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Abstract It is becoming impossible to do without high-tech security systems in the modern world. 
Pupilography systems carry out timely detection of individuals under the influence of drugs 
or alcohol. Our research allows widening the application scope of systems for recognition 
of such states to include the state of stress or aggression. The combination of marketing 
method of eye tracking and pupilography using specific test objects will make it possible. 
We synchronized the pupillograms and oculograms, which clarified the interpretation of 
the pupillograms. Presumably, part of the pupillograms are waves of attention, and can be 
explained by focusing the gaze on a specific element of the test object. However, part of 
the pupillogram does not explain the movement of the gaze. Spectral analysis of the pupil-
lograms showed a gradual formation of peaks at 7 and 14 Hz, which implies a link between 
the diameter of the pupils and the rhythms of the brain. The possibility of registering a 
pupillary response to a low intensity stimulus that is significant for an individual is shown. 
Binding waves of attention to a specific element of the test object and the link of the pupil 
diameter and the brain potentials will improve existing security systems.

Introduction
Scientific and technological progress allows the wide-
spread use of high-tech electronic devises in security 
systems. Now, almost all foreign companies not only 
use biometrics in cell phones, but also create spe-
cial devices that track, recognize and collect data on 
human emotions through the day. The mobile appli-
cation makes suggestions that aid the development of 
good habits and positive emotions basing on the data 
accumulated. Sensors successfully monitor several 
physiological parameters: pulse, galvanic skin reac-
tions (GSR), and skin temperature, while the system 
algorithms interpret biological signals in terms of 
emotions. Despite the widespread use of biometrics, 
many problems remain unresolved. To develop objec-

tive indicators of individual’s emotions’ polarity and 
analysis of emotional processes requires a multilateral 
approach. As we know, the indication and diagnosis 
of emotions through the analysis of the subjects’ self-
report, record of expressive movements, and changes 
in the performance is rather subjective. Quantitative 
methods traditionally used to diagnose emotions 
(GSR, electrocardiogram (ECG), plethysmogram) 
also have their drawbacks (Cacioppo & Gardner 
1999; Arakelov & Shott 1998). The remote methods 
allowing continuous monitoring of person’s psycho-
physical state parameters are preferred. Thanks to the 
simplicity of implementation and cost-effectiveness, 
pupillograms and indicators of ocular-motor activity 
are of particular interest (Cacioppo 2004; Arakelov & 
Shott 1998; Stern et al 2000; Kucalo 2004). Oculog-
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raphy is used not only in marketing research, but also 
to study the cognitive processes of the brain, decision-
making mechanisms, etc. (Meyberg et al 2015; Costela 
et al 2017; Borisyuk et al 2002; Pritchard 1981; Lowet 
et al 2018). Oculography is based on determining the 
position of the pupil and derivation of the position of 
the pupil center from time with the subsequent spec-
tral analysis of the time dependencies. The trajectory 
of eye is video-recorded with no contact (usually the 
Eyegaze Analyzing System), capturing infrared light is 
reflected from the cornea. Pupilography is also widely 
used. The pupillograph records a change in the size of 
the pupil during speech (Stern et al 2000). If a person 
is deceiving, he/she experiences stress, the size of the 
pupils changes. Pupillometry in study of the autonomic 
nervous system allows us to investigate various neuro-
logical abnormalities, recognize Alzheimer’s disease, 
neuropsychiatric disorders, sleep disorders, migraines, 
Parkinson’s disease. Early stage diabetes, amyloid and 
rheumatic disorders, and Chagas disease (one of the 
most common parasitic diseases in Latin America) 
manifest themself through changes in the normal pupil-
lary response. Pupilograms are actively used for diag-
nostics in ophthalmology, neuropathology, narcology 
(Kucalo 2004), and in general medical practice. Pupil 
diameter monitoring is non-invasive and correlates 
with brain theta rhythm (Perotti et al 2019). It is also 
known that the potentials of the brain can be reliable 
markers of stress (Pashkov et al 2017) and are used as 
an indicator of the recognition of objects by an indi-
vidual (Jordanova & Kolev 1998). Thus, if one synchro-
nizes the pupil tracking and recording of pupillograms 
in responce to a specific test object, it allows to specify 
the test object element to which the emotional reaction 
occurred.

