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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. Inthe context of the implementation of digital technologies
in mine surveying practice, increasing attention is being paid to methods of spatial
documentation of underground mine workings that combine sufficient accuracy,
operational efficiency, and affordability. In this regard, the use of photogrammetry
based on smartphone cameras is of particular interest under low-light conditions
typical of underground mining environments. Objective. The aim of this study
was to experimentally evaluate the accuracy of photogrammetric reconstruction of
underground workings using mid-range smartphones and determine the feasibility
of their application in mine surveying operations. Methods. A non-operational
section of an underground working was selected as the research object. Image
acquisition was performed using four smartphones: Redmi Note 13 Pro, Samsung
Galaxy A25, Vivo V21, and Infinix Note 30i. I[llumination was provided by a
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U-600 floodlight with adjustable brightness and color temperature. Photographs
were captured in three vertical rows with a spacing of 3 m, ensuring at least 60%
longitudinal overlap and 25% transverse overlap. The collected images were
processed in the Agisoft Metashape software environment to generate dense
point clouds and three-dimensional models. Accuracy assessment was carried
out in CloudCompare using the Cloud-to-Cloud Distance method by comparing
the resulting point clouds with a reference model obtained through laser
scanning. Results. The experimental results demonstrated that smartphone-based
photogrammetry can provide spatial accuracy sufficient for solving engineering
and mine surveying tasks. The highest reconstruction accuracy and point cloud
density were achieved using the Vivo V21 and Redmi Note 13 Pro smartphones,
whereas the Samsung Galaxy A25 showed the lowest reconstruction stability.
Conclusions. The obtained results confirm the feasibility of using smartphones for
photogrammetric surveying of underground workings, provided that requirements
for image acquisition and lighting conditions are satisfied. The study highlights
the potential of mobile photogrammetry for improving the digitalization and
efficiency of mining operations.

Keywords: mobile photogrammetry, underground mine workings, smartphone,
three-dimensional modeling, point cloud, Agisoft Metashape, CloudCompare,
spatial reconstruction, accuracy, laser scanning
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AHHOTAUMsl.  O3exminizi.  MapKiieidaepiik  NpakTHKara  TUPPIBIK
TeXHOJIOTUSUTAP/BIH  OCJICeHII CHIri3UIyl JKarmalblHIA JOJJIr  KETKUIIKTI,
KEJIENIIT1 KOFaphl KOHE YIKOHOMHKAIIBIK TYPFBIIaH KOJDKETIMJ OOJBIN KeJIeTiH
KepacTbl Tay-KeH Ka30ajapblH KEHICTIKTIK KyKaTTayIblH OIICTEepiH i3aey
epekiie MaHbI3ra ne. Ocbl TYpFhIIa Ka3ipri 3aMaHFbl CMapTQOH KaMepajapblHa
HerizaenreH (oTorpaMMeTpHsHBI KOJNJaHy MYMKIHAIKTEpiH, acipece >KepacThl
Tay-KeH Ka30anapblHa TOH LIEKTEYNl >KapbIKTaHIBIPY JKargainapbiHaa, Oaramay
©3¢KTi Ooubin TaObuIaAbl. 3epmmey maxcamspl. OpTama Oara CErMEHTIHJET1
cMapTQOH KaMmepalapblH MaiJanaHy apKbLIbl XKepacTbl Tay-KeH Ka3OamapbiH
(oTorpaMMeTpHUSIIBIK KaliTa KYPYABIH JSJIITTH SKCIEPUMEHTTIK TypAe Oaranay
YKOHE OJIap/IbIH MapKUICHePIIiK )KYMBICTap/ia MPAKTUKAJIBIK KOJIJaHy MYMKIHJITiH
aHbIKTay. 3epTTey HBICAHBl PETiHJEC NalJalaHBIMAUTBIH JKEPacThbl Tay-KeH
Ka30acelHBIH Yyuackeci Tanganabl. Tycipimim Redmi Note 13 Pro, Samsung
Galaxy A25, Vivo V21 xone Infinix Note 30i cmaprdonaapeiH mnaiinamnaHna
OTBIPBII KYPrizingi. JKapbIKTaHIbIPY KapbIKTBUIBIFEI MEH TYCTIK TEMIIEpaTypachl
perrenerin  U-600 KapbIKOMOATHI MPOKEKTOPMEH KaMmTaMachl3  eTUIAl.
dototycipiniMm 3 M KaJgaMMeH YUI TiK KaTapja Xypri3uiin, OOMIbIK OarbITTarbl
kabatracy keMinfie 60 %, ast keJieHeH OaFbITTaFbl KabaTTacy KeMinge 25 % 00 b,
Anpiaran keckinaepnai enaey Agisoft Metashape OarmapnamanbslK opTachiHAA
xysere aceppuiabl. Jonnikti Oaranmay CloudCompare OarmapiamacbiHIa
Cloud-to-Cloud Distance (C2C) omici apKpiibl (OTOrpaMMETPHUSUIBIK HYKTETIK
OynTTapapl Ja3epiik CKaHepiey OMiCiMEH allblHFaH 93TaJOHABIK MOJEIbMEH
CaNBICTBIPY KOJBIMEH OpbIHAaNael. Hamuoce. DKCIEPUMEHTTIK JEpeKTep
MOOMIIBII KYPBUIFBUIAPB TaliJanaHa OTBIPBIT KYPri3ilireH (oTorpaMMeTpus
WHXCHEPJIIK MIHACTTEP/II IIeNTy YIIiH JKETKITIKTI KeHICTIKTIK JOJJIIK JeHIrehiH
KaMTaMmachl3 eTeTiHiH KepceTTi. HyKTemik OYITTHIH THIFBI3ABIFEI MEH KaiiTa
KYPYJIbIH JKaJIbl TISJiri OOMBIHIIA €H )KOFaphl KepceTkimrepai Vivo V21 xoHe
Redmi Note 13 Pro cmaprdonaapsr xepcerti, an Samsung Galaxy A25 kaiita
KYpy HOTH)KENEPiHIH TYPaKTBUIBIFBI OOHBIHIIA €H TOMEH KOpPCETKIITepMEH
CUMATTaNbl. AJBIHFAH HOTHIKENIEP TYCIPLIIM 9/licTEMECiHE JKOHE KAPBIKTaHIABIPY
KaraaiaapelHa KOWBUIATBIH TajanTtap cakTalFaH »Karaaiga cMapThOHIapIbl
KepacThl Tay-KeH Kaz0anapblH (OTOrpaMMETPHSIIBIK TYCIpyAe KONJaHy MYMKiH
eKeHIH pacTaiinel. Byn Mapkueiinepiik KaMTaMachl3 €Ty caiachlHaa MOOWIIBIL
(oTorpaMMeTpuUsSHBl KEHIHEH EHTi3yre alfbIIIapTTap JKacai bl )KoHE OHAIPICTIK
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yAepicTepiiH U pIaHABIPY ASHIeill MEH dKOHOMHUKAIBIK THUIM/IUTITIH apTThIpYyFa
BIKIIAJ €Te/l.

