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Abstract  

This article solves the problem of collecting initial data for 
constructing models for assessing the functional state of a 
person by pupillary response to changes in illumination. We 
analyzed the drawbacks of the traditional approach to 
collecting initial data using computer vision and time series 
smoothing methods. Attention is focused on the importance of 
the quality of the initial data for the creation of adequate high-
precision mathematical models. We actualized the need for 
manual marking of the iris and pupil circles to improve the 
accuracy and quality of the initial data. We described the 
initial data collection stages in the proposed technology. We 
gave an example of the resulting pupillogram, which has a 
smooth shape and does not contain outliers, noise, anomalies 
and missing values. Based on the given technology, we 
developed a software and hardware complex, which is a 
collection of specially developed software that has two main 
modules and hardware implemented on the basis of a 
Raspberry Pi 4 Model B microcomputer, with peripheral 
equipment that implements the specified functionality. To 
evaluate the effectiveness of the given technology for 
collecting initial data, we used models of a single-layer 
perspetron and a collective of neural networks, together with 
the initial data on the functional state of intoxication of a 

person. The studies have shown that the number of errors of 
the 1st and 2nd genus in determining the assessment of the 
functional state of a person is lower, and the classification 
accuracy is higher when using the initial data generated by 
manual marking of circles, compared with the initial data 
collected by computer vision methods. Thus, the given 
technology for collecting initial data can be effectively used to 
build models for assessing the functional state of a person by 
pupillary response to changes in illumination. 

Keywords: pupillometry, collection of initial data, computer 
vision, manual data marking, assessment of the functional 
state of a person, pupillary response. 

 

I. INTRODUCTION 

The pupillometry method is an objective method for 
diagnosing abnormalities in the functioning of the central and 
peripheral nervous systems of the human body [1-3]. The 
method is based on non-invasive and non-contact recording 
the pupil reaction of the human eye to a light stimulus using 
special video-pupillograph devices. In turn, the pupil reaction 
is presented in the form of a pupillogram - a time series 
reflecting the pupil area at each moment of time, during video 
recording. The subsequent analysis of the data obtained - the 
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pupillogram values, - allows judging with a high degree of 
accuracy and reliability of the presence of various deviations 
in the functional state (FS) and human health in general. 

With the development of technical means of computer vision, 
the use of the pupillometry method in assessing functional 
states seems to be highly promising not only in medical 
diagnostics systems, but also in public and transport security 
systems [4], as well as life and labor safety [5, 6]. In 
particular, the improvement of computer vision methods 
makes it possible to move away from the use of video 
pupillograph devices, which are usual for medical institutions, 
as well as use the inexpensive high-resolution video cameras 
and the corresponding software to assess functional states [7, 
8]. This approach can insignificantly reduce the accuracy of 
FS assessment, but it can be used for screening diagnostics of 
a large number of people due to a significant reduction in 
material and technical costs. 

At the same time, there is a factor that significantly 
complicates wide pupillometry in solving problems of FS 
assessment for various subject areas and applied problems not 
related to medical laboratory diagnostics: the prospects for the 
development of new effective mathematical models for FS 
assessment by pupil response are significantly limited by the 
framework of research teams and researchers with access to 
the expensive specialized equipment. This is due to the fact 
that building models requires high-quality raw data, the 
production of which depends on the hardware. In addition, the 
use of inexpensive video cameras to collect initial data is also 
hindered by the drawbacks of existing computer vision 
methods (eye image processing), which do not provide high 
accuracy in the selection of the desired circle contours, 
including low detail of the video image, and depending on the 
image distortions [9-11]. 

In this paper, in order to overcome high material and technical 
costs and data distortion, as a result of automatic computer 
processing of the eye image, we proposed a new technology 
for collecting initial data to build adequate models for FS 
assessment. 

II. METHODS 

The process of obtaining initial data - pupillograms reflecting 
the dynamics of changes in the pupil size to changes in 
illumination - is inextricably linked with such procedures as 
video recording of human eyes at the time of pupillary 
reaction, as well as subsequent analysis of images of human 
eyes to search for the circles of the pupil and iris [5, 12]. 