Literature review
Electrooculography, contact photooptical and electro-
magnetic methods, as well as contactless photoelec-
tric and video-recording (which acquired wide use 
recently) methods are used for eye movement registra-
tion. Eye micromovements (microsaccades) are one of 
the most important indicators of oculomotor functions. 
These are rapid eye movements of 10–20 ms, rang-
ing in amplitude between 2’ and 50’. Previously it was 
thought that microsaccades only complicate the analy-
sis of the oculograms, and are a source of artifacts in 
electroencephalograms (EEG). However, recent stud-
ies (Meyberg et al 2015) have demonstrated the rela-
tion of microsaccades to cognitively modulated brain 
potentials, and their potential as non-intrusive atten-
tion probes. Later (Costela et al 2017) it was found that 
microsaccades restore the visibility of a stationary target 
in a wide range of spatial frequencies (SF), with larger 
microsaccades increasing the visibility of the target 
more efficiently than smaller ones. When studying the 
relationship of microsaccades to brain potentials, regu-

lating the flow and processing of visual information in 
macaques (Lowet et al 2018), a narrowband spatial-spe-
cific response to a stimulus in the gamma range (25–80 
Hz) was found, as well as microsaccades associated with 
visual fixation (3–4 Hz). This suggests that the way the 
information is transmitted and integrated between 
early-stage visual cortical layers depends on the timing 
of microsaccades. Thus, further study of microsaccades 
is important not only from a clinical point of view (Ying 
et al 2018), but also for the study of visual information 
processing.

The pupillometry method, which is widely used in 
toxicological and ophthalmic practice, reflects both 
quantitative and qualitative changes in the body. The 
study of pupillograms as an indicator of emotional 
response (Partala & Surakka 2003) demonstrated that 
the pupil size was significantly larger by emotionally 
negative and positive stimuli than by neutral stimuli. 
Later (Nishiyama et al 2007), an increase in the ampli-
tude of low-frequency oscillations of the pupil diameter 
was linked to the state of drowsiness. The depressive 
state was proven to influence the pupillary reaction 
(Steidtmann et al 2010). Premises for use of pupillary 
reactions as correlates (Beatty & Lucero-Wagoner 2000; 
Lanata et al 2011; Onorati et al 2013) and the charac-
teristics of the main emotional stimuli were found. The 
descriptive statistics of pupil dilation during emotional 
stress are identified and the correlation with respiration 
(RESP) and heart rate (HRV) (Onorati et al 2013) was 
established. A number of studies (de Gee et al 2014) 
showed that pupil dilation occurs during, and not at the 
end of a prolonged decision, specifically different pupil-
lary reactions on equal brightness stimuli with different 
image structures and dominant colours were recorded 
(Brambilla et al 2018). Finally, two potential biomarkers 
were demonstrated as an indicator of tonic noradrener-
gic activity: pupil diameter and P3 potential, recorded 
using electroencephalography (Murphy et al 2011). In 
the most recent studies on the Р300 potential (Sorokina 
et al 2018), the event-related potential of РЗ00 in the 
gamma range (40 Hz) was found to probably reflect 
the specific characteristics of cognitive processes in the 
normal and epileptic brain. The role of beta and gamma 
rhythms in the implementation of the working memory 
functions and at the time of presentation of the stimulus 
to be memorized was identified, as well as during reten-
tion of the stimulus in the working memory (Karakas 
et al 2001).

Thus, at this stage of research, the relation of mic-
rosaccades and attention to the cognitively modulated 
potentials of the brain, the diameter of the pupils, and 
the psychophysical state of a person is established.

