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            Abstract
Convolutional neural networks, inspired by biological visual cortex systems, are a powerful category of artificial neural networks that can extract the hierarchical features of raw data to provide greatly reduced parametric complexity and to enhance the accuracy of prediction. They are of great interest for machine learning tasks such as computer vision, speech recognition, playing board games and medical diagnosis1,2,3,4,5,6,7. Optical neural networks offer the promise of dramatically accelerating computing speed using the broad optical bandwidths available. Here we demonstrate a universal optical vector convolutional accelerator operating at more than ten TOPS (trillions (1012) of operations per second, or tera-ops per second), generating convolutions of images with 250,000 pixelsâ€”sufficiently large for facial image recognition. We use the same hardware to sequentially form an optical convolutional neural network with ten output neurons, achieving successful recognition of handwritten digit imagesÂ at 88 per cent accuracy. Our results are based on simultaneously interleaving temporal, wavelength and spatial dimensions enabled by an integrated microcomb source. This approach is scalable and trainable to much more complex networks for demanding applications such as autonomous vehicles and real-time video recognition.
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                    Fig. 1: Operation principle of the TOPS photonic CA.[image: ]


Fig. 2: Image processing.[image: ]


Fig. 3: Experimental results of the image processing.[image: ]


Fig. 4: Experimental schematic of the optical CNN.[image: ]


Fig. 5: Convolutional layer.[image: ]


Fig. 6: Experimental and theoretically calculated results for image recognition.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 VCA, for processing one-dimensional data.
It consists of the experimental setup (right panel), the optical and electronic control and signal flow (left panel). ADC, analogue-to-digital converter. 1D, one-dimensional.


Extended Data Fig. 2 Generation of soliton crystal microcombs.
a, Schematic diagram of the soliton crystal microcomb, generated by pumping an on-chip high-Q (quality factor >1 million)Â nonlinear micro-ring resonator with a continuous-wave laser. b, Image of the MRR (upper inset) and a scanning electron microscope image of the MRRâ€™s waveguide cross-section (lower inset). c, Measured dispersion Dint of the MRR showing the mode crossing at about 1,552 nm. d, Measured soliton crystal step of the intra-cavity power. e, Optical spectrum of the microcomb when sweeping the pump wavelength. f, Optical spectrum of the generated coherent microcomb at different pump detunings at a fixed power. FSR, free spectral range.


Extended Data Fig. 3 The architecture of the optical CNN.
The architecture includes a convolutional layer, a pooling layer and a fully connected layer.


Extended Data Fig. 4 Fully connected layers.
Architecture and experimental results. The left panel depicts the experimental setup, similar to the convolutional layer. The right panel shows the experimental results for one output neuron, including the shaped comb spectrum (top); the pooled feature maps of the digit 3 and the corresponding input electrical waveform (the grey and red lines illustrate the ideal and experimentally generated waveforms, respectively; middle); and the output waveform of the neuron and sampled intensities (bottom). Conv layer, convolutional layer. CW pump, continuous-wave pump laser.
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Supplementary Information
Information on the operation principle of the photonic convolution accelerator, matrix flattening, network training and digital processing, additional experimental results, a performance comparison with other results in the literature, scaling the networks in performance and speed, and a theoretical evaluation of a scaled network, including Supplementary Figures S1â€“S30, Tables S1 to S2, and Supplementary References.


Supplementary Information
A Supplementary Presentation. Digital neuromorphic processors typically process one dimensional data streams and so to process matrices, the matrix must first be converted to a vector â€“ effectively â€œflattenedâ€�. How this is done will be determined by the size of the kernel being used to process the data, and this in turn will result in a reduction of the matrix processing speed relative to the vector processing speed â€“ effectively a speed â€œoverheadâ€�. This is a fundamental and generic issue that applies to any processor. This presentation graphically illustrates this issue and includes a presentation of methods designed to eliminate this overhead.
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