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Abstract: In the present paper, we consider the issue of improving the accuracy of measurements and
the peculiar features of the measurements of the geometric parameters of objects by optoelectronic
systems, based on a television multiscan in the analogue mode in scanistor enabling. It is shown
that the convolution of the input signal of the rectangular profile of the light zone with the impulse
response of the multiscan explains the smearing of video signal edges. The value of smearing is
completely determined by impulse response and does not depend on the zone width. It is established
that signals of the action from narrow light zones are smeared out substantially relative to their
width, and in this case, the conventional method for determining the zone width by the video
signal derivatives stops working. A method is proposed for a full reconstruction of the rectangular
profile of a light zone (including a narrow one) in a developed noise-proof optoelectronic measuring
device based on a multiscan with the use of spatio-structural parameters, where the width of a
light zone corresponds to an extent, illumination of the zone—to brightness, and its coordinate—
to centroid. It is shown that the subtraction of the dissipation of the impulse response from the
video signal dissipation allows for accounting of the value of the video signal smearing out with
high accuracy at the estimation of the width of a light zone, in accordance with the property of the
additive accumulation of dissipation. It is established that the use of the spatio-structural video signal
model permits the extension of the application of multiscan-based optoelectronic devices for the
high-accuracy control and measurement of the geometric parameters of small objects.

Keywords: multiscan; photodiode cell; light zone; video signal; impulse response; spatio-structural
parameters

1. Introduction

The development of devices for detecting the dimensions and shapes of industrial
objects can be divided into two large groups: contact measurements and non-contact
measurements. In the field of non-contact measurements, there are optical, laser, and camera
systems. These systems have a wide range of applications [1–4] and are used for measurements
of large objects or, conversely, of relatively very small ones. In our paper, we developed
technical vision systems.

The development and introduction of high-speed technical vision systems for solving
various problems in automation and integrated mechanisation of production processes and
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robotics is a very important task [5–8]. Multi-scan (MS), a semiconductor analogue of a tele-
vision camera tube, is designed to convert the illumination distribution on its photosensitive
surface into an electrical video signal (VS) used for controlling, processing, and transmitting
optical information in the technical vision systems, especially for contactless controlling
and measuring of coordinates, dimensions, and movements of various objects [9–16]. Un-
like charge-accumulating photoreceivers of the scanning type (charge-coupled devices
and photodiode integral matrices), television scanistor structures such as solid scanistor
and multielement MS are able to register an instantaneous illumination distribution in a
wide range [12,14,17]. This permits the separation of amplitude-modulated optical signal
information in intensive light noise conditions [12,18,19]. The wide use of noise-proof
multiscan-based optoelectronic devices (MODs) in automated control systems is explained
by the reliability of their operation, simplicity of the schemes of separating and processing
measurement information, their compactness, and high metrological and performance
characteristics [20–24]. In particular, laser MODs satisfy the industrial requirements for
simplicity of operation and high metrological characteristics; in MODs, the spatial position
of an object is reflected by the mirror surface of a passive reflection element (deflector)
mounted on the object, and the laser MOD operation is based on the optical location princi-
ple. It should be noted that the determination of the object coordinates and dimensions in
industrial conditions is a difficult challenge and of great importance [5,12,25,26]. It is shown
in [12,15,17] that due to the limited steepness of the transition section of the multiscan
photodiode cells, the I-V curve of the video signal from the rectangular profile of the light
zone (LZ) is blurred and becomes bell-shaped. At the same time, the video signal from
narrow light zones is blurred so significantly relative to their width, that the traditional
method of determining the parameters of the LZ (coordinates, width, and illumination)
from the derivatives of the VS ceases to work. The relevance of the problem becomes more
acute in the case of measuring the geometric parameters of small objects in the condition of
smeared image [27,28], for example: during contactless control over the diameters of fibres
in the process of their manufacturing in fibre optics, the diameters of cables in the cable
industry, the diameter of a narrow laser beam at its compression in laser optoelectronic
systems in order to improve the signal/noise ratio, etc. To increase the accuracy when
determining the width of blurred small-sized structural elements of various graphic images
in [29,30], the possibility of using spatial-structural parameters (mass, centroid, dissipation,
extent, and brightness) is considered. In [31], to solve the problem of the determination of
the light zone dimensions and coordinates by the smeared-out video signal of the scanistor
p-n-p structure, it was suggested using spatio-structural parameters (SSPs). The SSPs make
it possible to estimate the width of the rectangular signal of an action, localize it in space
and determine its amplitude by the smeared response of the path of the signal reception and
transmission. The efficiency of using the SSPs is largely determined by taking into account
the features of the multiscan operation in the time-pulse mode (in particular, the effect of
changing the shape and amplitude of the VS when changing the width of the information
LZ and the corresponding convergence of the transient functions of the multiscan). The
purpose of the present paper is to improve the accuracy of measurements of the width,
location, and brightness of LZ on the MS’s photosensitive surface (corresponding to the
geometric parameters of small objects) using the spatial and structural parameters of the
video signal.

