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Abstract—Accurate real-time detection of saccades is crucial
in neuroscience but challenging under high noise levels. We
introduce a model based on reservoir computing and tested on
simulated eye movement signals with varying 1/f noise. The model
achieved 99.5% accuracy without noise and maintained over
90% accuracy even at high noise levels, demonstrating its noise
resistance and suitability for real-time brain-computer interfaces.

Index Terms—reservoir computing, EyeTraking, machine
learning, saccads

I. INTRODUCTION

One of the key tasks of modern neuroscience is the study of
brain mechanisms and related psychophysiological processes
[1]-[6]. In neuroscience, oculography stands out as one of
the most important tools, as it allows for the analysis of eye
movements during the perception and processing of visual
information [7], [8]. Since oculomotor activity is closely
related to cognitive processes such as attention, memory, and
the analysis of visual stimuli, its study is extremely important
for understanding brain function as a whole [9].

Traditionally, eye movements are divided into two main
phases—saccades and fixations. Saccades, which are rapid
eye movements between fixation points, play a key role in
visual perception. However, accurate detection of saccades
in real time is especially difficult under high noise levels,
complicating the analysis of oculomotor activity [10]. In
such situations, the accuracy of recording and processing eye
movements is critically important, as it minimizes the impact
of artifacts and provides reliable data for subsequent research.

To overcome these difficulties and reduce hardware re-
quirements, we are developing an algorithm for detecting eye
movements in real time using reservoir computing (RC). RC
has already proven to be an effective tool in a number of tasks
related to signal analysis under noisy conditions [11]. Due to
its ability to efficiently process complex temporal sequences
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of data [12], [13], RC appears to be a promising method for
analyzing oculomotor activity in real time.

Thus, the main purpose of this work is to develop and apply
an algorithm for the accurate determination of oculomotor
activity in real time using reservoir computing.

II. METHODS

The developed saccade detection algorithm based on reser-
voir computing was tested on a simulated oculographic sig-
nal. Simulating the oculographic signal is necessary because
manual classification of oculographic data does not always
yield reliable results due to the influence of various factors
[14]. Moreover, the simulated signal provides full control over
all examined characteristics, such as the number, amplitudes,
and durations of saccades and fixations. The simulated signal
is based on the model proposed by Richard Schweitzer and
colleagues [15], incorporating different levels of noise. The
choice of the model proposed by Schweitzer for simulating
the oculographic signal, specifically the horizontal and vertical
components, is due to its ability to generate post-saccadic os-
cillations, making the data more relevant to real-world signals.
Additionally, the eye movement simulation model used allows
for the modeling of fixation drift (tremor, microsaccades),
further aligning the simulated signal with real oculographic
data [16]. The noise used in the simulation was 1/f (flicker)
RMS noise [17]. Various levels of RMS noise enable the study
of how noise affects detection accuracy and help identify the
limits of algorithm performance in the presence of significant
data distortions. Using the model described above, 150 con-
secutive saccades and fixations were generated with varying
levels of flicker noise. In this study, post-saccadic oscillations
were not considered.

Simulated eye movements were fed to the input of a
reservoir based on nonlinear vector autoregression and pro-
posed in [18]. The task of the RC was to classify the time
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series, namely to perform a binary classification to distinguish
between fixations and saccades. Thus, a step function was used
as the target function, where the value 1 corresponded to the
saccade, and the value O corresponded to the fixation (see fig.
la). Additionally, we applied threshold filtering to the reservoir
output: values above 0.5 were assigned a value of 1, and values
below 0.5 were assigned a value of 0.

III. RESULTS

First, we ensured that our proposed model for classifying
eye movements is effective. To achieve this, we optimized the
hyperparameters of the reservoir using noise-free simulated
data (see Fig. 1a). The optimal parameters were a quadratic
nonlinearity, 25 delays each with a duration of 3. Figure
la shows the temporal realizations of eye movements; the
dotted line corresponds to the data labels, and the solid line
represents the results of the model classification. It is clear to
see that the proposed model successfully performs the task of
classifying eye movements. The accuracy was calculated as
the proportion of correctly classified points, which was 99.5%
for the specified parameters.

After that, the effect of noise on accuracy was investigated.
Various noise levels ranging from 0 to 100 were considered,
and it was found that even at high noise levels, the accuracy
remained above 90%.
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Fig. 1. Temporal realizations of eye movements: Figure (a) corresponds to a
noise-free implementation, while figure (b) corresponds to an implementation
with noise where the RMS value equals 100. The dotted line represents the
data labels, and the solid line shows the results of model classification.

IV. CONCLUSION

Thus, the proposed model based on next-generation reser-
voir computing is resistant to noise and allows for the detection
of saccades with high accuracy and low latency, making it
suitable for use in real-time brain-computer interfaces.

V. ACKNOWLEDGEMENTS

This work was supported by Russian Science Foundation
(Grant No. 24-71-00061).

REFERENCES

[11 A. E. Hramov, V. A. Maksimenko, and A. N. Pisarchik, “Physical
principles of brain-computer interfaces and their applications for reha-
bilitation, robotics and control of human brain states,” Physics Reports,
vol. 918, pp. 1-133, 2021.