Tyiin ce3maep: MoOwiIbai GoTOrpaMMeETpHs, JKepacThl Tay-KeH Ka30alapsl,
cmaptdoH, ymemmeMmai MoAeNnbIey, HYKTemik Oynr, Agisoft Metashape,
CloudCompare, KeHICTIKTIK KalTa KYpy, JoJIIIK, JIa3epilik CKaHepiey
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AuHoTanus. Akmyanbrocms. B yCIOBHSIX aKTHUBHOTO BHEAPEHUS TH(DPOBHIX
TEXHOJIOTUH B MapKIICHACPCKYIO MPAKTUKY 0C000€ 3HAYCHHE IIPUOOPETACT MOUCK
METOJIOB [TPOCTPAHCTBEHHOU TOKYMEHTAIIUH 10136 MHBIX BEIPAOOTOK, COUSTAFOIITIX
JOCTAaTOYHYK) TOYHOCTh, OTEPATHMBHOCTh W HSKOHOMHUYECKYIO JIOCTYITHOCTb.
B oTOll CBA3M aKTyanbHON SIBJISETCS OICHKA BO3MOXHOCTEH MpPUMEHECHUS
(doTorpaMMeTpUH Ha OCHOBE KaMEp COBPEMEHHBIX CMapT(HOHOB, OCOOCHHO B
YCIOBHUSX OTPAaHHYEHHOTO OCBEMICHHS, XapPaKTEPHBIX JUIS TMOA3EMHBIX TOPHBIX
BBIPA0OTOK. [[enb. DKCIIEPUMEHTAIBHO OLIEHUTh TOYHOCTH (JOTOrPAMMETPUIECKON
PEKOHCTPYKIIMHU TIOI36MHBIX BBIPAOOTOK TIPH MCIIOJIL30BAHUN Kamep cMapT(HOoHOB
CpPE/IHEr0 IIEHOBOTO CErMEHTa W OMPEACITUTh BO3MOXKHOCTh MX MPAKTHYECKOTO
MPUMEHCHUS B Mapkiieiaepckux paborax. Memoowi. B kauecTBe 00BeKkTa
HCCIIE/IOBAHUS BBIOPAH HEIKCIUTYaTHPYEMBIH YYaCcTOK MOA3EMHOU BBIPAOOTKH.
CbeMKa BBINIOJHSIACH C HCIOJb30BaHHEeM cMmapTdoHoB Redmi Note 13 Pro,
Samsung Galaxy A25, Vivo V21 u Infinix Note 30i. OcBerienue o0ecreunBagoch
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CBETOAMOAHBIM MpoxkekTopoM U-600 c perymupyemMol SIpKOCTBIO U IIBETOBOM
temneparypoi. dororpadupoBanue MPOBOJUIOCH B TPU BEPTHKAIBHBIX psija C
maroM 3 M IpH MPOAOJIBHOM NEpPEKphITUH He MeHee 60% U MomepedyHoM - He
MeHee 25%. O6paboTka M300pakeHU OCYIIECTBISIACH B MPOTPAMMHON Cpere
Agisoft Metashape. Onenka TouyHocTu BeinosHsutack B CloudCompare Metogom
Cloud-to-Cloud Distance myTemM cpaBHEHUS (OTOTPAMMETPUUYECKUX OOJIAKOB
TOYEK C ATAJIOHHOW MOJIEIBIO, MOJNyYeHHOH METOJIOM JIA3ePHOTO CKaHUPOBAHMS.
Pesynomamer  u  6v1600bl.  DKCIIEpUMEHTAIbHBIC JaHHBIE IIOKa3aJld, dTO
(oTorpamMMeTpHusl C HCIOJB30BAaHUEM MOOWIBHBIX YCTPOKMCTB oOecrednBaeT
YPOBEHB MPOCTPAHCTBEHHON TOYHOCTH, IOCTATOUYHBIN JIJIsl PELICHUST HHKCHEPHBIX
3agad. Hamnmydmme mnokaszaTeny IUIOTHOCTH 0ONaka TOYEK M TOYHOCTHU
PEKOHCTPYKIIHMH IIPojieMOHCTprupoBain cMapTdonsl Vivo V21 u RedmiNote 13 Pro,
Torza kak Samsung Galaxy A25 xapakTepnu30BaJicsi HAUMEHbLIEH CTa0MIIBHOCTBIO
pe3ynbraroB. [TomyueHHbIe pe3yabTaThl OATBEPKIAI0T BOSMOXKHOCTh IPUMEHCHUS
cMapTQOHOB B (POTOrpaMMETPHUUECKOH CHEMKE IOJ3EMHBIX BBIPAOOTOK INpHU
cobOmoneHny TpeOOBaHUN K METOMWKE CHEMKH W OCBEIICHHIO0. DJTO CO3/IaeT
MPENOChIUIKN JJIsl PacIIMPeHUs] UCIONIb30BaHus MOOMIBHOW (oTorpamMMerpun
B MapKILEHAePCKOM 00eclieueHNH TOpHBIX paboT M CIIOCOOCTBYET MOBBIIICHHUIO
YPOBHS IU(PPOBHU3AINN U SKOHOMHUYECKOH 3()(PEeKTHBHOCTH MPOU3BOJICTBEHHBIX
IIPOLIECCOB.

