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Abstract

The dispersion control of micro- and nanoparticles by their images is of great importance for ensuring
the specified properties of the particles themselves and materials based on them. The aim of this article was
to consider the possibilities of using the Hough transform for dispersion control of overlapping particles and
their agglomerates. Analysis of the application of the Hough transform for overlapping particles and their ag-
glomerates showed the following. The particularities of the conventional implementation lead to the preferred
registration of large particles, the shift of the centers of overlapping particles, and the distortion of the size
values. To use the Hough transform correctly, fine-tuning of all its parameters is required. To automate this
process, the dependences of the number and size of particles recorded in the image on the parameters of the
Hough transform was investigated. The studies were carried out on test images with a known number and
size of particles. The results showed that when the threshold parameters of the Hough transform change, the
number of detected particles stabilizes near their optimal values. When the size range of particles detected by
the Hough transform changes, the histogram of the particle size distribution changes. In this case, the optimal
width of the range is determined by the most stable extremes of the histogram. The maximum center-to-center
distance is set at least half of the optimal range. The configuration algorithm is described and implemented.
It implies repeatedly running the Hough transform with different combinations of parameters. The algorithm
includes stages of coarse and fine-tuning, which allows to getting closer to the optimal parameters. The ef-
ficiency of the algorithm has been confirmed on test and real images. Tests have shown that the errors in de-
termining the size and number of particles of the multi-pass Hough transform are on the same level or exceed
these indicators for analog methods.
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IIpumenenune npeodpasoBanus Xada 1 KOHTPOJIA
AUCIIEPCHOCTH HAKJIAABIBAIIIMNXCH YACTHI] U UX

arjiomMeparoB
ILB. I'ynsieB

Yomypmekuii pedepanvrviii uccieoosamensckuii yenmp Ypanvckozo omoenenus Poccutickoii akademuu Hayx,
ya. umenu T. Bapamzunotl, 34, 2. Hoicesck 426067, Poccus

Tocmynuna 05.06.2023
Ipunama x nevamu 04.09.2023

KonTponp nmucnepcHOCTH MHKpPO- W HAHOYACTHI[ 10 HM300paXEHHSIM HMEET OOJbIIOe 3HAYeHHE
JUTsE oOecTriedueHus 3aIaHHBIX CBOMCTB CaMHUX YacTHIl M MaTepHajoB Ha WX ocHOBe. Llenpro manHO#l pabOTHI
SIBIISITIOCH MCCIIEZIOBaHNE BO3MOXKHOCTEH MpUMeHeHHs mpeodpazoBanus Xada st KOHTPOJS TUCTIEPCHOC-
TH HAKJIAJBIBAIONIUXCA YaCTHUI[ W MX arjoMeparoB. AHanmW3 TMPHUMEHEHHs mpeoOpasoBaHus Xada
JUTST HAKJTaIbIBAIOIIMXCS YacTHI] W WX arjioMepaToB ToOKazan ciexyromee. OcoOeHHOCTH KOHBEH-
[IMOHAJBPHON pealn3aliy TPUBOMAT K MPEANOYTHUTENFHOW pErHCTpaliyd OONBIINX YaCTHI], CMe-
IMICHWIO TIEHTPOB TEPEKPBHIBAIOIINXCS YACTHIl, HCKAXEHHWI0 pa3MepoB. [l KOPpPEeKTHOTO WCIOb-
30BaHMs TpeoOpazoBanms Xada TpeOyeTcss TOUHAs HACTpOWKa BCeX ero mapameTpoB. s aBTOMa-
TH3allMd TaKOW HACTPOMKH WCCIEIOBAaHBl 3aBHCHMOCTH KOJHMYECTBA W pa3Mepa pPEerHCTPUPYEMBIX
Ha W300paKEHWHM 4YacTUI[ OT TapaMeTpoB TpeoOpazoBanms Xada. McciaemoBaHus TPOBOAMINCH
Ha TECTOBBIX HM300paXEHHAX C W3BECTHHIM KOJIWYECTBOM M pa3MepaMu YacTuIl. Pe3ymbTaTsl mokazaim,
YTO TPU W3MEHEHWH IIOPOTOBBIX IMAapaMeTpoB TpeoOpa3oBaHus Xada HYHCIO PETHCTPUPYEMBIX
YacTUIl CTAOMIM3UPYyeTCs BONM3M WX ONTHUMAIBHBIX 3HaueHWH. [Ipm m3MeHeHMM amama3oHa pa3MepoB
perucTpupyeMbeix mpeoOpa3oBanneM Xada UYacTHIl W3MEHSAETCS THUCTOTpaMMa pAaCIpeleNIeHns YacTHI]
mo pasmepam. llpm 3TOM omnTHManbHAas IHWPHHA IUama3oHa OIpeNeNsieTcs Mo Hauboyee yCTOMYHUBBIM
IKCTpPEMyMaM THCTOTpaMMbl. MaKCHMalbHOE MEXIIEHTPOBOE PACCTOSHHE YCTAaHABIMBAETCS HE MeHee
MOJIOBMHBI ~ ONTUMAIBHOTO jauamna3oHa. OmucaH ©  pealn3oBaH  aITOPUTM  HACTPOWKH, TIOA-
pa3yMeBalOIIM  MHOTOKPAaTHBIM  3amyck mpeoOpazoBanmss Xada ¢  pa3IUIHBIMH  KOMOHWHa-
OUAMHA  TIapaMeTpPoB. AJTOPHTM BKIIOUAET OJTambl TPyOOH W TOYHOW HACTPONKH, ITO3BOJISIIO-
e TOYHEee TMPUOTU3UTCS K ONTUMAIbHBIM MapaMerpaM. PaboTOCIOCOOHOCTh anropuTMa TO-
TBEp)KJIEHA Ha TECTOBBIX M pEAIbHBIX H300paxkeHWsX. llpu STOM MOTpEmHOCTH OmpeeNeHus
pa3MepoB M KOJIMYECTBA YaCTHI[ MHOTOIIPOXO0BOTO Mpeodpa3oBanus Xada HaXOAITCS Ha OJHOM YPOBHE
WJIH TIPEBOCXOST JaHHBIE TIOKA3aTeNH y METOI0B-aHAJIOTOB.