2. Features of the Multiscan Operation during the Determination of the Geometric
Parameters of Objects

Television multiscan is an integrated circuit (Figure 1) containing two space-distributed
solid resistive dividers of voltage, R1′ − R(N + 1)′ and R1′′ − R(N + 1)′′, and three lines of
point p-n junctions, D1′ −DN′, D1′′ −DN′′, and D1′′′ −DN′′′. To switch the signal current
of each photodiode, two corresponding back-to-back switching diodes of the line, D1′ − DN′

and D1′′ − DN′′, are used; these are connected to the distributed resistive voltage dividers,
and together with a photodiode compose a discrete cell. In an MS, a technique of scanning
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the relief of light by the boundary of zero voltage [5,12,15] moving along the photosensitive
surface by sawtooth voltage is used. To create the boundary, the parallel-connected MS
resistive dividers are supplied with constant voltage E0 from the offset voltage source (OVS)
to one of the pins, of which the sawtooth voltage generator (SVG) of polling with amplitude
E0, with the opposite polarity connected. The image of an object (Ob) illuminated by a
radiation source (RS) is projected on the MS in the form of a light zone (LZ) with coordinates
x1, x2, and of the edges of the controlled object. The switching of one more photodiode cell
in the load circuit is performed by the zero voltage line at the moment when the saw-tooth
voltage reaches the voltage level on the OVS cell. The cell photodiode switches from the
closed to the open position, and the switching diodes from the open to the closed position.
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Figure 1. Enabling a multiscan using the “scanistor” scheme in the analogue mode. 

Real MS is not an ideal device. There is a limited slope of switching of real I-V char-
acteristics of photodiode cells, which determines the width of the volt-scanning aperture, 
equal to the quadruple temperature potential, E0 [12]. The formation of the MS output 
current Iout at the input of a current-to-voltage converter (CVC) is performed by the pro-
gressive switching of photodiodes by a sawtooth scanning voltage taking into account the 
volt aperture of photodiode cells. At the differentiation of the voltage from the CVC out-
put by a differentiating unit (DU), due to the smearing of the transitional section of the I-

Figure 1. Enabling a multiscan using the “scanistor” scheme in the analogue mode.

Real MS is not an ideal device. There is a limited slope of switching of real I-V char-
acteristics of photodiode cells, which determines the width of the volt-scanning aperture,
equal to the quadruple temperature potential, E0 [12]. The formation of the MS output
current Iout at the input of a current-to-voltage converter (CVC) is performed by the pro-
gressive switching of photodiodes by a sawtooth scanning voltage taking into account the
volt aperture of photodiode cells. At the differentiation of the voltage from the CVC output
by a differentiating unit (DU), due to the smearing of the transitional section of the I-V
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characteristics of the cells, a bell-shaped video-signal (not rectangular) is formed reflecting
the LZ profile uniform in brightness [5]:

V =
4·L·b·l

T
js

[
1

exp[α(Ee − Ec)] + 1

]l

0
+

2·L·b·l1
T

(
j f
bc + j f

be

)[ 1
exp[α(Ee − Ec)] + 1

]x2

x1

(1)

where L is the coefficient depending on the differentiation approach; b and l are MS

width and length, respectively; l1 = x2 − x1 is the LZ width; α = 1
U0

=
(

A KT
◦

q

)−1
;

K is the Boltzmann constant; q is the electron charge; A is the coefficient reflecting the
imperfection of the p-n junction of the scanistor structure; T◦ is the temperature in Kelvin;
Ee = E0· x0

l is the emitter potential at the polling point x0; E0 is the constant bias voltage
of the emitter; Ec = E0· t0

T is the sawtooth voltage value at polling moment t0; T is the
sawtooth voltage period; js is the density of dark saturation current of photodiode cell;
j f
bc and j f

be are the increment density of saturation currents of the base-collector and base-
emitter junctions, respectively, at illumination; and x1 and x2 are the coordinates of LZ
beginning and ending on the MS, respectively. The duration of the time interval from the
initial sawtooth voltage to the VS maximum is proportional to the distance between the LZ
middle and the MS beginning.

