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Abstract 
The rapid expansion of artificial intelligence is creating unprecedented demand for 

computational capacity, memory bandwidth and data movement, resulting in substantial 

energy consumption across data centres, high-performance computing facilities and edge 

devices. Integrated photonics has emerged as a promising technological pathway for 

addressing these challenges by exploiting optical signals for high-bandwidth and potentially 

energy-efficient computation and communication. This paper examines the convergence of 

artificial intelligence and integrated photonics as an emerging approach to sustainable 

computing. It explores photonic computing architectures, silicon photonics, optical neural 

networks, photonic tensor processing, wavelength-division multiplexing, optical 

interconnects and photonic accelerators for machine-learning workloads. Particular attention 

is given to the potential of photonic technologies to accelerate matrix multiplication, 

convolution, signal processing and neural-network inference while reducing the energy and 

latency associated with electrical data movement. The paper proposes a conceptual AI–

photonics computing framework integrating electronic processors, photonic accelerators, 

optical interconnects, high-bandwidth memory and intelligent workload scheduling. 

Applications in large language models, computer vision, scientific computing, data-centre 

acceleration and edge AI are discussed. The study also examines major limitations, including 

optical-device losses, analogue precision, thermal sensitivity, electro-optical conversion 

overhead, memory integration, manufacturing variability and software–hardware co-design 

challenges. The analysis suggests that the most realistic near-term opportunity lies in 

heterogeneous computing architectures where photonic and electronic processors perform 

complementary tasks rather than in fully optical computers. Future advances in photonic 

integration, optical memory, nonlinear photonic devices, packaging, AI-aware compilers and 

manufacturing processes could enable highly energy-efficient computing platforms capable 

of meeting the growing computational requirements of modern artificial intelligence. 
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1. Introduction 
Artificial intelligence has become one of the most computationally intensive technologies in 

modern computing. 

The rapid development of: 

 Large language models.  

 Generative AI.  

 Computer vision.  

 Multimodal AI.  

 Scientific machine learning.  

 Autonomous systems.  

has significantly increased computational requirements. 

Modern AI workloads require enormous quantities of: 

 Matrix multiplication.  

 Memory access.  

 Data movement.  

 Model training.  

 Inference.  

The resulting energy demand has become an increasingly important technological and 

environmental challenge. 

 

2. The Computational Energy Challenge of AI 
AI computation is not limited by processor arithmetic. 

A substantial portion of energy consumption can arise from moving data between: 

 

Processor ↔ Memory 

and: 

Server ↔ Server 

and: 

Data Centre ↔ Data Centre 

 

 

 

This creates a critical research question: 

How can future computing systems perform increasingly complex AI operations without 

proportional increases in energy consumption? 

Integrated photonics offers one potential pathway. 
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3. What Is Integrated Photonics? 
Integrated photonics involves manipulating light using optical components fabricated on 

semiconductor or other integrated platforms. 

These components can include: 

 Waveguides.  

 Modulators.  

 Photodetectors.  

 Optical resonators.  

 Lasers.  

 Interferometers.  

 Wavelength multiplexers.  

The technology enables optical functions to be integrated into compact devices. 

 

4. Why Light for Computing? 
Photons have several characteristics that are attractive for computing and communication. 

Light can provide: 

 High bandwidth.  

 Low transmission loss over suitable distances.  

 Parallel information channels.  

 Wavelength multiplexing.  

 Potentially low-energy data movement.  

Multiple optical signals can propagate simultaneously through the same physical 

infrastructure using different wavelengths. 

 

5. Silicon Photonics 
Silicon photonics integrates optical functionality with semiconductor manufacturing 

technologies. 

It provides an important platform because it can potentially combine: 

 

Electronic Circuits + Optical Components 

on or near the same package. 

This creates opportunities for heterogeneous AI processors. 

 

6. Photonic Computing 
Photonic computing uses optical phenomena to perform computational operations. 

Instead of representing information exclusively through electrical signals, the system uses 

properties of light such as: 

 Amplitude.  

