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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. In the mining industry, control of the particle size
distribution of crushed rock material is an important condition for stable operation
of crushing and screening plants, mills, screens, and conveyor lines. Traditional
sieve analysis provides sufficiently accurate results, but it requires sampling, time,
and personnel involvement, and therefore does not always allow rapid response
to changes in the technological regime. For this reason, the use of computer
vision methods becomes relevant, since they can provide operational assessment
of material size from digital images. Objective. The objective of this work was
to develop and preliminarily test a simple algorithm for automatic assessment
of crushed rock particle size distribution using digital images obtained under
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laboratory conditions close to conveyor material control. Methods. The study used
laboratory crushing of rock material in jaw and roll crushers, sieve analysis for
fractions above 20 mm, 10-20 mm, 5-10 mm, 2.5-5 mm, 1-2.5 mm, and below
1 mm, digital photographing of samples, and image processing in Python using
OpenCV, NumPy, and scikit-image libraries. Particle segmentation was carried out
using binarization, morphological filtering, and the watershed algorithm. Results
and conclusions. It was found that the mean absolute error of automatic assessment
was about 4.7 percentage points, while the average correlation coefficient between
sieve analysis and computer vision data reached 0.87. The 1020 mm and 5-10
mm fractions were determined most steadily. The error increased to 7.1 percentage
points under one-sided shadow and to 8.3 percentage points with a thick material
layer. It is concluded that the proposed approach can be used as an auxiliary tool
for operational control at ore mining, coal, cement, and crushed stone enterprises.

Keywords: crushed rock mass, particle size distribution, computer vision,
sieve analysis, image processing, crushing and screening plant, digital control,
mining industry
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AnHOTanusA. Ozexminici. Tay-keH OHEPKAICIOIH/IE YCAKTAIFaH Tay KBIHBICHI
MacCacbIHbIH TPaHYJIOMETPUSIIBIK KypamblH Oakpliay — yCaKTay-CypbIITay
KeIICHCPIHIH, TUIpMEHACPiH, eNeyilTepaiH >KoHe KOHBEHepIiK >KelilepaiH
TYPaKThl KYMBIC iCTeyi YIIiH MaHBI3IbI OoJbIl TaObuiaabl. [JocTypmi eneyilTik
Tajay JKeTKUIIKTI JIOJ HOTHKE Oepefi, Oipak ChlHAMa alyJbl, YaKbITTHI KOHE
KBI3METKEPJIEP/iH KaTbICyblH Ka)eT eTelli, COHABIKTAH OJ TEXHOJIOTHUSIIBIK
PSKUMHIH ©3repyiHe >Kelles >kayan Oepyre opKallaH MYMKiHAIK OepMeii.
Ocpiran OalaHBICTBl MaTepUANABIH IpiTIriH KeckiHiep OoMbIHIIA Kemem
OarayiayFa MYMKIiHAIK O€peTiH KOMIIBIOTEPIIK Kepy oHIiCTepiH KOJNJaHy ©3eKTi
Oonbin  oTBIp. Makcamei. JKYMBICTBIH MakKcaTbl KOHBeWepleri MaTephaabl
OakbuIayFa JKaKbplH 3€pTXaHANbIK JKarnaiyiapaa ajblHFaH LUQPIBIK KeCKiHAep
OOBIHIIIA YCAKTAIFaH Tay JKbIHBICHI MacCAChIHBIH TPaHyJIOMETPHUSIIBIK KYpaMblH
aBTOMATTHI OaranayblH KaparnaibiM alrOpuTMiH 93ipiiey JKoHe ajlJIbIH aja TEeKCepy
Oonnbl. Odicmepi. JKyMbpICTa Tay KBIHBICBI MacCachlH JKaKThl JKOHE OUTIKTI
YCaTKBIIITapJa 3epTXaHalblK ycakray, 20 MMm-zeH xorapbl, 10-20 MM, 5-10 MM,
2,5-5 mm, 1-2,5 MM xoHe 1 MM-JIeH TeMeH (pakuusuiap OOWBIHINIA ENeYIlTiK
Tajjaay, cblHaManapasl LUpasK GoroTycipinmiMre aiy >koHe Python opraceinaa
OpenCV, NumPy xone scikit-image KiTanxaHajgapelH KOJAaHA OTBIPHII
KeCKiHaepal eHjey mnaipananbuiasl. bemmexrepni Oenmy ymiiH OuHapu3zaums,
MOp(OJIOTHSITBIK Cy3Tiiey skoHe watershed anroputmi Koanausuinbel. Homuoicenepi
MeH KOpblmblHObl. ABTOMATTHI OarasiayJplH opTalia adCOMOTTIK KaTecl mamMaMeH
4,7 mabI3AbIK MYHKTTI KYpanbl, ajl eJeyillTiK Tajjay MEH KOMIIBIOTEpIiK Kepy
JiepeKTepi apacklHAarsl opTama koppensinust koddduuuenti 0,87 6onasr. 10-20
MM JkoHe 5-10 MM (paxuusiiapbl eH TypaKThl aHBIKTanAbl. Byiipmik KejeHke
Ke3iHge Kare 7,1 malbI3ABIK MyHKTKE, al MaTepuan KaOaTbl KaiblHaaranga 8,3
MaWbI3/IBIK MYHKTKE JCHIH ©CTi. ¥ChIHBUIFAH TOCII KEH OHIIPY, KOMIp, [IEMEHT
YKOHE KUBIPIIBIK TAC KOCIMOPBIHAAPBIHIA KeJell OaKbUIayblH KOChIMIIA Kypajibl
peTiHae KONIAHBUTYbl MYMKIH A€TEH KOPBITHIH/IBI KacaJlIbl.

