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SYNTHESIS OF THE OPTIMAL ALGORITHM AND STRUCTURE
OF CONTACTLESS OPTICAL DEVICE FOR ESTIMATING THE PARAMETERS
OF STATISTICALLY UNEVEN SURFACES

The production of parts and (or) finished products in electronics, mechanical engineering and other industries is
inextricably linked with the control of the accuracy and cleanliness of the processed surfaces. Currently existing
meters of parameters of statistically uneven surfaces, both contact and non-contact have some disadvantages, as
well as limitations due to methods and design features of measurement. Speckle interferometric methods for
measuring parameters of statistically uneven surfaces make it possible to get away from some disadvantages in-
herent in existing methods and measurements. The use of methods of statistical radio engineering, methods of op-
timization of statistical solutions and estimates of parameters of predictive distributions for optimal radio engi-
neering system synthesis is promising for the analysis and processing optical-electronic coherent laser space-time
signals (speckle images) form with the laser radiation scattered by statistically uneven surfaces. This work syn-
thesizes the optimal algorithm and structure for analyzing the parameters of statistically-temporal surfaces based
on spatio-temporal processing of optical speckle interference signals and images using modern methods of opti-
mal synthesis of radio engineering and coherent optoelectronic systems. In this work, an algorithm for processing
optical signals scattered by statistically uneven surfaces is synthesized and investigated for problems of optimal
estimation of parameters and statistical characteristics of statistically uneven surfaces. A block diagram of the
optical contactless device for evaluating the parameters of statistically uneven surfaces is proposed. The limiting
errors of estimation parameters of statistically uneven surfaces and the optimal installation angles of the emitters
and the optical receiver are investigated. Equations are obtained for estimating the root-mean-square height of
the ridges and the correlation radius of small-scale statistically uneven surfaces in the approximation of small
perturbations. The proposed method for evaluating the parameters of statistically uneven surfaces allows to in-
crease the accuracy of measurements, to conduct a non-contact assessment of the parameters - even statistically
uneven surfaces that have geometric surface irregularities or located in hard-to-reach places, for example,

grooves, holes, as well as products of cylindrical, spherical and other shapes.

Keywords: surface roughness; laser; speckle pattern; optimal algorithm; optical receiver; statistically uneven
surfaces.

Today, the creation of non-contact devices for assessing
the parameters of SUS is in demand. At the same time,

Introduction

The problems of monitoring the parameters of sta-
tistically uneven surfaces (SUS) are very relevant in
various fields of modern science and technology: metal-
based manufacturing [1-2], remote sensing [3], robotics
[4], tomography [5], microelectronic manufacturing [6],
etc. In industry, mechanical engineering and production
of parts and finished products at different stages of the
technological process of their processing and manufac-
ture, contact or bulky (not portable) optical meters are
predominantly used. This fact is mentioned in [7,8].

it is important to design them based on the synthesis of
optimal algorithms for processing optical signals by
statistical methods of optimal estimates of the measured
parameters. Statistical theory of such systems synthesis
was developed by V. E. Dulevich [9], V. D. Stepanenko
[10], B. R. Levin [11], P. A. Bakut, and G. P. Tartakov-
skii [12], V. A. Kotel’nikov [13]. Application of such
methods of optimization gives optimal structures of a
measuring system and limit errors of parameters estima-
tion.
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Obijectives. In this work the optimal algorithm for
processing optical signals scattered by SUSs and a block
diagram of an optical contactless device for estimating
the parameters of SUSs have to be developed and inves-
tigated.

Tasks. To reach the objectives it is necessary to
solve following tasks:

— define models of the probe and scattered signals,

— investigate the statistical characteristics of the
scattered signals taking into account parameters of the
uneven surfaces,

— synthesize optimal signal processing algorithm,

— define structure of the optimal measuring sys-
tem,

— derive analytical expressions for measurements
limiting errors.

The article has the following structure: Section 1
is devoted to the observation equation and its statistical
description, section 2 describes the process of the Opti-
mal algorithm synthesis, section 3 shows the calculation
of the limiting errors in the estimation of the measured
parameters, section 4 shows the method of Optimal es-
timation of the parameters of a small-scale statistically
uneven surface, in section 5 it was investigated ranges
of viewing angles and calculation of the limiting errors
of measurements of the parameters of small-scale SUS,
final sections are conclusions and references.

The research results presented in the article were
obtained as part of the implementation of the following
joint projects by the authors: Ukrainian radar complex
of low altitudes and flight speeds for helicopters of JSC
"Motor Sich", Ultra-wideband microwave passive radar
for the university nanosatellite KHAI-1KA and Helicop-
ter (for Mi-2MSB-V, Mi-8MTV-MSB1, Mi-8MTV-V,
Mi-24V-MSB) radar collision warning radar for low-
altitude safety. These projects were obtained by the au-
thors in the mentioned above institutions and were
sponsored or would be sponsored by the Ministry of
education and science of Ukraine.

Observation equation
and its statistical description

The estimated parameters and statistical character-
istics can be chosen as the root-mean-square heights and
correlation radii of a statistically uneven surface, its
dielectric indices, and other characteristics.

Estimation of the entire set of unknown parameters
of statistically uneven surfaces included in the vector

C=||ck |, requires an appropriate number of independ-

ent observation equations. The group of necessary equa-
tions can be formed by receiving signals at different

-

polarizations, from several angular directions 9 using
multiple wavelengths A, and etc.
In this case, we consider the observation equation

as the sum of the useful signal and an additive noise.
Useful signal has form of an interference field (speckle
pattern) corresponding to the investigated statistically
uneven surface To obtain the necessary system of equa-
tions it is used several wavelengths . The geometry

of the problem is shown in Fig. 1, where 1, 2 are laser
radiation sources with wavelengths 2, and %, , 3 is the

investigated surface, 4 is the multi-element optical re-
ceiver. The desired parameters of the SUS are the corre-
lation radius and the root-mean-square height of the
irregularities. At the same time, it is necessary to take
into account that today most of the optical receiver mar-
ket is not single-element receivers, but multi-element
ones, which are an array of point receivers. The receiv-
ing area of such a matrix will be considered as the field
of point broadband receivers with small spatial angular
dimensions. The set of signals observed in the plane at
several frequencies can be represented as a vector

i=5()+n :“ul(t,Q,xl),uz(t,§,x2),...

