optical systems play a crucial role in some quantum computing
techniques based on quantum entanglement principles. [45] and
[46] outline the implementation of optical elements, including
photons that create entangled states and allow quantum gates
necessary for operation with quantum information. In addition,
optical elements in quantum computing make parallel quantum
computations possible. Techniques such as superposition illustrate
quantum parallelism, which allows multiple inputs to be processed
simultaneously [47]. It can substantially accelerate specific quantum
algorithms; see the discussion of quantum optical computing [48,
49]. These qualities are auspicious properties that can solve some
computational problems better than classical computing.

The discipline has problems, including quantum decoherence
and designing building optical components. The decoherence is
found in quantum systems, including those using optics. The
delicate quantum states are disturbed by environmental factors
and interactions with external systems, which results in errors
during computations. Quantum decoherence is one of the
challenges in quantum optical computing, as [50] and [51]
described. The complexity and developmental difficulty of
quantum optical assemblies are also alike because the strict
oversight of quantum states and coherence requires highly
developed technologies. Scalability and ease of use are also
undermined by the challenges associated with quantum optical
elements, especially in systems that become very large or host
dense nodes [52].

Quantum optics research is still concerned with these
constraints and the development of working and scalable
quantum computing solutions. Advancements in technology to
mitigate quantum decoherence effects and ensure the stability of
quantum states for practical applications are crucial for the progress
of quantum optical computing. One of the major approaches
involves developing efficient error correction codes specifically
tailored for quantum computing systems [53]. Quantum error
correction codes, such as the surface code, encode quantum
information redundantly to detect and correct errors caused by
decoherence, thereby enhancing the stability of quantum
computations [54, 55]. Complementing error correction,
specialized hardware implementations for quantum error

correction circuits and techniques, such as syndrome
measurement and feedback control, can actively monitor and
correct errors in real-time, bolstering the resilience of quantum
states against decoherence.

Moreover, exploring strategies to avoid or minimize the
occurrence of quantum errors can complement error correction
approaches. Techniques such as dynamical decoupling and the
quantum Zeno effect aim to prolong the coherence time of
quantum states by actively suppressing decoherence processes
through controlled interactions with the environment [56, 57].
Additionally, implementing environmental shielding measures to
isolate quantum computing systems from external noise sources,
such as cryogenic cooling systems in ultra-low temperature
environments, can stabilize quantum states by reducing thermal
fluctuations and environmental disturbances [58]. Studies are also
investigating topological quantum computing approaches, which
rely on robust qubits with intrinsic protection against local errors,
offering a promising avenue to mitigate decoherence effects [55,
59]. These technological advancements collectively enhance the
stability and performance of quantum computing hardware,
advancing the realization of practical quantum optical
computing systems. That said, quantum optical computing is a
promising option to fundamentally alter the type of computation
performed, resolving current intractable classical
computer problems.

7 Optical neural networks for
machine learning

Optical neural networks for machine learning exhibit merits
such as parallel matrix-vector multiplications and the potential for
high-speed training. Optical neural networks have demonstrated the
capability to perform parallel matrix-vector multiplications, a
critical operation in many machine learning algorithms [60–62].
It is based on the parallel processing of light by optical systems,
which can expedite these operations, significantly speeding up
training and inferencing stages for neural networks [34]. The
parallelism inherent in optical processing can contribute to the
high-speed training of neural networks [63, 64]. Optical neural
networks can process multiple data points simultaneously, reducing
the time required for training large-scale models [13]. These
advantages can have a direct influence on the neural network
operations performance.

Nevertheless, challenges related to the complexity of optical
implementations and the limited flexibility in network architecture
should be addressed to enable the successful integration of optical
neural networks into the broader landscape of machine learning [14,
65]. Sub-optimal precision and performance might involve resolving
issues associated with device development that need optimization at
a system level [66]. However, even in adjusting and reconfiguring
optical networks to do different jobs or changing the demands–these
constraints might not be easily surmounted. Successfully
overcoming challenges will ensure that optical neural networks
find diverse implementations in machine learning [34, 61].
Therefore, continuous research is necessary to improve optical
neural network designs to increase flexibility and maximize
performance in various machine learning tasks.
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8 Secure communication with optical
quantum key distribution