Tyiiin ce3aep: ycaxkTanraH Tay JKBIHBICHI, TPaHYJIOMETPUSIIBIK Kypam,
KOMIIBIOTEPIIIK KOpy, eNeyilITIK Tanaay, KeCKiHAepAl OHACY, YCaKTay-CypbIITay
KelleHi, Tu(pIbIK OaKplIay, Tay-KeH OHEpKacioi
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AHHOTamMA. Axmyarvnocms. KOHTPOIb TI'paHYJIOMETPUUECKOTO COCTaBa
IpoOJIeHOH TOPHOM MaccChl SIBJISETCS OAHUM M3 BaXKHBIX YCIOBUH 3()(eKTuBHON
9KCIUTyaTallui APOOMIIBHO-COPTUPOBOYHBIX KOMIUIEKCOB, MEJBHUI, TPOXOTOB U
KOHBEHEPHBIX JIMHUH B TOPHOIOOBIBAIOLIEH MPOMBINIICHHOCTH. TpagulMOHHBIN
CUTOBOH aHaNM3 OOECIEYMBAET JOCTATOYHO BBICOKYIO TOYHOCTH OIPEICIICHUS
IPaHyJIOMETPUYECKOTO COCTaBa, OJHAKO TpedyeT oTOOpa M MOATrOTOBKH MHpOO,
3HAYUTENBHBIX BPEMEHHBIX 3aTpaT M ydacTHs NEepcoHana. JTO OrpaHUYHMBAET
BO3MOYKHOCTH OIIEPaTHBHOIO PEArupoBaHUs HA H3MEHEHHUs TEXHOJIOTMUYECKHX
pEeXUMOB. B ¢BSI3U ¢ 3TUM NEepCIEKTUBHBIM HAPaBICHUEM SIBIISETCS IPUMEHEHHE
METOJIOB KOMITBIOTEPHOTO 3PEHUS, MTO3BOJISIFOIINX OLEHUBATh KPYMHOCTh YaCTHUIL
TOPHOI Macchl HA OCHOBE aHalin3a HUPPOBBIX M300paxkeHuil. Llens. Pa3spadborars
U TIPOBECTH IPEABAPUTENBHYIO IPOBEPKY aJIroOpuTMa aBTOMAaTH3MPOBaHHON
OLIEHKH IPaHyJIOMETPHUUECKOTO cOCTaBa JpoOIeHO0 TOpHOH MacChl IO HU(PPOBBIM
n300paKeHUAM, MOJIYYEHHBIM B J1a0OPaTOPHBIX YCIOBHAX, HWMHUTHPYIOLINX
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KOHTPOJIb Mareprajia Ha KOHBEHEPHOH JMHUU. Memoovl. DKCcIepUMEHTaIbHbIC
WCCIIEI0BaHMS BKIIIOYAIU APOOJIEHNEe TOPHOM Macchl Ha JIAOOPAaTOPHBIX LIEKOBOH
U BaJIKOBOM JAPOOMIIKAX, CUTOBOM aHaJIM3 MOIY4YEHHOI'O MaTrepHuaia, HUPpPOBYIO
¢doTockeMKy npod M Mocaeayouyo 00paboTky n300pakeHHi B MPOrpaMMHOMN
