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Abstract

Spike-based machine learning offers high computational efficiency with minimal resources, utilizing
sparse coding and brain-inspired methods. Optically based systems potentially enable very fast
classifications but, despite decades of research, demonstrations remain simplistic. We propose an ultra-fast
photonic, spike-based hardware architecture benchmarked on the reduced MNIST dataset. The model uses
efficient feature detection based on receptive fields coupled to microlaser neurons (MLNs) and is trained
using a genetic algorithm. The computational cost of the simulations is significantly reduced by the
introduction of a surrogate model for the MLNSs. The resulting classification accuracy is comparable to a
state-of-the-art multi-layer perceptron of higher structural complexity. We estimate 1000X (10X)
improvement in energy consumption and 10X (1000X) faster classification can be obtained compared to
software. We anticipate that our method can be quite general and apply to other spike-based hardware
architectures, while ultimately leading to hardware classifications that can take just a few nanoseconds.
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1. Introduction

Artificial intelligence (AI) has advanced rapidly over the past decade[1-6], however, current von
Neumann architecture has limitations that continue to restrict computational efficiency[7,8]. A promising
alternative is photonic neuromorphic hardware, which offers increased processing bandwidth, parallelism
and low power consumption[9-13]. At the same time, spike-based neuromorphic computing has emerged
as an active field that aims to realize artificial intelligence while increasing the energy efficiency of
computing platforms[14]. A particularly promising hardware is therefore photonic spiking architectures.

Spiking microlasers can emulate neuron behavior with spike times as short as a few hundred
picoseconds, enabling very rapid, sequential computational tasks[10,15]. Recently, spiking vertical-cavity
surface emitting lasers (VCSELSs) have shown potential for fast image preprocessing[11]. They have been
used as the reservoir layer in reservoir computing[16,17], enabling Bayesian inference[18]. In addition
they have been used for all-optical spiking networks with learning capabilities[19]. One notable
advancement is an efficient feature detection where receptive fields (RFs) and photonic Micro-Laser

Neurons (MLNs), VCSELs integrated with a saturable absorber, are used [10,20]. Notably, this research

took advantage of biomimetic features including temporal summation, refractory time and time latency, to
classify the data. However, simulating large-scale implementations remains challenging and
computationally expensive, as it requires modeling complex optical neuron behavior. This work
introduces a method to address these challenges.

Spiking neural networks (SNNs), which process spike trains as inputs and outputs, closely mimic
biological nervour systems and offer potential improvements in energy efficiency and performance[21].
Here we model and train a single layer of optical spiking MLNS to classify the 8x8 reduced MNIST
dataset. We consider ultrafast spiking MLNs whose behavior can be described by an optical neuron model
(ONM) with spontaneous emission[22]. This ONM maps to a leaky integrate-and-fire neuron [23] and
describes accurately the dynamics of VCSELSs integrated with saturable absorbers, which display
biomimetic features including excitability[22], refractoriness[24], spike latency[25] and temporal
summation[26].

Optimal training and encoding for SNNs remain areas of active research. A typical approach is
Spike Time Dependent Plasticity (STDP) that tunes a synaptic weight based on the relative timing of pre-
and post-synaptic spikes[27-34]. Additionally, another supervised learning algorithms have been
developed to minimize the error between the actual spike time and desired spike time, including the
remote supervised method (ReSuMe)[35,36,34] and spike pattern association neuron (SPAN)[37]. Other
methods such as S4NN and EventProp using spike time, latency or rank encodings have also been
introduced[38-41], taking advantage of the sparse coding of spiking systems. Challenges persist, however,
particularly with gradient-descent methods that risk becoming trapped in local optima and may not
leverage hardware-specific advantages.

To overcome these limitations, heuristic approaches have also been employed to train the SNN
systems, enabling the identification of globally optimized solutions[42—44]. However, these methods
introduce a significant computational burden, especially in large-scale implementations. To address this,
we have developed a surrogate model[45] based on a multilayer perceptron (MLP). It has a simpler
calculation procedure compared to the numerical method can be vectorized for high computational
efficiency. Due to this, we can use the genetic algorithm, which is a heuristic algorithm and
computationally demanding, to train our system. The surrogate model also provides additional benefits. In
the encoding process, we utilize RFs, which arefundamental components of biological image classification
systems. However, the application of RFs to provide representations of the data input can result in an
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increased computational burden due to data segmentation. The MLP model alleviates this issue by
reducing the computational costs and enabling vectorized calculations, allowing effective use of RFs.