...,uM(t,f},xM )“:“um (t,@,xm)“ (1)
where
te(O,Tm), m=1M,

() -pnlt8m e - [rnlt57m )]

um(t,§,km)=sm (t,§,xm,§)+nm(t,§,km).

Fig. 1. Geometry of the problem of studying
parameters of statistically uneven surfaces

Useful signal (speckle pattern) formed on the sur-
face T e D’ of the photosensitive elements of the opti-
cal receiver (OR) can be represented as a function of

time t and angular coordinates §(?’), uniquely related

to coordinates ',
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where I':m (FE) is the complex coefficient of scattering

of the incident laser radiation by the elementary sections
of the studied area of the SUS, i is the surface parame-
ters to be evaluated. The functional relationship of the
¢ with the scattering coefficient is shown here condi-

tionally, since in this work the statistical parameters of
the correlation function of the scattering coefficient will
be subject to assessment. In (2) oy, is the root-mean-

square height of irregularities oy, and Ly, is the correla-
tion radius, &=(op,,Lp))s ta(7.9)= R(f,é)/c is the
delay time of the scattered optical radiation propagating
at a distance R(f,@) from the elements of the investi-

gated surface with coordinates T=(x,y)eD to the
receiving elements of the photosensitive device with
angled Q(r’) or their corresponding linear coordinates

FeD’, Fig. 1. Ay (t) is the envelope of a serial of

harmonic oscillations emitted by each individual elec-
tron at random times t. Its length in space determines
the length of coherence. Vector of direction cosines

§= ||cos 0y ,C0s Oy” = §0 +AS (3)
oriented to the elements of the optical receiver in the
vicinity of the direction §0 to its center,

AS=T/L, 4)
where L is the distance between the centers of the opti-

cal receiver and the illuminated area of the SUS; obser-
vation intervals T,, may be the same and may be dif-

ferent.

Using (4) in linear coordinates ' D’ on the sur-
face of the photosensitive device, this signal can be rec-
orded in this form

S (67,80, 4. 8) = Re(jD Fo (F.8)x
x|t (7.7, §0)]ej[“”“t‘k’“R(F'f"§°ﬂ dfj, (5)

where Ky = o, /C=21/Ay, — is the wavenumber.

Noise Ny, (t) is the white noise that can be caused

by normal broadband lighting in the measurement room,
as well as by the internal noise of the photosensitive
recorder. We assume this interference to be spatio-
temporal white noise with a correlation function of the
following form

Nm(tt2, 6,8 ) =

= <nm [tl“(_jl(?l’)}nm [t2v§2 (?2’):|> _

N 7! 72!
Z%S(tl—tz)S(ﬁ_—rz) (6)

and power spectral density N,,/2 . Internal noise of the

elements of the photosensitive recording device, located
at separate discrete points ¥’, are statistically independ-
ent and their description in the general case does not
contradict formula (6).

It is assumed that at different wavelengths

(frequencies of laser radiation) the processes U, (t) are

Gaussian and independent from each other. The Gaussi-
an nature of the random signal (2) and its complex am-
plitude is due to multiple reflections of vibrations from
a statistically uneven rough surface. We find its correla-
tion function in the form, that is specified in [14, 15],

R (102 1075.2) = (5 (15 B Ao )
XS (tz,fz’,§0,km,é)>=
=%Re( oo (B (.2) B (7.2 =
A1t (5.7 80) |An" [t ta (7. 7, 8o ) |

Xej{mm(tlftz)fkm[R(flfl'vg‘O)*R(fZ'FZ"%)}} d?]. (7

The correlation radius of microroughness of the
investigated surface is assumed to be small, i.e.
reflection coefficient correlation function

Re, (flafzaé)=<'im (7€) Fm (Eé)) ®)
from them is narrow. The length of the envelope of the
harmonic wave train A, [tl —tq (%7 QO)J , determin-
ing the coherence length of laser radiation is much larg-
er than the width of the correlation function
Re, (7.%,C), as well as the linear dimensions of the

area filled with the area of the light-sensitive matrix of
the radiation detectors. In this case, changing the enve-

lope A[tl —ty (ﬁ,?l', Qo)] can be neglected when pass-

ing from coordinates 1, ¥ to coordinates ¥, ¥;.Then
A|:t1 _td (T’i,fi', ‘(;0 ):| ~ A|:tl _td (?2,F2’, §0 ):I =~

~Alt-t4(7. ).
Expanding in a Taylor series any of the terms of the
distance difference in the exponent of formula (7) we
get
AR =R (%,7.80) - R(%.%".5) ©)
in the vicinity of the values of the variables § or T, by
differences AF=7%—1, and limiting ourselves to the

first linear terms of this series, which mainly take place
within the narrow correlation function, and also follow-
ing the methodology presented in [8, 14]. Taking into
account (9) we obtain such an expression for the corre-
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lation function

RSm (t]_x tz,_ri’, FZI ’ —é) = % Re{ej[wm(tltz):lx

XIDGO (7.d..8)An [tl —tq (7,90 ):|><
xAm[to~ta(7.90) e ar},  (10)
where
o®(7.d..8) = [ Re, (F.AF,L)I0AT dAf) (11)
co(f,ql@) is the effective scattering cross section,

that is studied in [16], G, is the horizontal projection of
scattering, used in works [16, 17], the components of
which are the spatial frequencies of the scattering coef-
ficient F, (?T;) which indicates resonant (selective)
scattering of waves on certain spatial spectral compo-
nents of surface irregularities. If the surface roughness
is a statistically homogeneous random process, then
0(v 7\ _ 0(%\_

c (r,(;)—c ((;)_const.

