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The particle size largely determines the properties of dispersed materials. It is a key parameter for equipment
performance evaluation. The measurement process is substantially complicated by the presence of aggregated
structures.

Purpose. To develop complex method for evaluating geometrics of emulsion drops and other dispersed for-
mations of spherical particles considering their aggregation. The method is based on aggregate structure and con-
tours, using marking of analyzed objects.

Methodology. The method includes several steps: image filtering, converting it to a monochrome mode,
evaluating the aggregate contour, correcting the contour, setting particle markers according to glares on particle
surfaces, making the skeleton, determinating connecting points. To decompose aggregate fragments containing
several markers, aggregate’s area is distributed between the particles according to the Voronoi diagram. Parame-
ters of circles corresponding to particles are evaluated from geometrics of corresponding aggregate fragments. The
method is illustrated by the images of real emulsion fragments (type Il emulsions — water in oil).

Findings. The developed method allows realizing segmentation of complex structured aggregates, consisting
of many spherical particles, containing internal objects whose contour is located entirely inside the aggregate. The
number of incoming particles is not limited.

Originality. The developed method of aggregate segmentation (emulsion drops) is noise-resistant and allows
segmenting the aggregates of a complex structure by evaluation of connecting points of its particles, according to
the aggregate structure and by marking the particles when evaluation of connecting points with the necessary pre-
cision is impossible (in case of a small convexity defect or presence of internal particles). The glares on particle
surfaces may serve as markers.

Practical value. The method may be used to evaluate dispersity of emulsions and other finely divided materi-
als at various industries.

Keywords: aggregate, dispersive structures, segmentation, Voronoi diagram, markers, particle connecting
points
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Introduction. The finely divided materials are
used in different branches of activity: in the energy
sector, metallurgy, chemical industry, and food indus-
try. The particle size of used disperse mediums —
emulsions, powders, aerosols and gas-liquid systems
largely determines their physical and chemical proper-
ties and is often a key parameter for evaluating the ef-
fectiveness of the equipment such as dust removal de-
vices, emulsifiers, sprays, centrifuges [1—3]. It should
be noted that the particle size (dust, aerosols, drug in-
gredients and dietary supplements) is the most impor-
tant factor in determining their impact on the human
body [4].

The technology progress has led to development of
a fundamentally new approach to dispersed composi-
tion determination. It is based on measuring sizes of
microparticles by their images. The progress of com-
puter technology has greatly accelerated image analy-
sis process and made it much less labor-intensive. This
method, unfortunately, is not free of problems associ-
ated with noisy images, the heterogeneity of their illu-
mination, the presence of shades on the measured ob-
ject, etc.

Problem statement. A separate problem is the
presence of agglomerated, aggregated particles, which
significantly complicates the process of measurement
and leads to a significant distortion of the results; so
much attention is paid to the solution of this problem
[5—8]. Known approaches to solving the problem of
aggregate formation decomposition are based on the
analysis of object geometry using morphological ap-
proaches, the shades as a source of information about
the study group of overlapping objects, intensity fluc-
tuations in contact area and other approaches. Exces-
sive refinement of objects, sensitivity to noise and sig-
nificant computational cost, as well as the impossibil-
ity to separate units consisting of a large number of
particles with sufficient accuracy — these and other
drawbacks complicate practical application of these
methods. A separate problem is segmentation of units
with low convexity defect consisting of a large number
of particles, and segmentation formations consisting of
objects with a high degree of overlap.

The objective of this study is to provide a research-
based comprehensive method for determining the geo-
metric characteristics of aggregated elements of dis-
persed formations (emulsion drops) which is resistant
to image noises and is able to segment aggregates of
complex configuration, both by determining points of
particle contact, analyzing the aggregate structure and
by marking particles when it is impossible to find con-
tact points with the necessary precision (in the case of
a small convexity defect or presence of internal parti-
cles). Light spots on the drops surfaces can serve as
such markers.