KiroueBble ciioBa: MoOwibHas (poTorpaMMmerpusi, HOI3EMHBbIE TOpPHBIE
BBIpAOOTKH, cMapTdOH, TpPEXMEpPHOE MOJEIHpPOBaHUE, 00Jako Touek, Agisoft
Metashape, CloudCompare, mpocTpaHCTBEHHas PEKOHCTPYKIIHS, TOYHOCTb,
Jla3epHOe CKaHHPOBAaHUE

Introduction. Three-dimensional documentation of underground mine
workings has advanced rapidly over the past decade. In practice, stationary
terrestrial laser scanning and mobile systems based on simultaneous localization
and mapping (SLAM) remain the dominant options for spatial capture underground
(Dabove et al., 2019; Morelli et al., 2024; Skarlatos et al., 2024; Pukanska et al.,
2024), enabling detailed digital models that support excavation-volume estimation,
overbreak/underbreak analysis, and compliance checks against design contours.
In parallel, image-based modelling via photogrammetry has gained traction as
a flexible and cost-effective complement to laser scanning, particularly when
professional digital cameras are available.

The fast evolution of mobile hardware now suggests a credible path for
smartphone-based photogrammetry (Dabove et al., 2019; An et al., 2022; An et
al., 2021; Aljjani et al., 2022). Modern handsets combine high-resolution sensors
with advanced on-device processing and, in favourable conditions, can approach
the output of dedicated cameras. Transferring this promise underground, however,
is non-trivial: standardized capture protocols are largely absent; optimal imaging
parameters are not well established; and the effects of limited and spatially
variable illumination are insufficiently addressed (Burdziakowski, 2024; Morelli
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et al., 2024; Pukanska et al., 2024). Moreover, most published workflows were
designed for well-lit surface environments and are not tailored to underground
constraints (Dabove et al., 2019). To the best of our knowledge, the literature still
lacks a compact, field-tested protocol for smartphone photogrammetry specifically
in low-light underground settings.

Here we do not claim to replace TLS; rather, we ask under what conditions mid-
range smartphones can produce geometrically reliable models. Our contributions
are deliberately practical: a capture layout with explicit overlaps and spacing,
an image-count formulation with ceiling rounding per direction, and a like-for-
like accuracy benchmark against a TLS reference using CloudCompare with
the Cloud-to-Cloud Distance metric and ground control point (GCP) residuals.
All parameters (software versions and CloudCompare settings) are reported for
reproducibility, and limitations are discussed upfront (illumination non-uniformity,
edge occlusions, and texture scarcity) (Burdziakowski, 2024).

Literary review. Over the past decade, photogrammetry based on the
acquisition of metric three-dimensional information from overlapping images
has become widely adopted in underground mine workings. A major contribution
to its development has been made by advances in Structure from Motion (SfM)
algorithms, improvements in digital image processing, and the emergence of high-
sensitivity cameras and unmanned platforms, which have enabled effective data
acquisition in remote and poorly illuminated underground environments (Benton
et al., 2017). Whereas the geometry of mine workings was previously documented
mainly using traditional surveying methods or laser scanning, during the period
2015-2025 photogrammetry has been increasingly incorporated into geodetic
support practices for mining operations.

In both scientific and applied studies, photogrammetric methods are employed
to generate accurate 3D models of underground excavations, assess rock mass
deformation, analyze ground support conditions, and perform geometric control
of excavation cross-sections. It is noted that, in many cases, the accuracy of
photogrammetric data is comparable to that of laser scanning, while offering lower
costs and greater operational flexibility. A number of publications emphasize that
mobile photogrammetry can effectively complement laser scanning and, under
certain conditions, partially replace it.

Recent research links the development of underground photogrammetry to the
concept of the “Digital Mine,” which involves integrating spatial data on mine
workings, geology, and equipment within a unified geoinformation environment.
Photogrammetric 3D models and point clouds are widely integrated into
specialized mining GIS and software platforms, where they are used for planning,
analysis, and monitoring. According to international reviews, the integration of
photogrammetry and GIS enhances the efficiency of spatial data analysis, improves
calculation accuracy, and supports more informed engineering decision-making.

The literature also highlights the importance of using photogrammetric data
as part of digital twins of underground spaces (Benton et al., 2017; Morelli et

330



ISSN 2224-5278 3.2026

al., 2024). Models referenced to the mine coordinate system are combined
with attribute information—such as rock mass properties, sensor locations, and
equipment routes—providing a comprehensive representation of the state of
mine workings. These approaches enable spatial queries, the creation of thematic
layers, and the automation of reporting processes, thereby reducing time and labor
requirements.

A distinct research direction focuses on the application of photogrammetry for
deformation monitoring. Studies demonstrate that photogrammetric measurements
of displacements and crack openings can achieve accuracy comparable to that
of traditional contact-based methods. This creates opportunities for the partial
replacement of physical sensors with remote observation techniques, particularly
in hazardous areas. Several works also examine the integration of photogrammetry
with seismic monitoring, strain gauge measurements, and thermal imaging data
for comprehensive rock mass assessment (Cazes G et al., 2024.).

Prospective research is increasingly oriented toward the automation of data
acquisition and processing. The literature describes experiments involving robotic
platforms and autonomous drones capable of performing regular photogrammetric
surveys of underground workings. Such solutions are regarded as a foundation for
transitioning toward near-continuous monitoring and enhancing industrial safety.

Overall, an analysis of published studies indicates that digital photogrammetry
has rapidly evolved from an experimental approach into an industrially applied
technology. Despite remaining limitations related to lighting conditions and
surface texture, ongoing advances in hardware and software continue to expand its
range of applications. In the scientific literature, photogrammetry is increasingly
regarded as an integral component of digital information systems for mining
operations and a promising element of the “smart mine” concept.

