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The paper considers a simulation computer model of an optoelectronic system for measuring the point objects
coordinates. The model allows optimal coordination of the system links parameters in order to minimize the
measurement error. The method of multiple statistical tests which allows accumulating the results of single
computational experiments for each specific measurement event with a unique random distribution of links parameters
and characteristics, and then carrying out statistical processing of the accumulated results is the main method of
computer simulation. As a result of multiple analyses, multi-parameter functional dependencies that provide optimal
coordination of parameters controlled by the designer or operator according to the criterion of the resulting
measurement errvor minimizing are realized. The article presents the results of evaluating modeling parameters that
reduce the measurement error. It is relevant to apply this method when using the same measuring system in different
operating conditions, for different measured objects and when performing various functional tasks since it allows
adapting the system for a specific application. The model presented in the article can be concretized for the purpose of
evaluating and multi-parameter optimization of particular object parameters, as well as for developing a virtual
measuring stand on the basis of the model and its modifications.

Keywords: coordinate measurement, point object, computer simulation, measurement error, optimal parameter
matching.
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Paccmampusaemces umumayuonHas KOMNbIOMeEpPHAsL MOOeTb ONMUKO-INEKMPOHHOU CUCEMbl USMEPEHUsl KOOPOU-
Ham mMoueyHbIX 00BbEeKMos8, NO360NAOUASE NPOBOOUMb ONMUMATLHOE CO2AACOBAHUE NAPAMEMPOS 36EHbES CUCHEMbL
€ yenvio MuHumMuzayuu nozpeutnocmu uzmepenutl. OCHOBHbIM MemMoOOM UMUMAYUOHHO2O KOMNBIOMEPHO20 MOOeIUpPO-
8aHUA ABNAEMCA MEMOO MHOLOKDAMHBIX CIMAMUCMUYECKUX UCHbIMAHUL, NO360A0WUL HAKANIUBAMb pe3YIbmambl
OOHOKPAMHBIX GbIYUCTUMENbHBIX IKCHEPUMEHMO8 O KaHC0020 KOHKPEeMHO20 aKMd U3MepeHUs Npu VHUKATbHOM
cAyyYanHoM pacnpedenienull napamempos U Xapakmepucmux 36eHbes, d 3amem nposooums Cmamucmuieckyro oopa-
O0mMKY HAKONJIEHHbIX pe3yabmamos. B pesynomame mMHo20KpamHuo2o ananusa peaiu3ylomcs MHO2onapamempuyecxkue
@yHKYUOHATbHBIE 3a68UCUMOCTIU, 0DeCneuU8alowue ONMUMATLHOE CO2NACOBANUE KOHMPOIUPYEMbIX NPOEKMUPOSUUKOM
U ONepamopoM napamempos no Kpumepuio MUHUMUIAYUU Pe3VIbMUpYIoujell noepeuHocmu usmepenui. B cmamoe
npueedeHsvl pe3yibmanmuvl OYeHKU NApamempos MOOeIupO8anUs, YMEHbUAIOWUX NOZPEUHOCIb usmMepenul. AKxmyansb-
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HbIM A6IAeMCs NPUMEHeHUe 0aHHO20 Memooa npu UCHONb308AHUL OOHOU U MO Jice USMEPUMENbHOU CUCTHEMbL 8 Pa3-
HBIX YCNOBUAX IKCHITYamayuy, 05 pasiuyHbIX UsmMepaemblx 00beKmos u npu 6blNOTHEHU PA3IUYHBIX QYHKYUOHATLHBIX
3a0ay, NOCKOAbKY NO360Jsem a0anmuposams cucmemy OAsi KOHKpemHo2o npumenenus. l[lpusedennas 6 cmamve
MoOenb Modcem Oblmb KOHKPEMUUPOBAHA C Yeablo OYeHKU U MHOLONAPAMEMPUYECKOU ONMUMU3ayuL napamempos
KOHKpPemH020 00beKma, a makoice 015 paspabomKu Ha OCHO8e MOOeIU U ee MOOUDUKAYULL BUPIMYATIbHO20 UMepUmeb-

HO20 cmenoa.