Materials and methods
The algorithm of optoelectronic biometric security 
systems operation, whose designation is assessment of 
the person’s emotional response to a specific test object, 
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should include a marker by which the system identi-
fies a predetermined emotional response of a person. 
Biometric systems aimed at searching for certain signs 
of the psychophysical state in the pupillograms should 
be able to interpret them correctly. The discerning is 
very complicated, as numerous factors affect pupil size. 
Thus, one of the most important tasks, whose solution 
determines if the developed biometric system works, is 
the interpretation of each plot of the pupillogram.

We investigated the reaction of the pupil to stimuli 
(test objects) with a certain theme and, therefore, caus-
ing proportional emotional effect to the degree of the 
individual’s internal attitude to the topic. The images 
shown on the laptop monitor were used as emotionally 
colored test objects in the first stage of the experiment. 
The theme comes from a pool of topical problems of 
society, relevant psychological problems, etc. The aver-
age value of the emotion intensity level was considered 
normal, basing on the hypothesis that most people are 
mentally balanced and tolerant. In general, the intensity 
of the evoked emotions on a scale from 1 to 10 did not 
exceed 4, where 10 is the strongest emotion possible.

Pupilograms were recorded from age groups (16–25 
years old and 45–50 years old) of 10 and 5 people 
respectively, with representatives of both genders, 
having no eye diseases, with vision normal or corrected 
to normal. The stand for recording of the pupillograms 
is demonstrated in Figure 1. The video filming was 
performed minimizing the effect of light from the test 
object (taking into account its color) on the size of the 
pupils. Additional illumination control was adjusted 
basing on the subject’s skin tint (in the gray scale, nor-
malized by the mean value). For this test, a participant 
with sensitivity to family scandals was selected.

Hardware includes:
• Galvanic Skin Response Sensor (GSR – Sweat-

ing), measuring the resistance between two 
points;

• T7 Astro Camera Astronomical Astronomy 
Planetary High Speed Electronic Eyepice Tele-

scope Digital Lens for Guiding Astrophotograp, 
30 fps video mode, 1X–100X optical zoom 
microscope lens;

• helmet, which creates a rigid coordinate connec-
tion between the video camera and the head;

• Hardware platform Arduino UNO R3;
• The images were analyzed in shareware applica-

tion FiJi — an enhanced and modified ImageJ 
distribution that combines many plug-ins allow-
ing a complete scientific image analysis.

Pupilograms and oculograms were obtained in the 
OriginPro 2019. To ensure the correctness of the inter-
pretation of the pupilograms obtained, direction of gaze 
was traced in each frame. For this purposethe monitor 
reflected in the pupil was captured on the frames. Then, 
the center of mass of the selection was tracked in each 
frame and its coordinates were determined. The coor-
dinates of the monitor reflection center of mass in the 
pupil and the pupil diameter measured in each frame 
were used to construct the pupillograms and oculo-
grams. When studying the effect of light on the pupil, 
the parameters of a single pupillogram, as well as its 
beginning and end, depend on the magnitude and dura-
tion of the light pulse. In our case, complex images were 
used to provoke the response of the pupil. Its details can 
also be considered independent stimuli under certain 
conditions. To simplify the task, we considered that the 
pupillary reaction is regulated by the most significant 
parts of the image. In the example, we will assume that 
the pulse affecting the pupil from one slide is made 
up of the pulses received from the components of the 
image that are most significant for the participant. In 
our case, the slide contained two separate components, 
these are images of a man and a woman. The part of the 
pupilogram captured by looking at one component was 
considered its unit structural element. When analyzing 
the attention centre track, we took into account that in 
the FiJi program, the smaller is the absolute value of the 
Y coordinate, the higher it is located.

a) b)

Fig. 1. а) Experiment stand; b) Synchronisation (test object 2 is being viewed) in OBS Studio application.
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Results
The tracking of attention centre in each frame was 
basing on the coordinates of the monitor reflection 
center of mass on the image of the pupil (Figure 2). Syn-
chronization of the attention centre and pupillograms’ 
hodographs is shown in Figure 4.