cpene Python ¢ ucnonb3oBanuem 6ubmuorexk OpenCV, NumPy u scikit-image.
I'panynoMerpuueckuii cocTaB OLEHUBAIM 1O CIEIYIOIIMM KilaccaM KpYIHOCTH:
oomee 20 MM, 10-20 MM, 5-10 mm, 2,5-5 mm, 1-2,5 MM u menee 1 mm. s
BBIJICJICHUS] OTHENIBHBIX YacTUL Ha LUQPPOBBIX H300pKEHHUAX MPUMEHSUIN
MeTObl OMHapHU3auru, MOp(HOIOrHUeCKON (GUIBTPALMK U AITOPUTM BOAOPa3aesa
(watershed). Pesynbrarbl aBTOMaTH3MPOBAHHOMN OLIEHKHU COMOCTABIISUIN C JaHHBIMHU
TPaJMIMOHHOIO CHUTOBOTO aHaju3a. Pe3yibmamsl u 6b1600bl. YCTaHOBICHO, YTO
cpeaHss1a0CcoII0THAS OIIMOKA aBTOMAaTU3NPOBAHHON OLIEHKU T PAHYIOMETPHUECKOTO
cocTaBa COCTaBHJa OKOJIO 4,7 MPOLEHTHOTO IyHKTa, a CPeIHUH KOA(PPHUIMEHT
KOppENALNN MEXY pe3ylbTaTaMi CUTOBOIO aHAJIN3a U KOMIIBIOTEPHOTO 3pEHUs
nocturan 0,87. Hambonee ycToiiunBble pe3yinbraThl Paclo3HABaHUS IOJIyYEHBI
s ¢ppakuuid pasmepom 10-20 u 5-10 mm. Ilpu Hanmmuun GOKOBOTO 3aTE€HEHUS
omuOKa yBeIMIUBaIach 10 7,1 MPOLIEHTHOTO MTyHKTA, a IPH yBEIMYEHUH TOIITHBI
ciosi Marepuana - 710 8,3 MpOoUEHTHOro myHKTa. [losydeHHBIE pe3ynbTaThbl
CBUJIETEJBCTBYIOT O BO3MO)KHOCTH IPUMEHEHHSI METOI0B KOMIIBIOTEPHOTO 3PEHHS
JUIsL TIPEABapUTENbHONM aBTOMATHU3UPOBAHHOM OLEHKH TI'paHyJIOMETPUUYECKOIO
cocraBa JApoONeHOH TOpHOHM Macchl. IlpeanoXeHHBI anroputM  MOXKET
HCIIONIb30BaThCsl B KAaue€CTBE BCIIOMOraTeJIbHOTO HMHCTPYMEHTa OIepaTHBHOIO
KOHTPOJISI TEXHOJIOTMYECKUX MPOLIECCOB HA TOPHOPYIHBIX, YTOJIBHBIX, [IEMEHTHBIX
1 1eOeHOYHBIX NpennpusiTHsIX. Bmecte ¢ TeM ero mpakTH4eckoe BHEAPEHHE
TpeOyeT JOTONHUTENFHON MPOBEPKH B MPOM3BOACTBEHHBIX YCIOBHUSX C YUETOM
M3MEHAIOINXCA TapaMETPOB OCBELIEHMSI, TOJILINHBI CJI0S MaTepuaia U CKOpOCTH
JBUKEHHS KOHBEHEPHOI JICHTHI.