[2] V. Maksimenko, V. Khorev, V. Grubov, A. Badarin, and A. E. Hramov,
“Neural activity during maintaining a body balance,” in Saratov Fall
Meeting 2019: Computations and Data Analysis: from Nanoscale Tools
to Brain Functions, vol. 11459. SPIE, 2020, pp. 6-11.

[3] V. V. Grubov, M. V. Khramova, S. Goman, A. A. Badarin, S. A. Kurkin,
D. A. Andrikov, E. Pitsik, V. Antipov, E. Petushok, N. Brusinskii et al.,
“Open-loop neuroadaptive system for enhancing student’s cognitive
abilities in learning,” IEEE Access, 2024.

[4] N. S. Frolov, V. S. Khorev, V. V. Grubov, A. A. Badarin, S. A. Kurkin,
V. A. Maksimenko, A. E. Hramov, and A. N. Pisarchik, “Stabilization of
an unstable equilibrium of a balance platform due to short-term training,”
Chaos, Solitons & Fractals, vol. 158, p. 112099, 2022.

[5] A. Badarin, V. Antipov, V. V. Grubov, and S. Kurkin, “Changing
functional connectivity during solving cognitive tasks: fnirs study,” in
Computational Biophysics and Nanobiophotonics, vol. 12194.  SPIE,
2022, pp. 142-148.

[6] V. A.Maksimenko, A. E. Hramov, V. V. Grubov, V. O. Nedaivozov, V. V.
Makarov, and A. N. Pisarchik, “Nonlinear effect of biological feedback
on brain attentional state,” Nonlinear Dynamics, vol. 95, no. 3, pp. 1923—
1939, 2019.

[71 R. Schweitzer and M. Rolfs, “Intrasaccadic motion streaks jump-start
gaze correction,” Science Advances, vol. 7, no. 30, p. eabf2218, 2021.

[8] H. Ramzaoui, S. Faure, R. David, and S. Spotorno, “Top-down and
bottom-up sources of eye-movement guidance during realistic scene
search in alzheimer’s disease.” Neuropsychology, vol. 36, no. 7, p. 597,
2022.

[9]1 A. Badarin, V. Antipov, V. Grubov, A. Andreev, E. Pitsik, S. Kurkin,

and A. Hramov, “Brain compensatory mechanisms during the prolonged

cognitive task: fnirs and eye-tracking study,” IEEE Transactions on

Cognitive and Developmental Systems, 2024.

R. Schweitzer and M. Rolfs, “An adaptive algorithm for fast and reliable

online saccade detection,” Behavior research methods, vol. 52, pp. 1122—

1139, 2020.

A. E. Hramov, N. Kulagin, A. V. Andreev, and A. N. Pisarchik, “Fore-

casting coherence resonance in a stochastic fitzhugh—-nagumo neuron

model using reservoir computing,” Chaos, Solitons & Fractals, vol. 178,

p. 114354, 2024.

A. V. Andreev, A. A. Badarin, V. A. Maximenko, and A. E. Hramov,

“Forecasting macroscopic dynamics in adaptive kuramoto network using

reservoir computing,” Chaos: An Interdisciplinary Journal of Nonlinear

Science, vol. 32, no. 10, 2022.

[13] Z.Li, A. Andreev, A. Hramov, O. Blyuss, and A. Zaikin, “Novel efficient

reservoir computing methodologies for regular and irregular time series

classification,” Nonlinear Dynamics, pp. DOI: 10.1007/s11071-024—

10244-3.

I. T. Hooge, D. C. Niehorster, M. Nystrom, R. Andersson, and R. S.

Hessels, “Is human classification by experienced untrained observers

a gold standard in fixation detection?” Behavior Research Methods,

vol. 50, pp. 1864-1881, 2018.

R. Schweitzer and M. Rolfs, “Definition, modeling, and detection of

saccades in the face of post-saccadic oscillations,” in Eye tracking:

Background, methods, and applications. Springer, 2022, pp. 69-95.

R. Engbert, K. Mergenthaler, P. Sinn, and A. Pikovsky, “An integrated

model of fixational eye movements and microsaccades,” Proceedings of

the National Academy of Sciences, vol. 108, no. 39, pp. E765-E770,

2011.

(10]

(11]

[12]

[14]

[15]

[16]

37
Authorized licensed use limited to: Kant Baltic Federal Univ. Downloaded on October 22,2024 at 11:09:13 UTC from IEEE Xplore. Restrictions apply.



[17] R. S. Hessels, D. C. Niehorster, C. Kemner, and I. T. Hooge, “Noise-
robust fixation detection in eye movement data: Identification by two-
means clustering (i2mc),” Behavior research methods, vol. 49, pp. 1802—
1823, 2017.

[18] D.J. Gauthier, E. Bollt, A. Griffith, and W. A. Barbosa, “Next generation
reservoir computing,” Nature communications, vol. 12, no. 1, pp. 1-8,
2021.

38
Authorized licensed use limited to: Kant Baltic Federal Univ. Downloaded on October 22,2024 at 11:09:13 UTC from IEEE Xplore. Restrictions apply.