It can be assumed that at the input of each element
of the optical receiver matrix with coordinates 7 (at

71 =T5 =T") the received radiation has the same time

I

independent ¥
following form

correlation functions, which have the

x% Re {ej[mm(trtzﬂ ID A [tl —~tg (7.8 )] x

xAn[to—tg(F, QO)]df}. (12)

In this case that in the spatial coordinates ¥, ¥

the correlation function of the speckle pattern is deter-
mined by expression (10).

We will consider the sensitive area of an optical
receiver. It is assumed that the receiving elements of the
optical receiver (OR) are located perpendicular to the

directions 9. Angle increments AS within the receiv-

ing area, the OR are very small. The brightness of the
interference speckle pattern is significant. Dozens and
hundreds of interference maxima and minima are
formed in the region of the matrix of the OR receiving
elements, which have the form of light and dark spots,
called speckles. This speckles are described and men-
tioned as the interference on the image at works [18,
19]. Their angular sizes are approximately equal to the
angular correlation radius of the speckle pattern. This
correlation radius is approximately equal to

‘5@‘ =Am/Do. (13)

where Dg spot diameter on the investigated area D,

obtained by illuminating it with a laser beam.
The speckle pattern itself can be regarded as a function

of the angular 9=9;+A9 or linear coordinates
F=(x",y’)eD’, where D' — receiving area of the OR.

To simplify the synthesis of the algorithm for es-
timating the parameters of a rough surface, we will as-
sume that from the entire set of processes recorded by
the elements of the matrix of an optical photosensitive
device, independent temporal processes are analyzed,
selected approximately at intervals equal to the correla-
tion radius of the speckle pattern as a spatial random
process. Such assumption was applied in the following
works [20-22]. In this case, the positions of the receiv-
ing elements of the photosensitive device on its surface

correspond to such angular 9 =9 ;= 9, +i89 , or linear
' =T =IAF" coordinates.
Taking into account the above results the system

of observation equations at the m-th wavelength and in
the i-th receiving element will take the following form

"um,i (t)” :Hsm,i (tvg)“"'"nm,i (t)"- (14)

where indices i=1 N - numbers of receiving elements
of the OR

sm,i (1.6)= Re(ej‘”mt JD Fin (7€) x
<Ay [tl ~t4(FF, §0)] ¢ JomR (7350 dF], (15)

where sp, ; (t?;) is useful signals, which are independ-

ent time processes, corresponding to the spatial inde-
pendent readings of the speckle image formed at the
m-th wavelength, on the surface of the OR elements.

It can be assumed that on a small recording area of
the light-sensitive device, the correlation function (12)
does not depend on the coordinates T'. Thus it is the
same at the input of each i-th receiving element and
expression (12) can be written in the following form,

Ris;, (t1t2,71.¢) =Rs, (t1t2,€) =
om (41,€)¥ (L —t2),

Yty -ty)= % Re(ej{“’m(tltz)} j x

(16)

Noise np,(t) are independent with the same cor-
relation functions

N (t,12) = (Nim (t)Nim (12)) =
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=(Noim/2)3(t~tp),
Noim = Nom- (18)

Due to the fact that the angular dimensions of the
OR are small, we believe that the following is observed,

4, (31).8]= o4, (30).] -
:G?n (E)zc?n (Gh,Lh).

The effective scattering cross section is practically in-
dependent on small angular changes in coordinates
within the surface of the OR.

(19)

Optimal algorithm synthesis

The algorithm for optimal estimation of the pa-
rameters of the studied SUS is synthesized by the meth-
od of finding the maximum of the likelihood functional.
This conditional probability density functional for the
case of registration of speckle patterns at several wave-
lengths (multispectral speckle pattern) will have the
form

(20)

PLA()IC]=TTm I 1; Plumi(01Z]

Differentiating this functional with respect to the

estimated parametersi , we come to the system of like-
lihood equations

om(P[u(1)1g))

1
3, =0=-23 030
t,t .
[y Mwum (t2,t2,C ) dtydlty + @

Um,i (t1)Um;j (t2)dtydt,

S

where W, . (tl,tz,a) is the function inverse to the

correlation function that is calculated from the inversion
equation of the form

I Rm,i (tlv tha)Wu

m,i

. (tz,t3,2)dt2 =5(t,—t3). (22)

Taking into account (16), we can assume that the corre-
lation and inverse correlation functions do not depend

on the index i, namely R, . =R W, . =W

Um ' Um,i Um

Equation (21) can be rewrite in the following form

m% J_J_aRum(tl,tz z;)

m

Wy, (tt,C ) dtudt, +

Wy, (tt2.8)

Um,i(ty)Um,i(t2)dtydty . (23)

The correlation function R (t,tp) of the pro-
cess Up(t) is stationary and depends on the difference
of the arguments t; —t, and. It is based on (16), (18),
(19) and has the form

Ry, (tt2)=Rs (tlltZ!C)"'an (ti.tz), (24)
where

om (é)‘l’m(trtz)'

N
Rim (tlltz)Z%S(trtz)-

Assuming that all random processes are statistical-
ly stationary it is expedient to find the solution of the
likelihood equation (23) in spectral form by applying
the direct Fourier transform. The Fourier transform of
the correlation function (24) in accordance with the
Khinchin-Wiener theorem is equal to the energy spec-

trum of the random process Uy, ; (t)
Gup (F.€)=F[ Ry, (1-12.8) |-

=08 (€)Gum (f)+-2m,

Rs,, (t.t2) =

(25)
where

Gym (F)=F[¥m (1 —t2) . (26)

We assume that the width of this correlation func-

tion is significantly less than the observation time inter-

val T,. This allows to pass to infinite limits in the in-

version equation (22) and write it in the form of the
convolution integral

T Rm (t—r,a)Wum (r,a)dr :8(t).

