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INTRODUCTION

The human sense of vision is one of the 
most important senses. Its proper operation, par-
ticularly in interaction with various devices and 
systems, is crucial. Mathematical modeling of 
human senses is crucial because it enables better 
integration of the automation system model with 
the human model interacting with it as an automa-
tion system. These models can then be combined 
to create a single, coherent, multi-circuit math-
ematical model of the automated system with sig-
nals affecting the human senses. Most biological 
processes exhibit pronounced nonlinearity in all 
its forms and combinations. Sensitivity threshold, 
saturation range, relay behavior, and hysteresis 
can be observed. These factors describe behavior 

in steady, static, and normalized states. Analyz-
ing the dynamic time course of human behavior 
observed in response to external stimuli, one can 
observe interactions defined in automation as 
overshoot or higher-order inertial reactions.

A wide variety of works have been published 
on algorithms utilizing the modes of the human 
visual system. Daley [1], based on the Georgia 
Tech Vision model, proposed algorithms for the 
modes of the human visual system. Thomas [2] 
studied input-output models representing steady-
state vision in humans. Based on the properties 
of the human visual system, Matsui [3] proposed 
a non-stationary spatiotemporal model of human 
vision. Research on this topic has also been con-
ducted. For example, Karmakara [4] studied 
the assessment of a jet pilot’s vision in a virtual 
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environment. This study aimed to investigate how 
effective vision analysis tools included in digital 
human modeling software could be. 

Authors [5] describe a real-time computer 
vision and machine learning system for model-
ing and recognizing human behaviors in a visu-
al surveillance task. Samma [6] proposed cre-
ated SqueezeNet, an alternative compressed and 
diminutive network and was trained to recognize 
objects as a broad classification system. The 
paper [7] presents a deep learning-based human 
height estimation approach using a stereo vision 
system. Rashdi [8] presents a study on optimizing 
light spectra for enhancing the contrast between 
two objects in visual inspection systems.

The paper [9] proposes an artificial vision 
architecture consisting of spiking photodetectors 
and artificial synapses, closely mirroring the intri-
cacies of the human visual system. In the paper 
[10] authors proposed a simple and effective full-
reference color image quality measure (CQM) 
based on reversible luminance and chrominance 
(YUV) color transformation and peak signal-to-
noise ratio (PSNR) measure. Hoshino [11] pro-
posed a robot vision system in which original 
images captured by a camera sensor are described 
by the optical flow and are then used as inputs 
for the human and action classifications. The 
paper [12] use human-computer interaction and 
computer vision technology to solve the existing 
problems of intelligent vehicle violation detec-
tion systems. Artificial vision with finely resolved 
polychromatic artificial cone cells are demon-
strated surpassing human vision using visible 
multispectral camera was proposed [13].

Hoshino [14] proposed a robot vision sys-
tem in which images described by the optical 
system are used as an input for the classification 
of humans and actions in the input images. The 
study [15] provides an overview of the existing 
computational image generation techniques that 
properly simulate human vision in the presence 
of wave front aberrations. Bochen [16] explores 
the application of the vision system in the robot 
and its ability in object detection in collaborative 
with humans. The paper [17] develops a visual 
system for human-robot interaction, including 
face detection, face location, gender recogni-
tion, facial expression recognition and reproduc-
tion. Oda [18] presents a system development 
of biped walking robot control cooperating with 
human visual motion. The paper [19] deals with 
a novel approach for the identification of human 

and robot collision based on vision systems. 
Pladere [20] presents the need for understanding, 
assessing, and correcting common eye and vision 
problems to increase inclusivity to help broaden 
a responsible uptake of XR HMDs. In the study 
[21] authors present a robot which is equipped 
with an image-sensing device human vision com-
ponent that acquires the age, gender, and direc-
tion of the face.

Branson [22] present a visual recognition 
system for fine-grained visual categorization. 
Piroddi [23] presents the case of reverse engi-
neering the human vision system. The paper [24] 
presents a mobile system for pedestrian detec-
tion in severe lighting conditions. The paper [25] 
describes development and testing of a novel 
peripheral–central vision system to detect, local-
ize, and classify an airborne threat. In the paper 
[26] authors designed an advanced active vision 
system for humanoid robots that imitates human 
eye movements.

Tran [27] presents research studies the char-
acteristics of human vision perception. The paper 
[28] presents a dual-loop implementation archi-
tecture that enables a robot vision system to learn 
from human vision in disassembly tasks. Gong 
[29] presents memristor‐based reservoir comput-
ing system with integrated sensing and memo-
ry functions provides a solution to effectively 
improve the computational efficiency of artificial 
vision networks. The paper [30] discusses an AI 
based vision system that is responsible for the 
evaluation of an assembly performed in the con-
text of a hybrid manufacturing system. Al-Rashdi 
[31] presents a study on optimizing light spectra 
for enhancing the contrast between two objects in 
visual inspection systems.