Therefore, it becomes obvious that most of the time 
the subject paid attention to examining a scream-
ing woman. It was confirmed by a questionnaire. The 
combination of pupillograms and oculograms allowed 
to split the graphs into areas of focus on a woman and 
a man. Microsaccades-aided focusing on the details 
of the image under consideration after moving the 
gaze (saccades are observed) explains the change in 
the diameter of the pupils on the pupillogram in the 
first three zones M, W, M. However, in the latter area 
of   the W most likely, one needs to look for the answer 
in emotions. The participant confirmed that most of 
the time his attention was devoted to the woman, and 
he experienced unpleasant feelings, the intensity of 
which was rated “2” on a 10-point scale. Visual infor-
mation captured by the eye must first be analyzed by 
the brain before it causes any conscious memories or 
emotions. Then it turns out that if we draw an analogy 
with the reaction of the pupil on a light stimulus, each 
segment of the pupilogram after the saccade (when a 
person focuses on the analysis of the next element of 
the object) should be considered the beginning of the 
pupilogram. The beginning of the next saccade will be 
the end of the pupillogram. According to modern data, 
the minimum viewing time required for visual percep-

tion ranges from 13 to 80 ms per image, without an 
interval in between (Potter et al 2014). On our graph it 
is clear that the duration of the very first perception of a 
woman’s image is about 400 ms and that of a man is 300 
ms. No instruction was given to complete the task as 
fast as possible, which might explain such a long time. 
According to one of the existing neural models of infor-
mation processing in the brain, perception takes place 
in two stages. One can assumed that in this case it was 
up to 0.72 seconds that the evaluation selection and rec-
ognition of the considered stimuli’s features happened. 
This was followed by the rescanning step, which turned 
out to be longer. On the graph one can observe that at 
each moment the attention focuses on some element of 
the stimulus. Presumably, a thorough detailing of the 
attention focus picture takes place at this very time. The 
search for the most significant element of the stimulus 
is most likely carried out when the focus is shifted from 
one part of the object to another. At this stage, imple-
mented with conscious attention, a general idea of   the 
object is formed. As we can see, a plot segment of 1.64–
2.18s is noticeably different from the rest, because it is 
the only one that holds two full-length pupillograms. 
In addition, due to the almost unchanged coordinate of 
the attention center in the last segment of the W graph, 
an increase in the diameter of the pupils is observed 
in the pupilogram. This may indicate some degree of 
importance of the individual’s emotional response. In 
this case, as already mentioned, the second of the pupil-
lograms of this area can be explained by the selectivity 
of attention, indicating that this part of the test object is 
more significant.

Fig. 2. Track of the pupil monitor reflection centre of mass (attention centre).
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In all the experiments performed, the pupillograms 
of the participants made it possible to track the focus 
of the gaze on the participant’s object of interest. So, 
the structure of the attention waves in the pupillograms 
includes saccades by eye movement, microsaccades by 
concentrating on individual elements of the objects 
inspected, and the emotional component, provided that 
the test object is significant for the individual.

The mathematical model of the pupillogram using 
the peak analysis method was found with Origin. Peaks 
are well approximated by the Gaussian function, which 
has the form:= + 4 ln(2) 4 ln(2) ( )

We see that the approximating function contains the 
exponent, just as the formula of ratio of the integrative-
threshold neuron dynamics, which takes into account 
the problems of integrating features, attention, recogni-
tion and storage of new information.

The observed changes in pupil sizes are the result of 
all factors (both emotional and any other). All changes 

taking place are controlled by brain potentials. The final 
noisy signal can be represented as a sum of sinusoids 
and cosine waves of different frequencies. Then, for the 
spectral analysis of the pupillograms in Origin, a peri-
odogram can be used to detect and estimate the ampli-
tude of the sinusoidal component hidden by noise. The 
periodogram allows estimating the power from the 
amplitude of the data converted by Fourier transform. 
In the general, the spectrum of the periodic signal x 
(t) from the Fourier complex series is two-sided, i.e. is 
determined at positive and negative frequencies. The 
power spectrum can be either one-sided or two-sided. 
To calculate one-side power density, one must first cal-
culate the two-side power density. Only the real part 
has physical interpretation. The power density estima-
tion was performed using the MSA method:( ) = +

Re and Im are the real and imaginary parts of the 
transformation data; n is the length of the input 
sequence; Δt is the sampling interval. We used the 
Blackman window function to have the lowest possible 

Table 1. The values of the mathematical model parameters.