Applying the direct Fourier transform to this equa-
tion we find the spectrum of the inverse correlation

function
th -1, Q ] ]/Gum =

F[Wu
yom(c)ew<f>+”gm.

which is the reciprocal of the energy spectrum of the

(@7)

random process Up; (t).

Then the likelihood equation (23) in the spectral
region will have the following form

Y _1{Nij [lne (f,iﬂdf -
N fw%[meum (r.€) ]

<G L (.88, (i2f )‘2 df} -0,  (28)

where
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St,,, (i2nf) = ij U, (e 2Mgr.  (29)
Equation (28) can be represented as
M 26° (A, ) NT Gy, (f) y
IS 0 2 No
m1 % L R [ (F)+—=m
Gy, (f)

_Zi’il jooo . 3 Nom T2 %
|:0' (*m/C)Gw,, (f)+2}

. 2
§ j2nf‘
def =0 (30)
T
or in vector-matrix form
M
"X =| > o X =0. (31)
m=1
Since the matrix
aco(x E)
o_|[.0o |_ m’
2 _“Gmu”_ o, | (32)
is generally nonzero, then
o « Gy (f)
_ - Ym _
X =[Xm[ =[N | — N df
“06° (h,£) Gy, (F)+ :
N, = Gy, (F)
_ Vm X
Ei{o 0 7 Nom |
& (xm,g Gy, (F)+ 0"
. 2
S i (j2rf
><| mi (127 df| =0 (33)

Multiplying the numerator and denominator in the
left term by the same denominator we rewrite system
(33) in the form

df. (34)

) 2
Average value of the periodogram ‘STmi (j2nf )‘

in equation (34) has the following form

. . o T2
i {fo,, G2e1) >=T'i“w_Tf/2_[o (i (1) (1))

. © .
<72 gy, = lim T [ R, (x)el? do=
Tow® o m
= lim TG, (f,(;). (35)
To solve this system, i.e. to find the optimal esti-
mates of the required parameters of the SUS, it is neces-

. 2
sary to form a periodogram ‘STmi (j2nf )‘ at each of
the frequencies of the probing signal in the correspond-

ing receiving channel Up, ; (t) , perform weight integra-
tion over frequencies and then equate result to the left
side of the equation, which should contain the known
dependences on the sought parameters 7;

We rewrite the right-hand side of equation (34) in
the following form

£ Gy, (f) )

=1 o {GO (Xm.z)G\Um (f)+NomT

2
‘Svai (joCf)‘z df = [ K j2rf )
e —EJ;J dek it (127 )| x
S, (2 f)‘2 N [Sgecy (12 f)‘2
T, T T [Odek Ty, ; (JeT
x’“'fdf :EL ’“'T df, (36)

and the left - in this one

N [ K gek fire (2 )|2 x

—00

X[GO ()G (f)+0,5N0k}df.
Then the system of equations (34) takes the form

N [ [Kaek i (27 )|2 {GO (Km,a)Gwm (f)+%}df =

@37)

N 2 ) 21]- ) 2
=3 [ [Kaeksir (i2nf) ?‘sTm'i ( jZﬂ:f)‘ df, (38)
i1
where

. 2 SN
|K ekt (i27F)|” = ‘Kdek fite (127F ) K ek fie (12reF )‘ =

- -2
:GWm(f)[co(xm,g)GWm(f)+o,5N0k} . (39)
In expression (39) Kge i (i2nf) is the transfer

characteristic of the filter that decorrelates (denomina-
tor) and filters (numerator) of the received oscillations
in time.
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Using the Parseval-Laplace theorem, we write the
right-hand side of Eq. (38) in the following form

Z f _‘Sdek Ty (J2nf )‘ df ~

i=1 oo

N 1 T 2
:Zi=1-|-__[u dek m,i (t)
m o

N
= meean,dek,m,i = IDmean,dek,m )
i=1
Where Pean dek,m,i 1S @n estimate of the average power
of the received signal at the output of the i-th element of
the matrix receiver at the m-th wavelength of the prob-
ing signal, and Prean gek,m 1S the total estimate of the

average power of all the received signals corresponding
to independent counts of the speckle pattern in the m-th
wavelength.

Finally, we bring expression (38) to the form

o° (km:a) _ Pme;n,dek,m ’

Ym

(40)

0
=N G, (f)df.
—00
The block diagram of the optimal meter for the ef-
fective scattering cross section of SUS by multi-element
OR at the m-th number of wavelengths is shown in
Fig. 2.

where P\v

N
Zi=l Pmean._ dek.2.i

it

. 1| . :
Srli(ﬁnf] df ?2]—: S1,, (_]ZZTEf)’» df

F__AF

|| 4 I 4 — 4
IF 4F 45 3F AF
K et i (j27f )

Sininintnty

Fig. 2. Block diagram of the optimal effective scattering
cross section estimation of a statistically uneven
surface at two wavelengths
Calculation of the limiting errors
in the estimation of the measured
parameters

N
> iy Bnean aek Li

it

1 rxm
fj—:&:

l:)'-IJI
P'-IJZ

lom

Limit errors of parameter estimation Zz are deter-

mined by the diagonal elements of the matrix inverse to
the Fisher information matrix. The main diagonal of the
Fisher information matrix has information about the
limiting variances of errors corresponding to the bound-
ary below which the root mean square (RMS) values
cannot be obtained.