In summary, our methodology makes three key contributions. First, we demonstrate that the ONM
can be compressed into an MLP surrogate model, significantly improving computational efficiency for
hardware modeling. Second, this improvement allows the GA to identify optimal RF parameters, enabling
the training of advanced classification tasks suited to general MLNs SNN architectures. Finally, we show
that intricate data can be classified using SNNs constructed with optical components and effectively
leveraging their biomimetic characteristics.

2. Methods

2.1 Spiking microlaser neuron models
2.1.1 Optical neuron model
The characteristics of ultrafast spiking MLNs can be modeled by the ONM, which consists of three
coupled ordinary differential equations for the intracavity light intensity (), and the excessive carrier
densities with respect to transparency in the gain (G) and saturable absorber (SA) regions (Q):

I=16-Q-1) + B, (G +11)? (1)
G=ve(m —GA+D) 2
Q =vo(u: — Q1 +sD) 3

Parameters are p4, the intensity of the pump and most important parameter in practice, which controls the
microlaser dynamical working regime and allows a channel for external data input, u, the linear
absorption, y¢ o the gain and the saturable absorber relaxation rates, S, the spontaneous emission
coefficient, s the saturation parameter, and 7, is the carrier density at transparency. Among these
parameters, the main physically controllable parameter is the pump intensity (¢4 ). The time is rescaled to
the cavity intensity decay time (on the order of 1.5 ps here), and the parameters y o are small parameters
such that the system is of the slow-fast type.

All the simulations take place in the excitable regime of the laser. This regime occurs for a pump
just below the laser threshold (when the laser emits almost no light) and is characterized by an all-or-none
kind of response to perturbation. For perturbations below a given threshold (which depends on the
parameters values), the microlaser will relax to its quiet, sub-laser threshold and low intensity state. For
perturbations above this threshold, the microlaser will respond by a characteristic and large intensity pulse
before returning to its rest state, analogous to the excitable behavior in biological neurons. Interestingly,
the emitted optical pulse has a very short duration of the order of 150 ps[24]. These characteristics permit
the construction of fast brain-inspired processing circuits.

Fig. 1a shows simulations using the ONM, where input pump perturbations are used to encode
pixels intensity from an image. The conversion of the signals uses[20]:

() = po +%; ¢l (t—ixtp) )

where I'[Tp is a boxcar function of duration 7,,, i is the value of base pump value, 7, is the value of the

‘bit time’ duration between input image pixels, and c; is the pump amplitude corresponding to a given
pixel shade. The proper choice of pump values ensures that optical neurons can integrate multiple input
signals, achieving complex feature detection. Whenever the net gain of the laser, represented by G-Q-1,
goes beyond 0, an excitable pulse is emitted. The full system of equations (1-3) is in general too



Kim et al

computationally expensive for neural-network training. This is why we are going to introduce a surrogate
model to ease computation of the system output.

2.1.2 Surrogate model
Various machine learning algorithms could replace the ONM in Eq. (1-3). However, we select a
multilayer perceptron (MLP) as the surrogate model due to its simplicity in mapping low-dimensional
inputs to outputs. Although more complex algorithmic schemes may allow further improvements in the
accuracy of the model, there are the potential drawbacks of increment in training and computing
times[46,47]. The inputs to the model are set to the base pump value (i) and the amplitude (c;) of the
input bit perturbations, with the bit time 7}, set to 50 and the perturbation time 7,, set to 30. For the
remaining parameters, we utilize typical values for semiconductor materials[26], including s = 10, y; o =
0.005,1; = 1.6, u, =0, and f = 107"

The successful training of the surrogate model hinges on the availability of a high-quality training
dataset that contains a representative sample of the perturbations expected in the classification task. In our
case, the surrogate model is tuned to predict the response of RFs and RFs encounter numerous zero pixels,
as in Fig. 1c. Thus, to generate the input bit perturbations train set, we first produce a random binary
signal, and then multiply it with a sequence of five randomly generated perturbation amplitudes ([c;]). In
addition, a randomly generated base pump value (1) is associated with it. The generated input signals are
calculated with the ONM, and the outputs spike intensities /; and timings t; are recorded in the order of
arrival time as depicted in Fig. 1a.