Value Shared Standard Error t-Value Prob>|t| Dependency

Peak1(Gaussian) y0 0 0 0 –– –– 0

Peak1(Gaussian) xc 0.50834 0 0.0074 68.6652 1.61E–71 0.6891

Peak1(Gaussian) A 0.00535 0 0.00336 1.59155 0.11553 0.98495

Peak1(Gaussian) w 0.08917 0 0.02257 3.95112 1.70E–04 0.87623

Peak2(Gaussian) y0 0 0 0 –– –– 0

Peak2(Gaussian) xc 0.61801 0 0.03141 19.6738 5.65E–32 0.95839

Peak2(Gaussian) A 0.00985 0 0.00485 2.03177 0.04558 0.98541

Peak2(Gaussian) w 0.17945 0 0.06334 2.83308 0.00587 0.96216

Peak3(Gaussian) y0 0 0 0 –– –– 0

Peak3(Gaussian) xc 0.98483 0 0.01371 71.8127 5.14E–73 0.78469

Peak3(Gaussian) A 0.05751 0 0.00313 18.3937 4.29E–30 0.88686

Peak3(Gaussian) w 0.57918 0 0.03467 16.7059 1.74E–27 0.87518

Peak4(Gaussian) y0 0 0 0 –– –– 0

Peak4(Gaussian) xc 1.71418 0 0.05683 30.1653 9.31E–45 0.91466

Peak4(Gaussian) A –0.0074 0 0.00352 –2.105 0.03851 0.9568

Peak4(Gaussian) w 0.27994 0 0.10754 2.60306 0.01106 0.91192

Peak5(Gaussian) y0 0 0 0 –– –– 0

Peak5(Gaussian) xc 1.98185 0 0.01743 113.679 2.00E–88 0.9043

Peak5(Gaussian) A –0.0179 0 0.0033 –5.4389 5.96E–07 0.9581

Peak5(Gaussian) w 0.23862 0 0.02776 8.59698 6.54E–13 0.86043

Peak6(Gaussian) y0 0 0 0 –– –– 0

Peak6(Gaussian) xc 2.57665 0 0.00437 589.804 ####### 0.00745

Peak6(Gaussian) A –0.0374 0 9.92E–04 –37.735 7.38E–52 0.34456

Peak6(Gaussian) w 0.33779 0 0.01043 32.3847 5.49E–47 0.35634
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Thus, the spectrum of the waves of attention has 
clearly pronounced peaks of 7 and 14 Hz, which have 
the greatest amplitude. If we compare the frequencies of 
the attention waves obtained by the method described 
above with the frequencies of the potentials of the brain, 
the potential of the subject’s attention to the stimulus 
belongs to the slow β-rhythm observed by mental activ-
ity in adults. Theta rhythm from 5 to 7, characteristic of 
the search behavior or troubled state, is also known. In 
the absence of a significant stimulus, there is no emo-
tional peak in the wave of attention.

Fig. 3. Oculogram-synchronized pupillogram.

Fig. 4. Power spectral density of the attention waves.

leakage. The high resolution Blackman window is a cone 
formed using the first three terms of the cosines sum:( ) = 0.42 0.5 2 1 + 0.08 4 1