KiroueBble cJjioBa: CKaHUPYIOIIWKA 30HIOBBIM MHKpockor, C3M-u3zo0pakeHue, 4YacTUIbI, KOHTPOJIb
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Introduction

The micro- and nanoparticles dispersion con-
trol is important to ensure the specified properties of
particles and materials based on them. Traditionally,
various types of microscopy associated with obtaining
high-resolution images are used to dispersion control.
Conventional methods [1] of processing such images
imply segmentation, identification of objects and mea-
surement of their sizes. Threshold filtering (binarization
[2, 3]) and contour analysis [4]) are the most common
segmentation tools. However, the use of these tools
reduces the accuracy of determining the size of over-
lapping particles and particles with varying degrees
of brightness. There are more complex segmentation
methods, for example, parametric [5], variational [6],
neural network [7]. These methods have significant
limitations in application (complexity of implementa-
tion, high demands on computing resources) and are
not always available in open libraries such as OpenCV.

The disadvantage of conventional image pro-
cessing procedures is the necessity of manual pa-
rameter settings. At the same time, for automation
of dispersion control, it is advisable to use methods
with automatic parameters setting [8]. In addition, as
shown in [9], conventional methods for segmentation
of overlapping and touching particles do not always
determine their real contours. In this case, structural
methods that can take into account the hidden part of
the particle contour are more effective. Such methods
include surface curvature detectors [10] and geomet-
ric shape detectors based on the Hough transform.
Unlike curvature detectors, the Hough transform has
found much wider application in commercial [11]
and free software [12]. The aim of this article was to
consider the possibilities of using the Hough trans-
form for particle dispersion control.

Problem definition

The scheme for calculating the distribution of'il-
luThe simplest case [13] of particle dispersion moni-
toring implies manual parameters adjustment and
manual results filtering, more complex — the use of
additional add-ons, such as neural networks [14], fil-
ters [15]. However, this approach reduces the avail-
ability of the resulting software. The main task of
this work is to develop an algorithm for automatical-
ly adjusting the parameters of the Hough transform
without modifying the conventional implementa-
tion of the transform. This implementation generally
includes the following procedure.

1. To find the boundaries of objects in the image,
contours are allocated using the Canny method.

2. The brightness gradient for the boundary
points is calculated.

3. Rays perpendicular to the tangent to the
boundary points and directed along the brightness
gradient are plotted.

4. Candidate centers of circles are localized.
These include the image pixels through which the
largest number of rays have passed.