Methodology. At the first stage the image is fil-
tered. It is cleared from high-frequency noises and
transferred to a monochrome mode. The process is
based on threshold segmentation algorithm with a slid-
ing window involving calculation of adaptive bright-
ness threshold 7 for each pixel with coordinates (x;, y,)
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where Wis width; H is height of a sliding window.

The next step is to determine coordinates of the
aggregate contour points. For correct identification of
objects whose contour is crossed by the image frame
(Fig. 1, a) in order to avoid errors due to the addition
of excess space, the authors propose to consider each
of these figures twice, taking into account the addi-
tional image area between the object contour and
frame — type “B” aggregate (Fig. 1, ¢, d) and without
it — type “A” aggregate (Fig. 1, ) and then select the
image which is the most adequate to the real object.

The main feature of the images of dispersed struc-
tures is uneven lighting, noisiness and low contrast.
Therefore, the method of adaptive threshold selection
is not always useful as well. Sometimes it leads to gaps
in objects’ contours in an obtained monochrome pic-
ture. That is why it is advisable to correct selected con-
tours [9] by clarifying the threshold based on bright-
ness analysis.

The conclusion about the success of correction
may be made by comparing the geometric parameters
of the unit, calculated from the contour on the basis of
previous and new thresholds.

Py < Py; (1

P°|<o,1, IS'"S°|<0,1, ()

1R~
| P, )

where P,, S, are the perimeter and area of the figure
measured by the results of adaptive threshold segmen-
tation; P,, S| are the perimeter and area measured by
the adjusted threshold value.

A common defect of contour segmentation is
“transformation” of the circle (drop contour) (Fig. 2, a)
in the crescent (Fig. 2, b), whose perimeter is much
greater than the perimeter of the respective circle.
Therefore, a decrease in perimeter (1) indicates a suc-
cessful solution of this problem (Fig. 2, ¢). A large in-
crease in the area, on the contrary, indicates overvalued
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a b c d
Fig. 1. Analysis of the aggregates touching the im-
age border:

a — source object; b — type “A” aggregate; ¢, d —
type “B” aggregate. Aggregates markers are indicat-
ed by the dots
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Fig. 2. Closing the gaps by correcting the contour of
water drop in the oil:
a — the original image; b — monochrome image be-

Jfore contour correction; ¢ — resulting image of a drop
contour

threshold, resulting in a connection of the noises to the
object — unrelated areas. Criteria (2) limit the growth of
the area and perimeter.

The next step is to mark aggregate particles. Light
flares on the surfaces of water-oil emulsion drops can
act as such markers. This marking allows decomposing
aggregates with low defect of convexity if structure
analysis [10] is not effective and/or in the presence of
internal particles.

Heterogeneity of substance of a drop and the inclu-
sion of foreign objects can lead to various optical ef-
fects on the drop surface, leading to fanciful flares
(Fig. 3).

To use the flare as a marker, it is necessary to pre-
vent its decomposition. So we must filter the object in
order to clean flare image from the noise and make it
more uniform. Then we can take flare centers as mar-
kers.

The information about the markers can be used not
only for aggregate decomposition, but also for the cor-
rect identification of objects, whose contour is crossed
by an image frame.

Thus, if the contour of “B” aggregate has more
glares than the corresponding “A” aggregate, this fact
indicates that one or more drops within the aggregate
are cut by frame (Fig. 4). In this case, the “A” unit is
removed and, instead, “B” unit is used for further
analysis. If the connection of an additional field has
not led to an increase in the number of markers, we

Fig. 3. The image of a water-oil emulsion:

1—3 — optical effects when light passes through a
drop
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can say that the added area in “B” unit corresponds to
the background (Fig. 1). In this case, “A” unit is kept
for further analysis.

The skeleton of the aggregate is constructed from
the points of the refined contour. It allows obtaining
general information about the aggregate structure. The
proposed method for skeleton construction includes
the following steps: building a pilot skeleton based on
Zhang-Suen algorithm, removing redundant connec-
tivity, finding reference points and presenting the skel-
eton as a set of branches between reference points, re-
fining the skeleton structure to represent the branch by
line segments, ordering branches according to advanc-
ing from the periphery to the center of the aggregate.