The sense of vision is one of the most impor-
tant human senses. Its correct operation, espe-
cially when interacting with various devices and 
systems, is functionally very important. Correct 
mathematical modeling of a human sense (e.g., 
the sense of sight) enables better integration with 
the automation system, creating a coherent, supe-
rior system. It is then possible to combine several 
models and build a single, coherent, multi-circuit 
automation system that interacts with and inter-
acts with the human senses.

Few scientific works treat humans as complex 
automation systems. For example, in his book, 
Antoniewicz [32] proposed a simplified model 
of the primary human visual system, excluding 
the defensive protection pathways and without 
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a model of defensive reactions. For a long time, 
there had been no proposals for such a model or 
its development in the literature. Only after many 
years, in paper [33], the authors took up this topic 
and proposed an extended mathematical model of 
an automatic system of human eye reaction to a 
forcing light pulse. A block diagram of the pro-
posed system with five human reaction paths is 
given (Figure 1).

The model of the human visual system pro-
posed in [33] is very complex. The system has 
several feedback paths responsible for protective 
functions in the human vision process. It consists 
of a large number of gain coefficients, transport 
delay times, and time constants related to the iner-
tia of the action. Furthermore, the transport delay 
times occur in various locations within the system 
and vary in value. Given this model’s complex-
ity, determining the dynamic characteristics of the 
human response signals to various light stimuli 
is very complex and requires many difficult and 
labor-intensive calculations.

DYNAMICS OF THE REACTION OF A 
COMPLEX MODEL OF HUMAN VISION 	
TO LIGHT SIGNALS

Solution methodology of a complex model of 
human vision to light signals

The model proposed in [33], along with 
a block diagram of a system related to the 

dynamic process of human vision and its defen-
sive reactions in the event of disruptive distur-
bances (Figure 1), represents a self-protection 
process, self-regulation to reduce the impact of 
disturbances, or a process of adaptation of the 
visual system to the prevailing situation. This 
model represents a complex multi-path system 
with a large number of amplification factors, 
transport and inertial delay times. Each block 
diagram and its elements can be represented 
and described in various domains, for exam-
ple, in time, frequency, or algebra. Transition-
ing from one domain to another is not always 
a simple process, especially if the presented 
system is a complex, multi-path system with 
a large number of functional parameters. The 
process of solving a modeling system repre-
senting the dynamic waveforms of its output 
signals in response to excitation (disturbance) 
is very complex and in many cases requires dif-
ficult and labor-intensive calculations.

In the paper, based on the proposed model 
[33], the following solutions were developed: an 
independent model of the main track, a model 
of the feedback track of the pupil’s neuromotor 
system, and a solution combining the main track 
model with the feedback track of the pupil’s neu-
romotor system. The block diagram of this model 
is shown in Figure 2.

Each of these solutions was tested for two 
scenarios. In the first case, the signal disturb-
ing the human visual system was described as a 
strong but short-lived irritation from a beam of 

Figure 1. Detailed block diagram of the light excitation system for human reaction [33]
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light falling on the eyeball (a flash). The second 
case could refer to a situation where a beam of 
light falls on the eyeball for a prolonged peri-
od, at a moderate intensity, but still a moderate 
(unit jump).

In the paper, standard interference signals of 
flash represented in the modeling as Dirac func-
tions were used to solve the studied models:

	 x(t) = s(t) ={0 for t < 0, 		
	 ∞ for t = 0, 0 for t > 0}.	

(1)

and the unit jump signal represented in the model-
ing as a Heaviside function:

	 x(t) = 1	 (2)

In practical calculations, the Laplace trans-
forms of these functions were used. Correspond-
ingly, for the Dirac function (1), the transform 
equation has the form:

	 X(s) = 1,	 (3)

and for the Heaviside function (2) the transform 
equation has the form:

	 X(s) = 1/s.	 (4)

In this work, the diagram (Figure 2) shows 
the main path of the control system consisting 
of blocks representing important elements of the 
eye-brain system [33]:

	 𝐺𝐺𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
 

 

𝑌𝑌𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
𝑋𝑋(𝑠𝑠) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) =
1
𝑇𝑇1
𝑒𝑒
−𝑡𝑡
𝑇𝑇1𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

((𝑒𝑒
𝑡𝑡
𝑇𝑇1 − 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 )𝑇𝑇1 + 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 𝑇𝑇2) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒20.(0.15−𝑡𝑡)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[−0.15 + 𝑡𝑡] + 0.0001(−400. 𝑒𝑒20.(0.15−𝑡𝑡) 
+20. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[−0.15 + 𝑡𝑡]) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒−20.𝑡𝑡 

(0.002 + 0.05(−20.0855 + 𝑒𝑒20.𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

	 (5)

where:	kw – eye amplification factor (overall); 
Tw – transport delay time (related directly 
to the eye); kd – afferent nerve (optical 
nerve) gain factor; Td – transport delay 

time related to the transmission of a signal 
stimulated by the afferent nerve and brain 
reaction time; kc – gain factor of the cen-
tral part of the nervous system (cerebral 
cortex); T2 – lead time related to the self-
adjusting regulatory action of the central 
part of the nervous system; Tr – transport 
delay time (signal transmission) of the 
centrifugal nerve; kr – centrifugal (motor) 
nerve gain factor; T1 – time constant of 
inertia associated with the central part of 
the nervous system.