Due to its dual character, the MS discrete-solid structure has a discrete or analogue
shape of a VS depending on the step voltage between photodiode cells. In [5] it is shown
that when the step voltage decreases to the value of E0

N < 4U0 (where E0—bias voltage of
resistive divider; N—number of structure cells; 4U0—voltage at the transitional section
of I-V characteristics of the cell), the discreteness of the MS structure is not manifested
and its output current has an analogue character. In the analogue mode, bell-shaped VSs
from neighbouring switching discrete cell overlap each other and the total VS becomes
trapezoidal. The condition of the analogue mode is a potential distribution on a solid
divider, and any time that the sawtooth voltage is polling, there are no less than two cells
in the current-switching state. The first feature of the MS in the analogue mode is high
coordinate-dimension sensitivity to the movements of LZs corresponding to the geometric
parameters of controlled objects. The analogue mode provides a high accuracy in the
measurement of these geometric parameters, namely, coordinates, dimensions, movements,
and simultaneously the energy parameters of one or more LZs. The second feature of the MS
connected with the analogue mode, is the noise-proofing of MS-based measuring devices in
contrast to other photoreceivers of the scanning type, such as charge-coupled devices (CCD)
and photodiode matrices (PDM) based on the principle of charge accumulation, which do
not allow for registering information from fast-changing light fields. An MS can operate in
a wide dynamic range (more than 80 dB) of the intensities of light signals at the frequency
range of the intensity variation of more than 100 kHz [12]. MS-based optoelectronic devices
provide the specified accuracy in obtaining measurement information in the conditions of
strong light noises by brightness modulation of light radiation and subsequent synchronous
detection. The third feature of MS in the analogue mode is the change of the VS shape (from
a trapezoidal to a bell shape) at the decrease of the width of the uniform-in-brightness LZ
(from maximal, which corresponds to the fully illuminated MS, to minimal, when the zone
is absent).

Analysing the formation of the VS trapezoidal and bell shapes, it is practical to replace
the second member in Formula (1) with the difference of the MS transition functions ABC
and CDE (Figure 2), which can be represented as the responses to the input action in the
form of two contrasts, light and shade of the MS light zone in the coordinates x1 and x2.
The results of modelling in Mathcad the effect of the change of the VS shape and amplitude
at the change of the LZ width, and the corresponding convergence of the transition functions
show the following: At the LZ width exceeding the volt aperture (VA) VA ≥ 8U0, a video
signal has a trapezoidal shape. At the contact of the transition functions, the VS acquires a
bell shape. At a further decrease in the LZ width to the moment of its disappearance, the
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VS bell shape is retained, but its width and amplitude are decreasing non-linearly with the
decrease in LZ width. In the literature on television scanistor structures, this dimensional
region of light zones (when the video signal is bell-shaped) is commonly referred to as the
region of narrow LZ (the region of small objects) in contrast to the region of wide zones
with trapezoidal VSs.
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Figure 2. The change of the shape and amplitude of a video signal with the change of the light zone
width.

Narrow LZs are widely used for high-accuracy noise-proof measurements of the
coordinates of objects because of the high sensitivity of the MS to the movements of
such zones. It is also possible with the use of an optical system, by decreasing the LZ
width, to increase the zone brightness and the signal/noise ratio (especially by using an
LZ in the form of narrow laser lines); in this case, at the zone brightness variation, the
maximum of the bell-shaped VS always corresponds to the zoned middle in brightness.
However, a considerable drawback of measuring the geometric parameters of small objects
is the non-linearity of the dependence of the VS width and amplitude on the LZ width
change, and the corresponding insufficient accuracy of the measurements. The problem of
determining the width and brightness for narrow LZs with a high accuracy requires further
investigation, and is currently of importance (particularly for measuring the diameters
of items in fibre-optics and the cable industry, as well as in refractometers—colorimeters
for finding the coordinates and brightness of the information beam, etc.). It should be also
noted that for improving noise-proofing and accuracy of industrial measurements of the
geometric parameters of small objects in the conditions of strong noise, the use of brightness
modulation of light radiation is practical [18,19].