When using traditional pupillographic complexes, the video 
recording procedure is complicated by additional stages of 
adjusting the eyes in the video camera focus and eliminating 
the interferences [5, 12], where errors and inaccuracies can 
cause additional failures in the operation of computer vision 
algorithms used to isolate the boundaries of the desired circles 
of the pupil and iris. Pupillograms obtained using computer 
vision methods shall be additionally cleaned and smoothed, as 
shown in the following example. 

As can be seen, the smoothed pupillogram (Fig. 1b) is 
smoother due to the elimination of noise, anomalies and 
missing values, compared to the original one (Fig. 1a). 
However, when smoothing time series, the series properties 
important for analysis are often lost, which can cause 
classification errors in the models built on their basis. This 
circumstance is unacceptable when it is necessary to build 
adequate systems for expert diagnostics and assessments. 
Thus, when collecting initial data, it is important to use 
approaches that minimize errors and improve the quality of 
the collected samples. 

It is known that the manual data markup is often used when 
building various neural network models. For example, 
manually marked images of objects that shall be recognized 
by a neural network. Such data can significantly increase the 
quality of the initial data, but also increase the preparation 
time. At the same time, such an approach is necessary and 
justified in the construction of high-precision mathematical 
models. Therefore, to collect initial data (pupillograms), it is 
relevant to use the manual marking of images of the desired 
circles. 

Based on the approaches of various methods of collecting the 
initial data [12-15], taking into account the proposed approach 
of manual marking, the developed new technology will 
consist of two main stages specified in Figure 2. 

 

 

Figure 1. An example of the original (a) and smoothed (b) pupillograms 
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Figure 2. Scheme of initial data collection 

 

The diagram shown in the figure reflects the sequence of the 
main stages of the developed technology. This scheme 
assumes a two-stage implementation of data collection: at the 
first stage, the operator collects video fragments, which allows 
making a large number of tests of pupillary reactions of 
people in a short time (the so-called screening); at the second 
stage, the recorded video fragments are processed manually 
by the operator to obtain data on the sizes of the pupil and iris. 
The set of data will be a time series reflecting the dynamics of 
changes in the pupil size relative to the iris size, i.e. 
pupillogram. The obvious advantage of this scheme lies in the 
speed of collecting video fragments, independence from 
expensive hardware laboratory complexes and special training 
of personnel, which minimizes costs, while obtaining a high-
quality sample of initial data to build adequate mathematical 
models. 

When developing the technology, we introduced a number of 
conditions that determine the video fragment collection 
procedure: 

- video fragment duration - 3 seconds; 

- number of frames per second shall be equal to 25; 

- video filming shall be carried out with the maximum 
resolution of the video camera, but not less than 1920x1080 
pixels; 

- the recorded video fragment shall be saved in a format that 
does not allow the quality loss in the received video data and 
the detail of video image; 

- a person's face shall be in the view field of the camera; 

- background lighting conditions - natural, not exceeding the 
average rate of artificial lighting; 

- additional lighting conditions - the eyes shall be illuminated 
by a source of invisible infrared light; 

- at the beginning of recording, a short-term (not more than 
0.5 s) light pulse of the visible spectrum with a brightness of 
300 cd/m2 is made towards the human eyes, causing a 
pupillary reaction; 

The first technology stage consists in obtaining video 
fragments reflecting the pupillary reaction of the human eyes 
under conditions of changing illumination. Based on the 
existing requirements and conditions of the pupillometric 
examination, a 3-second video recording is made during 
which the eye area shall be illuminated with an infrared light 
source, and a short-term supply of a bright light pulse shall be 
made at the beginning of recording. 

To form a data sample of different classes of human FS, it is 
necessary to make at least 2 videos for each person, reflecting 
the differences in his/her FS: normal and pathological. Thus, 
the video clip collection stage is repeated at least twice the 
number of people involved in the initial data collection. 

At the second technology stage, each fragment is manually 
marked with an indication of the location of the pupil and iris 
on the images. To do this, sequential actions are performed at 
each separate frame of the video fragment. Their execution 
scheme is shown in Figure 3. 
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Figure 3. Scheme of eye image marking 

 

The diagram shown in the figure consists of 4 sequential 
stages: 

1) search for a face in the frame using the Viola-Jones 
computer vision method; 

2) search for eyes in the face area using a similar method; 

3) manual indication of the centers of the pupil and iris, 
indication of their diameters; 

4) sequential storage of the received data. 