The mathematical model of the main cir-
cuit is presented in an algebraic form, i.e., in 
the form of the operator transfer function Gm(s) 
(5). Using the properties of the operator calcu-
lus, the equation of the output signal transform 
was determined:

	

𝐺𝐺𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
 

 

𝑌𝑌𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
𝑋𝑋(𝑠𝑠) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) =
1
𝑇𝑇1
𝑒𝑒
−𝑡𝑡
𝑇𝑇1𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

((𝑒𝑒
𝑡𝑡
𝑇𝑇1 − 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 )𝑇𝑇1 + 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 𝑇𝑇2) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒20.(0.15−𝑡𝑡)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[−0.15 + 𝑡𝑡] + 0.0001(−400. 𝑒𝑒20.(0.15−𝑡𝑡) 
+20. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[−0.15 + 𝑡𝑡]) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒−20.𝑡𝑡 

(0.002 + 0.05(−20.0855 + 𝑒𝑒20.𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

	 (6)

where:	X(s) is the Laplace transform of the input 
signal to the main path.

Determining the dynamic properties of the 
main circuit required solving Equation 6 for the 
assumed disturbances.

Solutions and discussion of results of a com-
plex model of human vision to light signals. The 
transformations and calculations in this work 
were performed using the Mathematica package 
[34]. In the case of disturbance using the Dirac 
function (1), a symbolic solution was obtained 
for the dynamic waveform of the main circuit’s 
output signal:

Figure 2. Block diagram of the eye response of the main and negative feedback pathways
of the pupillary neuromotor system
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𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

	 (7)

In the case of disturbance by the Heaviside 
function (2), the symbolic solution of the dynam-
ic waveform of the output signal of the main path 
has the form:

	

𝐺𝐺𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
 

 

𝑌𝑌𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
𝑋𝑋(𝑠𝑠) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) =
1
𝑇𝑇1
𝑒𝑒
−𝑡𝑡
𝑇𝑇1𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

((𝑒𝑒
𝑡𝑡
𝑇𝑇1 − 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 )𝑇𝑇1 + 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 𝑇𝑇2) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒20.(0.15−𝑡𝑡)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[−0.15 + 𝑡𝑡] + 0.0001(−400. 𝑒𝑒20.(0.15−𝑡𝑡) 
+20. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[−0.15 + 𝑡𝑡]) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒−20.𝑡𝑡 

(0.002 + 0.05(−20.0855 + 𝑒𝑒20.𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

	(8)

The determined dynamic waveform functions 
of the main path signals, in symbolic forms (7) 
and (8), describe human responses to a moder-
ate light interference. Determining the dynamic 
waveform responses graphically in the adopted 
model (5) requires selecting the model parameter 
values, i.e., the amplification coefficients, trans-
port delay times, and time constants.

Symbolic equations describe general models 
of phenomena and systems, in this case, a model 
of human vision to light signals. Checking the 
effectiveness of the model requires inserting the 
parameter values ​​of a specific example to obtain 
a parametric model. A parametric model, on the 
other hand, describes a specific example without 
providing the ability to examine the impact of 
parameters on the system’s modeling accuracy.

Only partial parameter values of the proposed 
model can be found in the literature, and their 
sources are provided in the paper.

All signals in the model, in the actual eye-
brain system, are neural signals with very low 
current intensity (in µA). This means that the sig-
nals cannot be amplified multiple times. In such 
a delicate system, there are no electric charge 

stores (accumulators). Amplification coefficients 
can be assumed to vary between 0.98 and 1. Val-
ues lower than 1 would be possible in the event 
of damage to any component of the system (e.g., 
due to disease or damage to any component). The 
amplification coefficients were assumed to be 
equal to unity [32]: kw=1, kc=1, kd=1, kr=1. These 
coefficients are dimensionless.

The main path model (5) also includes time 
parameters in the form of time constants and 
transport delay times. Delays associated with 
information transport via a current signal total 
approximately several hundredths of a second. 
Signal transmission distances are very small, but 
information transfer rates are also not very high. 
Modeling a signal with transport delay shifts the 
characteristic graph by the amount of the delay 
time. These times should not be neglected. How-
ever, a shifted graph on the time axis should be 
expected. Analyzing information from other 
sources, the following transport delay times 
were assumed for calculations [32]: Tw=0.07 [s], 
Td=0.06 [s], Tr=0.02 [s].

The remaining time constants T1 and T2 
included in model (5) refer to time constants 
describing the dynamics of brain function. Time 
constant T1 refers to the inertial delay of brain 
function. Time constant T2 is associated with the 
operation of every real device or mechanism. In 
practice, mechanisms operating without this time 
constant do not exist. In this work, T1=0.05 [s]. 
T2 is the lead time and is associated with a very 
small differential effect, resulting in very rapid 
operation. It can be assumed that the evolution-
ary process of human development has developed 
this brain function for protective purposes. How-
ever, in all systems, such an effect causes signifi-
cant inertia and frequent overshoot. The lead time 
value T2=0.0001 [s] was assumed.