3. Results and Discussion

The structure diagram of the developed noise-proof optoelectronic device based on MS
(MOD) for measuring the geometric parameters of objects is shown in Figure 3 (where Ob—
controlled object; MS—multiscan; BMLS—brightness-modulated light source; BVS—bias
voltage source; SVG—sawtooth voltage generator; GMP—generator of modulating pulses;
CVC—current-voltage converter; BPF—bandpass filter; SD—synchronous detector; LPF—
low-pass filter; ADC—analogue-to-digital converter; MP—microprocessor). The MS-based
optoelectronic device MOD operates as follows: A parallel beam from the brightness-
modulated light source BMLS forms a light zone LZ on the photosensitive multiscan MS
surface. The beginning x1 and the end x2 of the zone correspond to the geometric parameters
of an object Ob. An intensity-modulated information component of the collector current,
separated at the polling of the multiscan MS, is converted into voltage in the current-voltage
converter CVC. After filtration by the band-pass filter BPF and demodulation using the
synchronous detector SD, the voltage enters the analogue-to-digital converter ADC input
and then the microprocessor MP for processing the measurement information. The use of
light flux modulation allows for decreasing errors in the measurement of the LZ parameters,
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which arise due to the dark current non-uniformity of the MS photodiode cells at weak
light fluxes, and also in the case of light noise. The MOD drawback is a decrease in the
accuracy of measurements of the parameters of small objects.
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To provide high-accuracy measurements by the MOD, the linearity of the spatio-
temporal conversion of the measurement information about an object Ob is the most
important; such a conversion consists of two stages of the photoelectric conversion of
the measured dimension (or coordinate) of the object within a time interval. In the first
stage, the coordinate of the controlled light zone on the multiscan is converted to the
linear coordinate-specifying voltage on the solid resistive dividers R′ − R(N + 1)′ and
R′′ − R(N + 1)′′ (Figure 1), which provide the MS high sensitivity to the zone movements.
The second conversion of the above voltage is performed by a scanning sawtooth polling
voltage from the SVG with the use of the volt aperture within a time interval. The general
error in the conversion of the LZ coordinate x within the time interval tx is determined by
the linearity of the coordinate characteristics CC:

x = tx·l/T (2)

At the idealized I-V characteristics of photodiode cells (described by a Heaviside
function), a VS from them would have the form of a Dirac delta function; however, due
to the limited slope of the transitional section of the I-V characteristics of the cells, the VS
is smeared out and acquires a bell shape. The value of the VS smearing-out due to the
influence of the volt aperture (at the contact of transition functions) is 8U0 and is described
by the MS aperture response AR. It should be noted that the most important electrophysical
characteristics of the MS are coordinate characteristics CC and aperture response AR.
The CC reflects the linearity of the photoelectric transformation of the coordinates of the
object image within the VS time intervals at the time-pulse mode of the MS operation.
The AR determines the MS ability to reproduce small details of the image. From this point
of view, the MS can be characterized by unit resolution, number of resolved lines, and
aperture width.

At first, television scanistor structures (TSSs) were developed only for televisions [12,14]
as solid-state analogues of television camera tubes, and their main characteristic was
aperture response (i.e., the dependence of the depth of the VS modulation on the spatial
frequency of the line target). As for all television camera tubes, the main TSS parameter
was television resolution capability (determined with the use of the linear line target by
the number of lines per 1 mm at twenty percent VS modulation). AR is determined by the
shape and finite sizes of a scanning element, i.e., by its aperture. In the MS the scanning
element is the scanning boundary or the line of zero potential. In the TSS there are volt U0
and linear b apertures:

U0 = 4KT/q (3)
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b = U0·l/E0 (4)

Equation (3) is a volt expression of the aperture of the scanning boundary determined
by the value of the smearing of the I-V characteristics of the MS photodiode cell equal to
the quadruple temperature potential. The linear aperture (expression (4)) is the minimum
size of the projection of a measured object, at which the VS edges are not distorted yet, and
consequently, the correspondence between the size of the object projection and the video
pulse duration is retained.

The analysis of the modelling results has shown that a VS is actually a smeared profile
of the LZ, and the task of its analysis is to determine the zone parameters (coordinates,
width, and illumination) by the smeared-out bell-shaped VS from the MS. Figure 4c,d
illustrate the stages of the conventional processing of the VS with the use of its first and
second derivatives. It can be seen that the width of the wide LZ can be determined using
the difference of the moments of the time of zero crossings of the trapezoidal VS second
derivative; it can also be determined directly by the VS (without its differentiation) if the
measured moments of time correspond to the VS crossing half its maximum. In this case, for
the wide LZ, the VS amplitudes and first and second derivatives are directly proportional
to illumination. However, for narrow zones, the moments when the sign of the second
derivative of the bell-shaped VS change do not correspond to the boundaries of these zones
since the TSS cannot register their width with a high accuracy, due to the VS smearing
out by its volt aperture. The time coordinate of the middle of the narrow LZ is definitely
determined by the moment of the VS first-derivative zero crossing.
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Figure 4. Timing diagrams illustrating the operation of a noise-proof multiscan-based measuring
device. (a) the action f (x̂) is the profile of the light zone; (b) the response V(t̂) is the MOD video
signal (solid line); (c,d) illustrate the stages of the conventional processing of the video signal with
the use of its first and second derivatives.

Thus, the conventional processing of the VS of small objects does not permit the provision
of a high potential accuracy of the MOD; therefore, it is practical to study the mechanism of



Appl. Sci. 2023, 13, 2994 8 of 17

the formation of a smeared-out VS for improving the metrological characteristics of measuring
devices.