The first and second stages consist in obtaining the eye image, 
for which the well-known Viola-Jones method [16], based on 
the Haar cascades, is used. A feature of its implementation is 
cascade (window) scanning of the image by rectangular 
regions with further object classification in the image. A set of 
matched cascades defines the boundaries of a person's face 
and eyes, thus allowing obtaining their approximate 
coordinates [17]. 

Thus, the operator shall manually specify the centers of the 
pupil and iris, as well as the sizes of their circles, expressed in 
diameters, at the third stage. In this case, it is important to 
make sure that the displayed data is correct by superimposing 
the constructed circles on the desired eye images. In addition, 
the inaccuracies of the Viola-Jones method used to detect the 
faces and eyes can lead to erroneous recognition of other 
areas. In this case, the operator shall mark this frame as a 
fragment that does not contain an eye image and not take it 
into account in the total data sample. The obtained circle 
coordinates and diameters are saved at the 4th stage 
sequentially frame-by-frame into the original data file of the 
processed video fragment. 

Since the eye images can be of different sizes (pixel 
resolution), the absolute values of the pupil diameter cannot 
be used alone to collect the initial data. An additional 
parameter is needed to determine the relative pupil sizes in 
different images. This parameter is the iris diameter, since the 
iris size does not change over time, does not depend on 
illumination, and its size will be static. Therefore, to obtain 
homogeneous initial data, the relative pupil size will need to  
 

 

be calculated in normalized values using the formula: 

pupil

iris

D
D

D


, 

where Dpupil – absolute pupil diameter, in pixels, Diris - 
absolute iris diameter, in pixels After making calculations 
according to the given formula, we create a pupillogram , an 
example of which is shown in the following figure. 

 

 

Figure 4. An example of a pupillogram 

 

This pupillogram, due to manual marking of circles, has a 
smooth shape, does not contain outliers, noise, anomalous and 
missing values. 

It should be noted that the obtained data (images with marked 
pupils and irises) can also be used to train neural network 
models of pattern recognition, for example, to train 
convolutional neural networks to automatically recognize 
pupils and irises in the eye images with validation of the 
existing manual markup. 
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Figure 5. Software structure 

 

III. RESULTS AND DISCUSSION 

Based on the proposed technology for collecting initial data, 
we implemented a hardware-software complex (HSC). The 
software is based on a specially developed algorithm with 
the stages of proposed technology for collecting initial data: 
the collection of video fragments and manual marking of 
eye images. 

The HSC is designed to implement the specified 
functionality of the software, namely, it includes a 
microcomputer designed to launch the program and display 
its interface, a source of illumination (infrared illumination 
and pulsed light) and other components. The set of software 
and hardware is a single hardware and software complex for 
collecting the initial data of the pupillary response to 
changes in illumination for further use in the tasks of 
constructing models to assess the functional state of a 
person. 

 

The developed program has a modular structure and consists 
of two subroutines. Figure 5 shows its structural diagram. 

The software consists of subprograms - modules: a module 
responsible for receiving and recording video images; a 
module responsible for processing recorded video images to 
obtain the initial data. The first module also controls all 
additional hardware equipment: turning on and receiving 
data from a video signal source; control of lighting (pulsed 
light source) and infrared illumination. The second module 
is responsible for processing the received data, namely: 
video playback; search for faces and eyes on the video 
sequence images with subsequent saving of data into 
separate files; marking of the pupil and iris circles of the 
human eye. 

The hardware is a combination of various source 
components (Raspberry Pi 4 Model B microcomputer, video 
camera, flash and infrared light). The connection diagram of 
the original components in the device is shown in the 
following figure. 

 
Figure 6. Hardware connection diagram 
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The presented schematic diagram of the connection of the 
initial components of the developed device shows the relative 
simplicity of the hardware implementation and, as a result, 
characterizes the given solution as a highly economical and 
efficient hardware platform for collecting initial data. The 
developed hardware is assembled from components that are 
freely available in many retail chains specializing in radio 
electronics and microcomputers. The approximate cost of the 
device received is not more than $200. 