Advantages of secure communication using optical quantum
key distribution include unbreakable encryption via quantum
entanglement, detection of eavesdropping attempts, globally
available networks for secured communications, and information-
theoretic security. Quantum key distribution (QKD) uses quantum
entanglement to build secure communication channels. According
to [67] and [68], the unique characteristics of entangled photons
allow for producing keys that, as a rule, can be cryptographically
broken with encryption but provide high communication security
levels. Also, QKD systems can notice the intruders’ efforts. Quantum
mechanics principles mean that the quantum information
interception changes it by unveiling the states, an alert about a
possible eavesdropper. This function increases the security of light
quantum communication [68, 69]. Moreover, optical QKD allows
for establishing safe communication chains stretching over long
distances. This function is vital to creating an internationally secure
communication network. Quantum communication investigates the
feasibility of creating global networks based on secure
communications to work with optical QKD [70, 71]. Finally,
optical QKD is information-theoretically secure communication
based on physical laws. It significantly differs from classical
cryptographic approaches based on computational complexity
assumptions. Optical QKD has the information-theoretic security
feature as one of its fundamental benefits that guarantees secrecy in
transmitted data.

However, practical technical obstacles, low transmission rates,
and infrastructure requirements should be addressed to make
optical quantum communication more prevalent. It may be hard
to implement optical QKD systems in real-life settings. Energy issues
connected to quantum information transmission over long
distances, state channel stability, and optical-channel decay losses
should be addressed so the world can adopt secure communication
networks [72, 73]. Additionally, the transmission rates of current
optical QKD systems are much lower than those in traditional
communication approaches [74]. However, there are essential
advances in transmission rates, while current technology may not
be good enough for applications that have to go sky-high [69, 75]. In
addition, setting up secure communication with optical QKD might
involve a unique infrastructure. Implementing quantum repeaters
and other elements to increase the reach capability would require
significant financial resources [76].

Nonetheless, multiple improvements can be made to increase
the transmission rates of current optical QKD systems for practical,
real-world applications. For instance, increasing the quantum
efficiency of QKD systems by adopting advanced single-photon
detectors with heightened sensitivity is a promising avenue [77, 78].
This approach enhances the signal-to-noise ratio, facilitating faster
key generation rates while upholding security protocols.
Furthermore, parallelization techniques can be instrumental in
elevating transmission rates by simultaneously producing
multiple quantum keys [79, 80]. Implementing multiplexing
schemes like time-bin encoding or wavelength division
multiplexing enables the transmission of multiple quantum
signals over a single optical channel, effectively amplifying the
critical generation rate [81, 82].

Furthermore, overcoming infrastructural and financial
barriers is pivotal for the widespread adoption of secure
optical QKD systems. Standardization efforts in QKD
protocols and hardware interfaces promote interoperability
and integration with existing communication networks,
mitigating compatibility issues and reducing implementation
costs [83–85]. Moreover, scalable QKD solutions offer a cost-
effective deployment strategy, allowing for flexible adaptation in
large-scale networks and smaller-scale applications [86–88].
Collaboration between public and private sectors can also be
crucial, stimulating investment in QKD infrastructure and
technology development. Through public-private partnerships,
funding, resources, and expertise can be pooled to accelerate the
deployment of secure optical QKD systems, fostering widespread
adoption and paving the way for secure communication networks
in various real-world applications.

9 Optical computing in signal and
image processing

The advantages of optical computing for signal/image
processing include parallelism for fast treatment, control
implementation via spatial light modulators in real-time
applications, and proficient Fourier transformation tasks
involving image processing from optical computing’s parallel
architecture. According to [89], optical systems are much more
efficient than sequential electrical approaches in image
processing because they can process several pixels
simultaneously. First, real-time signal and image processing
are offered by SLMs in optical computing. Allowing dynamic
and adaptive processing enables SLMs to regulate light
amplitude, phase, or polarization. This feature can benefit
from Applications requiring quick modifications or real-time
feedback [90]. Fourier transform operations benefit significantly
from optical computing, which is essential for signal and image
processing tasks. Fourier transform computations are made
parallel in optics via parallelism, which speeds up methods for
image reconstruction and pattern recognition [64, 91]. Signal and
image treatment techniques may benefit significantly from
optical computing features, including rapid Fourier
transformation, parallel image processing, and real-time
capabilities offered by spatial light modulators.