3.1. The Mechanism of the Formation of the Multiscan Video Signal on the Basis of Its
Impulse Response

One of the most important problems of MODs is their reduction to an ideal device,
i.e., the exclusion of the influence of the device circuit from the measurement results. The
reconstruction of the real LZ relief using its convolution with impulse response (IR) (i.e.,
using a VS) is called ‘deconvolution’. For such reconstruction, it is necessary to know the
parameters of the IR. The problem of deconvolution can be solved by the transformation of
the convolution integral [31]:

v(t) =
∞∫

0

f (x)h(t− x)dx (5)

where f(x) is the initial distribution of the LZ illumination which should be reconstructed;
h(t − x) is the IR that specifies distortions; v(t) is a VS from the MS.

The primary task of the reconstruction of the LZ geometric parameters is the de-
termination of its coordinates in the process of scanning. The MOD is a linear system
with constant parameters, and it can be represented in the form of a structural diagram
(Figure 5a).
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the elementary video signals V(1) of its photodiode cells.

In this case, the action f (x̂) is the profile of the LZ (dashed line in Figure 4b), the
response V(t̂) is the MOD video signal (solid line), and the MOD work is described by the
IR h(t̂− x̂) (where x̂ = x0

l is the normalized coordinate of the polling point x0, and t̂ = t0
T

is the normalized time of polling t0). The MOD impulse response is the function h(t̂− x̂),
which is the system response to an input signal in the form of a unit Dirac delta pulse. For
the MOD, such a pulse is an output signal VC from an infinitely narrow LZ (i.e., a VS from
one MS photodiode unit cell). In this case, the VS at the MOD output can be represented in
the form of the convolution of an input signal (the light relief on the photosensitive MOD
surface) and the system impulse response.

To determine the multiscan IR, we wrote the system of equations of currents and
voltages for its photodiode unit cell in a scanistor enabling (Figure 6).

Ec = Ee0 + Ube + Ubc (6)

jbe = js
(

eαUbe − 1
)
− j f

be (7)

jbc = −js
(

eαUbc − 1
)
+ j f

bc (8)
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jout = 2jbc (9)

where Ee0 = E0
x0
l is the potential of the dividing layers R′ i and R′′ i at the polling point

x0; Ec = E0
t0
T —the value of the sawtooth voltage at the moment of polling t0; T—period

of sawtooth voltage; jbe and jbc—total currents through base-emitter and base-collector
junctions, respectively; Ube = Ube1 = Ube2—base-emitter junction voltage 1, 2; Ubc—base-
collector junction voltage; js = js

be = jsbc—dark saturation current density of base-emitter
and base-collector junctions.
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From Equations (7) and (8) we obtain the following:

Ube =
1
α

ln
jbe + js

be + j f
be

jS
be

(10)

Ubc =
1
α

ln
jsbe − j f

be − jbe

jS
be

(11)

By substituting Equations (10) and (11) into (6) and solving the latter with respect
to jbc, we obtain an expression for the output current jout and the video signal Vs of the
unit cell:

jout = 2
(

js
exp α(Ec − Ee)− 1
exp α(Ec − Ee) + 1

+ j f
bc

exp α(Ec − Ee)

exp α(Ec − Ee) + 1
− j f

be
1

exp α(Ec − Ee) + 1

)
(12)

Vcell = L
djout

dt
= L

2E0

U0T
· exp α(Ec − Ee)

[exp α(Ec − Ee) + 1]2
·
[
b
(

2js + j f
be + j f

bc

)]
(13)

where L is the coefficient depending on a differentiation approach (in the ideal case, L = 1).
A video signal from one MS photodiode unit cell has two limiting cases. In the first

case, when IR does not cause distortions (i.e., h(t̂− x̂) = δ(x), where δ(x) is the unit Dirac
delta function), an ideal measurement by the MOD takes place. Equation (13) for a VS from
one cell is then transformed into real rectangular light relief from a uniform LZ:

Vcell = jcell(x) = b
(

2js + j f
be + j f

bc

)
(14)
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In the second case, when the measured input quantity is in the form of the Dirac
delta function (i.e., j f (x) = δ(x)), Equation (13) is transformed into the multiscan impulse
response:

Vcell = L
dIout

dt
=

2E0

U0T
· exp α(Ec − Ee)

[exp α(Ec − Ee) + 1]2
(15)

The VS of the string television MS is the LZ convolution with IR:

V(t̂) = L
∫ l

0 j(x̂)·h
(
t̂− x̂

)
dx = L

[
b
(

2js + j f
be + j f

bc

)]
· 2E0

U0T
∫ l

0
exp α(Ec−Ee)dx

[exp α(Ec−Ee)+1]2
=

= 2Lbjs
[

2Ll
T ·

1
exp α(Ec−Ee)+1

]l

0
+ b
(

j f
be + j f

bc

)[
2Ll1

T ·
1

exp α(Ec−Ee)+1

]x2

x1

(16)

It can be seen that Equation (16) coincides with (1) for the multiscan VS and shows the
correctness of the obtained expressions for IR and LZ. Figure 5b shows the process of the
formation of a trapezoidal video signal as the sum (integral) of IRs, i.e., video signals from
photodiode unit cells.