Spectral analysis (Figure 4) of the last two segments 
of the pupillogram made it possible to establish the 
presence of gradual peaks of emotionality. Segment 
M corresponding to the focusing on the man contains 
the same peaks as in the next segment W, but weakly 
pronounced.
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Discussion
Recently, development of methods for determining the 
focusing of a subject on a stimulus received much atten-
tion. It is impossible to form a clear picture without a 
clear understanding of how the brain works in the pro-
cess by focusing. Invasive electrophysiological studies 
in primates and humans allowed significant advances 
in understanding the neurophysiological mechanisms 
of attention. Scherberger et al (2005) studied the poten-
tials of the local cortex field (LFP) of the brain, which 
is the sum of excitatory and inhibitory dendritic poten-
tials, and reveled planning and decision making, which 
made it possible to predict animal behavior. Later 
(Sapountzis & Gregoriou 2018), neural activity was 
noted in almost all areas of the brain with visually sen-
sitive neurons. It was found that frequencies below 60 
Hz carry information about the location of the stimu-
lus and the direction of the saccade, but do not provide 
any information related to attention. The wave activity 
of the brain in the range of 60–80 Hz and in the low 
gamma range (30–60 Hz) carries significant informa-
tion about the functional relationship of attention and 
signals obtained with maximum accuracy from the epi-
dural ECoG electrodes located above the visual cortex. 
Frequencies lower than the gamma, theta range (4–8 
Hz), also hold a somewhat less information. It has been 
reported that the behavioral state can also be optimally 
decoded from LFP frequencies in the range of 0–20 Hz.

More recently (Perotti et al 2019) presented the 
results of applying a new, more accurate, discrete Padet 
transform (DPT) method to LFP rhythms recorded in 
the hippocampus of mice. Frequency modulated oscil-
lations were observed in the physiologically important 
areas of theta (θ) (4.3 ± 0.45 Hz; 7.0 ± 1.5 Hz) and low 
gamma (γ) (7.0 ± 1.5 Hz; 10.1 ± 1.7 Hz) rhythms. The 
oscillatory parts of the spectral waves were character-
ized by a stable set of frequencies and amplitudes. The 
highest amplitudes appear in theta region, that is, in the 
frequency range from 4 to 12 Hz. The superposition of 
oscillations reproduces the original LFP signal with 
high accuracy, which means that these waves provide 
a surprisingly rare representation of the LFP oscilla-
tions. All results were based on empirical data analysis, 
therefore, represent the real physical structure of syn-
chronized neuronal oscillations, previously described 
as “brain waves”.

In near past, the task of determining the subject’s 
focus on the stimulus was solved by measuring the 
microsaccadic movement dynamics (Otero-Millan et al 
2018). It was also shown that the dilation of the pupil 
reliably reflects the decision-making process and there 
is a noticeable reaction of the pupil by target detec-
tion, even in the presence of a distraction (Strauch et 
al 2018).

In our studies, we expanded the scope of syn-
chronized puppilography and oculography (without 
discarding microsaccades) as selective indicators for 

determining the response to specific test objects. It is 
assumed that neuromuscular synapses are the genera-
tors of saccades (Belov et al 2016). When studying the 
role of beta and gamma rhythms (Novikov & Gutkin 
2018) in implementing the functions of working 
memory, the role of these rhythms at the moments of 
stimulus demonstration to be memorized and retention 
of the stimulus in the working memory was revealed.

Although our results need an additional set of statis-
tics, they suggest that a link between pupil sizes, brain 
potentials, and oculograms is possible. Thus, further 
research should be directed to verifying the existence 
of a relationship between the potentials of the brain and 
the attention waves frequency spectrum.

Conclusion
The method of registering attention waves is based 
on the synchronous recording of pupillograms and 
oculograms (without discarding microsaccades). The 
method can be used as a selective indicator of a low-
intensity reaction to specific test objects, provided that 
the stimulus is significant for the individual. The pos-
sibility of specifying an element of the test object to 
which an emotional reaction occurred has been estab-
lished. Synchronization of the pupillogram and ocu-
logram allowed to interpret the microsaccades of the 
pupillogram as attention waves, the physical nature of 
which is focusing on the details of the image inspected 
after moving the gaze (saccade). Spectral analysis of the 
pupillograms showed peaks of 7 and 14 Hz, which sug-
gests that there is a relationship between pupil diam-
eters and brain potentials.
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