Knioueswvie cnosa: usmepernue KoopOuHam, moueunwlii 06‘beKm, UMUMAYUOHHOE KOMNbIOMepHoe MO@@ﬂupO@aHU@,
nocpeutHocms UMepPeHUs, ONMUMAalbHOE COclacosanue napamempos.

Introduction. The problem of remote determination
of the spatial position of various stationary and dynamic
objects is effectively solved using optoelectronic measur-
ing systems. Currently, a photo detector array (PDA) [1]
is the main detecting element, in the plane of which the
image of the measured object is built. PDA-based coordi-
nators are used in astronomical and geodetic measure-
ments, in guidance and aiming devices [2; 3], as well as
in personal identification systems using biometric
parameters [4]. In the latter case we mean registering
the coordinates of some cardinal points, the ratio of the
distances between which is one of the components of the
identification vector.

It is advisable to take the image of a point object as
the basic measured element. It is the measurement error of
this element coordinates that determines the functional
quality of the device. Obviously, in the case of an ideal
optical system the image of a point will be a point. Then
the measurement error is determined by the geometric
dimensions of an individual sensitive array element
(pixel) [5]. Error reduction is possible due to the fact that
a real lens creates an image of a point in the form of a
scattering spot.

When such a spot is formed, the image energy is no
longer concentrated on one sensitive element of the array,
but is distributed over the surfaces of several detectors,
which creates a charge relief in the region of accumula-
tion of PDA signal charges. Having obtained the exact
numerical values of the signals for adjacent elements onto
which the scattering spot is projected and having proc-
essed these values using an interpolation algorithm that
takes into account the imbalance in the distribution of
signals among elementary detectors, we can calculate the
coordinates of the spot center in the PDA vertical and
horizontal relative to a given coordinate center in the
PDA plane.

If the scattering spot is round, which is typical for its
location in the eyesight central (paraxial) zone, then there
is no need to carry out interpolation processing for all
array elements that fall into the optical signal energy
zone. It is enough to determine the extreme pixel with the
maximum signal and construct the interpolating functions
only by the vertical and horizontal sets of detectors sym-
metric with respect to the extreme element (column and
row, respectively).

If a PDA is an ideal one, that is, there are no noises
and dark currents in it, then the calculating errors in the
horizontal or vertical coordinates will decrease with in-
creasing the number of sample elements to a certain value
that ensures representativeness of the result. Further in-
crease in the number of processed pixels will no longer
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affect the error. The error itself in this case will be deter-
mined by the computational error of the computer.

A real PDA is characterized by the presence of both
dark currents and noise. This leads to deformation of the
ideal charge relief and to increasing the error of coordi-
nate measurement [6]. Moreover, increasing the number
of processed pixels can increase the measurement error,
since the processing will include elements in which signal
charges are already absent, and noise components
continue to participate in the calculation process. Other
factors, such as the instability of the initial optical signal,
atmospheric turbulence, vibrations, etc., also affect the
resulting error. We can say that the measurement error
is determined by signal fluctuations distributed over
the optoelectronic path and having different physical
origin [7].

Problem statement. At present, decrease in the meas-
urement error is achieved mainly due to the improvement
of the qualitative indicators of the devices hardware
and the improvement of the algorithms for PDA output
signals [8] processing. Computer simulation is used,
as a rule, for the preliminary development of various
design decisions at the stage of scientific research [9].

The presence of a computer model that allows optimal
matching of coordinator links according to the criterion of
minimizing the measurement error is an urgent problem,
the solution of which will ensure the adaptation of a de-
signed or operated measuring device to actual conditions
of its use in order to increase the accuracy of measure-
ments.

As it has already been noted above, fluctuation (noise)
processes distributed along the optoelectronic path are the
main factors for increasing measurement errors. The pres-
ence of random components in a useful signal requires the
implementation of a basic modeling algorithm in the for-
mat of multiple statistical tests. In this case, the device
links parameters and characteristics are initially set in the
form of nominal values having the essence of the mathe-
matical expectation for each component involved in the
computing process. Also a probabilistic law that describes
the behavior of a random variable and the parameters of a
random process necessary for modeling, for example,
mean standard deviation (MSD) are determined for these
components.