Drop attachment points are defined as the “nar-
rowest” places of the considered aggregate — the isth-

muses QI(I)QZ(U, QI(Z)QZ(Z), Q1(3)Q2(3) — Fig. 5.

To do this, we build perpendicular A B at each point
P of the considered skeleton branch, and find the
point of its intersection P,, P, with the aggregate con-
tour. We call P, P, the inner part of the perpendicular.
Since the isthmuses are the narrowest parts of the ag-
gregate, perpendiculars corresponding to them have
the shortest internal parts.

However, unit nonconvexity complicates the prob-
lem, because in general the line can cross a non-con-
vex object in more than two points. In this case, the
search of isthmus requires a special method. A detailed
description of this method is presented in [10].

For efficient segmentation of internal elements and
aggregate fragments formed by several drops with high
overlapping, when the search of connection points is
not effective, it is advisable to supplement this method

Bl o o

Fig. 4. Analysis of the aggregates, cut with an
image frame:

a — the image of the original object; b — the image
without taking an additional area (“A” type unit);
¢ — the image with an additional area (“B” type
unit). The points indicate markers

Fig. 5. The general scheme of aggregate decompo-
sition:

AB — skeleton branch; P — an arbitrary point of AB
branch; P,, P,— the points of intersection of the con-
tour and perpendicular to AB at point P; OV, O,
0Y — the points where aggregate width function is
minimal; QI(I)QS), Ql(z)Qf), Q1(3)Q2(3) — the point of
drop connection; 1—4 —the number of drops
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with markers [9]. In this case the number of markers
corresponds to the number of drops in the unit. For
example, if the unit or a fragment contains only one
marker, we can say that it contains a single drop, se-
veral glares indicate the presence of several drops and
aggregate area may be distributed between them ac-
cording to Voronoi diagram. Each particle corresponds
to a certain diagram cell. The particle radii can be cal-
culated from the area and the perimeter of the corre-
sponding diagram cell. The method of constructing
Voronoi diagram on the base of marker points in non-
convex area was considered in [9].

Some drops may have no glares, so it is advisable to
combine these two methods. Thus, application of mark-
ing technique to the object in Fig. 6 without analyzing its
structure leads to errors in segmentation of the fragments
1 and 2, which contain no glare, while a combination of
these methods can eliminate this disadvantage.

Analysis of the aggregate structure allows selecting
the point of particle attachment (Fig. 7, ). Decompo-

a b

Fig. 6. Decomposition of the unit by marking drops
without analyzing the structure:
a — the original image; b — the resulting image;
points represent the particles markers; 1, 2 — frag-
ments with segmentation inaccuracy

c d e

Fig. 7. Decomposition of type Il emulsion (water
in oil) image:
a — the original image; b — the image with attach-
ment points; ¢ — segment with low defect of convexi-
ty; d — separation of Fig. 7, ¢ by means of Voronoi
diagram; e — segmentation of Fig. 7, c; square points
represent the particle markers, round points — drop
connections
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sition of the aggregate according to these points pro-
vides adequate segmentation of the drops, including
non-glaring drops. Analysis of this unit is difficult be-
cause of the section with low convexity defect
(Fig. 7, ¢). The use of the marker method followed by
distribution of the area according to Voronoi diagram
(Fig. 7, d) provides adequate segmentation of this ob-
ject (Fig. 7, e). The segmentation of the whole unit
made by the complex method combining the analysis
of the structure with markers placement is shown in
Fig. 8.

The described method of aggregate separation is il-
lustrated by the image of type II emulsion — Fig. 9.

Conclusions. The problems of image processing
are heterogeneity of lighting, noisy background and
low contrast. While measuring microobjects, the pres-
ence of aggregated structures often leads to significant
errors in dispersed composition evaluation.