Assuming the values of the described param-
eters of Equation 5, the dynamic course of the 
output function (7) for the Dirac function (1) 
takes the form:

	

𝐺𝐺𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
 

 

𝑌𝑌𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
𝑋𝑋(𝑠𝑠) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) =
1
𝑇𝑇1
𝑒𝑒
−𝑡𝑡
𝑇𝑇1𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

((𝑒𝑒
𝑡𝑡
𝑇𝑇1 − 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 )𝑇𝑇1 + 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 𝑇𝑇2) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒20.(0.15−𝑡𝑡)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[−0.15 + 𝑡𝑡] + 0.0001(−400. 𝑒𝑒20.(0.15−𝑡𝑡) 
+20. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[−0.15 + 𝑡𝑡]) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒−20.𝑡𝑡 

(0.002 + 0.05(−20.0855 + 𝑒𝑒20.𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

	(9)

The time graph of the output function of the 
main path ymD(t) (9) for the Dirac disturbance 
function is shown in Figure 3.
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The time course of the eye-brain system’s 
response to a short, disruptive light pulse, for 
the main model path only (Figure 2), is shown 
in Figure 3. The main path of the diagram does 
not account for the defensive actions modeled 
in the model’s feedback loops. The time course 
is offset by the total transport delay time (Td, 
Tr, Tw) associated with the passage of the inter-
fering signal from the eye to the brain. This is 
illustrated by a rightward shift in the coordi-
nate system. This phenomenon is present in the 
graph, but it must be analyzed for the eye-brain 
system due to the subtle visual process being 
studied. At this time, the brain does not yet react 
to the disruption because the disruptive signal 
has not yet reached the brain. In the model 
under study, the total delay time is the sum of 
the times Tw+Td+Tr and, for the assumed values, 
equals 0.15 s. After this time, information about 
the short-term, strong disruption triggers a rapid 
system response in the form of a strong current 
signal. The disturbing signal in the form of a 
Dirac function is very short and decays quickly. 
The brain’s response (analyzing only the main 
path without any protective actions) represents 
the inertial decay of the signal to its initial pre-
disturbance value. In automation, this corre-
sponds to the differential action of the element. 
In the case of the obtained waveform, this takes 
approximately 0.2 s. This describes the lead 
time determined from the obtained waveform, 
which is 0.05 s.

Similarly, for the assumed parameters of 
equation (5), the dynamic course of the output 
function (8) for the Heaviside function (2) takes 
the form:

	

𝐺𝐺𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
 

 

𝑌𝑌𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1
𝑋𝑋(𝑠𝑠) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤

(

 
 
 
 
 
 
 
 
 
𝑒𝑒−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]
𝑇𝑇1

+𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

(

  
 
 
−𝑒𝑒

−𝑡𝑡+𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1
𝑇𝑇12

+

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]

𝑇𝑇1 )

  
 
 
𝑇𝑇2

)

 
 
 
 
 
 
 
 
 

 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) =
1
𝑇𝑇1
𝑒𝑒
−𝑡𝑡
𝑇𝑇1𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[𝑡𝑡 − 𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤]𝑘𝑘𝑐𝑐𝑘𝑘𝑑𝑑𝑘𝑘𝑟𝑟𝑘𝑘𝑤𝑤 

((𝑒𝑒
𝑡𝑡
𝑇𝑇1 − 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 )𝑇𝑇1 + 𝑒𝑒

𝑇𝑇𝑑𝑑+𝑇𝑇𝑟𝑟+𝑇𝑇𝑤𝑤
𝑇𝑇1 𝑇𝑇2) 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒20.(0.15−𝑡𝑡)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒 

[−0.15 + 𝑡𝑡] + 0.0001(−400. 𝑒𝑒20.(0.15−𝑡𝑡) 
+20. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[−0.15 + 𝑡𝑡]) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

 

𝑦𝑦𝑚𝑚𝑚𝑚(𝑡𝑡) = 20. 𝑒𝑒−20.𝑡𝑡 

(0.002 + 0.05(−20.0855 + 𝑒𝑒20.𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.15 + 𝑡𝑡] 

	 (10)

The time graph of the output function of the 
main path ymH(t) (10) for the Heaviside distur-
bance function is shown in Figure 4.

The dynamic response shown in Figure 4 is 
the response of the main model path to a distur-
bance in the form of a Heaviside function. The 
response follows an inertial growth curve, off-
set by the transport delay associated with trans-
mitting information to the brain. The response 
settling time does not follow a classic inertial 
curve due to the brain’s preemptive action. The 
settling time for the assumed model parameter 
values is approximately 0.1 s, and the signal 
remains stable at its maximum value through-
out the duration of the disturbing signal. This 
is consistent with the expected behavior of the 
human response to a continuous light signal that 
irritates the eye, in the absence of feedback that 
protects the eye and brain. It should be noted 
that in reality, the curves in Figure 3 and Figure 
4 do not occur without protective feedback and 
are merely model curves.