In most cases, there are fewer output spikes than input bits (here we chose five) because of the
sparsity of the response of microlasers. If there are less than five output spikes, the remaining ones are
filled with zeros. As a result, there is an imbalance in the amount of information between different
numbers of output spike sequences. To address, we in addition generate the binary signal as previously,
but the random generator only makes a single amplitude value and assigns it to the signals. This schematic
is expected to facilitate the generation of input perturbations with a greater potential to induce high order
spikes compared to the initial method. We call it a supplementary process and observe its effect in Fig. S1.
80,000 different input datasets are generated with the initial method and 120,000 are with the
supplementary process. It took 17 hours and 20 minutes of computation time using a single CPU of Intel
XEON microprocessor 3.2 GHz running on a Dell PowerEdge server. Due to the difference in the
magnitudes of the spike times and spike intensities, we used a min-max normalization to scale the results.
The datasets were divided into a ratio of 8:1:1 for training, validation, and testing.

The surrogate model is ultimately trained to predict the output pulse intensities /; and timings t; in
response to the defined input perturbation base pump value y, perturbation amplitude ¢; as illustrated in
Fig. 1b. The MLP is composed of three hidden layers, comprising respectively 256-256-128 nodes, and
connected to subsequent ones by a leaky rectified linear unit (Leaky ReL.U) activation function. To train
the MLP, an adaptive moment estimation (ADAM) optimizer is utilized with a learning rate scheduler that
reduces the learning rate by a certain factor every 40 epochs. We also conduct optimization for
hyperparameters such as batch size, learning rate, and size of train dataset and found that an initial
learning rate of 1e-3, batch size of 32, and train dataset size of 200,000 were the best combination
considering the surrogate model train time, dataset generation time and final quality of the surrogate
model. The detailed results are presented in Fig. S2. The training process is run on the Nvidia A40 GPU
and took 43 minutes to train the MLP. Furthermore, to mitigate the issue of overfitting, an early stopping
method is employed with a patient value of 50.
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Figure 1 (a) Operation of the microlaser with input perturbations (i) input pump perturbations versus time, where
is the base pump value and c; are perturbation amplitudes, (ii) corresponding net gain (G-Q-1) (iii) output intensity
(I) of the laser. (b) Schematic of the surrogate model with multi-layer perceptron. The input parameters are the pump
and each perturbation amplitude. The outputs are the spike intensities and timings. (c) Encoding system of the
MNIST 8x8 images using MLNs. The raw data is passed through an 8x8 input filter, and then divided into RFs,
denoted R;. RFs are determined along horizontal and vertical rows and physically correspond to different
microlasers. Finally, the calculated spike information is flattened, and the encoding process is terminated.

Flatten

2.2 Optimization of MLNs feature detection

2.2.1 Encoding and decoding methods
Optimizing the encoding method for the reduced MNIST dataset is a challenging task. Algorithm 1
outlines the overall encoding procedure. For each incoming MNIST dataset image (D,,), an 8x8 filter
matrix (w;) is applied to enhance the extraction of key patterns from the raw image. The filtered data is
then segmented by RFs and converted into an input pump signal as illustrated in Fig. 1c. Each RF divides
the pixel data into 5 consecutive signals (horizontal or vertical), with each signal’s amplitudes [c;]
determined by the pixel’s gray value. These signals are processed by the MLNSs, each assigned a unique
pump value (y;). Using Eq. 4, we convert the image data into input perturbations based on the amplitude
and pump values. By carefully selecting pump values, the MLNs can effectively capture patterns within
the image. This approach is based on previous work that heuristically explored the recognition of ten 5 x 5
binary digits using horizontal and vertical RFs[20]. The output of MLNs is combined and flattened, and
we define this encoded spike information (Sy,).