Materials and methods. Recent advances in photogrammetry and mobile
hardware have opened practical routes to efficient, low-cost three-dimensional
modelling of underground structures (Dabove et al., 2019; An et al., 2022; An
et al., 2021; Morelli et al., 2024; Cazes et al., 2024; Zhang et al., 2024). While
professional digital cameras have been used successfully in several international
studies, underground deployment remains challenging: illumination is limited
and non-uniform, humidity and airborne dust are common, and space is confined
(Morelli et al., 2024; Pukanska et al., 2024).

To address these constraints, we examine the use of mid-range smartphones
for underground image capture. Under the tested conditions, contemporary phone
cameras can provide imagery of sufficient quality for accurate reconstruction
while offering pragmatic advantages—affordability, compact form factor, wireless
data transfer, and ease of access. At the same time, underground smartphone
photogrammetry is still insufficiently studied and requires purpose-built
acquisition protocols and processing guidelines (Cazes et al., 2024; Morelli et al.,
2024; Pukanska et al., 2024; Zhang et al., 2024). Details of the devices, imaging
modes, and software are provided in Section 1.2 (Equipment and software).
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Accordingly, we developed and piloted an experimental protocol under real
underground conditions. The primary tasks were: to acquire imagery using
four mid-range smartphones; to process the photographs for dense point cloud
generation; and to evaluate reconstruction accuracy through comparison with a
reference point cloud obtained using a SLAM-based laser scanner. (Morelli et al.,
2024).

Field campaign. The trials were conducted in June 2025 at an inactive segment
of a hydraulic tunnel near a reservoir in the Kashkadarya Region, Republic of
Uzbekistan (Figure 1). Work took place in a vehicle-turning chamber currently
used as storage. The surveyed segment measures 8 m in length, 5 m in height, and
up to 5.5 m in width—dimensions that reproduce typical underground constraints
(confined geometry and limited illumination). Global Navigation Satellite Systems
(GNSS) were unavailable, so georeferencing relied on GCPs measured with a total
station; the reference dataset was acquired by TLS using an FJdynamics Trion P1
and served as an independent geometric baseline. All trials were conducted by the
author (doctoral researcher H. A. Kurbanov) with minimal ancillary equipment—a
1.5 m tripod and a portable LED spotlight (U-600)—to underscore the deployable,
low-overhead character of the workflow.

t5
3

Figure 1. Location of the test site.

Equipment and software. As the imaging platform, we employed four mid-
range, consumer-grade smartphones (Table 1). Devices were chosen to reflect
realistic cost and logistics constraints in underground work (Dabove et al., 2019;
An etal., 2022; An et al., 2021; Alijani et al., 2022). Imaging was performed with
manual exposure and white balance, AE/AF lock, and HDR/AI enhancements
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disabled. RAW capture was not available on the tested handsets; therefore,

acquisition used minimally processed JPEG.
Table 1. Technical specifications of the smartphones used in this study.

Smartphone model | Main Camera (MP) Sensor size Aperture Price (USD)
Redmi Note 13 Pro 200 1/1.4» /1.65 300 $
Samsung Galaxy A25 50 1/1.56» /1.8 300§
Infinix Note 30i 64 1/2» /1.7 200 $
Vivo V21 64 1/1.72» /1.8 300 8

To ensure adequate lighting under limited-visibility conditions, we used a
portable U-600 LED spotlight with stepless control of luminous output and
correlated colour temperature (CCT), adjustable between ~3200 K and ~5600 K
(Burdziakowski, 2024). Two illumination regimes were tested: (i) residual ambient
light and (i) directed illumination from the U-600 (Figure 2).

Image processing, point-cloud generation, and 3D reconstruction were
performed in Agisoft Metashape Professional v2.2.1. Accuracy assessment and
geometric discrepancy analysis were conducted in CloudCompare v2.14 using the
C2C tool with Euclidean nearest-neighbour (NN) search. Unless otherwise noted,
we restricted the analysis to a shared ROI, applied spatial resampling to uniform
spacing, enforced a maximum distance to clip spurious matches, and reported
mean, standard deviation, min/max, and histograms. For signed interpretation,
normals were estimated on the TLS reference.

Reference data were acquired using an FJDynamics Trion P1 handheld SLAM
LiDAR scanner. Public specifications indicate a point rate of ~200 k pts/s, Class
1 (905 nm) laser, internal 512 GB storage, IP54 protection, and relative accuracy
up to ~2 cm, with a nominal range up to ~40 m at 10% reflectivity (up to ~70 m
at higher reflectivity). These figures are provided for context; in this study, the
SLAM-based laser scanning model served as an independent geometric baseline
(Stroner et al., 2025; Janiszewski et al., 2022) for smartphone reconstructions.

Figure 2. Visual comparison of imaging conditions: left—the tunnel face under residual ambient
light; right—the same location under directed illumination using a portable U-600 LED spotlight.
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Pre-acquisition setup. Prior to image capture, five ground control points were
installed within the test section and distributed across the excavation to span
all three axes: at the heading face, on the sidewalls, at the roof (crown), and on
the floor (Figure 3). Each target was painted directly on the rock as a matte blue
100 x 100 mm square with a central circular mark (= 10 x 10 mm) to facilitate
precise centroiding and to suppress specular glare. Because GNSS is unavailable
underground, camera centres cannot be determined directly; spatial registration of
the photogrammetric models therefore relied on these GCPs.

All GCP coordinates were measured with a South N7 total station; each point
was observed three times, and the arithmetic mean was adopted for subsequent
processing. The models were oriented in a local right-handed Cartesian datum
common to all reconstructions. The heading face was additionally captured by
terrestrial laser scanning, which served as an independent geometric reference for
validation against the smartphone-derived reconstructions (Morelli et al., 2024).

During bundle adjustment, GCPs were identified on the images and used for
exterior orientation. Each control point was captured from multiple stations; even
at the most distant stations, a minimum of two images per GCP was ensured to
maintain redundancy and stable adjustment.

Figure 3. Placement of ground control points (GCP1-GCPS5) at the tunnel heading face.