 Phase.  
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 Wavelength.  

 Interference.  

These properties can be manipulated to perform mathematical operations. 

 

7. AI Workloads and Matrix Multiplication 
Many neural networks rely heavily on matrix operations. 

A simplified operation is: 

y=Wx  

where: 

 W is a weight matrix.  

 x is an input vector.  

 y is the output vector.  

Photonic systems can potentially implement matrix operations through optical interference 

and propagation. 

 

8. Optical Matrix Multiplication 
Optical computing architectures can map matrix elements onto optical components. 

The process can involve: 

 

Input Encoding → Optical Transformation → Interference → Detection 

This can potentially perform large numbers of multiply-accumulate operations in parallel. 

 

9. Optical Neural Networks 
Optical neural networks use photonic components to implement neural-network operations. 

A simplified architecture is: 

Input 

↓ 

Optical Encoding 

↓ 

Photonic Linear Transformation 

↓ 

Optical/Electronic Conversion 

↓ 

Nonlinear Processing 

↓ 

Output 

 

10. Why Photonics for AI? 
AI workloads possess characteristics that align well with photonic computing. 

These include: 
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 High parallelism.  

 Large matrix operations.  

 High bandwidth requirements.  

 Repetitive numerical operations.  

Photonics can potentially address these characteristics through parallel optical processing. 

 

11. Wavelength-Division Multiplexing 
Wavelength-division multiplexing allows multiple wavelengths of light to carry independent 

information streams. 

For example: 

 

λ₁ + λ₂ + λ₃ + λ₄ + ... → Optical Channel 

This provides a mechanism for parallel data transmission and computation. 

 

12. Photonic Tensor Processing 
Tensor operations are central to modern AI. 

Photonic tensor processors can potentially accelerate: 

 Matrix multiplication.  

 Convolution.  

 Attention-related operations.  

 Vector transformations.  

This could make photonics particularly relevant to neural-network acceleration. 

 

13. AI Accelerators 
Current AI accelerators are predominantly electronic. 

Examples include: 

 GPUs.  

 TPUs.  

 NPUs.  

 Custom ASICs.  

Photonic accelerators can potentially complement these processors by handling selected 

computational workloads. 

 

14. Heterogeneous Computing 
The most realistic near-term architecture is likely to combine different technologies. 

A potential system is: 

 

CPU + GPU + Photonic Accelerator + High-Bandwidth Memory 

Each component performs tasks best suited to its architecture. 
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15. Photonics for Data Movement 
One of the strongest opportunities for integrated photonics may be communication rather than 

computation. 

Optical interconnects can provide high-bandwidth communication between: 

 Processors.  

 Memory.  

 Accelerators.  

 Servers.  

This can reduce some electrical communication bottlenecks. 

 

16. Optical Interconnects in Data Centres 
Modern AI data centres require large-scale communication between accelerator nodes. 

A simplified architecture is: 

 

AI Accelerator → Optical Interconnect → AI Accelerator 

Photonics can support high-bandwidth communication while potentially reducing the energy 

associated with long electrical interconnects. 

 

17. Co-Packaged Optics 
Co-packaged optics integrates optical components close to electronic processors. 

This reduces the physical distance that high-speed electrical signals need to travel. 

Potential benefits include: 

 Higher bandwidth.  

 Reduced electrical losses.  

 Improved scalability.  

 Lower interconnect energy.  

 

 

18. Photonics for Large Language Models 
Large language models involve enormous matrix operations. 

Training and inference require: 

 Large compute capacity.  

 High memory bandwidth.  

 Extensive communication.  

Photonic accelerators could potentially accelerate selected linear algebra operations. 

However, memory and nonlinear activation functions remain important challenges. 

 

19. Photonics and Transformer Architectures 
Transformer models contain operations such as: 

 Matrix multiplication.  
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 Attention.  

 Feed-forward transformations.  

 Normalisation.  

Photonic hardware is particularly attractive for linear operations. 