The effectiveness of the developed technology and HSC is 
shown on the initial data of the human intoxication FS. To 
compare the results obtained, we used the previously 
constructed models (model of a single-layer perceptron, 
model of a collective of neural networks) [4, 15, 18], where 
the initial data for training and testing were obtained by 
computer vision methods. Similarly, according to the topology 
and construction principles, we formed the models, the initial 
data for which were obtained using the given technology. 

The architecture of the single-layer perceptron model is based 

on the well-known consequence of the Arnold-Kolmogorov-
Hecht-Nilsson theorem [19], according to which the 
maximum number of neurons in the hidden layer is limited by 
the right side of the expression: 

Nh  2  Nin + 1, 

где Nh – number of hidden neurons, а Nin – number of input 
neurons. The neural network structure is shown in the 
following figure. 

Thus, the neural network model contains 12 input neurons 
(according to the number of pupillogram parameters), 25 
hidden layer neurons and 1 output neuron. 

Creation of a neural network collective model (CoNN) is 
based on the combination of several models by the bootstrap 
method [20] and subsequent optimization of the structure 
based on the genetic algorithm [18]. Individual solutions 
generated at the output of each neural network are aggregated 
by a simple single-choice voting method. 

 

Figure 7. The structure of a single-layer perceptron model 
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Figure 8. The structure of the neural network collective model 

 

The CoNN model consists of 7 reduced neural networks 
with 10 hidden and 8 input neurons, the composition of 
which is determined by pupillometric parameters D0, Dmin, 
Dk, Dps, As, tl, ts, and tpr . The complete mathematical model 

is presented in [18]. 

To assess the effectiveness of the developed models, we 
used type I and II errors, as well as the classification 
accuracy. The comparison results are given in the table. 

 

Table 1. Comparison of the accuracy of different classification models 

Criteria 
     Models 

Method of obtaining circles 
Type I errors Type II errors Classification accuracy 

Single layer perceptron1 Computer vision 0.8% 5.2% 94.0% 

Single layer perceptron2 Manual marking 0.7% 5.1% 94.2% 

CoNN model1 Computer vision 0% 3.3% 96.7% 

CoNN model2 Manual marking 0% 3.0% 97.0% 
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As it follows from the given table, when using manual 
marking of circles, during the collection of initial data 
(models with index 2), the classification accuracy of the 
models is higher, and the number of type I and II errors is less, 
compared to models using computer vision methods to obtain 
the initial data (models with index 1). This indicates the 
achieved efficiency of the considered technology. Thus, the 
technology considered in the article makes it possible to more 
effectively solve the task of collecting initial data to create 
models for assessing the functional state of a person by 
pupillary response to changes in illumination. 

 

IV. SUMMARY 

As the study showed, to collect initial data for creating models 
for assessing the functional state of a person by the pupillary 
response to a change in illumination, it is advisable to use the 
approach of manual marking of images of the required circles 
of the pupil and iris. The results of assessing the accuracy of 
the classification of the functional state of intoxication of a 
person on the basis of various classification models allow 
making a conclusion that the technology under consideration 
is the most preferable for creation of the intelligent data 
analysis models. It allows avoiding errors associated with the 
loss of data important for the analysis of the pupillogram 
properties, arising in the process of smoothing anomalies and 
noise. The classification accuracy based on the obtained initial 
data is higher than the classification accuracy of the models 
built on the initial computer vision data. 

 

V. CONCLUSIONS 

Thus, we solved the problem of collecting initial data for 
assessing the functional state of a person by his/her pupillary 
response to changes in illumination, which required the 
development of appropriate technology. 

The developed technology for collecting initial data is based, 
on the one hand, on the traditional approach to obtaining 
pupillograms: video recording of human eyes at the time of 
pupillary reaction, but also introduces a criterion for 
improving the quality of initial data collection through the use 
of manual marking of the circles of the pupil and iris, which 
will allow using the obtained data to create adequate and high-
precision mathematical models. 

The technology considered in the article has also high 
efficiency due to the possibility of quickly collecting video 
fragments with pupillary reactions of the eyes of a group of 
persons. 

The neural network model, built on the basis of the obtained 
initial data, demonstrated a high classification accuracy and a 
minimum level of errors of the first and second kind, 
compared to the models based on the initial data obtained 
using computer vision methods. 

This indicates the effectiveness of the technology under 
consideration and the possibility of its practical use to create 
models for assessing the functional state of a person by the 
pupillary response to changes in illumination. 
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