Fisher matrix has the following form

G RO ) P
o - T T2 Nmzl{'gx
c=¢
T@Wum (tl—tzya) Ry, (tl_tz'a) dt,dt
S ElE P

Expressing through the spectra Gy and G, cor-

relation Ry, and inverse correlation W, function and

taking into account (25, 27) Fisher matrix takes form:

ORI

M=1_0 —c0

Oy | Gy, (fl C)

e G (.2 e 2P g, -
v

oGy, (f1.€) 86y, (f2.€)
T, LI
g

Mz

N

I\)ll—‘

1

3
[

el2r(fif2)(i—t2)gr ot dt it ~

X
o '—;3_‘

0
M ©3InG, (f,£)oInG, (f.C
*NY T | " ( )etn 6@”‘( C)olfz
m=1 —o0 v
6% (m,C) || 86° (A, C
. weim(f)[ (gg )H gg )]
:Eszj " 4t (42
o] 0 e Nom |
[ )on, )+
Finally
01 36° (k. E) 01 86° (2. )
sz m() G, oc, - (43)
where
© e ()
Afmzj Am ~df  (44)
—0 N
G f %
Ap )+260(9m’€)

is the bandwidth of the energy spectrum of the useful
signal at the output of the optimal filter. The square of
the frequency response of the optimal filter
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. 2
|Kdekﬁ|t(j2rcf)| is given by expression (39). It per-

forms operations of decorrelation and matched filtering
of the input signal. At the input of this filter the shape of
the energy spectrum of the useful signal is determined

by the function Gy, (f).
Formula (44) can be expressed in the detail view

© Gh (f)[zco(xm,é)/NOm]z

Afy = S df =
—w[GAm (1) 26° (m E) 1 NOm}rl]
e (220
“[2u(f)+1]’
where

u(f) =22 (lec:;(xm,a)

is the signal-to-noise power ratio depending on frequen-

(45)

cy f (quantity c® is dimensionless). Increasing n(f)

leads to widening bandwidth Af,,, of the optimal filter.
At the same time measurement errors are reducing. In
the case of p(f)— oo the integrand tends to unity, and

Afy,, > . In this case, the errors in the estimates of the
parameters ¢ tend to zero.

If the frequency bands Afm(i):Af are inde-

pendent on parameters é and are the same for any A,
then the observation times is the same T, =T. Taking
this statement into account formula (43) takes the form

NTAF M 9In66® (A, C) 8In86° (1, C)

S RO Gy
It is of interest to consider the case of estimating
only two unknown parameters (M = 2) when observed

signals are received at two different frequencies. In this
case, the Fisher matrix has the form,

)

. (46)

o= (47)
i alnc‘)(xm,a) : 2 alnc"(xm,@)alnco(xm,&)H
m=1 Gy m=1 G e
2 0In6® (A, E) 0G® (1, E) 2 (0I0® (Am,C) ’
=g oG, ot G2

Limiting variances of parameter measurement er-
rors 24, A,, are obtained from the matrix inverse to
(47)

2 2

c =—X
Ci2)  NTAf

)2 2\\2
oInc® (34,) 0Inc®(2,.€)
o &
21 2(1
5 1) @) @)
Dgenom
where Dyenom — determinant of matrix (47)

e’ (15,8) 0Inc® (31.€)
ogy e

Ddenom =

0Inc®(24,€) 8Inc® (1,.€) ?
oG o, '

Optimal estimation of the parameters
of a small-scale statistically uneven surface

Small-scale statistically uneven surface satisfies
the conditions h(F)<<i, [V h(F) <<l F=(x,y),
height of the

where h is the irregularities;

VvV, = i,i is transverse differentiation operator
oxX oy

(gradient).
The effective scattering cross section of a small-
scale surface has the following form
0 4_-1nn 12 ~nc2 2 =
op =4k'n |Mn| cos” 6; cos” O W (d, ), (49)
where W(d, ) is energy spectrum;

Mn is the coefficient that depends on angles 6;,
0, and dielectric constant .

Energy spectrum of irregularities has the following
form

2(in2 2 . :
. 2. 9 —P7|sin® 6;+sin” B —~2sin B; sin 65 cos ¢s
W(qL)ITEGthE ( )

where 3=0.5KLy,.

Taking into account (50) the equation (49) has the
form

» (50)

o3 = 4k |V, [ bof Lje P, (51)
where
a =sin? 6 +sin? 05 —2sin6; sin 65 cos ¢,
b = cos? 6 cos? 0.
Equation (51) for recording reflected oscillations
for two wavelengths gives the following results

. 2
o8 = 4k* N1, [ b Le P2, (52)
. 2
cg = 4kg |M|2 bcﬁ L%e_Bza,
where k1(2) = 2TE/7\.1(2), Bl(Z) = 05k1(2)Lh

Dividing (52) by (53) gives the next results

2
6_(1)_ Pcp.(kl) B kf(fBla B kf

0(2) Pcp.(kz) kgefﬁga k‘z1

(83)

Ko
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e_ﬁlza: 1 Pcp.(kl)
e*ﬁ%a Ko Pcp.(xz),

(54)

then

1 Pcp.(kl)
? ? " Ko Pep.(%2)
}\,1 7\.2 a

Correlation radius L, and root mean square
height of irregularities o, can be found as follows

In[l Pep. (7‘1)}
Ko F)cp. (}‘2)

2 2
() )

Pc A
A ACY L (57)

2 2. "
P akg |M[* bL3ePie

; (56)

G=Lp= |-

Investigation of the ranges of viewing
angles and calculation of the limiting errors
of measurements of the parameters
of small-scale SUS

In the process of setting up experiments or con-
structing a measuring system, an important element is
the choice of the optimal characteristics of its compo-
nents, as well as the geometric parameters of their in-
stallation. For this, the matrices inverse to the Fisher
information matrices is studied. The diagonal elements
of this matrix depend on the features of the nonlinear
connection of the complex amplitudes of the received
optical oscillations with the estimated parameters and
are determined by electrodynamic models. This makes it
possible to investigate the lower bounds of the variances
of the estimates of the measured parameters. These es-
timates correspond to the ultimate measurement accura-
cy. A detailed analysis of these errors allows us to
choose the optimal measurement conditions.