In a single computer experiment a random point (its
coordinates) is generated in the PDA plane. Then a corre-
sponding spatial function with a vertex whose coordinates
correspond to the generated point coordinates is con-
structed in the scattering spot in accordance with the en-
ergy distribution law. The distribution of array signal
charges which are then converted taking into account the
probabilistic nature of physical processes into a random
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discrete function of the signals accumulated by the PDA
pixels is calculated using the convolution operation be-
tween the array raster and the energy distribution func-
tion. Using this discrete function the approximate value of
the scattering spot center is calculated by interpolation.
The difference between the positions of the true random
point and the calculated spot center is stored as a single
random error.

Conducting a series of repeated statistical tests for
each new random position of the generated point and the
unique distribution of random array parameters allows
finally obtaining the MSD for the entire set of statistical
experiments. Each new series of statistical experiments
involves a purposeful deterministic change in one of the
coordinator controlled parameters in a real range of ac-
ceptable values. Thus, the function of the dependence of
the error in measuring the coordinates §; on the variable
parameter p,, that is, 8; = f (p;), is realized. The minimum
value of this objective function will be the optimal pa-
rameter value providing the smallest measurement error,
other conditions being equal.

Obviously, carrying out such an analysis in a multi-
parameter space will allow getting an optimally consistent
set of controllable parameters that meets the criterion
of minimizing the measurement error. It should be noted
that the solution of this problem does not imply the de-
velopment of new instruments or methods for measuring
coordinates, nor does it touch upon the improvement of
algorithms for determining the position of the vertex of
the energy distribution function in the scattering spot. The
main purpose of the research is to develop computer-
oriented tools and methods for optimal coordination of the
parameters and characteristics of the optoelectronic path
links of the measuring device controlled by the designer
or operator, which would ensure minimization of the
measurement error in the presence of an already set (de-
signed or physically implemented) coordinator. That is,
we are mean creating a virtual test stand for the optimal
choice of parameters and operating modes of a real device
planned for practical use, taking into account the real
conditions of its operation in accordance with a given
functional purpose.

As it has already been noted above, the scattering spot
formed in the paraxial region is round. The invariance of
such a spot relative to the selected coordinate system al-
lows setting the function of the illumination distribution
in the spot £ (x, y) for only one coordinate. Let such a
coordinate be x. The function itself is assumed to be
Gaussian:

(r=x0)?

e 2t (1

()
E(r)=—0
2-m-r

where @, is the incident radiation power; x, is the

real random coordinate of the point generated in the
PDA plane; r is the scattering spot radius at the level
0f 0.606 from the maximum illumination level.

In the case of a single generation of fluctuations, only
PDA noises are taken into account, which are specified in
fractions of the useful signal for the multiplicative noise
component, and, similarly, in fractions of the dark signal
for the additive noise component.
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The convolution of the array raster and the illumina-
tion distribution function in the point image leads to the
conversion of the continuous input optical signal E (x)
into a stepwise discrete function S (i), where S is the elec-
trical signal and i is the number of the array raster element
in a row. Each element of the vector S (i) contains a signal
determined for a specific random implementation of the
point, determined by the integrated illumination of the
raster i-th element, and a noise random component gener-
ated inside the i-th element in accordance with a given
MSD. The simplest interpolation algorithm for calculating
the energy center, which is a modification of the method
of determining the mass center of a system of material
points known from the course of theoretical mechanics,
was used to determine the coordinate of the center x, of
the scattering spot:

_ 2:115(1) ) xc (l)
x, =20 X ) @)
2183)
where S (i) is the signal in the i-th element of the row;
x(7) is the coordinate of the i-th element center; m is the
number of sample elements involved in the processing.

The calculation of the final error is carried out on the
basis of all random implementations for a particular series
of multiple statistical tests.

Discussion of simulation results. It is obvious that if
the size of the scattering spot is smaller than the pixel
size, then the measurement error of the spot center coor-
dinate will be determined by the size of the pixel. Increase
in the scattering spot diameter will reduce the error due to
the inclusion of adjacent pixels in the processing. Too
much "expansion" of the spot will reduce the energy level
of the optical signal due to the distribution of energy over
a larger area. Therefore, there must be some optimal spot
radius which will provide the minimum measurement
error. This hypothesis was tested in [10; 11]. A virtual
experiment in which the scattering spot radius varied with
a certain step from the value of the pixel size to a size of
several hundred pixels was conducted for given raster
parameters and values of noise components. Multiple
statistical tests were carried out, and the current error was
calculated for each new value of the radius. Fig. 1 shows
the resulting optimization graph, from which it can be
seen that there really is a radius of the scattering spot
which minimizes the measurement error.