The authors developed a complex method for eval-
uating geometrics of emulsion drops and other dis-
persed formations of spherical particles considering
their aggregation. The method is based on the aggre-
gate structure and contours, using marking of ana-
lyzed objects.

The method includes several steps: image filtering,
converting it to a monochrome mode, evaluating the
aggregate contour, correcting the contour, setting par-
ticle markers according to glares on particle surfaces,
making the skeleton, introducing the function for each
skeleton branch, which characterizes the width of cor-

Fig. 8. Segmentation of the aggregate shown in
Fig. 7, a by analyzing its structure and marking
particles

c d

Fig. 9. Decomposition of type Il emulsion (water
in oil) images:
a, ¢ — original images; b, d — results of segmentation
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responding aggregate portion, determinating connect-
ing points as local minimums of this function. To de-
compose aggregate fragments containing several
markers, the aggregate’s area is distributed between
the particles according to the Voronoi diagram. Pa-
rameters of circles corresponding to particles are eval-
uated from geometrics of corresponding aggregate
fragments.

The method is illustrated by the images of real
emulsion fragments (type II emulsions — water in oil)

The developed method allows realizing segmenta-
tion of complex structured aggregates consisting of
many spherical particles, containing internal objects
whose contour is located entirely inside the aggregate.
The number of incoming particles is not limited.

The method may be used to evaluate dispersity of
emulsions and other finely divided materials at various
industries.
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Po3mip yacTuHOK, y 3HauHili Mipi, BU3HAYa€ Bac-
TUBOCTI AMCHEPCHUX MaTepialiB i € BuUpillaJbHUM
napamMeTpoM IpU OLliHIOBaHHI €(beKTUBHOCTI 001a1-
HaHHs. HasiBHiCTh arperoBaHux 4aCTMHOK iCTOTHO
YCKJIAAHIOE MPOLIEC BUMipIOBaHb.

Merta. CTBOpeHHSI KOMIUIEKCHOTO METONY BU-
3HAYCHHSI TEOMETPUUYHMX XapaKTePUCTUK Kparmeib
eMYJIbCiii Ta 1HIIMX TUCIEPCHUX YaCTUHOK chepuu-
HOI (bopMU 3 ypaxyBaHHSIM IX arperyBaHHSI, 3aCHO-
BaHMII Ha iH(POpMAaLii MPO CTPYKTYypy Ta KOHTYP
arperary, i3 3aCTOCYBaHHSIM MapKyBaHHS aHaJli30Ba-
HUX 00 €KTIB.

MeTtonuka. MeTton BKJIIOYa€E KiJibKa €TarliB:
dinbTpallis 300paxkeHHsI Ta IepeBeIeHHs MOro no
MOHOXPOMHOTO PEXXNMY, BUSHAUCHHS KOHTYPY arpe-
raTy, KOpeKIlis BUIIJICHOIO KOHTYpY, PO3CTaHOBKa
MapKepiB YaCTUHOK 3a BigOJMCKaMM Ha IXHili mo-
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BEpXHi, MOOYI0Ba CKeJIeTy, BUSHAYEHHsI TOYOK TIpU-
€IHAHHS YacTUHOK. 1 1eKOMITO3ullii (hparMeHTiB
arperary, 110 MICTSTb JeKiJibKa MapKepiB, PO3MOia
TIomli (parMeHTa arperaTy MiX YacTMHKAaMU, IO
BXOISTH IO WOTO CKJIaly, 30iACHIOEThCS NUISIXOM MO-
oynoBu aiarpamu BopoHoro. [TapaMmeTpu oKpy>KHOC-
Teid, BiAMOBIIHUX 300pakeHb YaCTMHOK, BM3Haya-
IOTbCSl 32 TEOMETPUYHUMU XapaKTepUCTUKAMU Bif-
MOBimHUX iM (pparMeHTiB arperaty. MeTton npoiio-
CTpoBaHUll Ha dparMeHTax 300paxkeHb peaJbHUX
eMYJIbCiil Ipyroro poay (Boaa B Macli) .