According to the synthesized algorithm for optimal
estimation of the effective scattering cross-section of
statistically uneven surfaces (40) and the structural dia-
gram built on its basis (Fig. 2) an optical scheme for
measuring the parameters of statistically uneven surfac-
es was developed (Fig. 3). In the scheme: 1, 2 are lasers
with different wavelengths; 3 is an investigated statisti-
cally uneven surface; 4 is the multi-element optical re-
ceiver. To find the optimal angles of installation of la-
sers and a multielement optical receiver, as well as to
select radiation sources that provide the required accu-
racy in measuring wavelengths, according to formulas
(48) and (49), the limiting errors of the estimated pa-

rameters of statistically uneven surfaces are calculated
using an electrodynamic model of a small-scale surface.

The initial conditions for the study of the accuracy
characteristics of the synthesized optimal algorithm for
estimating the parameters of statistically uneven surfac-
es were specified as follows: wavelengths of emitters
M =650 nm and 2, =405nm, RMS height of irregu-

larities o, =0.01mkm , Roughness correlation radius
Ly =0.1mkm.

Fig. 3. Optical scheme for estimating
the parameters of statistical uneven surfaces

Graphs of the dependences of the limiting values
of the variances of the estimates of two parameters, the
root-mean-square height of the irregularities o, and the
correlation radius of irregularities L, corresponding to
all possible combinations of the angular positions of the
emitters and the multi-element optical receiver in the
range of angles from 0° up to 90° with a step in 0.1°,
are shown in Fig. 4 and Fig. 5. Along the abscissa axis
the angular positions of the OR Qgy are plotted. The

ordinate is the angular position of the emitters Q1.

By enumerating the angular positions of the emit-
ters and the receiver with a simultaneous search for the
minimum error in the joint determination of the group
of the sought parameters, as well as taking into account
the real conditions of the experiment, the optimal angles
of the lasers were chosen Qtx =0.1°(60°) and posi-

tions of the multi-element

QRX = 600(0.10) .
Namely, for a given surface illumination angle
Qrx and the installation angle of the multi-element

optical  receiver

optical receiver Qry the absolute errors in determining
the root-mean-square height of irregularities were calcu-

lated 5.1275-10° mkm and correlation

2.0212-10~3 mkm .

radius
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Fig. 4. Dependence of the maximum measurement
errors of the standard deviation of the height
of irregularities o, SUS from installation

angles transmitters and receiver
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Fig. 5. Dependence of the maximum measurement
errors of the standard deviation of the correlation
radius of irregularities L, SUS from

installation angles emitters and receiver

Conclusions

The problem of optimal estimation of the parame-
ters and statistical characteristics of the investigated
statistically uneven surface by a multielement optical
receiver is solved. The algorithm for optimal processing
of optical signals has been synthesized, and a corre-
sponding block diagram has been developed.

The diagonal elements of the covariance matrix
inverse to the Fisher information matrix were analyzed.
As a result the limiting errors of the estimated parame-
ters of statistically uneven surfaces were investigated
and the recommended installation angles of the emitters
and optical receiver were determined.

Equations for estimating the root-mean-square
height of irregularities and the correlation radius of a
small-scale statistically irregular surface are obtained in
the approximation of small perturbations.

The developed method for estimating the parame-
ters of SUS will allow:

1) increase the accuracy of measurements;

2) conduct a non-contact assessment of the param-
eters of the SUS;

3) to measure the parameters of statistically une-
ven surfaces that have geometric surface heterogeneity
or are located in hard-to-reach places, for example
grooves, holes, as well as products of cylindrical, spher-
ical, and other shapes.
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CHUHTE3 OIITUMAJIBHOI'O AJITOPUTMY TA CTPYKTYPHU
BE3KOHTAKTHOT' O OITHUYHOI'O MPUCTPOIO AJIAA OINIHKU ITAPAMETPIB
CTATUCTHYHO HEPIBHUX ITIOBEPXOHb

O. IllImamko, B. Bonocrok, C. 2Kuna, B. Ilasnuxis,
M. Pyscenuyes, E. Ilepue, A. Ilonos, 1. Ocmpoymos, H. Ky3vmenxo,
K. lepzauoe, O. Cywienko, 10. Agep'anoea, M. 3anicokuii, O. Conomenuyes,
O. I'aspunenxo, b. Ky3neyos, T. Hikimina