The model presented in [32] has four feed-
back curves related to the protective actions of 
the sensors used and the main element in the 
main path, the cerebral cortex, as a regulator. In 
the initial phase of the system dynamics study, a 
single feedback path was selected, related to the 
influence of the transport delay of the pupillary 
neuromotor system (Figure 2). It consists of the 

Figure 3. Time graph of the main path output function ymD(t) for the Dirac disturbance function.
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pupillary neuromotor system and the driving ele-
ment of the pupillary muscles.

The mathematical model of the feedback 
path of the image brightness effect, in the form 
of an operator transfer function, is presented by 
the equation:

	
𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	 (11)

where:	 kmp – amplification factor of the neuromus-
cular reaction system; Tzr – transport delay 
time of the pupil’s neuromotor system; 	
Tz – time constant related to the transport 
and inertial delay of the eye pupil; 		
kmz – coefficient of strengthening the pupil-
lary muscles; Tmz – time constant of inertia 
of the action of the muscles of the pupil.

As a result of this path, a signal is generated 
that reduces the light flux incident on the eye, hence 
the negative feedback loop of the path. From the 
perspective of the automation system, this is a sim-
plified model combining a first-order inertial term 
with a time constant Tz, amplified by the kmp coef-
ficient and a transport delay term with time Tz. The 
model of the pupillary muscle action is a first-order 
inertial term (time constant Tmz) and amplification 
coefficient kmz. Consequently, the model presented 
in the analyzed path is a second-order inertial term 
with a transport delay and amplification.

From the feedback path model Equation 11, 
the equation for the transform of the output signal 

of the pupillary neuromotor feedback path Yb(s) 
was determined:

	

𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	 (12)

By introducing the Dirac disturbance trans-
form function (3) into Equation 12, an algebraic 
model of the analyzed feedback path of the pupil’s 
neuromotor system was obtained YbD(s):

	

𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	 (13)

By introducing the Heaviside disturbance 
transform function (4) into Equation 12, an alge-
braic model of the feedback path of the pupil’s 
neuromotor system was determined in the form of 
the equation YbH(s):

	

𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	 (14)

By solving models (13) and (14), we 
obtained symbolic dynamic waveforms of the 
output signals from the pupillary neuromotor 
feedback pathway.

By calculating the inverse Laplace transform 
of model (13), we obtained the characteristic 
equation for the Dirac perturbation:

Figure 4. Time graph of the main path output function ymH(t) (10) for the Heaviside disturbance function



234

Advances in Science and Technology Research Journal 2026, 20(7), 227–240

	

𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	 (15)

By analogy calculating the inverse Laplace 
transform of the model (14), the characteristic 
equation for the Heaviside disturbance function 
was obtained:

	

𝐺𝐺𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏(𝑠𝑠) = 𝐺𝐺𝑏𝑏(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

= 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1𝑋𝑋(𝑠𝑠) 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1 

 

𝑌𝑌𝑏𝑏𝑏𝑏(𝑠𝑠) = 𝑘𝑘𝑚𝑚𝑚𝑚
𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚 

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚(
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
− 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[𝑡𝑡 − 𝑇𝑇𝑧𝑧𝑧𝑧] 

𝑘𝑘𝑚𝑚𝑚𝑚𝑘𝑘𝑚𝑚𝑚𝑚 (1 −
𝑒𝑒
−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
+ 𝑒𝑒

−𝑡𝑡−𝑇𝑇𝑧𝑧𝑧𝑧
𝑇𝑇𝑧𝑧 𝑇𝑇𝑧𝑧

𝑇𝑇𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑧𝑧
) 

 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (−25. 𝑒𝑒−25.(−0.03+𝑡𝑡) + 25. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 
 

𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. 𝑒𝑒−25.(−0.03+𝑡𝑡) − 2. 𝑒𝑒−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑒𝑒𝑒𝑒𝑒𝑒[−0.03 + 𝑡𝑡] 

	(16)

The resulting Equations 15 and 16, given 
with negative feedback for the main path of the 
diagram, limit the light flux passing through the 
pupil. Together with the main path, they will form 
a model control system for the visual process, 
taking into account the system’s protection from 
the effects of image brightness.

The signal conduction velocity in nerve fibers 
is not high. Moreover, the path length within the 
visual system is also not long. A delay time Tzr 
can be assumed in the range of 0.002÷0.03 s. 
The gain coefficients, similar to those in the main 
path, have values: kmp=1, kmz=1. The time con-
stant values were substituted as follows: Tz=0.08 
s, Tmz=0.04 s, Tzr=0.03 s.

After substituting the values of these parame-
ters for the comparison of the characteristic under 
disturbance by the Dirac function (15), the char-
acteristic was obtained:

	
𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = ( −25. ⅇ

−25.(−0.03+𝑡𝑡)

+25. ⅇ−12.5(−0.03+𝑡𝑡)) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎⅇ𝑡𝑡𝑡𝑡[−0.03 + 𝑡𝑡] 
 

	 (17)

The time graph of the output function of the 
pupillary neuromotor coupling path under the 
disturbance of the Dirac function ybD(t) (17) is 
shown in Figure 5.