PesyasraTn. Po3poOieHuii MeTon A03BOJISIE
3MiICHIOBAaTU CErMEHTAILLil0 arperaTiB CKJIagHOI KOH-
dirypartii, 110 CKJIaJalOThCS 3 YACTUHOK C(HEPUUHOI
¢dopMU Ta MICTSITh BHYTPIIIIHI 00’€KTH, KOHTYP SIKIX
pPO3TalllOBYEThHCS LIIKOM yCepeAauHi arperary, 6e3 00-
MEXeHb Ha YMCJIO YaCTUHOK.

Haykosa HoBu3HA. P03p0061eHO MeTOm CerMeH-
Tallil arperoBaHuX eJIeMEHTIB IUCIIEPCHUX YTBOPEHb
(Kparienb eMyJbCiii), 1110 € CTIHKUM JI0 1ITyMiB 300pa-
JKEHHSI Ta T03BOJISIE 3MiliICHIOBATHU CEIrMEHTAllilo arpe-
raTiB cKJaaHoi KOHgIirypaiii sk IIsiXoM BU3HAUYEH-
HSI TOYOK KOHTAaKTYy YaCTMHOK arperaTty 3a JaHUMH
PO MOTO CTPYKTYPY, TaK i IIUITXOM MapKyBaHHS 4ac-
TUHOK Y BUITaAKaX, KOJM 3HAXOMKCHHS TOYOK ITPH-
€HAHHS 3 HEOOXiHOIO TOYHICTIO HEMOXJIUBE (Y pasi
MaJjoro nedeKTy onyKjaoCcTi a00 HassIBHOCTI BHYTpilll-
HiX 9aCTMHOK). TakKuMu MapKepaMi MOXYTb BUCTY-
MaTy CBITJIOBI BiZOJIMCKU HA TIOBEPXHi KpareJb.

IIpakTuyHa 3HaYuMicTb. MeTon Moxe OyTH 3a-
CTOCOBaHMIA [UISI BUBHAYEHHSI CTYIICHSI TUCIIEPCHOCTI
eMYJIbCiil Ta iHIIMX TOHKOMOAPIOHEHUX MaTepiajliB y
Pi3HUX rajay3six IpOMUCIOBOCTI.

KumouoBi ciioBa: azpecam, ducnepcri ymeopen-
Hs, ceemenmauis, diaepama Bopownoeo, mapkepu,
MOoUKU NPUEOHAHHS YACMUHOK

Pasmep gacTull, B 3HAYUTEILHON CTEIIEHU, OIIpE-
JIeJISIeT CBOMCTBA AUCTIEPCHBIX MATECPHAJIOB U SIBJISICTCS
pelIaroIInM ITapaMeTpOM IIpU OLIeHKe 3P (GEKTUBHO-
ctu obopymoBaHus. Hammume arpernpoBaHHBIX 4Ya-
CTHULL CYLLIECTBEHHO 3aTPYIHSIET MPOLIECC U3MEPEHUIA.