Selecting a segmentation option allows for control over feature extraction from input pixel data
and the number of trainable parameters. Available options include the number of RFs per line and the
scanning direction, both of which impact the parameter count. In the case that shown in Fig. 1c, a single
64-element filter matrix is used, with four RFs per line and scanning in both horizontal and vertical
directions, resulting in 64 RFs. Since each RF is linked to a unique MLN with its own pump value, the
system comprises 64 MLNs, totaling 128 trainable parameters. If only vertical scanning is used, the
parameter count is reduced to 96. To accommodate the unique patterns of each digit, we construct and
optimize ten separate systems, one for each digit. The optimization results for these systems are
summarized in Table S1.
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Algorithm 1 Encode Scheme of MNIST
1: Tnput: MNIST datascet (D,,), filter matrix (w;), pump value (1;), Model (cither
Surrogate or ONM)
2: Initialize an encoding result S,
3: function ENCODER(D,,, w;, ;)
4
)]

D, < D, x w; © Apply the filter to the matrix
for cach RI's k do > Segment D, to ¢; with RI's
6: Calculate the spike characteristic: Iy, ;. < Model(e;, j;)
7: Append selected spike information (i, tx) to S,
8: end for

9: S, « Flatten(S,,)
10: return S,
11: end function

Algorithm 1. Encoding scheme for input from the reduced MNIST dataset

To classify the labels (L, ) of MNIST data (D,,), we use the notion of the support vector machine
(SVM)[48]. This entails identifying the hyperplane in the vector space of spike information resulting from

the MLNSs (typically spike time and intensity) and determining the plane that can separate the encoded
vectors of one digit from those of the others. Unlike other algorithms, this method allows for
straightforward decoding and classification of spike information without needing to define specific spike
time ranges or intensities, enhancing its versatility for general SNN systems. The full description is given
in Algorithm 2. First, we sort the encoded spike information (S,,) with the label L,, and define the sorted

encoded result with label L as V. We then calculate the average point (V; ), where the most of V, are found

in the vector space. When defining the V;, one may utilize information from either the spike intensities
(I;), the timings (t;) or both (I;, t;). This choice is important, as spike intensities and timings exhibit
unique characteristics and may have different capacities for distinguishing patterns. Optimization results
for this choice are shown in Table S1. When the new data (D;) is coming, we can determine the label L; by

estimating the distance (N) between the S; and the V,. The label of D; is to be the digit k for which Ny, has

the minimum distance among all digits.
Algorithm 2 Decode Scheme of Spike Information
1: Input: Spike information (S,), Target label (L,)
2: Output: Classified digit label (L,,)

3: mitialize predict label L,

1: function DECODER(S,, L,,)

5: for each data S,, do

6: Vi, < Sy with label L & Sort S, with L,
7 end for

8: Vi, <~ mean(V}) & Calculate average vector point for each L
9: for each data S,, do

10: Np < |V, S, & Calculate the distance(Ny,) between S,, and V7,
11: L < argmin(N)

12: Append I to I:,,

13: end for

14: return L,

15: end function

Algorithm 2 Decoding scheme

2.2.2 Genetic Algorithm
During training, the goal of the GA is to identify the optimal combination of y; and w; that can separate
the V, for specific digit L from those of the other digits. The GA begins by randomly generating an initial
population of combinations, each representing different pump values and filter weights, as outlined in
Algorithm 3. The combinations are assigned to MLNs, and the classification is performed through the
encoding and decoding. The accuracy ratio (n./n;), where n, is the number of correct answers and n; is
the total number of answers is then calculated. After the evaluation of all populations in each generation,
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elite candidates are selected, and new generations are produced by combining information from the best
combinations. We choose the simple, yet powerful 128-point crossover method to generate the next
generation candidate. Careful selection of hyperparameters such as mutation rate, population size, and
number of generations is crucial, considering the size of the parameter space. Here, we run 100
generations with 300 candidates per generation and set the mutation rate to 0.1. These values are
determined through hyperparameter optimization, as shown in Fig. S3 and S4.

Algorithm 3 Genetic Algorithm for Training Microlaser Neurons
1: Input:
2: target number (NV;), MNIST datasct(D), MNIST labels (L), number of population(F),
number of generations (&), mutation rate ()
3: Initialize:
1: Best candidate(Ch.q) < cmpty array
5: Local candidate(C) < P randomly generated filter weights(w;) and pump values (y;)
6: for cach G do
T: for cach (w;, ;) in C do
8: S; < Encode(w;, p;, D)
9: classified labels (L") < Decode(S;, D)
10: Objective value (O) < Evaluate (w;, ;) with L' and L
11: end for
12: Chest < (w;, p1;, D) who has max(0O)
13: Sclect clite particles(E) based on O
14: C' < genetic operations(E, )
15: end for
16: return C.