A hybrid architecture could therefore use: 

 

Photonics → Linear Algebra 

Electronics → Nonlinear and Control Operations 

 

20. Photonics for Computer Vision 
Computer vision involves large numbers of convolution and matrix operations. 

Potential applications include: 

 Image classification.  

 Object detection.  

 Medical imaging.  

 Autonomous vehicles.  

 Industrial inspection.  

Photonic convolution systems could exploit optical parallelism. 

 

21. Edge AI 
Edge devices have strict energy constraints. 

Examples include: 

 Smartphones.  

 Sensors.  

 Wearable devices.  

 Autonomous robots.  

 Internet-of-Things systems.  

Energy-efficient photonic AI accelerators could potentially reduce the computational burden 

of edge inference. 

 

22. Scientific Computing 
AI increasingly contributes to scientific simulation. 

Applications include: 

 Molecular modelling.  

 Climate modelling.  

 Fluid dynamics.  

 Materials discovery.  

 Astronomy.  

Photonic acceleration could potentially support computational kernels within scientific 

machine-learning workflows. 
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23. Photonic Computing and Energy Efficiency 
The potential energy advantage of photonic computing comes from several factors. 

These include: 

 Parallel optical propagation.  

 Reduced data movement.  

 Wavelength multiplexing.  

 Potentially low-energy optical operations.  

However, energy efficiency must be evaluated at the system level. 

 

24. Electro-Optical Conversion 
Photonic systems often require conversion between electrical and optical signals. 

The complete workflow can involve: 

Electrical Input → Optical Modulation → Optical Processing → Photodetection → Electrical 

Output 

Each conversion consumes energy. 

Therefore, excessive conversions can reduce the expected energy advantage. 

 

25. Analogue Computing 
Many photonic AI architectures use analogue optical computation. 

This creates a trade-off. 

Analogue systems can provide: 

 High throughput.  

 Parallelism.  

 Potential energy efficiency.  

But they may also suffer from: 

 Noise.  

 Limited precision.  

 Device variation.  

 Calibration requirements.  

 

26. Precision Challenges 
Modern AI models increasingly require numerical precision appropriate to their workload. 

Photonic systems must manage: 

 Quantisation.  

 Optical noise.  

 Phase errors.  

 Detector limitations.  

 Component imperfections.  

This is particularly important for training large models. 
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27. Training Versus Inference 
Photonic acceleration may initially be more practical for inference than full model training. 

Inference generally involves: 

 

Fixed or Slowly Changing Weights + Repeated Computation 

Training requires: 

 Forward propagation.  

 Backpropagation.  

 Gradient computation.  

 Frequent weight updates.  

The latter creates additional hardware complexity. 

 

28. Optical Memory 
One of the major challenges is memory. 

Computing requires frequent access to: 

 Model weights.  

 Activations.  

 Intermediate results.  

Optical processing alone does not solve the memory problem. 

Future systems therefore require efficient integration between: 

 

Photonic Compute + Electronic Memory 

or potentially optical memory technologies. 

 

29. Thermal Management 
Although photonics can potentially reduce some forms of energy consumption, photonic 

components remain sensitive to temperature. 

Temperature variations can change: 

 Refractive index.  

 Resonance conditions.  

 Optical phase.  

Thermal management and calibration are therefore important. 

 

30. Manufacturing Variability 
Integrated photonic devices are affected by manufacturing imperfections. 

Small variations in: 

 Waveguide dimensions.  

 Material properties.  

 Resonator geometry.  
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can alter optical behaviour. 

AI-based calibration may provide one potential solution. 

 

31. AI for Photonic Hardware Optimisation 
The relationship between AI and photonics is bidirectional. 

AI can be used to: 

 Design photonic circuits.  

 Optimise device parameters.  

 Calibrate optical systems.  

 Compensate for manufacturing variation.  

 Predict failures.  