IHennb. Co3paHue KOMIUIEKCHOTO METOA OIpee-
JICHUSI TEOMETPUYECKMX XapaKTepUCTUK Karlelb
SMYJIbCUIM U IPYTUX TUCTIEPCHBIX YacTull cepuye-
CKOI (hOpMBI C YIETOM UX arperupoBaHMsI, OCHOBAH-
HOTO Ha MH(MOPMAIIUM O CTPYKTYpPE M KOHTypax arpe-
raTa, ¢ ICIOJIb30BaHNEM MapKUPOBAHUS aHATN3UPY-
€MBbIX OOBEKTOB.
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Metoauka. MeTon BKJIIOYAET CJAEAyIOIIue 3Ta-
bl (hUIIBTpaIMs M300pakeHUsI 1 TIePeBOJL €T0 B MO-
HOXPOMHBIN PEXUM, OMpeneieHre KOHTypa arpera-
Ta, KOPPEKIIMs BbIAEICHHOTO KOHTYpa, PacCTaHOBKA
MapKepoB YacTull Mo OJIMKaM Ha WX MOBEPXHOCTH,
MOCTPOEHUE CKeJeTa, ONpeaeeHre TOUeK IMprcoe-
IUHEeHUs1 yacTull. JIiaa aeKoMno3uuuu (pparMeHTOB
arperara, COJepXKallluX HECKOJIbKO MapKepoB, pac-
npeneneHue IaomaaM dparMeHTa arperata MexXmy
BXOISIIIIMMU B HETO YACTULIAMU OCYILIECTBIISIETCS ITy-
TeM mocTpoeHus auarpammbl Boponoro. Ilapame-
TPBI OKPY>KHOCTEI, COOTBETCTBYIOIIUX U300PaKEHU -
sIM YaCTHLl, OMPENeISIIOTCS MO TeOMETPUYECKUM Xa-
paKTepUCTUKaM COOTBETCTBYIOIIMX UM (hparMeHTOB
arperara. MeToa NMpOWLTIOCTPUPOBAH Ha (parMeH-
Tax M300paxkeHUi SMyJIbCU BTOPOro poaa (Boma B
macie).

Pesynbrarel. PazpaboTaHHBIN METON MO3BOJISIET
OCYILIECTBJISITh CETMEHTAILMIO arperatoB CJIOXHON
KOHMUTYpallMu, COCTOSIIIMX W3 4YacTull chepu-
yecKoil (hopMbl, CoAepKallMX BHYTPEHHUE OOBEKTHI,
KOHTYp KOTOPBIX pacriojaraercsi LEeJIMKOM BHYTPHU
arperata, 6€3 orpaHMYEHU Ha YUCJIO BXOASIIUX Ya-
CTHULI.

Hayunas HoBu3zna. Pa3paGoTaH MeTon cerMeH-
TaIMU arperupOBaHHBIX AJIEMEHTOB AUCIIEPCHBIX 00-
pa3oBaHuii (Kamneiab 3MYJbCU), YCTOMUMBBIN K 11y-
MaM M300pakeHUsT U TMO3BOJISIONINIT OCYIIECTBISITh
CEerMEHTAIMIO arperatoB CJIOXHOW KOHMUTypaumn
Kak TIyTeM OIpEeNesieHUsI TOYEeK KOHTAaKTa 4YacTHI]
arperara o JaHHBIM O €T0 CTPYKType, TaK U IMyTeM
MapKUPOBAHUSI YACTUILL B CITy4yasiX, KOTIa HAaXOXIeHUE
TOYEK COMTPUKOCHOBEHUSI C HEOOXOIMMOI TOUHOCTBIO
HEBO3MOXHO (B Cllydyae Majioro AedekTa BbIIMYKIOCTH
WJIM HAJIMYMST BHYTPEHHUX YacTuil). TaKuMu Mapke-
paMM MOTYT BBICTYIIaTh CBETOBbIE OJMKW Ha TTOBEPX-
HOCTU Kameb.

IIpakTuyeckas 3HAYUMOCTb. MeTOo MOXET
OBbITb MPUMEHEH JIsi ONpeNeNIeHUs] CTeTIeHU IucC-
TIEPCHOCTU SMYJILCUN U IPYTUX TOHKOU3METbYeHHBIX
MaTepUaIoOB B PA3JTUYHBIX OTPACISIX IPOMBIIILIEHHO-
CTH.

KiroueBble cioBa: aepeecam, ducnepcHole oopa-
306anusl, ceemenmauyus, ouazpamma Boporoeo,
Mmapkepul, MO4KU NPUCOEOUHEHUS YACMUL,

Pexomendosarno 0o nybaikauyii dokm. mexH.

nayk B. I. Kopcynom. Jlama nadxoodxicenns pykonu-
cy 16.11.15.
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