Algorithm 3 Genetic algorithm for training MLNs

3. Results

3.1 Comparison between the surrogate model and ONM
Biomimetic features like refractory time, temporal summation, and spike latency characteristics of the
MLN are important properties for neuromorphic computing. Here, we demonstrate that the surrogate
model accurately predicts these characteristics. Fig. 2a depicts these phenomena using five input pump
perturbations of strengths [ci]=[5.2, 5.2, 1.3, 0, 1] and a base pump py of 2.51. The first two input
perturbations are strong enough to trigger an excitable response (above-threshold), based on their bit time
and pump values. However, the simulations show that only a single spike is produced because the second
input perturbation (100—130) overlaps with the refractory period (103—116), preventing an additional
excitable response. This confirms that the surrogate model accurately represents absolute refractory time.

Temporal summation happens when consecutive subthreshold inputs accumulate within a short
period, triggering a response spike. Fig. 2b illustrates the output spike information for five input signals,
whose amplitudes are insufficient to elicit an excitable response on their own. However, both models
predict one response spike, as the time interval between each pump perturbation is relatively short, around
20. This provides compelling evidence that the surrogate model can effectively predict temporal
summation.

Spike time latency refers to the temporal delay between the onset of a stimulus and the
corresponding response of the neuron. When the input signals are sufficiently intense to stimulate the
MLN, as in Fig. 2a, the time latency is relatively brief: 20 and 22, respectively for the surrogate model and
the ONM. When the amplitudes of input perturbations are closer to the excitable threshold, as in Fig. 2b,
there is a significant time latency: approximately 53 and 56 respectively for surrogate model and the
ONM. The predictions indicate that the surrogate model accurately predicts the nonlinear dependence of
the time latency on the input perturbation amplitude.

Now, we expand the scope of our investigation by examining more general scenarios. We
undertake a comparative analysis of the calculation outcomes between the ONM and the surrogate model,
utilizing a test dataset. Fig. 2c illustrates the linear correlation between the actual value, as determined by
the ONM, and the predicted value derived from the surrogate model. To conduct a more rigorous
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quantitative analysis, three distinct evaluation metrics were calculated with the test dataset: the R2 score,
the Pearson correlation coefficient (PCC), and the mean absolute error (MA). Fig. 2d demonstrates that
most cases exhibit a high degree of alignment between the R2, PCC, and MA values and their optimal
values. This indicates that the MLP surrogate model achieves accuracy comparable to the conventional
numerical ONM.

Notably the surrogate model is more accurate for earlier spikes due to the greater amount of
training information for these initial responses. Although supplementary data generation partially
addresses this, some imbalance remains (see Fig. S1). However, this is expected to minimally affect the
final classification model, as higher-order spikes indicate an absence of summation at the neuron level,
resulting in reduced computational influence of the MLN.
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Figure 2 (a) Example response of the surrogate model to a train of pump input perturbations with pump value of
2.51 and amplitudes [5.2, 5.2, 1.3, 0, 1], (b) with pump value of 2.41 and amplitudes [1.5, 1.4, 1.6, 1.1, 1.5] (note that
time is rescaled on order of 1.5 ps). (c) The scatter plots for values of spike intensity and time calculated by the
ONM, versus predicted values by the surrogate model, (d) The accuracy of surrogate model for test dataset
calculated with the three different evaluation metrics. Note that the optimal value for PCC and R2 is 1, and for
RMSE is 0.

The utility of the surrogate model is evident when considering the training time of the MLNs. On
our server, training the MLNs with the ONM would take approximately 4,809 days and 22 hours, while
the surrogate model requires only 10 hours, representing a more than 10,000-fold improvement. The
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reduction is due to the surrogate model’s simpler computational structure and its ability to perform
vectorized calculations, as illustrated in Fig. 3a. As the number of calculated signals increases, the
calculation time for the ONM increases linearly, whereas for the surrogate model, it remains constant at
102 seconds. This vectorizability is a distinctive characteristic, enabling MLNS to be trained with a GA by
significantly reducing the computational demands.