This creates a feedback loop: 

 

AI → Better Photonic Hardware → Better AI Computing 

32. Photonic Neural Architecture Search 
AI algorithms can search for photonic architectures optimised for: 

 Energy.  

 Latency.  

 Accuracy.  

 Area.  

 Optical losses.  

This could enable hardware-specific neural-network design. 

 

33. Software–Hardware Co-Design 
Photonic AI cannot be developed independently of software. 

An effective platform requires coordination between: 

AI Model 

↓ 

Compiler 

↓ 

Photonic Architecture 

↓ 

Optical Devices 

↓ 

Packaging 

 

The model architecture should account for hardware constraints. 

 

34. Photonic AI Compilers 
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Future compilers could automatically map neural-network operations onto photonic 

hardware. 

They may optimise: 

 Optical routing.  

 Wavelength allocation.  

 Precision.  

 Memory movement.  

 Device utilisation.  

 

35. Proposed AI–Photonics Architecture 
A conceptual architecture can be represented as: 

AI Workload 

↓ 

Intelligent Workload Scheduler 

↓ 

Electronic Preprocessing 

↓ 

Photonic Accelerator 

↓ 

High-Bandwidth Memory 

↓ 

Electronic Postprocessing 

↓ 

AI Output 

 

This heterogeneous architecture allows each technology to perform appropriate operations. 

 

36. Intelligent Workload Scheduling 
Not every AI operation should be executed optically. 

A workload scheduler can determine: 

 

Photonics → Suitable linear operations 

Electronics → Control, nonlinear operations and memory-intensive tasks 

This can maximise system efficiency. 

 

37. Energy-Aware AI Scheduling 
The scheduler could optimise: 

minE  

subject to: 

Accuracy≥Amin  
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and 

Latency≤Lmax  

where: 

 E = energy consumption.  

 Amin = required accuracy.  

 Lmax = maximum acceptable latency.  

 

38. Data-Centre Applications 
AI data centres are among the most promising environments for photonic computing. 

Applications include: 

 Accelerator interconnects.  

 Optical switching.  

 AI inference.  

 Distributed training.  

 Memory communication.  

 

 

39. Photonic Switching 
Optical switches can dynamically route data between computing resources. 

This could improve: 

 Network utilisation.  

 Bandwidth.  

 Latency.  

 Scalability.  

 

40. Photonics and Sustainable Computing 
The environmental impact of AI includes: 

 Electricity consumption.  

 Cooling requirements.  

 Hardware manufacturing.  

 Data-centre infrastructure.  

Energy-efficient photonic computing could contribute to reducing the energy intensity of 

future AI systems. 

 

41. Life-Cycle Considerations 
Energy efficiency should not be measured only during computation. 

A complete assessment should include: 

 

Manufacturing + Packaging + Operation + Cooling + Maintenance + End-of-Life 

This is necessary for evaluating true sustainability. 
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42. Key Technical Challenges 
Major challenges include: 

1. Optical losses.  

2. Limited precision.  

3. Electro-optical conversion.  

4. Optical memory.  

5. Thermal sensitivity.  

6. Manufacturing variation.  

7. Packaging.  

8. Software compatibility.  

9. Scaling.  

10. Cost.  

 

 

43. Research Methodology 
A research programme can evaluate photonic AI accelerators using representative workloads. 

 

Stage 1 

Select AI workloads. 

 

Stage 2 

Implement electronic baselines. 

 

Stage 3 

Develop photonic accelerator models. 

 

Stage 4 

Measure energy and latency. 

 

Stage 5 

Evaluate accuracy. 

 

Stage 6 

Analyse scalability. 

 

Stage 7 

Conduct life-cycle assessment. 