5. The dimensions of the circles are determined.
Non-zero points are located around the candidate
centers at a distance taking values from the minimum
to the maximum allowable radius. The final radius of
the circle is defined by the largest number of bound-
ary points removed from the candidate center by the
value of this radius.

The conventional implementation of the Hough
transform in conditions of superposition of particles
with a large size range, as well as in the presence of
noise, may have the following disadvantages.

1. Incorrect localization of particle centers
caused by in local gradient calculating errors (espe-
cially on small, low-contrast particles).

2. Inaccurate determination of the particle size
in agglomerates caused by the fact that only one cir-
cle is assigned to each candidate center.

3. There is a preferred registration of large cir-
cles (pseudo-circles, fragments of circles), since for
them the threshold of correspondence (coincidence)
to the candidate center turns out to be greater than for
small circles.

These disadvantages are partially eliminated
by manually adjusting the parameters of the Hough
transform. However, to do this, it is necessary to
change up to five parameters at the same time, and
this increases the processing time and the risks of
human influence on the results. At the same time,
there are examples of particle size control algorithms
that do not require manual adjustment. These include
neural networks, for example, ParticlesNN [16], and
the ELSD method (ellipse and line segment detector,
a detector of line segments and ovals) [8]. The re-
sults of segmentation of images of overlapping par-
ticles (Figure 1a) using these methods are presented
in Figure 1b,c and in Tables 1, 2. Four types of test
images were used for evaluation: type 1 —a set of
densely packed particles of the same size; type 2 —
particles of three standard sizes with a low density of
placement; type 3 — particles of three standard sizes
with high density of placement; type 4 — particles of
two standard sizes with a high density of placement.
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Figure 1 — Particles detection in the source images (a) using a neural network (), the ELSD method (c) and the multi-
pass Hough transform (d)

The 256%256 test images were formed from a Vv (e xa (v v )2 < R2-
background relief F[x,y], simulating the non-ideality X,y (X=Xo)"+(y=yo)" <Rg:

of the scanner, and a particle image Q[x,y] with ra- O[x,y]=z20+2 \/ R2—(x=x0)>—(y—y0)?.
dius R, and coordinates (x, ¥, z,):

Flx,y]=255-2R+ As Figure 1 shows, even the most modern
+(R0 /(2sin(0,5x7/128))+ Ry /(2c0s(0,5ym/ 128))); means of dispersion control require some refinement:
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neural networks — additional training; the ELSD
method — filtering of neighboring results. This
gives reason to consider that the development
of algorithms for automatic adjustment of the Hough
transform parameters may be of great practical im-
portance due to the wide use of this transformation.
The conventional implementation of the Hough
transform, presented in the OpenCV library, involves
setting five parameters: the center-to-center distance,
the minimum R ;, and maximum R, radii of par-
ticles, the Canny threshold p, and the Hougt accu-
mulator threshold p,. The value of p, determines
the sensitivity of the Canny detector (the higher the
value of p,, the lower the sensitivity). The value of
P, determines the sensitivity of the Hough transform
(the lower the value of p,, the more circles are reg-
istered). Studies have shown that the graphs of the
dependence of the number N of registered circles on
the values of p,, p, have stabilization zones outlined
with a dashed line in Figure 2, which was obtained
during image processing type 3 Figure la. These
zones correspond to the optimal values of p,, p,.

min
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Figure 2 — Examples of graphs of the dependence of the
number of detected particles (image type 4 in Figure la):
a—from the Canny threshold; b —from the Hough
threshold

Determining the size range
and center-to-center distance

The range of the detected particles sizes (mini-
mum R, ; and maximum R, sizes) significantly af-
fects the results of the dispersion control. Too large
a range of sizes in the presence of agglomerates
and overlapping particles leads to the registration
of pseudo-circles near the maximum values of the
range. In this case, you can use the analysis of the
histogram of the particle size distribution in pixels
of the image (px). In particular, when changing the
range in the histogram, those peaks (marked with
arrows in Figure 3) that correspond to real particles
will be stable.
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Figure 3 — Histograms of particle size distribution for the
image type 3: a —range 0-20; b —range 0-30; ¢ —range
0-50; d — range 0-70

After specifying the size range of the recorded
circles, the minimum center-to-center distance is set
at a level that is at least half of the width of the range.

Parameters setting algorithm

Based on the studies described above, the algo-
rithm for setting the parameters of the Hough trans-
form (multi-pass Hough transform) can be formu-
lated as follows.