As an illustration, consider the training of an MLNSs for the digit "8" with 300 populations and 100
generations. Fig. 1c illustrates this with an MLNs with four RFs per line, scanning both vertically and
horizontally, resulting in 64 unique RFs. Given that each RF encodes five input bits, the ONM would need
to process 320 input bits for a single image. In consideration of the 1617 reduced MNIST train data, 300
distinct candidates for (u;, w;), and 100 generations, would result in a total of ~1.55 x 10'* input bits to be
processed. In contrast, the total number of input bits that surrogate model processes are reduced to 3x10*
by vectorizing the 64 RFs and the dataset.

While the advantageous computing time of the surrogate model is very clear, we now consider its
precision. Due to the high computational cost of the GA when integrated with the ONM, evaluating
training results with both methods is impractical. Instead, we compare the classification outcomes between
the surrogate model and the ONM on an MLNs trained with the surrogate model and GA. Fig. 3b
demonstrates that the accuracy of the trained MLNSs is 0.996 for both models, with only one discrepancy
among the 1,617 cases. Fig. 3¢ further confirms the computational efficiency of the surrogate model, as
the ONM’s calculation time reaches approximately 13 hours, while the surrogate model completes the task
in just 6.7 seconds. This supports the conclusion that the surrogate model’s low computational cost and
vectorizability can be leveraged without compromising accuracy during training.

The inaccuracy of the surrogate model, particularly in the prediction of late arrival spike, has a
negligible impact for two reasons. First, in this classification task, the surrogate model rarely encounters
late arrival output spikes due to the MNIST dataset’s use of numerous zeros and a 16-bit grayscale, which
makes it unlikely that all five input signals would independently trigger the laser. Second, during
decoding, hundreds of datasets are encoded to calculate the average vector space (V) for each label.
Consequently, despite the presence of a limited number of erroneous outputs, their impact is not
significant.
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Figure 3 (a) The calculation time for calculating increasing numbers of input bits using different models. (b)
Confusion matrices of MLNSs for digit 0, trained with the surrogate assisted GA and classified on the test dataset with
the ONM (left) and with the surrogate model (right). (¢) Time consumption of ONM and surrogate model during
calculating the classification behavior of trained MLNs.

3.2 Classification Result
We investigate the accuracy of the trained MLNs while varying the number of trainable parameters, which
can be adjusted by modifying the MLN structure and encoding method, which is detailed in the
supplementary information provided. To address variability resulting from the limited size of the training
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dataset (reduced MNIST images), we employ a five-fold cross-validation approach and calculate the mean
and standard deviation of test accuracy. Additionally, we compare the MLNs with a standard multilayer
perceptron classifier (MLPC) with one hidden layer containing 128 neurons. Training details for both
models are provided in supplementary information.

Fig. 4a shows that the test accuracy of the MLNs classification improves as the number of
trainable parameters increases, reaching a maximum accuracy of 91.4% with 1,120 trainable parameters.
For the MLPC, the accuracy is 93.5% with 9,472 trainable parameters. For the MLPC, accuracy reaches
93.5% with 9,472 trainable parameters. Given that the MLNs system is a single-layer model with roughly
ten times fewer trainable parameters than the MLPC, we conclude that it demonstrates comparable
capabilities for image classification.

We further evaluate the test accuracy of both models by adjusting the hyperparameters of their
respective optimization algorithms, as the MLNs and MLPC use different training methodologies. The
MLNSs are optimized with a surrogate model-assisted genetic algorithm (GA), while the MLPC uses a
stochastic gradient descent (SGD) optimizer. For the MLNs, we vary the population size, and for the
MLPC, we adjust the learning rate. Fig. 4b shows that when the learning rate and population size are
relatively low, the MLNs demonstrate higher accuracy, likely due to GA’s capacity to balance exploration
and exploitation effectively. However, as the learning rate increases, the MLPC achieves better accuracy,
as gradient-based methods like SGD offer superior exploitation capabilities. Although this is not a direct
comparison, it is clear that the MLNs system performs comparably to the MLPC, despite being a newer

and developing technology, offering prospects for further enhancements.
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Figure 4 The accuracy of test data which is classified with (a) MLNs with varying number of trainable parameters,
and MLPC, (b) MLNs and MLPC trained with varying hypermeters (number of parameter and learning rate,
respectively), (c) confusion matrix of classification result of MLNs.