Bupo6aunTBo aeraneii Ta (a60) ToTOBUX BHPOOIB B palioeNeKTPOHIMi, MAITHHOOYIyBaHHI Ta 1HIINX Tally3sX
TIPOMHUCIIOBOCTI HEPO3PUBHO TIOB'sI3aHE 3 KOHTPOJEM TOYHOCTI 1 YACTOTH OOpOOIIOBaHUX MOBEPXOHb. [CHYIOWI Ha
CHOTOJTHIIIHIH AEHP BUMipIOBadi MapaMeTPiB CTATUCTUYHO HEPIBHUX ITOBEPXOHb, SIK KOHTAKTHI, TaK i O€3KOHTAKTHI
MaloTh DSl HEOJIKIB, a TAKOXX OOMEXEHHs, 00YMOBJIEHHX METOJaMH 1 KOHCTPYKTHBHHMH OCOOJIMBOCTSIMH BHMi-
proBaHb. Criexi-iHTepepOMETpHYHI METOM BHUMIPIOBAaHb NapaMeTpPiB CTAaTHCTHYHO HEPIBHUX IOBEPXOHb NAlOTh
MOXJIMBICTh TI030aBUTHCH BiJ sy HEJOMIKIB, TPUTAMAaHHUX ICHYIOUMM METOJaM i 3aco0aM BHUMiproBaHb. Bukopu-
CTaHHS METOJIB CTATUCTHYHOI PaJlIOTEXHIKH, a CaMe, METOIB ONTHUMi3allii CTATUCTUYHUX PIllICHB 1 OI[IHOK MapaMe-
TpiB HMOBIPHICHUX PO3IOLTIB AJISl CHHTE3y ONTHMAIBHUX PaliOTEXHIYHUX CUCTEM € HEPCIICKTUBHUM 1 JUIS CHHTE3Y
OIITHKO-EJIEKTPOHHNX KOT€PEHTHHUX JIa3epHHUX CHCTEM IPOCTOPOBO-4acOBOi 0OPOOKH CHUTHAIIB (CIIEKI-300paxkeHb),
c(hOpMOBAaHMX PO3CITHUM CTATHCTUYHO HEPIBHIMH MOBEPXHAMH JIa3€pHUM BUIIPOMiHIOBaHHAM. MeTa nanoi pobotn
CHHTE3 ONTHMAIILHOTO aJTOPUTMY Ta CTPYKTYpH OE3KOHTaKTHOTO ONTHYHOTO MPHUCTPOIO Ul aHaji3y mapameTpiB
CTaTHCTHYHO HEPIBHHUX ITOBEPXOHb HAa OCHOBI NMPOCTOPOBO-4acOBOI OOPOOKM ONTHYHHX CHEKI-iHTephepeHIiHHNX
CUTHAIIB 1 300pakeHb 3 BUKOPUCTAHHIM CYYaCHHX METO/IIB ONTHMAIIBHOTO CHHTE3Y PaIiOTEXHIYHUX 1 KOTePEHTHHIX
ONTUKO-EJIEKTPOHHUX CHCTeM. Y JaHiil poOOTi CHHTE30BaHUH 1 BUBUCHHUH aJTOPUTM OOpOOKH ONTHYHHUX CHUTHAIIB,
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PO3CISIHUX CTATHCTUYHO HEPIBHUMU MOBEPXHSIMH, JUIS 33]]a4 ONTUMAJILHOTO OILIHIOBAHHS ITapaMEeTPiB 1 XapaKTepuc-
TUK CTaTHCTHYHO HEPIBHUX IIOBEPXOHB. 3allPONIOHOBAHO CTPYKTYPHY CXEMY ONITUYHOTO OE€3KOHTAKTHOT'O HPUCTPOIO
JUTS OIIIHKH TIapaMeTpPiB CTATUCTHYHO HEPIBHUX IMOBEPXOHb. JlOCTIKEHO rpaHUYHI MOXHOKHA pO3pPaxXyHKOBHUX ITapa-
METpIB CTATUCTHYHO HEPIBHUX IMOBEPXOHB i ONTUMAIIbHI KyTH YCTAHOBKHM BUIIPOMIHIOBAYIB 1 ONTHYHOTO MpHMada.
OTpuMaHO PIBHSAHHS JJIS OI[IHKK CepeIHbO-KBaIPaTHUHOI BHCOTH 1 pajiyca Kopemsmii IpiOHOMacITaOHUX CTaTHC-
THYHO HEPIBHUX MOBEPXOHb B HAOIMKEHHI MaJTUX 30ypeHb. 3ampOTIOHOBAHUA METOJ OIIHKH TapaMeTpiB CTATHCTH-
YHO HEPiBHUX MMOBEPXOHb JTO3BOJISIE ITiIBUIIIMTH TOYHICTH BUMIPIOBaHb, TPOBECTH OE3KOHTAKTHY OIIHKY ITapaMeTpiB
CTaTUCTHYHO HEPIBHUX MOBEPXOHb, 10 MAIOTh TEOMETPUIHI HEOIHOPITHOCTI MTOBEPXHI a00 PO3TAIIOBAHUX Y BaX-
KOJIOCTYITHHX MICILISIX, HANIPUKIIAM, T1a31, OTBOPH, a TaKOX BUPOOH LMIIiHApHUYHOT, chepnuHoi Ta iHIHMX Gopm.

Kiro4uoBi cioBa: mMOPCTKICTh MOBEPXHIi; Jia3ep; CIEKI-300paKCHHS; ONTUMAIIbHUI aJrOpUTM; ONTHYHHIMA
mpuiiMay; CTATUCTHYHO HEPiBHA MOBEPXHS.

CHUHTE3 OITUMAJIBHOI'O AJITOPUTMA U CTPYKTYPbI
BECKOHTAKTHOI'O OIITHYECKOI'O ITPUBOPA IS ONEHUBAHUSA ITIAPAMETPOB
CTATUCTUYECKU HEPOBHBIX IOBEPXHOCTEM

A. Illmamko, B. Bonociok, C. Kvina, B. Ilasnuxos,
H. Pysicenuyes, 3. Llepne, A. Ilonos, H. Ocmpoymos, H. Kyzvmenxo,
K. lepzauoe, O. Cywienko, 10. Agepvanosa, M. 3anuckuii, O. Conomenuyes,
O. I'aspunenxo, b. Kyzneyoes, T. Hukumuna