 

44. Evaluation Metrics 
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Metric Purpose 

Energy per operation Energy efficiency 

Throughput Computational performance 

Latency Response speed 

Accuracy AI quality 

Energy-delay product Overall efficiency 

Optical loss Hardware efficiency 

Precision Numerical reliability 

Area Hardware density 

Thermal stability Operational reliability 

Cost Economic feasibility 

 

45. Research Questions 
1. Which AI workloads benefit most from integrated photonics?  

2. Can photonic accelerators reduce energy per AI operation?  

3. What are the major electro-optical conversion overheads?  

4. How can photonic computing support large language models?  

5. What level of numerical precision is required?  

6. Can AI compensate for photonic hardware imperfections?  

7. How can photonic and electronic processors be efficiently integrated?  

8. What role can photonics play in AI data-centre networking?  

9. Can photonic computing provide sustainable scaling for future AI?  

10. What manufacturing and packaging advances are required for commercial deployment?  

 

46. Future Research Directions 
Important research areas include: 

 Optical neural networks.  

 Photonic tensor processors.  

 Optical memory.  

 Neuromorphic photonics.  

 Nonlinear photonic computing.  

 Silicon photonic accelerators.  

 Co-packaged optics.  

 AI-designed photonic circuits.  

 Photonic AI compilers.  
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 Energy-aware heterogeneous computing.  

 

47. Neuromorphic Photonics 
Neuromorphic photonics attempts to emulate characteristics of biological neural systems 

using optical components. 

Potential advantages include: 

 Parallelism.  

 Low latency.  

 High connectivity.  

 Energy efficiency.  

This could create new architectures beyond conventional digital computing. 

 

48. Nonlinear Photonic Computing 
Many neural networks require nonlinear activation functions. 

Implementing nonlinear operations efficiently in photonics remains challenging. 

Future nonlinear optical devices could therefore become an important enabling technology. 

 

49. Photonic Computing at Scale 
Scaling photonic AI requires integration across several levels: 

 

Device → Circuit → Chip → Package → System → Data Centre 

Optimising one level independently is insufficient. 

 

50. Economic Considerations 
Commercial adoption depends on: 

 Manufacturing cost.  

 Packaging cost.  

 Energy savings.  

 Performance improvements.  

 Software ecosystem.  

 Reliability.  

Photonic computing must therefore provide measurable advantages over increasingly 

efficient electronic accelerators. 

 

51. Discussion 
Integrated photonics should not be viewed as a direct replacement for electronic computing. 

The strongest opportunity is likely to emerge from heterogeneous architectures. 

Electronics provides: 

 Memory.  

 Control.  
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 General-purpose computation.  

 Nonlinear processing.  

Photonics provides: 

 High-bandwidth communication.  

 Parallel linear computation.  

 Optical signal processing.  

Together, they can potentially provide a more energy-efficient AI computing platform. 

 

52. Future AI–Photonics Ecosystem 
The long-term ecosystem may include: 

AI Models 

↓ 

AI-Aware Compiler 

↓ 

Photonic Accelerator 

↓ 

Optical Network 

↓ 

High-Bandwidth Memory 

↓ 

Electronic Control 

↓ 

AI Output 

 

AI itself may help optimise every level of this architecture. 

 

53. Conclusion 
The rapid expansion of artificial intelligence is creating a fundamental computational 

challenge: how to continue increasing AI performance without proportionally increasing 

energy consumption. 

Integrated photonics offers a promising approach. 

Its potential advantages arise from: 

 Optical parallelism.  

 High bandwidth.  

 Wavelength multiplexing.  

 Efficient data movement.  

 Potentially low-energy linear computation.  

However, photonic computing faces significant challenges involving precision, optical losses, 

memory, thermal stability, manufacturing variation and electro-optical conversion. 
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Consequently, the most practical pathway is likely to involve heterogeneous AI systems 

combining electronic processors with photonic accelerators and optical interconnects. 

The emerging paradigm can be expressed as: 

AI + Integrated Photonics + Heterogeneous Computing + Intelligent Scheduling → Energy-

Efficient AI Infrastructure 

If technological challenges can be addressed, integrated photonics could become an important 

component of future AI computing systems, particularly as computational demand continues 

to grow across data centres, scientific computing and edge intelligence. 

The ultimate objective should not simply be faster AI. 

It should be: 
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