Image acquisition and data collection. Imagery was captured with a smartphone
mounted on a 1.5 m tripod inside a rigid stabilizing cage fitted with an integrated
LED spotlight (Burdziakowski, 2024). This arrangement provided stiff camera
support and controllable, uniform illumination of the heading—both essential
under limited-visibility conditions. The cage suppressed micro-vibrations during
longer exposures and enabled repeatable framing along the planned capture
path; the directed light minimized motion blur and exposure variability. Where
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necessary, spotlight output and correlated colour temperature (CCT, ~3200-
5600 K) were adjusted to suppress specular glare and enhance surface-texture
contrast, improving tie-point detection and the robustness of bundle adjustment.
Imaging used manual exposure and white balance with AE/AF lock and HDR/AI
enhancements disabled.

Photogrammetric imaging proceeded along three vertical rows with
forward overlap >60% and side overlap >25%, consistent with widely adopted
recommendations for accurate Structure-from-Motion reconstruction (Dabove
et al., 2019, An et al., 2022; An et al., 2021). Image stations were spaced at
approximately 3 m along the tunnel axis. The smartphone and LED spotlight
were co-mounted; at each station, the camera was slewed through a modest arc to
secure overlap both between adjacent frames and between rows. The heading is
approximately 5 m, width of up to 5.5 m, and a length of 8 m. (Figure 4)

Plan View Side View

8.0 m g 5.5 m -

Figure 4. Schematic of camera placement during image capture in the tunnel heading.

The required number of photographs was computed using the relation previously
proposed by Prof. S. S. Sayyidqosimov (Qurbonov et al., 2025; Sayyidkosimov et
al., 2025), which ties capture density to the excavation geometry and the intended
overlaps. In our implementation, the image count N is given by

V=(amt) Goam ) (amt) o

Here, L is the length of the surveyed section (m), W is the the width of the
tunnel (m), H the height of the heading (m), d is the along-track station spacing
(3 m), 4p, At, Av the forward, side, and vertical overlaps (0.60, 0.25, and 0.60,
respectively), and & and v, the horizontal and vertical coverage widths of a
single frame at a camera-to-surface distance of 3 m. In accordance with established
photogrammetric practice, ceiling rounding per direction was applied to ensure
complete coverage and sufficient overlap in all dimensions.

This approach enables rational image planning, eliminates potential coverage
gaps, and improves the robustness of subsequent SIM—MVS reconstruction.
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This target count was implemented for each smartphone during acquisition
(Figure 5), providing sufficiently dense, uniform coverage for robust StIM—-MVS
reconstruction.

All imagery was acquired in fully manual mode, with the phone’s built-in post-
processing and scene automation disabled. In particular, we switched off HDR/
auto-HDR, “Al Camera” scene optimisation, multi-frame night modes, electronic
stabilisation, aggressive noise-reduction pipelines, in-app lens-distortion/
vignetting correction, exposure bracketing and burst/stacking features. Although
such modules can improve visual appeal—by smoothing textures, boosting local
contrast, or fusing multiple frames—they compromise metric fidelity.

figure 5. camera positions and reconstructed 3d scene in agisoft metashape.

From a photogrammetric standpoint, these algorithms alter pixel statistics in
ways that matter: repeatable fine relief is softened; local tone mapping changes
micro-contrast; multi-frame fusion can introduce frame-to-frame inconsistencies
over the same surface patch; and electronic de-shake/denoise may warp local
geometry. The net effect is less stable keypoint detection and matching, reduced
tie-point consistency between adjacent images, and, consequently, a higher risk of
geometric bias during bundle adjustment and surface reconstruction—especially
at the tunnel face under low light.

Accordingly, disabling all auto-enhancers was a necessary condition for
obtaining reproducible data in smartphone photogrammetry. In practice, we
maintained fixed exposure and white balance across each sequence, captured
single frames (no bracketing), and relied on self-calibration in Agisoft Metashape
to model lens parameters. As RAW capture was not available on the tested
handsets, we used the least-processed JPEG available in the camera app (minimal
sharpening and noise reduction where adjustable).

Results and discussions. Photogrammetric processing—including image
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alignment, dense point-cloud generation, and 3D model reconstruction—was
performed in Agisoft Metashape Professional v2.2.1. For cross-validation and
point-cloud comparison we used CloudCompare v2.14, where the photogrammetric
outputs were evaluated against the TLS reference (see Methods §1.2 for C2C
settings).

To keep runtimes reasonable and ensure stable operation under sustained
loads, computations were carried out on a Windows 11 (64-bit) laptop (Asus TUF
Gaming A15) equipped with an AMD Ryzen 7 7435HS CPU, 16 GB RAM, and
an NVIDIA GeForce RTX 3050 GPU. This configuration provided sufficient
headroom for the datasets considered and allowed the workflows to run without
interruption.

Processing settings. All datasets were processed in Agisoft Metashape
Professional v2.2.1 (Windows 11, 64-bit) using the application’s factory defaults
unless stated otherwise. Photo alignment was run at medium accuracy with Generic
pair preselection enabled and reference preselection disabled; the Key point
limit remained 40,000 and the Tie point limit O (unlimited). Camera calibration
relied on Metashape’s automatic self-calibration (Brown—Conrady model). After
introducing five ground control points, the bundle was re-optimized via Optimize
Cameras with the default parameter set (f, cx, cy, k1-k3, pl—-p2) left active. No
additional outlier pruning of tie points (beyond the software defaults) was applied.
Dense reconstruction used the default settings (Quality = Medium, Depth filtering
= Mild), and dense point clouds were exported in a local right-handed Cartesian
frame (metres).

Geometric comparisons were performed in CloudCompare v2.14 with the
Cloud-to-Cloud Distance tool, again using software defaults and exactly the
same configuration for each smartphone cloud against the LiDAR reference. Both
clouds were imported in the same local datum; no ICP refinement was applied
after Metashape. The analysis covered the full overlapping extent, without explicit
resampling or edge masking. C2C used octree-based nearest-neighbour (Euclidean
NN) search, unsigned distances, no local modelling, and no enforced maximum
search distance. We report the standard statistics returned by CloudCompare (mean,
standard deviation, min/max) together with default histograms; colour maps in the
figures use a fixed range in millimetres to preserve comparability across devices.
No additional outlier-rejection options (e.g., “Ignore outliers”) were enabled.