The optimal number of sample elements was also de-
termined, which minimizes the error [12]. The number of
pixels involved in the interpolation process discretely
increased from 1 (the pixel with the maximum signal) to n
(the total number of pixels in the row). Pixel increment
was performed symmetrically on both sides of the ex-
treme pixel. Each step was accompanied by the calcula-
tion of the error by the method of multiple statistical tests.
With a small number of sample elements the error was
large. Then as the number of pixels involved in the proc-
essing increases the error decreases. But with a certain
value of the processed pixels, it again began to increase.
This is due to the fact that at the periphery of the spot the
useful signal became smaller than noise signals which
began to make a significant contribution to the final error.
The more “noise” pixels that did not contain signal com-
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ponents were added to the processing the larger was this
contribution. Fig. 2 is a stepwise graph illustrating the
results of the described computational experiment.

The horizontal of this graph shows the number of
sample pixels normalized relative to the total number of
pixels in the row, and the vertical shows the measurement
error.

1.8

The graphs shown in fig. 1, 2 are illustrative (demon-
strative), and the parameters of the arrays in computa-
tional experiments are selected in such a way as to in-
crease the visibility of the presented results. In this regard
there is no need to give the parameters of the optoelec-
tronic paths of the measuring systems for which these
graphs were obtained.
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Fig. 1. Dependence of the optimal coordinate measurement error
on the scattering spot radius
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Fig. 2. Dependence of the relative error of coordinate measurement
on the number of sample elements
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Fig. 3. Distribution of charge packets over the pixels of the matrix row
at a small radius of the scattering spot
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Fig. 4. Distribution of charge packets over the pixels of the matrix
row at a large radius of the scattering spot

Puc. 4. Pacnpe/:[eneHI/Ie 3apsAJOBbIX MTAKETOB 10 MUKCEIIAM CTPOKHU
MaTpulsl 1pu 0O0JIBIIIOM paanyce 1raTHa pacCesaHuA

The appearance of the screen interfaces on which the
results of single statistical tests are presented is of interest.
They are shown in fig. 3, 4.

Gaussian function of illumination distribution in the
scattering spot is displayed at the top of both figures. The
lower part corresponds to the discrete distribution of
charges (signal and noise) accumulated under the influ-
ence of optical radiation. It is obvious that in fig. 3 the
charge relief has a sharper character due to the smaller
size of the scattering spot. The increase in the spot radius

in fig. 4 leads to “blurring” of the charge relief. In both
cases the amount of spot energy remains constant, but the
radius increase in Fig. 4 reduces the proportion of energy
per 1 pixel. Therefore, the charge relief shown in Fig. 4
undergoes noticeable deformations, which of course leads
to a significant increase in the measurement error of the
scattering spot center.

For example, when analyzing a dynamic object [13]
a sequential series of measurements of its current position
coordinates at equal time intervals determined by the sig-
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nal accumulation period is made in order to determine
both the trajectory of its movement and the parameters
characterizing the movement of the object (speed, accel-
eration). It is obvious that decrease in the accumulation
time would lead to more accurate measurements, but then
the signal charge would not have time to accumulate to
the value necessary for accurate fixation of the calculated
coordinate. At the same time the increase in the accumu-
lation time will lead to blurring of the image [14; 15].
There appears the problem of determining such an opti-
mal accumulation time that would ensure the smallest
measurement error of the current coordinate. A similar
problem could also be solved using the proposed model.

Conclusion. The described model is of a generalized
character and demonstrates only some of the possibilities
provided by it in terms of the optimal coordination of
individual parameters and operating modes of optoelec-
tronic measuring systems. The development of the model
takes place, firstly, along the path of concretization as
applied to real designed or operated devices, and sec-
ondly, towards the development of multi-parameter opti-
mization of coordinators by combining the parameters
and characteristics of various parts of the system into one
modeling process.

All this creates the prerequisites for creating a virtual
stand which provides the development and configuration
of measuring systems that most effectively fulfill the tasks
planned for them.
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