KiroueBble ciioBa: 1pobieHas ropHasi Macca, TpaHyJIOMETPUUYECKHI COCTaB,
KOMIIBIOTEpHOE 3pEHHE, CHTOBOM aHaJIn3, 00paboTka n300paxeHui, APoOHIIbHO-
COPTHUPOBOYHBIN KOMILIEKC, U(PPOBOH KOHTPOJIb, TOPHAS! IPOMBILLIEHHOCTb.

Introduction. In modern mining operations across many countries, the
challenge of improving the efficiency of mineral processing is becoming
increasingly significant; this is because extracted ores are often declining in
grade, while quality requirements for finished products are rising. Moreover, any
crushing and screening of mined material entails substantial energy consumption,
equipment wear, and the loss of valuable components if the processing parameters
are not optimally selected. One key factor influencing almost all subsequent
operations is the particle size distribution of the crushed material. Inadequate
control over material size can impair the performance of mills, screens, conveyors,
and beneficiation systems, while also increasing the risk of overloads and uneven
material feed. Consequently, the ability to rapidly assess particle size is crucial
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not only for the crushing stage itself but also for the overall stability of the entire
processing chain.

Traditionally, particle size distribution is determined through sieve analysis,
involving sampling followed by laboratory measurement. This approach is
considered highly reliable, as it relies on the direct separation of material into
fractions and yields clear quantitative results. Studies of comminuted products—
such as ground dolomite—demonstrate that particle size distribution is a strong
indicator of grinding efficiency and process status (Khetagurov et al., 2024).
However, this method has obvious drawbacks. It is time-consuming, requires
personnel involvement, and necessitates halting or at least interrupting the material
flow; furthermore, the resulting data often reflect the process state with a time lag.
For modern crushing and screening plants, this is not always practical, as operating
conditions may change more rapidly than laboratory analyses can be performed.

Another approach involves the use of indirect process indicators. For instance,
particle size can be estimated based on drive power, mill load, vibration levels,
conveyor throughput, or the characteristics of the ore itself. Related studies have
already demonstrated that digital modeling of the comminution process can aid
in understanding material behavior within a ball mill (Chanturia et al., 2025),
and that predicting the performance of X-ray fluorescence (XRF) separation
can incorporate specific ore fraction characteristics (Tsypin et al., 2024). A key
advantage of these methods is their ability to operate without direct visual contact
with the material, often utilizing existing data from automated control systems.
However, a drawback is that the relationship between the signal and actual particle
size is not always straightforward; it is influenced by factors such as moisture
content, fragment shape, density, mineralogical composition, and the technical
condition of the equipment.

In recent years, increasing attention has been paid to machine learning and
image analysis methods, as they enable a shift from periodic monitoring to the
near-continuous assessment of flow parameters. The mining industry is actively
exploring techniques for object recognition, geological data classification, and
image analysis. For instance, neural network approaches are being applied to map
fracture patterns on open-pit mine walls (Skorobogatko et al., 2024), identify gold-
bearing mineralization via satellite imagery (Davydenko et al., 2025), and segment
natural features during drone-based monitoring of mining areas (Mikhailov et al.,
2025). These examples demonstrate that computer vision is no longer a novel
field in geology and mining, although its implementation in specific operational
settings often encounters practical challenges.

Computer vision can be particularly valuable for assessing particle size
distribution, given that crushed rock mass is inherently a visually observable
object. A camera installed above the conveyor or near the discharge zone can
capture images of the material flow; an algorithm then identifies the outlines of the
fragments, estimates their sizes, and generates an approximate size distribution.
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While this method does not entirely replace sieve analysis, it provides a real-
time overview of changes in particle size. This is particularly valuable when it
is necessary to quickly determine whether crusher performance has shifted—for
instance, if there is an increased yield of oversized material or, conversely, if over-
crushing is occurring. A similar approach can be applied to identifying ore content
on the conveyor using clustering methods, which also involves the automatic
extraction of material characteristics from the flow (Osipova et al., 2024).

However, the computer vision method has its limitations. Accuracy is affected
by lighting, dust, surface moisture, particle overlap, irregular particle shapes, and
image scale. Furthermore, the camera captures only the top layer of the material
rather than the entire volume of the flow. Consequently, the resulting estimate is
always somewhat approximate and should be viewed as a real-time operational
metric rather than a high-precision laboratory analysis. Yet, this is precisely the
practical value of this study: there is no need to immediately build a complex,
universal system; it suffices to verify the feasibility of automated particle size
assessment under specific conditions and compare the results against reference
data. This approach aligns better with actual production environments, where the
requirement is often not for an ideal model, but for a simple, functional solution.

Therelevance of this research direction is also linked to the broader digitalization
of the mining industry. Systems for equipment monitoring, failure prediction, and
process parameter control are currently of great importance. Vibration analysis is
already employed for diagnosing diesel engines and power equipment (Afanaseva
etal., 2025), and condition assessment of complex machinery—such as centrifugal
compressors—is becoming part of the general shift toward intelligent control
(Afanaseva et al., 2026). In the mining industry, equipment reliability and process
controllability are regarded as key factors in operational efficiency (Malozyomov
et al., 2024; Shishkin et al., 2024). If a machine vision system enables the early
detection of deviations in material size, it could indirectly reduce overloads,
emergency shutdowns, and excessive energy consumption.

Machine learning methods are already being applied to geophysical data
interpretation—for instance, in the automated classification of magnetic anomalies
in the North Caucasus (Tynchenko et al., 2026) and the identification of seismic
facies features using self-organizing neural networks (Malikov et al., 2026). These
studies demonstrate that even complex natural objects can be formalized using
digital features, provided the initial data and processing algorithms are selected
correctly. For crushed rock mass, the situation is simpler in one sense—as the
object is directly observable—but more complex in another, given that the image
contains a multitude of irregular shapes, shadows, and overlapping elements.