The dynamic waveform of the ybD(t) func-
tion is the classical response of a second-order 
inertial object with a transport delay to a pulse 
signal. The modeled dynamic waveform of 
the feedback path output signal is shifted by 
the transport delay time Tzr=0.03 s, has a large 
dynamic gain of approximately 6 and an expo-
nential decay (derivative action of order 2). The 
signal settling time is approximately 0.3 s. The 
plotted waveform determined from equation 
(17) has a true, natural time history.

Similarly, after substituting the parameter 
values (Tz=0.08 s, Tmz=0.04 s, Tzr=0.03 s, kmp=1, 
kmz=1) into the Heaviside disturbance character-
istic equation (16), the following characteristic 
is obtained:

	
𝑦𝑦𝑏𝑏𝑏𝑏(𝑡𝑡) = (1 + 1. ⅇ−25.(−0.03+𝑡𝑡)

−2. ⅇ−12.5(−0.03+𝑡𝑡)
) 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎⅇ𝑡𝑡𝑡𝑡[−0.03 + 𝑡𝑡] 
 

	 (18)

The time graph of the output function of the 
pupillary neuromotor coupling path ybH(t) (18) 
with the Heaviside function perturbation is shown 
in Figure 6.

Figure 5. Time graph of the output function of the pupillary neuromotor coupling path ybD(t)
with the Dirac function perturbation
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The dynamic characteristic ybH(t) shown in 
Figure 6 is the time course of the output signal 
of the feedback path related to image bright-
ness. It represents the response to an introduced 
disturbance in the form of a Heaviside function. 
The graph is shifted by the transport delay time 
Tzr=0.03 s and has a second-order inertia curve. 
The signal settling time is approximately 0.3  s. 
The signal settling at a maximum value of 1 corre-
sponds to the assumed gain coefficient values of 1.

It should be noted that this path does not exist 
independently in the visual neuromotor system. 
It is used as a feedback loop for the main visual 
processing path.

The control system, whose input signal is a 
light flux that disturbs (irritates) the human visual 
system, connected to the negative feedback loop 
of the pupil’s neuromotor system associated with 
the pupillary muscles (image brightness signal), 
is shown in Figure 2.

The protective mechanism reducing the light 
flux transmitted to the eye in Figure 2 was mod-
eled as a general equation:

	 𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =
𝐺𝐺𝑚𝑚(𝑠𝑠)

1 + 𝐺𝐺𝑚𝑚(𝑠𝑠)𝐺𝐺𝑏𝑏(𝑠𝑠)
 

 

𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

 

 

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

 

 

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) = 6.45204𝑒𝑒−38.2495𝑡𝑡 + 

+𝑒𝑒(−9.62527−15.3022ⅈ)𝑡𝑡 

( (6.75398 − 0.731805ⅈ) +
(6.75398 + 0.731805ⅈ)𝑒𝑒(0.+30.6043ⅈ)𝑡𝑡) + 

+ 0.002𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[𝑡𝑡] 
 

 

	 (19)

Taking into account the equations of the 
model with feedback (19) and the equations of its 
component models of the main path (5) and the 
feedback path (11), the Equation 20 was obtained, 
which is an algebraic model of the main vision 
path system with one feedback of the neuromotor 
system of the pupil:

	

𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =
𝐺𝐺𝑚𝑚(𝑠𝑠)

1 + 𝐺𝐺𝑚𝑚(𝑠𝑠)𝐺𝐺𝑏𝑏(𝑠𝑠)
 

 

𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

 

 

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) 

=

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

 

 

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚(𝑠𝑠) = 𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠)𝑋𝑋(𝑠𝑠) = 

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1

1 +
𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
(𝑇𝑇2𝑠𝑠 + 1)𝑒𝑒−𝑇𝑇𝑟𝑟𝑠𝑠𝑘𝑘𝑟𝑟

𝑇𝑇1𝑠𝑠 + 1 𝑘𝑘𝑚𝑚𝑚𝑚

𝑒𝑒−𝑇𝑇𝑧𝑧𝑧𝑧𝑠𝑠
𝑇𝑇𝑧𝑧𝑠𝑠 + 1𝑘𝑘𝑚𝑚𝑚𝑚

1
𝑇𝑇𝑚𝑚𝑚𝑚𝑠𝑠 + 1

1
𝑠𝑠 

 

𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) = 6.45204𝑒𝑒−38.2495𝑡𝑡 + 

+𝑒𝑒(−9.62527−15.3022ⅈ)𝑡𝑡 

( (6.75398 − 0.731805ⅈ) +
(6.75398 + 0.731805ⅈ)𝑒𝑒(0.+30.6043ⅈ)𝑡𝑡) + 

+ 0.002𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷[𝑡𝑡] 
 

 

	(20)

Equation 20 is a mathematical model in the 
form of the operator transfer function of a con-
trol system with negative image brightness feed-
back selected for analysis. The choice of only one 
image brightness feedback signal for system anal-
ysis was dictated, among other reasons, by the 
need to simplify the model for a specific dynamic 
analysis of the output signal waveform. Despite 
this simplification, the model is very complex and 
solving it is a difficult task. The remaining feed-
back paths will be analyzed simultaneously in the 
next stage of work on this topic.