The convolution of the signal of the LZ profile with impulse response explains the smear-
ing of the edges of the MOD video pulse. The quantity of the smearing is fully determined by
the MOD IR and does not depend on the LZ width. Thus, the smearing-out of the signals of
the action of narrow light zones relative to their width is so significant that the conventional
method for the determination of the LZ width by the first and second derivatives of the
MOD video signal stops working (see Figure 4c,d).

3.2. Results of the Use of Spatio-Structural Parameters of the Multiscan Video Signal for
Improving the Accuracy of the Measurements of the Geometric Parameters of Objects

The developed MOD (Figure 3) is a linear system with constant parameters, which can
be represented in the form of a structural scheme (Figure 5a). In this case, the MOD work is
described by the impulse response h(t̂− x̂), the action f (x̂) is the light zone profile (dashed
lines on the diagrams in Figure 4b and the response v(t̂) is a MOD video signal (solid line).

In [31], to solve the problem of the determination of the light zone dimensions and
coordinates by the smeared-out video signal of the scanistor p-n-p structure, it was sug-
gested to use spatio-structural parameters (SSPs). The SSPs make it possible to estimate the
width of the rectangular signal of an action, localize it in space and determine its amplitude
by the smeared response of the path of the signal reception and transmission. The SSPs
are functionals, the values of which depend on the parameters of the transformation of
measurement signals acting in reception and transmission systems. Such transformations
are the weighing and summing of signals, the transformation of bias and scaling of signals,
and convolutions of signals with the impulse responses of the linear units of the system of
signal reception and transmission. The SSPs are integral characteristics of signals and are
constructed based on the moments of a different order [29,30]. The moments are described
by the following expressions:

Wk =
∫

tk f (t)dt (17)

where integration is performed over the entire interval of the signal observation (finite or
infinite; in the first case, f (t) is assumed to be equal to zero beyond the interval).

In [31], five SSPs of a video signal are determined: mass (M), centroid (C), dissipation
(D), extent (E) and brightness (Y). The SSPs are computed using one-dimensional moments
W0, W1, and W2 by the following expressions:

M = W0 (18)

C = W1/M = W1/W0 (19)

D = W2/M− C2 = W2/W0 − (W1/W0)
2 (20)
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E = 2
√

3D = 2
√

3
(

W2/W0 − (W1/W0)
2
)

(21)

Y =
M
E

=
W0

2
√

3
(

W2/W0 − (W1/W0)
2
) (22)

In the above expressions, the second variant is only a function of the moments, and the
first variant is a recurrent scheme of computations, in which each subsequent parameter is
expressed in terms of the former ones. The SSPs’ interpretation is as follows:

• the signal mass is an integral over the entire signal observation interval (in this case, it is
necessary to take into account that the mass function is unipolar); the physical analogue
of the signal mass is the total mass of a linear object with a certain specified mass
distribution over its length, which is described by the density of its redistribution f(t);

• the signal centroid corresponds to the “centre of gravity” of the indicated linear object;
• the signal dissipation characterizes the degree of the dispersion of the masses around

the “centre of gravity” of the indicated linear object; the smaller the dissipation value
is, the larger the part of masses around the “centre of gravity” is localized; and vice
versa, the larger the dissipation value is, the more dispersal character of the mass
distribution is.

When mass, centroid, and dissipation are suitable for the description of signals with a
random distribution of amplitudes over their entire length, it makes sense to compute the
extent and brightness for rectangular signals which are light zone profiles on the multiscan
(Figure 4a). In the case of specified limitations for the measurement signal shape, the extent
corresponds to the width of the rectangular signal (light zone width) and brightness to its
amplitude (light zone illumination).