Furthermore, the issue of granulometry is significant not only for ore
beneficiation but also for the processing of industrial by-products and construction
materials. Finely dispersed powders, rock wool waste, ash-and-slag materials, and
basalt additives are utilized in construction systems where particle size profoundly
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influences material properties (Klyuev etal., 2025; Klyuev etal., 2024; Nurgaliyeva
et al., 2026; Petropavlovskaya et al., 2025). Consequently, the development of
automated methods for assessing particle size may find applications extending
well beyond mere crusher monitoring at mining operations. Research into powder
materials and their activation in ball mills also indicates that changes in particle
size and state constitute a critical technological factor determining the material's
subsequent properties (Martyushev et al., 2014). Digital parameter assessment
methods are becoming increasingly important even in the analysis of crystalline
structures and materials science specimens, as evidenced by the comprehensive
X-ray diffraction analysis of silicon carbide (Bosikov et al., 2023).

Thus, the application of computer vision to assess the particle size distribution of
crushed rock mass represents a relevant area of study, bridging a practical industrial
need with modern digital data processing techniques. Such a system can serve as
a valuable tool for process engineers, enabling them to rapidly detect changes in
material size and make informed decisions regarding the adjustment of crushing
and screening complexes. The aim of this work is to develop and preliminarily test
a compact computer vision algorithm for the automated assessment of the particle
size distribution of crushed rock mass, using images of the material obtained under
conditions simulating industrial conveyor operations.

Materials and Methods. The experimental plan was designed to test not the
entire potential automated monitoring system, but rather a single, crucial element:
the feasibility of assessing the particle size distribution of crushed rock mass using
digital images. The first stage involved preparing a batch of crushed material and
obtaining reference data via sieve analysis; subsequently, the same samples were
photographed and the images processed. The results obtained through computer
vision were then compared with those from manual size-fraction separation. This
approach was chosen because, for industrial application, it is essential to understand
not only how the algorithm functions but also how its readings correlate with the
standard monitoring methods already employed at production facilities.

The material studied consisted of crushed rock mass produced by laboratory-
scale crushing of a medium-strength parent rock. No special effort was made to
achieve an idealized material state, as industrial conditions involve fragments with
irregular shapes, rough surfaces, and chipped edges, as well as instances of partial
overlap. This distinction is important because a laboratory sample that is too
"clean" might yield impressive results, yet the resulting algorithm could perform
poorly on an actual conveyor line. Material preparation was carried out using a
laboratory jaw crusher (such as the ShDS type or a similar unit commonly found
in mining-related educational and research laboratories). The maximum feed size
was 40 mm, and the discharge gap was set between 5 and 10 mm. To achieve a
more diverse particle size distribution, a portion of the material was additionally
processed through a roll crusher with a gap setting of approximately 3—5 mm.

Following crushing, the material was thoroughly mixed, and samples
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weighing approximately 1.5-2.0 kg were obtained using the quartering method.
The reference particle size distribution was determined using a standard set of
laboratory sieves with aperture sizes of 20, 10, 5, 2.5, and 1 mm. Sieving was
performed using a vibrating screen or a laboratory sieve analyzer for 5 minutes at
a medium oscillation amplitude. After sieving, each fraction was weighed on an
electronic scale with an accuracy of 0.1 g. The resulting values served as baseline
data for comparison, although it is understood that sieve analysis itself is subject
to error due to grain shape and the incomplete passage of particles through the
mesh openings.

To capture images, a simple setup was assembled that could be replicated in
a standard university laboratory. A digital camera with a resolution of 12—-16 MP
was used, mounted on a tripod 60—70 cm above the working surface. A dark matte
sheet served as the working surface to ensure that light-colored and gray rock
fragments stood out clearly against the background. Lighting was provided by
two 20-30 W LED lamps positioned at an angle to the surface to minimize harsh
shadows. Before imaging, a 100 mm scale bar was placed next to the material to
calibrate the pixel size. While simple, this approach is industrially significant, as
the underlying principle could later be adapted for a conveyor line, replacing the
laboratory table with a moving belt.

Images were captured in triplicate for each prepared sample. The material was
spread in a thin layer-without heavy compaction, yet without manually separating
every individual particle. This was done intentionally, as it is impossible to
completely eliminate particle overlap in actual industrial production. Between
8 and 12 images were obtained for each sample; some were used to configure
the algorithm, while others were reserved for validation. Images were saved in
JPEG format, maintaining a constant focal length and a fixed distance between the
camera and the surface. Prior to processing, the region of interest was cropped,
brightness was normalized, and the image was converted to a color space suitable
for separating the material from the background.