From the automation perspective, the pre-
sented model is a model of a tracking control 
system. It does not have a specific setpoint, nor 
does it contain a component defining the expect-
ed shape and range of variation of the irritating 
light waveform. The human brain takes over 
the controller’s function. It does not have an 
integral effect, meaning it does not adjust itself 
through a gradual increase in the generated sig-
nal. It operates very quickly, impulsively, and 
through a derivative, exponential effect, gener-
ates a protective signal in the feedback loop. The 

Figure 6. Time graph of the output function of the pupillary neuromotor coupling path ybH(t)
with the Heaviside function disturbance
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action associated with the generation of the light 
response signal with this protective coupling 
can be considered a real proportional-derivative 
action with inertia.

In the case of a disturbance in the form of 
the Dirac function (1), the transform of the signal 
X(s) (3) was used to solve the system, obtaining 
the equation for the transform of the output signal 
YmbD(s):

	

𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =
𝐺𝐺𝑚𝑚(𝑠𝑠)

1 + 𝐺𝐺𝑚𝑚(𝑠𝑠)𝐺𝐺𝑏𝑏(𝑠𝑠)
 

 

𝐺𝐺𝑚𝑚𝑚𝑚(𝑠𝑠) =

𝑘𝑘𝑤𝑤𝑒𝑒−𝑇𝑇𝑤𝑤𝑠𝑠𝑘𝑘𝑑𝑑𝑒𝑒−𝑇𝑇𝑑𝑑𝑠𝑠𝑘𝑘𝑐𝑐
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In the case of a disturbance in the form of the 
Heaviside function (2), the transform of the signal 
X(s) (4) was used to solve the system. The equa-
tion of the transform of the output signal was then 
obtained YmbH(s):
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	 (22)

The output signal transform for the Dirac 
function (21) and Heaviside function (22) inter-
ferences includes terms describing the transport 
delays of the current signals. These parameters are 
present in the main path and also in the analyzed 
feedback path of the model presented in the block 
diagram (Figure 2). The transport delay times are 
very small, ranging from a few hundredths to sev-
eral ten-thousandths of a second.

After introducing this assumption into 
Equations 21, 22, the inverse Laplace transform 
yielded the output signal waveforms ymbD(t) and 
ymbH(t) in symbolic form. The equations of the 
output signals ymbD(t) and ymbH(t) determined 
in the Mathematica program in symbolic form 

take up several pages and are too extensive to 
be included in this work.

As with the analysis of the main diagram path 
and the pupillary neuromotor feedback path, the 
values of the gain parameters and inertia time 
constants will be identical, appropriately select-
ed from the range of variability in the first part 
of the study (kw=1, kd=1, kc=1, kr=1, T2=0.0001, 
T1=0.05, kmp=1, kmz=1, Tz=0.08, Tmz=0.04). Tak-
ing into account the adopted assumptions (Tw=0, 
Td=0, Tr=0, and Tzr=0), the dynamic equations 
ymbD(t) (23) and ymbH(t) (24) were determined, 
which were used to plot the time courses of the 
output signals ymbD(t) and ymbH(t).

When analyzing the assumptions regarding 
the parameters of the adopted model, one of the 
fundamental principles of electrical circuit anal-
ysis, namely Kirchhoff’s first law (current), can 
be considered for the amplification coefficients. 
This justifies assuming the coefficient values in 
the model are equal to 1. This means that, when 
treating the path element as a node, the microcur-
rent intensities at the inflow and outflow are equal 
in magnitude. For the assumptions regarding 
transport delay times, setting the values to zero 
applied only to the feedback path. This allowed 
for a significant simplification of the calculation 
process without significantly altering the nature 
of the obtained results.

By substituting the adopted parameters into 
the signal transform (21) for the Dirac distur-
bance function, the parameterized equation of the 
dynamic output signal waveform was obtained in 
the Mathematica program ymbD(t):
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	(23)

The time graph of the output function of the 
main path with feedback of the pupillary neuro-
motor system for the disturbance with the Dirac 
function ymbD(t) (23) is shown in Figure 7.

Figure 7 presents the dynamic response of the 
tracking control system for the eye’s reaction to 
a light stimulus as a Dirac function, taking into 
account the protective effect of image brightness 
parameters. As a result of the assumed transport 
delay values at 0, a waveform originating directly 
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at the origin was obtained. A very strong brain 
response occurred in the form of a strongly ampli-
fied response signal, which quickly decreased due 
to the reduction in light flux associated with the 
pupil size reduction. This rapid derivative action 
led to an overshoot of the brain’s output signal. 
The model overshoot from the obtained graph 
is approximately 12%. The output signal has an 
oscillatory character with a logarithmic damping 
decrement of approximately d@3.2, indicating 
very strong damping. The settling time (settling 
time) is approximately 0.25 s. The eye’s reaction 
to the irritating impulse in the control system dis-
appeared after approximately 0.4 s.