Of all the SSPs, the most interesting is dissipation due to its property to take into
account the value of the smearing-out of a video pulse when it passes through the path of
reception and transmission in the MOD with the impulse response h(t̂− x̂) (Figure 5). In
this case, the output signal dissipation v(t̂) is:

D
[
v(t̂)

]
= D[ f (x̂)] + D

[
h(t̂− x̂)

]
(23)

Let us summarize the case described in Figure 5 and expression (23) when the video
pulse f (x̂) passes through the sequence of linear units with the impulse responses h(t̂− x̂i)
(Figure 7).
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In this case, the dissipation of the system response is described by the following
expression:

D
[
v(t̂)

]
= D[ f (x̂)] +

n

∑
i=1

D
[
h(t̂− x̂)

]
(24)

Expression (24) demonstrates the main dissipation property—the property of additive
accumulation when the signal is passing through the sequence of linear units. Thus, ob-
serving the smeared-out signal registered by the MOD, and knowing the impulse response
of the MOD, it is possible to compute the real values of light zone width and brightness.

The dissipation property of additive accumulation is very important for the estimation
of the video pulse parameters f (t̂) by the observed MOD response v(t̂). In [31] it is shown
that SSPs allow a sufficiently accurate estimation of the duration of narrow rectangular pulses
by their smeared-out video pulses. Using the spatio-structural MOD model, it is assumed



Appl. Sci. 2023, 13, 2994 12 of 17

to describe the MOD video signal in the form of the SSP vector Sv = (Mv, Cv, Dv, Ev, Yv),
and the MOD pulse response in the form of the vector Sh = (Mh, Ch, Dh, Eh, Yh). The SSP
vector of the observed MOD response Sv is computed by the MOD video signal, and vector
Sh by the MOD pulse response (1, 15). In this case, it is possible to estimate the light zone
width and illumination as follows:

• LZ profile “dissipation”:

D f = Dv − Dh (25)

• LZ profile “extent”:

E f = 2
√

3D f (26)

• LZ profile “brightness”:

Yf =
Mv

E f
(27)

• LZ profile “centroid”:

C f = Cv (28)

In Equation (25) the operation of the subtraction of the pulse response dissipation Dh
from the video signal dissipation Dv allows us to take into account the value of the VS
smearing-out by the reception system when the light zone width is estimated in accordance
with the property of additive accumulation of dissipation.

The light zone coordinate and width of the multiscan are traditionally determined by
the first or second derivatives of the MOD video signal OUM v(t̂) (Figure 4c). However,
in [31] it is also shown that the narrow light zone width determined by the VS derivates
is significantly overestimated. Moreover (as it follows from Figure 2), in the case of a
narrow LZ, the amplitude of the observed MOD response v(t̂) significantly decreases and
its reconstruction directly by the signal v(t̂) is impossible. Nevertheless, the first and second
derivatives of the video signal v(t̂) allow a highly accurate determination of the coordinates
of the middle of the zone (including a narrow zone), which is widely used in equipment.

In the present paper, a method is offered for a full reconstruction of the light zone pro-
file (both wide and narrow) with the use of SSPs. The width of the zone profile corresponds
to the extent, and is determined by expressions (25) and (26); brightness by Formula (27),
and the coordinate of the middle by expression (28).

A number of experiments were carried out for the reconstruction of the LZ profile
geometry and spatial location on the multiscan. With this purpose, on the MS photosensitive
surface, a light zone was formed which was gradually broadening. The multiscan width
was taken as 1 and the measurements of the zone coordinates and width were performed in
the relative units of its length. The light zone width varied from 0.00001 to 0.1 depending
on the multiscan length, and its video signal was digitized and processed by the digital
method with the use of the MP (Figure 3). For the reconstruction of the light zone profile
and the coordinates of its middle, both the conventional approach with the use of the first
derivative of the VS and the alternative method with the use of the SSPs offered in the
present paper were used.

Figure 8 shows the measurement results for the normalized value of the LZ width,
which has been measured in accordance with expressions (25) and (26) for the SSPs. In the
case of the conventional method for measuring the light zone width, the observed multiscan
video signal v(t̂) was differentiated; after that, the extrema of the first derivative of the video
signal were determined. The extrema coordinates were taken as the light zone boundaries.
From the analysis of the diagrams in Figure 8a it follows that the reconstruction of the LZ
width using the SSPs (dashed line) is in accordance with the law close to the linear law
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over the entire range of the zone width values (in the region of narrow zones as well). At
the same time, it can be seen that in the conventional method for the reconstruction of a
light zone width (solid line on the diagrams in Figure 8a), the zone width is characterized
by non-linear dependence, which gives a significant overestimation of the width value for
narrow zones. The diagrams of the relative error at the light zone reconstruction are given
in Figure 8b and indicate the high accuracy of the zone width reconstruction with the use of
the SSPs, even in the region of very narrow LZs. It should also be noted that in the region
of wide LZs, both methods provide the possibility of estimating the zone width with a high
accuracy and sufficiently close to the real values. Therefore, in the diagrams in Figure 8,
the range of the normalized values of the LZ width is limited by the value 0.025.
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Figure 8. Results of the reconstruction of the light zone width by the video signal v(t̂) (solid line—for
the conventional method for the reconstruction using the first derivative of the video signal v(t̂);
dashed line—for the reconstruction with the use of the SSPs): (a) the dependence of the measured
values of the normalized width of the LZ on the real values of the width; (b) relative error of the LZ
width determination depending on its real value.