Image processing was performed in a Python environment using the OpenCV,
NumPy, and scikit-image libraries. First, the image was converted to grayscale,
followed by median smoothing to reduce fine noise. Subsequently, threshold-
based binarization and morphological processing were carried out; the latter
included removing small objects and filling minor gaps in the contours. A
watershed algorithm based on a distance map was used to separate touching
fragments. For each identified object, the area, equivalent diameter, maximum
length, and minimum width were determined. For comparison with sieve analysis,
the particle's equivalent diameter-converted from pixels to millimeters using a
scale bar—was adopted as the primary metric.

To evaluate the results, all identified particles were categorized into the same
size fractions used in the sieve analysis. The mass fraction of each category was
then calculated; however, since image analysis primarily yields particle area, a
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simplified conversion method was adopted based on the assumptions of uniform
material density and mass proportionality to particle volume. Particle shape was
accounted for approximately via a shape factor, which was kept constant across
the entire series of experiments. While this approach is not perfectly precise, it
allows for the validation of automated monitoring feasibility within the scope of
a specific applied task. From an industrial perspective, even such an estimate is
valuable, as it provides a rapid indication of shifts in material size distribution
without the need to wait for laboratory analysis.

The method's accuracy was assessed by comparing the fractions obtained via
image analysis with those from sieve analysis. Additionally, the mean absolute
error across fractions was calculated to identify which size classes were less
accurately recognized. Particular attention was paid to large fragments, as these
most frequently cause issues during downstream crushing, screening, and mill
feeding. Therefore, the industrial significance of the work lies not only in improving
measurement accuracy but also in the ability to timely detect disruptions in the
crushing process, which subsequently lead to excessive energy consumption,
reduced productivity, and increased equipment wear.

Results and Discussion. The work yielded experimental data demonstrating
that using computer vision to assess the particle size distribution of crushed rock
mass can produce reasonably acceptable results, even with a relatively simple
laboratory setup. A total of 12 samples of crushed material, weighing between
1.48 and 2.05 kg, were prepared. Each sample underwent sieve analysis followed
by photography against a dark background and subsequent image processing. A
total of 126 images were used: 84 for calibrating processing parameters and 42
for validating the resulting algorithm. While this dataset is not extensive, it is
sufficient for a preliminary assessment of the method's feasibility, given that the
study focused on a specific, small-scale applied task rather than the development
of a full-scale industrial system.

Sieve analysis revealed that the material under study exhibited a broad particle
size distribution. The average content of the >20 mm fraction was 6.8%; the 10-20
mm fraction, 18.4%; the 5-10 mm fraction, 31.7%; the 2.5-5 mm fraction, 26.1%;
the 1-2.5 mm fraction, 12.9%; and the <1 mm fraction, approximately 4.1%. This
distribution is typical for material processed via jaw crushing followed by partial
secondary crushing in a roll crusher. Notably, the content of the 5-10 mm fraction
varied between 27.4% and 36.9% across individual samples, demonstrating material
heterogeneity even under laboratory conditions. This is significant for the mining
industry, as fluctuations in particle size can be even more pronounced in actual
crushing and screening plants, and operators may not always detect changes in the
material until obvious issues arise at the screen or mill. During image processing,
the algorithm reliably identified large and medium-sized particles. The 10-20
mm and 5-10 mm fractions were recognized with the highest confidence, as they
exhibited distinct contours and contrasted well against the background. The mean
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error in determining the proportion of the 10-20 mm fraction was 3.1 percentage
points, while for the 5-10 mm fraction, it was 3.8 percentage points. The error
was higher for the 2.5-5 mm fraction, averaging 5.2 percentage points. This is
attributed to the fact that smaller particles were frequently situated between larger
pieces, partially fell into shadow, and were sometimes merged into a single object
by the algorithm. Accuracy was lowest when assessing the fraction smaller than 1
mm, with a mean discrepancy of 6.4 percentage points compared to sieve analysis.
Consequently, the proposed approach is better suited for the rapid monitoring of
primary and coarse fractions rather than for the precise quantification of the dust-
like component of the material.

A comparison of the automated assessment results with sieve analysis revealed
a total mean absolute error of 4.7 percentage points across all fractions. The
correlation coefficient between the fraction proportions obtained via the two
methods ranged from 0.82 to 0.91 across different samples, with a mean value of
0.87 (Fig. 1). This indicates that the method generally captures changes in particle
size distribution accurately, even though individual values do not always align
perfectly. Notably, whenever the content of coarse material (larger than 10 mm)
increased, the algorithm detected this change in almost every instance. For example,
in sample No. 4, sieve analysis showed a combined content of fractions larger than
10 mm of 29.6%, whereas computer vision data indicated 31.2%. In sample No.
9, these values were 21.8% and 23.5%, respectively. Such a discrepancy is not
critical for real-time industrial monitoring, because for a process engineer, seeing
the direction of change is often more important than achieving laboratory-grade
accuracy at every moment.