Step 1. The p, value is adjusted. The image is
processed with different p, values in the range from
1 to 300 in increments (50), with a minimum value
of p, = 1. The stabilization zone is determined auto-

matically based on the minimum change in the num-
ber of particles N with a change in p, (minimum of
the first derivative). If there are several stabilization
zones, p, is determined according to the minimum
extremum of the number of particles (circles).

Step 2. Coarse adjustment of p, is carried out.
The image is processed with different p, values in the
range from 1 to 100 in increments (10). The range
of the p, value is set in accordance with the stabiliza-
tion zone (zone of minimal change) of the particles
number.

Step 3. A histogram of the particle size distri-
bution is formed. The range of particle sizes and
the center-to-center distance is determined.

Step 4. Fine-tuning of p, is performed within
the previously set range. The value of p, is increased
with a small step (1) to stabilize the number of par-
ticles (clusters).

The results of comparing the multi-pass Hough
transform with analogous methods are presented in
tables 1, 2 (the results are obtained on test images
presented in Figure 1a). The value of ¢, in Table 1
was defined as the relative deviation of the number
of detected particles N from the true value of N;:

EN =|N—No|/N().
The value of ¢, in Table 2 was defined as the

relative deviation of the average measurement value
R from the true value of the radius R,:

.

Table 1
Relative error ¢y of determining the number of particles
Particle size deter- Image (Figure 1a)
mination method Type 1 Type 2 Type 3 Type 4
ParticlesNN 0.477 0.266 0.120 0.200
ELSD 0.136 0.200 0.060 0.127
Multi-pass Hough 0.022 0.020 0.018
transform
Table 2
Relative error g, of the particle radius determination
Particle size deter- Image (Figure la)
mination method Type 1 Type 2 Type 3 Type 4
ParticlesNN 0.037 0.061 0.526 0.489
ELSD 0.043 0.058 0.036 0.007
Multi-pass Hough 0.022 0.037 0.031 0.015

transform




Tpubopwvr u memoowl usmepeHul
2023.—T. 14, Ne 3. — C. 199-206
P.V. Gulyaev

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 199-206
P.V. Gulyaev

Tables 1, 2 show that the accuracy indicators €,
g of the multi-pass Hough transform on the test im-
ages are on the same level or exceed these indicators
for analog methods.

250

_ = NN
[ AN B T V]
w O W

.

Number of circles
W

9 2
wn O

36 38 40 42

Hougt accumulator threshold

a

For real images (Figures 4, 5), the stabiliza-
tion zones available on the dependence graphs
N(p,), N(p,) may be relatively narrow and not
obvious.

Figure 4 — Relative stabilization of the number of silver nanoparticles (a) and results of particles detection in the ima-
ge (b). Image from the NT-MDT Spectrum Instruments website: https://www.ntmdt-si.com/resources/scan-gallery

Number of circles

17.5 20.0 225 250 27.5 30.0 325
Hougt accumulator threshold

15.0

a

b

Figure 5 — Zones of relative stabilization of the number of erythritol particles when the parameter p, is changed (a) and
results of particle separation in the image (b). Image from the NT-MDT Spectrum Instruments website: https://www.

ntmdt-si.com/resources/scan-gallery

Therefore, it is advisable to accompany the ad-
justment of these parameters by monitoring the ab-
solute and relative values of the particles number.
In particular, in Figure 4a, the relative stabilization
zone is located in the range p, = 38—40 and is charac-
terized by a minimal change in the particles number.
At the same time, an estimation of the target range
of the absolute value of the particles number can be
obtained using the minimum R _;, and maximum
R, values from the histogram, as well as the image
sizes SxS§ in pixels:

Nmin :(S/Rmin )2§ Nmax Z(S/Rmax )2~

Figure 5a shows three stabilization zones, from
which the first zone was automatically selected, fo-
cusing on the minimum deviation from the permissi-
ble number of particles N,;, = 164. The correspond-
ing result is shown in Figure 5b.

Conclusion

The performed studies allowed to obtain the
following results. When changing the threshold pa-
rameters of the Hough transform, zones of detected
particles number stabilization are observed, which
determine the optimal values of the transformation
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parameters. At the same time, the histograms of the
particle size distribution show distinct peaks cor-
responding to the marginal sizes of the detected
particles and determining the range and minimum
center-to-center distance of the Hough transform.
Based on the results obtained, an algorithm has
been developed for automatically adjusting the pa-
rameters of the Hough transform.
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