Reconstruction quality assessment. Processing was carried out in Agisoft
Metashape using a uniform workflow for each smartphone: image alignment and
tie-point extraction, bundle adjustment with camera self-calibration, dense point-
cloud generation, and estimation of projection parameters. To isolate device effects,
all models were reconstructed from the same number of images (96 per dataset)
acquired under identical conditions and processed with identical settings. This
design enables a like-for-like comparison across devices, minimizing confounding
from acquisition geometry or processing choices. Key quality indicators and
summary statistics are reported in Table 2.
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Table 2. Key metrics of the photogrammetric workflow across devices.

Images | Tie points | Projections | Dense points Processing time
Smartphone model (n% (cc?unt) (cJount) (couqut) (min%
Redmi Note 13 Pro 96 109 032 332323 5515978 25
Samsung Galaxy A25 96 68 270 181 589 4 828 593 29
Infinix Note 30i 96 101 013 314 003 4239 337 32
Vivo V21 96 73 659 203 688 5889014 38

The data in Table 2 indicate that both camera characteristics and capture
conditions materially affect reconstruction quality and efficiency. Even with
identical acquisition geometry and 96 images per dataset, the devices behaved
differently.

e Redmi Note 13 Pro and Infinix Note 30i produced the largest counts of tie
points and projections (Redmi: 109,032 / 332,323; Infinix: 101,013 / 314,003),
consistent with stable focus, adequate texture, and robust overlap. Despite its very
high nominal resolution (200 MP), Redmi yielded a 5.52 M dense cloud with
a comparatively short processing time (25 min), suggesting repeatable features
under well-controlled lighting.

e Vivo V21 registered fewer tie points (73,659) yet produced the densest
cloud (5.89 M). This points to a favourable balance among sensor quality, optical
stabilisation, and exposure/sharpness settings—dense-cloud yield is not strictly
proportional to tie-point or projection totals.

e Samsung Galaxy A25 recorded the lowest numbers of ties (68,270) and
projections (181,589), coinciding with a smaller dense cloud (4.83 M) and 29 min
runtime. This pattern is consistent with lower effective sensitivity in low light and
less stable autofocus underground.

e Infinix Note 30i shows an instructive divergence: a high projection count
(314,003) but the smallest dense cloud (4.24 M) and the longest runtime (32 min),
indicative of elevated noise, local misalignments, or stricter depth-map filtering
during densification.

Comparison of dense point clouds with the reference model. Following image
alignment and tie-point identification, the spatial reconstruction was successfully
computed as a dense point cloud representing the geometry of the test scene
(Figure 6).

Using CloudCompare v2.14 (C2C tool, Euclidean nearest-neighbour, unsigned
absolute distances, shared ROI, other options left at defaults), we compared each
photogrammetric cloud with the TLS reference. The behaviour of the distance
histograms and the deviation maps is broadly consistent across datasets: a compact
centimetric core and a long, low-amplitude right tail driven by edge effects
(grazing incidence, partial occlusions, weak texture). The specifics by device are
as follows.

e Redmi note 13 pro. The Gaussian fit to the C2C histogram gives a mean =
12.35 mm and SD = 22.36 mm (2,349 bins). Most points lie in the 0—20 mm band;
isolated enlargements (colour bar locally up to ~0.37 m) are confined to narrow
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strips along scene margins and the crown. This aligns with the GCP 3D RMSE
~ 11.7 mm and a higher reprojection residual (1.45 px): the central corridor is
reconstructed stably at engineering accuracy, while the heavy-tail portion reflects
peripheral artefacts rather than a global bias. In practice, clipping an outer band
(e.g., >50 mm) tightens the spread without changing the conclusion.

c d

Figure 6. Dense point clouds reconstructed from the smartphone datasets: (a) Redmi Note 13 Pro;
(b) Samsung Galaxy A25; (c) Infinix Note 30i; (d) Vivo V21.

e Samsung Galaxy A25. This dataset shows the weakest surface fidelity. The
histogram is broad with a pronounced right tail (mean = 23.8 mm, SD = 59.6
mm), and the map reveals clusters of larger misfits at boundaries and the crown,
with additional patches in the far field where the cloud thins. Typical symptoms—
local warping, thinning, texture dropouts—are consistent with lower effective
sensitivity and less reliable AF in low light. Even so, the image network remains
internally coherent (GCP 3D RMSE = 10.0 mm, mean reprojection = 1.04 px). The
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model is serviceable for reconnaissance and bulk estimates, but tight conformity
checks would benefit from stronger lighting and higher overlap/baseline.

¢ Infinix Note 30i. Coverage is broadly continuous, yet noisier than the
better performers. The histogram is sharply right-skewed (mean ~ 15.25 mm, SD
~ 34.60 mm, 2,059 classes): the bulk sits below ~30—40 mm, with a long tail.
Larger deviations concentrate at edges, the crown, and parts of the floor; isolated
green—yellow-red patches (hundreds of millimetres) correspond to occlusions
or depth-map dropouts. Together with the smallest dense-cloud size and longest
runtime reported earlier, this points to optical/AF limits and the absence of robust
stabilisation. Denser station spacing, stricter manual focus and more uniform
lighting would likely suppress long-tail errors while keeping the core in the ~10—
20 mm band.