In the case of disturbance with the Heavi-
side function and substituting the parameter val-
ues (identical to the relation (21) for the signal 

transform (22), the equation of the parameterized 
dynamic course of the output signal was obtained 
in the Mathematica program ymbH(t):

	

𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) = 0.5 − 0.168683ⅇ−38.2495𝑡𝑡 + 

+ⅇ(−9.62527−15.3022ⅈ)𝑡𝑡 

(
(−0.164658 + 0.337802ⅈ)
−(0.164658 + 0.337802ⅈ)

ⅇ(0.+30.6043ⅈ)𝑡𝑡
) 

 

	(24)

The time course of the output function of the 
main path with feedback of the pupillary neuro-
motor system for the disturbance by the Heavi-
side function ymbH(t) (24) is shown in Figure 8.

The characteristic shown in Figure 8 is the 
response of the analyzed control system to a 

Figure 7. Time course of the output function of the main path with feedback of the pupil’s neuromotor system 
for the disturbance with the Dirac function ymbD(t)

Figure 8. Time course of the output function of the main path with feedback of the pupillary neuromotor system 
for the disturbance of the Heaviside function ymbH(t)
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disturbance in the form of a Heaviside function. As 
a result of assuming zero transport delay times, the 
waveform begins at the origin of the system. The 
characteristic has an oscillatory waveform with a 
logarithmic damping decrement of approximately 
d@3.6. The model overshoot of the waveform is 
approximately 25%. The response is the result of 
a continuous, a moderate eye irritant, elicited by 
the brain during a rapid protective response. The 
waveform settling time is approximately 0.25 s. 
The steady-state response to such a disturbance is 
reduced by 50% compared to the waveform with-
out protective feedback, even though the eye is 
still exposed to the irritating disturbance.

CONCLUSIONS

In this paper, the proposed solutions for an 
innovative model of human vision were obtained 
in the form of symbolic equations for the dynam-
ic waveforms of output signals describing the 
response to light interference. After inserting the 
model parameter values, the time courses of the 
determined responses were graphically plotted. 
The solutions obtained in this work demonstrate 
a strong dependence on the type of interference, 
significantly influencing the course and level of 
response in the human visual process.

Significant parameters were determined from 
the obtained time histories, which can be used for 
comparative evaluation in future analyses. The 
determined values characterizing the waveform 
with a Dirac function disturbance are as follows: 
oscillatory waveform, logarithmic damping 
decrement dD=3.2, overshoot of approximately 
12%, and settling time TuD=0.25 s. For a Heavi-
side function disturbance: oscillatory waveform 
with a logarithmic damping coefficient dH=3.6, 
overshoot of approximately 25%, and settling 
time TuH=0.35 s. Important information from the 
description is the oscillatory waveform with a 
large logarithmic damping coefficient for both 
disturbances.

The contemporary development and ubiquity 
of automated systems compels human work to be 
fully integrated into this collaboration. In such 
systems, humans often utilize their sense of sight 
as a necessary element of the system. In the sys-
tems analyzed, humans sometimes act as objects 
and often as controllers. The systems modeled in 
this article and the results obtained can be used in 
the design of mechatronic systems.

The proposed model and its solutions enable 
an assessment of the capabilities and accuracy 
of automated systems’ interaction with human 
vision at an initial numerical level. This can pro-
vide a basis for potential corrections to the pro-
posed automated system.

An example of such a solution is the advanced 
medical system in the form of the da Vinci surgical 
robot. The robot is not autonomous, performing 
no independent movements; it is fully controlled 
by a surgeon seated at a console remote from the 
patient. The interaction of both elements is linked, 
among other things, by the sense of sight and all 
the properties of inertial delays in the operation of 
the elements comprising the modeled system. The 
3D vision system allows for the differentiation of 
tissues, anatomical structures, and nerves.

The use of the human visual sense as an 
object is encountered in the analysis of ath-
letes’ starting systems when assessing false 
starts. The system detects an athlete’s overly 
rapid reaction, taking into account their inertia 
in sensing the starting signal. In false start sys-
tems, this time is approximately several hun-
dredths of a second. This value is similar to the 
results presented in this article. Therefore, the 
modeling and resulting solutions can be used 
in the design of similar systems. A similar situ-
ation occurs in automated systems in aviation, 
automotive and manufacturing processes.

A supplementary conclusion from the anal-
ysis of the obtained solutions is the definition 
of the next stages of work on the topic of mod-
eling and studying the human vision process. 
A research plan has been developed to continue 
the work, expanding the model to include fur-
ther feedback from other defensive actions of 
the human vision process, including the reac-
tions of the upper eyelid, facial muscles related 
to the movement of the lower eyelid, and the 
movement of muscles that change the focal 
length of the lens (e.g., the cornea). Simulta-
neously, laboratory experiments are planned to 
experimentally identify the values of the tem-
poral parameters adopted in the model.
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