Average Particle Size Distribution Obtained by Sieve Analysis and Computer Vision4
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Figure 1. Average particle size distribution of crushed rock material determined by sieve analysis
and computer vision, with absolute error for each size fraction.
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Table 1. Comparison of Sieve Analysis and Computer Vision Results for Crushed Rock Size

Distribution.
>20( 50 1200_ 10— |5-10| 5- 2’55_ 2.5~ 21; - <t|
Sam- | mm 20 | mm | 10 5 ~ 125 | mm Mean
Sam- mm | mm mm mm mm
ple | by mm | by | mm mm mm | by absolute
ple . by | by . by by . by
mass, | sie- . by | sie- | by h by | . by | sie- error,
No. CYV, | sie- sie sie- CV,
kg | ve, % | ve CV, | ve, | CV, ve CV, ve CV, | ve, % pP-p.
° 9 ) N ()
% % % | % | % % % % % | %
1 148 |59 6.7 [17.6]19.1 | 32.4 {30.8[26.8 (249 13.1 |12.0] 4.2 | 6.5 1.5
2 1.55 172 |84 [189]20.7(30.6{289[27.5(25.1|11.8|12.6| 4.0 | 43 1.4
3 1.62 | 6.5 7.1 [19.4]21.2(31.9(29.5(25.7|24.1|125|13.2| 4.0 | 49 1.3
4 1.73 | 8.1 1 9.5 [21.5(21.7(29.3(27.0(258|24.6|11.4|123|3.9 | 49 1.2
5 1.69 | 4.8 | 59 [16.7|18.5(36.9 (33.4(24.2|22.7|12.8|13.9| 4.6 | 5.6 1.7
6 1.81 |1 6.9 | 82 [17.9]20.1|33.5(30.2(25.1|23.0|12.6|13.3|4.0 | 5.2 1.8
7 1.88 | 7.5 | 8.7 [18.220.4|30.8 [28.1(27.9|252|11.9|12.8| 3.7 | 4.8 1.8
8 194 | 56 | 62 [17.4]19.8 342 (31.0(25.6|23.3|13.0|13.7(4.2 | 6.0 1.8
9 205|149 |57 (169|17.8]35.6[329(26.4(23.8|12.1 |13.5]4.1] 6.3 1.7
10 1.97 1 7.8 193 [19.1]21.6(27.4(25.0(28.6|259|13.2|13.8(3.9 | 44 1.7
11 1.76 | 6.1 | 7.4 |18.6(20.2 | 31.2 [28.5(26.7|24.2|13.0|13.9| 44 | 5.8 1.7
12 1.84 1 7.0 | 8.1 [18.5]20.6|31.0 (28.6(26.9|24.4|124|13.1|42 | 52 1.7
ﬁ:;; 1.78 | 6.5 | 7.6 [ 18.4]20.1 | 32.1 {29.5]26.4 (243 |12.5|13.2|4.1 | 53 1.6

As can be seen from Table 1, the computer vision method slightly overestimated
the coarse fractions and underestimated the 5-10 and 2.5-5 mm fractions in most
samples. This is mainly connected with the overlapping of particles and the
conversion of visible particle area into an equivalent particle size. However, the
general trend of the size distribution was reproduced correctly, which is important
for operational control of crushing and screening equipment.

The algorithm's performance under varying lighting conditions was also
evaluated separately. With uniform illumination provided by two LED lamps, the
average error was 4.3 percentage points. When one lamp was turned off, resulting
in more pronounced shadowing, the error increased to 7.1 percentage points
(Fig. 2). This demonstrates that imaging conditions are a key factor influencing
the results. In industrial settings—such as coal mining or non-ferrous metal ore
processing—factors like dust, vibration, and uneven lighting can have an even
greater impact on image quality. Therefore, adapting the method for an industrial
conveyor line requires incorporating a camera enclosure, stable lighting, and a
system for regularly cleaning the protective glass. Without these measures, even a
robust algorithm may yield inconsistent data.
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Influence of Image Acquisition Conditions on Computer Vision Accuracy
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Figure 2. Influence of image acquisition conditions and material layer thickness on the accuracy of
computer vision-based particle size assessment.