e Vivo V21. The histogram is tightly concentrated in 0—30 mm; the Gaussian
fit reports mean = 15.1 mm, SD = 34.5 mm (2,427 classes). The deviation map is
pale-cyan across the central field; higher errors are confined to scene boundaries
and crown/bench contacts. This indicates a geometrically stable core, fully
consistent with GCP 3D RMSE = 10.5 mm: within the working area, agreement
with TLS is close, and discrepancies cluster in low-texture or oblique-view zones.
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Figure 7. Comparative analysis of dense point clouds from four smartphones against the TLS
reference: (a) Redmi Note 13 Pro; (b) Samsung Galaxy A25; (c) Infinix Note 30i; (d) Vivo V21.
Left: C2C Cloud-to-Cloud Distance) deviation maps with colour scale. Right: histograms of
absolute deviations (mm).
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Assessment of spatial positioning accuracy. A 3D model of the underground
heading was reconstructed from the dense point cloud (Figure 8), after which
the spatial positioning accuracy of the GCPs was quantified. Using total-station
coordinates as the reference, we report: (i) axis-wise errors along X, Y, Z (as
RMSE, mm), (ii) the combined 3D RMSE of point positions (mm), and (iii) the
mean reprojection error (px) of marker coordinates—an indicator of alignment
quality. Detailed statistics for each smartphone are provided in Tables 3—6 (units:
mm for spatial errors; px for reprojection).
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C

Figure 8. Reconstructed 3D models of the tunnel heading from the four smartphone datasets: (a)
Redmi Note 13 Pro; (b) Samsung Galaxy A25; (c) Infinix Note 30i; (d) Vivo V21.

Samsung Galaxy A25 (Table 3). This dataset shows the lowest geodetic fidelity
among the tested phones: 3D RMSE = 9.95 mm, with component errors X = 3.56
mm, Y = 6.58 mm, Z = 6.56 mm. The pattern is consistent with lower effective
sensitivity and limited stabilisation under low-light, underground conditions. The
mean reprojection error is 1.04 px, illustrating that good 2D fits do not necessarily
imply low 3D RMSE.

Table 3. Accuracy of ground control points (Samsung A25).

Point | Error X (mm) | Error Y (mm) |Error Z (mm) | 3D RMSE (mm) Image r.es1d.ua1 (px)
(projections)
point 1 -1.3049 -6.7040 2.4425 7.2534 0.663 (16)
point 2 6.5759 -0.0516 -11.5518 13.2925 0.770 (14)
point 3 -3.2450 -4.3525 2.9222 6.1656 1.108 (5)
point 4 -0.4156 -2.2551 -1.5633 2.7753 1.982 (8)
point 5 -2.7604 12.1551 8.0540 14.8403 0.575 (9)
Total 3.5572 6.5836 6.5614 9.9524 1.037

Vivo V21 (Table 4). Best geodetic accuracy overall: 3D RMSE = 10.5 mm, with
well-balanced axis-wise components (each < ~6.5 mm). The mean reprojection
error is 1.35 px, indicating a well-constrained bundle and stable alignment—
consistent with effective optical stabilisation and a workable sensor—lens trade-off
in low light.

Infinix Note 30i (Table 5). Satisfactory result for engineering-visualisation
tasks: 3D RMSE = 12.9 mm. A notable feature is high redundancy at control
points—on average ~10.08 image observations per GCP—suggesting that strong
overlap compensated for lower effective sensor sensitivity. Despite modest optics,
the reconstruction shows no obvious systematic bias.

Redmi Note 13 Pro (Table 6). Mid-range performance: 3D RMSE = 11.7
mm. The mean reprojection error is the largest among the tested phones (1.45
px), implying slightly noisier feature localisation (e.g., micro-motion or texture
handling in low light), yet the capture geometry and overlap were sufficient to
keep spatial accuracy within engineering tolerances.
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Table 4. Accuracy of ground control points (Vivo).

Point | Error X (mm) | Error Y (mm) | Error Z (mm) 3D RMSE Image r;su!ual (px)
(mm) (projections)
point 1 -1.4186 -5.1704 1.7478 5.6392 0.868 (23)
point 2 12.6742 -1.1111 -8.7170 15.4226 1.369 (19)
point 3 -3.5003 -8.1278 1.5536 8.9849 0.982 (6)
point 4 -2.4309 2.8478 0.5269 3.7811 3.047 (6)
point 5 -5.3083 11.5838 4.8879 13.6475 0.817 (14)
Total 6.4651 6.8749 4.5962 10.4970 1.349
Table 5. Accuracy of ground control points (Infinix Note 30 I).
Point | Error X (mm) | Error Y (mm) | Error Z (mm) | 3D RMSE (mm) | [mage residual (px)
(projections)
point 1 0.0717 -6.9568 -0.0580 6.9574 5.297 (21)
point 2 14.2094 1.8935 -12.1863 18.8148 2.021 (13)
point 3 -1.7438 -4.7888 0.9972 5.1931 26.521 (6)
point 4 1.6036 -1.2866 3.8217 4.3396 1.733 (5)
point 5 -14.1410 11.1388 7.4254 19.4725 0.910 (3)
Total 9.0276 6.3347 6.6218 12.8638 10.083
Table 6. Accuracy of ground control points (Redmi Note 13 Pro).
Point | Error X (mm) | Error Y (mm) | Error Z (mm) | 3D RMSE (mm) Image r.esul.ual (px)
(projections)
point 1 -0.9675 -5.8098 2.7531 6.5015 0.930 (13)
point 2 8.2715 -4.2041 -13.1393 16.0852 1.647 (13)
point 3 -5.2032 -4.0308 4.2791 7.8506 1.388 (12)
point 4 0.6716 -2.1369 -1.0143 2.4589 1.106 (7)
point 5 -2.7724 16.1818 7.1212 17.8955 1.908 (11)
Total 4.5730 08.1742 7.0749 11.7383 1.453

For a direct comparison of spatial positioning accuracy across devices, a comparative
histogram was compiled (Figure 9). It summarizes the mean 3D Euclidean positioning
error and the mean reprojection error (in pixels) computed from the ground control points.