4. Discussion

In this paper, we selected a surrogate model for training MLNs and subsequently compared the encoding
and decoding results from the surrogate model with those from the ONM, finding them to be nearly
identical. While this replacement is effective in our case, it may not be universally applicable. When
selecting models, two key factors should be considered: computational cost and accuracy. For applications
requiring high accuracy, the ONM is optimal. However, when many iterations are needed, the MLP
surrogate model can significantly reduce computational demands. In our case, the surrogate model is
essential for training the MLNs with GA, which is a highly iterative and computationally expensive
process. However, verifying that small inaccuracies do not compound during training is crucial to
maintain the MLNs classification’s functionality.

Although the surrogate model worked well with GA in our study, it may need further optimization
for other algorithms, especially if small inaccuracies become significant. In our system, a single candidate
set of filter weights and pump values encodes thousands of MNIST datasets, so minor encoding errors are
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relatively inconsequential. However, in systems where small errors could have a substantial impact, a
more precise surrogate model may be required. One possible solution is to adopt advanced neural
networks, such as convolutional neural networks, long short-term memory (LSTM), or gated recurrent
units (GRU) as surrogate models. Since the surrogate model’s input and output signals are sequential,
LSTMs and GRUs, which are specialized for sequence data, may be particularly suitable. However, this
approach would increase computational costs, necessitating a careful balance between accuracy and
computational efficiency.

To assess the accuracy of the ML N architecture, we compared it with an MLPC. Although the
two systems use different algorithms and varying hyperparameters, limiting the scope for strict
comparative analysis, we found that the ML Ns classifier achieved accuracy comparable to that of the
MLPC. As the MLNs system is still in its early stages, there is potential for enhancement. Hybrid methods
combining particle-based metaheuristic algorithms with gradient-based algorithms could improve
performance, leveraging both exploration and exploitation capabilities. Another approach could involve
developing a more complex, multi-layer MLNs architecture. As shown in Fig. 4a, increasing the number
of parameters enhances system accuracy, suggesting that stacking MLNs layers may yield further
improvements.

The MLNSs classification system benefits from optical components that enable ultrafast
processing, eliminate information transfer delays, and enhance energy efficiency. For experimental
implementation, we foresee no major conceptual challenges, though integrating components to input and
collect digit information may be challenging. This could be solved using the approach of microfibers for
connecting the MLNs[13]. In our encoding system, we have a filter that is multiplied with the input
MNIST dataset. This filter can be implemented using a variety of methodologies, including wavelength-
division multiplexed (WDM) signals with mirroring resonator (MRR) weight banks[49]. Also, this could
also be simply processed by ultrafast electronics at the input of the MLNSs.

By operating in parallel, each RF could be processed in under 5 ns[20]. A simpler but slower approach
would involve processing the RFs sequentially, taking about 320 ns, with a power consumption of only a
few tens of mW for pump laser power. We estimate that our architecture could perform classifications
with energy consumption in the tens of nJ range, compared to tens of pJ for a single photonic neuron on a
conventional computer. An array of photonic neurons could further increase processing speed by at least
100 times, although this would increase energy consumption proportionally. This inherent tradeoff allows
the technique to be tailored to applications prioritizing either reduced power consumption or processing
speed.

5. Conclusion
In this investigation, we used a surrogate model-assisted GA to train an MLN classification model. This
approach leverages the biomimetic characteristics of spiking neurons—specifically, time latency, temporal
summation, and refractory time. By taking advantage of the surrogate model's low computational cost and
vectorizability, we achieved training speeds over 1,000 times faster than with the ONM, demonstrating
that training the MLN model would be impractical without the surrogate model. A noted limitation of this
technique was reduced accuracy for later-arriving spikes, which had limited impact for the reduced
MNIST dataset but may be relevant in other classification tasks.

This study represents a significant step forward in developing photonic hardware for
neuromorphic systems. We demonstrated a method that greatly reduces the computational load of
simulating spiking photonic systems through the use of a surrogate model. Moreover, we showed that a
spike-based architecture with MLNs is more energy efficient and faster with comparable accuracies to
state-of-the-art second-generation neural networks. Although our results focus on specific hardware, this
approach can be applied to other types of spiking systems. Our general method enables more complex
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modeling of spike-based hardware, potentially paving the way for nanosecond-level classification in
photonic systems.
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