However, challenges regarding the complexity of optics-
based setups and adaptability constraints must be addressed to
successfully incorporate optical computing into various signal
and image processing applications. Creating intricate optical
computing systems for signal and image processing may be
necessary. While maintaining long-term stability is one
concern, further refinement of the optical components’ design
and alignment may require specific requirements. For practical
and widespread usage in signal and image processing
applications, it is imperative to address the complexity of
optical setups [91, 92]. Furthermore, specialized optical
systems designed for specific signal or image processing
operations could be less versatile and adaptable than electrical
processors with software installed. An optical system’s
adaptability for applications requiring frequent adjustments or
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shifting dynamic processing requirements may be limited if
incorporating functional improvements requires physical setup
changes [93]. However, recent research looks at novel designs
that may capitalize on these different advantages while reducing
the complexity of setups and increasing flexibility.

10 Conclusion

Examining optical gains for computing from various angles
reveals a bright horizon with unique advantages and
disadvantages. Based on the properties of light, optical
computing has unique benefits in specific applications and
obstacles that need careful consideration.

10.1 Parallel processing and massive
data handling

Optical computing has become a potent option because its
parallel processing capacity allows it to handle enormous
databases effectively. Parallelism’s capacity for simultaneous
processing offers unmatched speed in data analysis and
computational tasks. However, challenges in integration with
existing electronic systems should be addressed fully to unlock
its potential.

10.2 High-speed signal processing

Optical computing may operate at high speed, which opens a
world of possibilities for real-time applications because light
propagates. Among the advantages are better data throughput
rates, reduced latency, and the possibility of faster calculations.
Nonetheless, the intricacy of the implementation and design of
high-speed optical systems poses challenges that require
innovative solutions.

10.3 Energy efficiency

Optical computing is known for its exceptional energy
efficiency, especially during operation when it consumes less
power and produces less heat. The entire energy calculation
cannot ignore the challenges of manufacturing and integration,
which in turn need an integrated approach to ensure overall
sustainability in the broader computing context.

10.4 Optical interconnects in data centers

Data centers, which provide high capacity and low latency, are
prime examples of the benefits of optical interconnects. These
advantages facilitate improved system performance and
communication. Optic interconnects must, however, be readily
integrated into current data center infrastructures, posing
significant obstacles in terms of cost and complexity.

10.5 Quantum computing

Quantum computing employs optics and brings new
characteristics like invulnerable encryption from quantum
entanglement and parallelization of many computer tasks.
Although the benefits mentioned above are significant, this
discipline is challenged by quantum decoherence and the
intricate construction of optical components. The future of
quantum computing will depend on how these problems
are resolved.

10.6 Optical neural networks for
machine learning

Optical neural networks present potential benefits of high-speed
training of neural networks and parallel matrix-vector
multiplications. However, the complications of optical
deployments and restrictions regarding network structure
adaptability are challenges. Future developments should focus on
simplifying designs and achieving an increase in adaptability to a
variety of machine-learning applications.

10.7 Secure communication

Optical quantum key distribution provides unprecedented
security via the entanglement principle and eavesdropping
detection. Although these properties have put optical quantum
communication at the center of secure communications,
implementation challenges and limited transmission rates require
further investigation and technological improvement.

10.8 Optical computing in signal and image
processing

Parallelization, real-time processing, and Fourier transform
operations are some of the strengths of optical computing in
signal and image processing. However, the complexity of optical
setups and poor adaptability must also be addressed. Future
developments could also include optimizing optical systems for
greater practicality in applications outside of signal and image
processing.

11 Recommendation

The future of harnessing the merits of optics in computing needs
a multidimensional approach. Addressing integration challenges,
manufacturing complexities, and infrastructure requirements across
various domains is crucial. Researchers, engineers, and industry
stakeholders should collaborate to propel optical computing from
theoretical promise to practical implementation. Besides,
progressive developments in material science, innovative
component designs, and standardized integration protocols will
play important roles in improving the world of optical
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computing. Interdisciplinary collaboration between quantum
physicists, computer scientists, and engineers will also be vital for
unlocking the full potential of quantum computing with optics. As
technologies evolve, smooth integration of optical and electronic
systems may become possible, enabling an age in which sensitivities
offered by optics are deployed for a broad range of computing uses.
The continuous search for efficiency, security, and adaptability will
lead the way in the evolution of optical computing, lighting our
future with a computational paradigm that harnesses light speed
and accuracy.
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