ITpousBoxcTBO neTaneil n(MiaK) TOTOBBIX N3AETHH B PaJHO3JIEKTPOHUKE, MAIIHHOCTPOCHUH U IPYTUX OTPaCIsIX
MIPOMBIIINICHHOCTH HEPA3PBIBHO CBA3aHO C KOHTPOJIEM TOYHOCTH M YHCTOTHI 00padaThiBacMbIX HoBepxHOCTEH. Cy-
HIECTBYIOIUE HAa CETONHAIIHUI AEHb H3MEPHUTENH MapaMeTPOB CTATHCTHYECKU HEPOBHBIX MOBEPXHOCTEH, KaK KOH-
TaKTHBIE, TaK U OCCKOHTAKTHBIC UMEIOT DS HEIOCTATKOB, a TAKKe OTPAHMYCHHH, OOYCIIOBICHHBIX METOIAAMHU U
KOHCTPYKTUBHBIMH OCOOCHHOCTSIMU CpenCTB M3MepeHus. Crekin-uHTeppepoMeTpuIecKiHe METObl N3MEpPEHUH Ta-
paMeTpoB CTATUCTUYECKH HEPOBHBIX MOBEPXHOCTEH MarOT BO3MOMKHOCTH YHTH OT psja HEAOCTATKOB, MPHUCYIIUX
CYIIECTBYIOIIUM METOAaM M CpPeACTBaM H3MepeHuil. lcrmonp3oBaHHEe METOAOB CTAaTUCTUYECKOW PaAMOTEXHHKH, a
HMEHHO, METOJIOB ONTHUMHU3AIUN CTATUCTUYECKUX PEIICHUI 1 OIEHOK NapaMeTPOB BEPOSITHOCTHBIX pacHpeaeIeHui
JUIL CHUHTE3a ONTHMAJBHBIX PaJUOTEXHHYECKHUX CHUCTEM SBIIAETCS MEPCHEKTHBHBIM M JUIS CHHTE3a ONTHKO-
9JIEKTPOHHBIX KOTEPEHTHBIX JIa3€PHBIX CHCTEM MPOCTPAHCTBEHHO-BPEMEHHOW OOpabOTKM CHTHAJIOB (CIIEKII-
n300pakeHmit), ChOPMHUPOBAHHBIX PACCESTHHBIM CTATUCTUYECKH HEPOBHBIMU ITOBEPXHOCTSIMHU JIA3€PHBIM H3ITy4EHH-
eM. Llens nmanHON pabOTHI CHHTE3 ONTUMAIBHOTO AITOPUTMA M CTPYKTYpPhI OECKOHTAKTHOTO ONTHYECKOTO Mpubopa
JUIL OLICHMBAHUS MapaMEeTPOB CTAaTUCTUYECKH HEPOBHBIX MOBEPXHOCTEH Ha OCHOBE MPOCTPAHCTBEHHO-BPEMEHHOM
00paboTKM ONTHYECKUX CIIEKI-HHTEP(EPEHINOHHBIX CUIHAIOB U M300pa’keHnil ¢ MCIOIb30BaHUEM COBPEMEHHBIX
METOJIOB ONTHMAIBHOTO CHHTE3a PaAHOTEXHUUYECKUX U KOTEPEHTHBIX ONTHUKO-3JIEKTPOHHBIX CUCTeM. B naHHOH pa-
60Te CHHTE3MPOBAH M MCCIICIOBAH ONTHMAIIBHBIA aIrOpuT™M 00pabOTKM ONTHYECKNX CHUTHAJIOB, PACCESHHBIX CTATH-
CTHUYECKU HEPOBHBIMU MOBEPXHOCTSAMHU, IS 33/1a4 ONTUMAIbHOIO OLEHMBAHUS MAapaMETPOB U CTATUCTHUYECKUX Xa-
PaKTepUCTUK CTAaTHCTHYECKH HEPOBHBIX IMOBepxXHOCTeH. IIpemioskeHa CTpyKTypHas cXeMa ONTHYECKOro OecKOH-
TaKTHOT'O yCTPOICTBA JAJIS OI[EHKH MapaMeTPOB CTATUCTHYECKH HEPOBHBIX MOBEpXHOCTEH. MccnenoBaHsl mpeaess-
HBIE MTOTPEUTHOCTH PACUETHBIX NTapaMETPOB CTATUCTUYECKH HEPOBHBIX IMOBEPXHOCTEH U ONpe/ieNeHbl ONTHMalbHbIE
YIJIBI YCTAHOBKH M3JIydaTeNeil ¥ ONTHYeCKOro npreMHHKa. [lomydeHsl ypaBHEHHS AJIS OLIEHKU CpeIHEKBaJpaTHde-
CKOI1 BBICOTBI HEPOBHOCTEH M pasnyca KOPPESIMA MEIKOMAaCIITaOHBIX CTAaTUCTUYECKH HEPOBHBIX MTOBEPXHOCTEH B
NpUOIMKEHUH MaiblXx Bo3MylieHuil. [IperyaraeMeiii METOJl OLEHKH MapaMeTPOB CTATHCTHYECKH-HEPOBHBIX II0-
BEPXHOCTEH MO3BOJIAET HOBBICHUTh TOYHOCTh U3MEPEHUH, MPOBECTH OECKOHTAKTHYIO OIIEHKY IapaMeTPOB CTATHUCTH-
YECKH HEPOBHBIX MOBEPXHOCTEH, U3MEPUTH MapaMeTPbl CTATUCTUYECKH HEPOBHBIX MOBEPXHOCTEH, UMEIOIUX reo-
METPUYECKUE HEOJHOPOAHOCTU NMOBEPXHOCTU MM PACHON0XKEHHBIE B TPYJHOAOCTYIHBIX MECTaX, HalpUMep, Ma3kbl,
OTBEPCTHS, a TAKIKE U3AEITUN LWINHIPUIECKOH, chepruecKoil u Ipyrux Gopm.
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