3D positioning error (mm)

Samsung Galaxy A25

GCP-based spatial accuracy by smartphone

mm 3D positioning error (mm)
=o=Mean reprojection error (px)

Vivo V21

00

Infinix Note 30i
Smartphone model

Redmi Note 13 Pro

Mean reprojection error (px)

Figure 9. GCP-based accuracy by smartphone: mean 3D Euclidean positioning error (mm) and
mean reprojection error (px) (error bars: 1 SD where applicable).
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The experiments indicate that mid-range smartphones can support engineering-
grade documentation of underground headings when acquisition protocols are
followed with discipline. Across devices, GCP-based 3D RMSE fell in the ~10—13
mm range, which is operationally useful for volumetrics and conformity checks in
confined headings.

Device behaviour. Among the tested handsets, Vivo V21 delivered the best
overall geodetic performance, combining low 3D RMSE with a uniform point
distribution—consistent with effective optical stabilisation and a well-balanced
sensor—lens package. Redmi Note 13 Pro produced high-quality reconstructions,
especially centrally, but showed greater sensitivity to micro-motion and noise; at
very high pixel densities and without stabilisation, small vibrations and texture
fluctuations propagate into geometry. Samsung Galaxy A25 was least accurate—
plausibly reflecting lower effective sensitivity, fewer manual controls, and lack
of OIS—although its moderate mean reprojection error suggests internally
coherent image networks. Infinix Note 30i required higher redundancy and longer
processing, yet achieved acceptable geometry, illustrating that budget setups can
work if overlap and capture discipline compensate optical limits.

Where reconstructions fail. C2C analyses show error concentrations near scene
boundaries and in low-texture areas (crown, far-field). These patterns underline
the role of stable, uniform illumination and manual exposure/white balance,
particularly underground where visibility is intrinsically constrained.

Implications. Reconstruction accuracy is not dictated by nominal resolution
alone. Outcomes emerge from the interaction of sensor quality, (opto-)stabilisation,
lighting, and processing choices. High resolution without control of capture
conditions does not guarantee high accuracy.

Practical recommendations (from this study):

1. Use a rigid stabilising cage on a ~1.5 m tripod; disable HDR/Al/multiframe
features.

2. Maintain forward overlap > 60 % and side overlap > 25 %; plan image
counts with ceiling rounding per direction.

3. Provide directed LED lighting with adjustable CCT (~3200-5600 K); avoid
specular glare; keep exposure constant within a sequence.

4. Enforce GCP coverage across crown, walls, floor; use a local Cartesian
datum; validate against an independent TLS reference via C2C.

5. Prefer uniform processing presets across devices; monitor both GCP
residuals and C2C distributions.

Limitations and future work. The use of a single underground test site in
this study was methodologically justified, since the primary objective was not
to demonstrate the universal applicability of smartphone photogrammetry under
all mining conditions, but to perform a controlled comparative assessment of
different smartphone cameras under identical acquisition parameters. Conducting
all experiments within the same tunnel geometry, lighting configuration, imaging
distance, overlap conditions, and processing workflow minimized the influence
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of external variables and ensured that the observed differences in reconstruction
accuracy were mainly associated with the imaging performance of the tested devices
rather than site-specific geological factors. At the same time, the experiments
were conducted at a single underground test site characterized by relatively stable
geological and environmental conditions; therefore, the obtained results should not
be interpreted as universally applicable to all underground mining environments.
Variations in rock texture, moisture, dust concentration, and operational activity
may significantly influence photogrammetric reconstruction quality and should be
investigated in future studies.

Although a portable U-600 LED floodlight was used to simulate low-light
underground conditions, the illumination environment during the experiments
remained more stable and controllable than in active mining operations. In real
underground environments, non-uniform lighting, moving equipment, airborne
dust, and dynamic shadows may reduce reconstruction quality and affect feature-
matching stability. Future studies should therefore investigate smartphone
photogrammetry under more variable and operational underground lighting
conditions.

Results derive from a single site (8§ m segment) and four smartphones without
RAW capture; findings may not transfer to larger headings, different lithologies,
or harsher dust/humidity regimes. The TLS reference is a single platform; cross-
instrument validation would strengthen generality. Future work should quantify
(1) the effect of station spacing and overlap on accuracy—runtime trade-offs, (ii)
illumination strategies for ultra-low-light scenes, and (iii) explicit comparisons
of OIS/EIS behaviours and in-app lens corrections versus pure self-calibration.
Developing a standardised smartphone protocol for underground photogrammetry
is a natural next step.

Conclusion. This study shows that mid-range smartphones can be used for
photogrammetric reconstruction of underground workings in low light, provided
that capture protocols are applied with care. Despite hardware gaps relative to
professional cameras and TLS systems, the tested devices delivered centimetre-
scale positioning and geometric fidelity when lighting, overlap, and processing
settings were controlled.

Performance varied across handsets. Vivo V21 yielded the most internally
consistent reconstructions, with uniformly dense coverage and stable geometry—
consistent with effective optical stabilisation and a balanced sensor—lens package.
Redmi Note 13 Pro also performed well, especially in the central field, but its
very high pixel density made it more sensitive to micro-motion when stabilisation
was not available. Samsung Galaxy A25 produced the least reliable geometry,
indicating limited suitability without corrective measures, whereas the budget
Infinix Note 30i reached acceptable accuracy when supported by high overlap and
disciplined capture.

Across datasets, controlling factors were clear: sensor quality and effective
sensitivity; the presence of optical image stabilisation; access to manual exposure/
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white-balance; and stable, uniform illumination. C2C comparisons against the
TLS reference consistently revealed local distortions near scene boundaries and in
weakly textured areas, underscoring the role of lighting configuration and camera
control underground.

Overall, mobile photogrammetry is a practical option for mine surveying
and geometric documentation in constrained headings. Progress will depend
on (i) standardised, smartphone-specific acquisition protocols tailored to low-
light environments and (ii) continued improvements in embedded cameras
and stabilisation. Together, these developments can support wider adoption of
smartphones in digital monitoring workflows for underground operations.

Al-assisted tools statement. ChatGPT (OpenAl, GPT-5) was used exclusively
for language editing and translation of the manuscript under full author supervision.
All scientific content, data analysis, methodological decisions, and conclusions
were developed and verified by the authors. The authors take full responsibility for
the accuracy, originality, and integrity of the manuscript.
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