Figure 9 presents the results of the measurements of the normalized light zone bright-
ness. For normalization, the zone brightness value was taken as 1. Brightness was computed
with the use of the SSPs in accordance with expression (27). When the LZ brightness was
reconstructed by the conventional method, the extremum of the observed multiscan video
signal v(t̂) was found. The analysis of the diagrams in Figure 9a shows that in the region of
narrow zones, the conventional method gives a significant loss of brightness. It is associated
with the smearing of the LZ rectangular pulse by the multiscan and the “depression” of
the pulse amplitude, especially in the region of a narrow zone, which is illustrated in
Figure 2. Conversely, the determination of the light zone brightness by the offered method
using the SSPs allows for a highly accurate reconstruction of its value in the region of
narrow zones as well. Figure 9b shows the dependencies of the relative error in the LZ
brightness determination. From the analysis of the dependencies, it follows that the use of
the conventional method for the reconstruction of the amplitude of the smeared narrow
rectangular pulse is impossible due to the high error values. In the case of the use of the
SSPs, there is the possibility of the highly-accurate reconstruction of the LZ brightness for
very narrow zones.
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the conventional method for the reconstruction by the signal v(t̂); dashed line—the reconstruction
with the use of SSPs): (a) the dependence of the measured values of the normalized brightness of
the light zone on the real values of its normalized width; (b) relative error of the LZ brightness
determination depending on the real value of its normalized width.

Figure 10 presents the results of the experiments on the localization of the light spot
on the multiscan surface for LZs of different widths. For this, in the centre of the multiscan,
a light zone was formed. The left edge of the zone remained immobile and its coordinate
corresponded to the value of 0.5. The right edge of the zone was moved to the right, making
the zone wider (as it had been in the previous experiments). In this case, the middle of the
LZ also moved to the right. For each state of the light zone, the coordinate of the middle of
the LZ was determined by the observed signal v(t̂) with the use of the two methods: first,
by the traditional method as the arithmetic average of the extrema coordinates of the first
derivative of the video signal v(t̂), and then by the offered method with the use of the SSPs
in accordance with expression (28). Both diagrams in Figure 10 coincide, which indicates
the same accuracy of the light spot localization on the multiscan by both methods over the
entire range of the LZ width values.
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4. Conclusions

The modelling results show that when the television multiscan operates in the ana-
logue mode at the LZ width exceeding the volt aperture VA ≥ 8U0, the video signal
is of a trapezoidal shape, and at the decrease of the zone width to the moment of its
disappearance—of a bell shape.

It is shown that for small objects (corresponding to narrow light zones), the moments
of the change of the sign of the second derivative of the video signal do not correspond to
the boundaries of this zone due to the smearing-out of the video signal by its volt aperture,
which does not provide a high accuracy of the measurements of the geometric parameters
of these objects.

The mechanism is considered to be the video signal formation based on the multiscan
impulse response, which is defined as an elementary video signal from an infinitely narrow
light zone—from one discrete photodiode cell of the multiscan.

It is established that the convolution of the signal of the rectangular profile of a light
zone with the impulse response explains the smearing-out of the video signal edges; in
this case, the smearing-out value is fully determined by the impulse response and does not
depend on the zone width.

A method is offered for the full reconstruction of the rectangular profile of a light zone
(including a narrow one) in the developed noise-proof optoelectronic measuring device
based on a multiscan with the use of spatio-structural parameters, where the light zone
profile width corresponds to the extent of illumination—brightness, and it’s coordinate—
centroid.

It is shown that the subtraction of the impulse response dissipation from the video
signal dissipation permits taking into account the value of the video signal smearing-out
with high accuracy at the estimation of the light zone width, in correspondence with the
property of the additive accumulation of dissipation.

It is established that the use of the spatio-structural model of a video signal allows
for widening the sphere of application of the multiscan-based optoelectronic devices for
the tasks of highly-accurate control and measurement of the geometric parameters of
small objects. However, the issues of increasing the accuracy of measurements of struc-
tural elements’ dimensions in noisy graphic images using SSPs have not been sufficiently
investigated.

In the future, we can use other techniques such as holographic interferometry [32,33],
or machine vision system with MATLAB [32], Edge Directions [34], and using logic models
and sensors [35].
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