It was also determined that accuracy depends on the thickness of the material
layer. When the sample was spread relatively evenly and particles barely
overlapped, the error in determining the size distribution did not exceed 3.9—4.5
percentage points. As the layer thickness increased and significant overlapping
occurred, the error rose to 8.0-8.6 percentage points. This represents a significant
limitation, given that material on an actual conveyor belt often moves as an uneven
stream rather than a single layer. However, the computer vision system can still be
useful if viewed as an indicator of changes in particle size rather than a complete
replacement for sieve analysis. For the cement industry, non-metallic construction
materials sectors, and crushed stone plants, such information can help rapidly
adjust crushing parameters and reduce the yield of oversized material.

Analysis ofindividual images revealed that the algorithm sometimes erroneously
merged two closely spaced particles into a single large one. This occurred most
frequently with dark grains exhibiting low boundary contrast. The watershed
algorithm partially mitigated this issue but did not resolve it entirely. After fine-
tuning morphological processing parameters, the frequency of such errors dropped
from approximately 18-20 to 7-9 instances per image for samples of average
coarseness. However, particle separation remained less robust in the presence of a
high proportion of fine fractions. While more sophisticated neural network-based
segmentation methods could be employed in the future, the classical algorithm
was deliberately retained for this study because it is simpler, more cost-effective,
and can be implemented without high-performance computing hardware.

From an industrial perspective, a key finding is that the processing time per
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image averaged 0.8—1.4 seconds on a standard computer equipped with an Intel
Core 15 processor and 16 GB of RAM. Even accounting for image acquisition and
pre-filtering, this enables particle size assessment at intervals of 5-10 seconds.
For a crushing and screening complex, this speed is quite sufficient, as adjusting
the operating mode of a crusher or screen does not typically require a sub-second
response. In the mining industry, such monitoring can be used to prevent oversized
material from entering the mill, while in the coal industry, it helps control the
quality of prepared fuel prior to stockpiling or shipment. Furthermore, this
approach is valuable for crushed stone producers, where particle size distribution
is directly linked to product grade and market value.

The results demonstrate that automatic size assessment should not be viewed
in isolation from the overall technological process. If the system detects an
increase in the fraction exceeding 20 mm, this may indicate wear on the crusher's
working parts, a change in the raw rock's strength, or irregularities in the feed
rate. Conversely, an increase in the fine fraction (under 2.5 mm) may point to
over-crushing, excessive crushing force, or material recirculating through the
crusher. Both scenarios are industrially significant: oversized material reduces
the efficiency of downstream grinding, whereas an excess of fines can impair
screening performance, increase dust levels, and lead to material loss.

Overall, the study confirmed that even a simple computer vision system—based
on a standard digital camera, controlled lighting, and OpenCV algorithms—can
determine the particle size distribution of crushed rock with accuracy sufficient for
real-time monitoring. While the method does not replace laboratory sieve analysis
(particularly for fine fractions), it serves as a valuable complement due to its high
speed and capacity for repeated measurements. The most promising practical
application involves installing such systems on conveyors downstream of the
crushing stage at mining, coal, cement, and crushed-stone operations. For these
facilities, it is crucial not only to know the precise composition of a sample after
analysis but also to detect changes in material quality within the flow in a timely
manner, as these changes directly impact productivity, energy consumption, and
equipment wear.

Conclusion. The study demonstrated that using computer vision to
automatically assess the particle size distribution of crushed rock mass serves as
a simple yet highly useful tool for real-time monitoring. The objective was not
to completely replace traditional sieve analysis, as the latter remains the more
accurate method for laboratory assessment. However, the results indicate that
digital image processing enables the rapid determination of the material's overall
distribution across key size fractions and the timely detection of changes in the
flow's coarseness.

Experimental results showed that the mean absolute error of the automated
assessment was approximately 4.7 percentage points, while the correlation
coefficient between sieve analysis data and computer vision data averaged 0.87.
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The 10-20 mm and 5-10 mm fractions were identified most reliably, whereas the
error was higher for fine particles (under 1 mm) due to shadows, particle overlap,
and poor edge definition. It was also found that lighting quality and material layer
thickness significantly affect the results: the error rose to 7.1 percentage points
with the appearance of side shadows and to 8.3 percentage points with a thicker
material layer.

The practical significance of this work lies in the potential application of the
proposed approach at crushing and screening facilities within the mining, coal,
cement, and crushed stone industries. Such a system enables faster detection
of oversized material, over-crushing, and deviations from optimal crushing
parameters. Future work should focus on testing the methodology on a moving
conveyor belt and incorporating neural network-based segmentation algorithms.
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