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Structural data acquisition in a cave
using smartphone LiDAR
and Virtual Compass
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Abstract. Three-dimensional (3D) modeling has become a preferred approach
for acquiring high-accuracy spatial data efficiently. While terrestrial laser scan-
ning (TLS) delivers high-quality point clouds, its cost often motivates the search
for affordable alternatives. In structural geology, robust rock-mass characteri-
zation requires geometric information from both intact rock and its disconti-
nuities; point-cloud-based surface analysis enables estimation of key para-
meters such as dip and dip direction. Recent smartphones equipped with LiDAR
sensors offer a low-cost means to obtain 3D point clouds suitable for such
analyses. This study evaluates the capability of an iPhone Pro LiDAR scanner
to acquire structural data from planar features inside a cave in southern part
of Macedonia and compares the results with conventional compass measure-
ments. It represents the next step in verification of this methodology, previ-
ously performed on various outcrops in Macedonia. The 3D point clouds were
processed in CloudCompare software, and structural orientations were de-
rived using its Virtual Compass tool. The smartphone-based measurements

Key words': on a 3D point cloud using Virtual Compass, show a highly promising agree-
Compass; LIDAR, ment with the geological compass data, indicating that mobile LiDAR can pro-
point cloud, iPhone, vide a reliable and efficient complement to traditional field methods for cave
cave. environments and similarly constrained settings.

Ancrpakr. TpogumeHnsnoHaHO (3D) MoesioBambe MOCTaO je mpedeprupaHu
NPUCTYI 3a eQUKACHO MPUKYII/bakbe MPOCTOPHO BPJIO MPELU3HUX MToAaTaKa.
Hako TepecTpuuko Jacepcko ckeHupamwe (TLS) o6e36ehyje BucokokBamu-
TeTHe 06JiaKe Tayaka, FeroBa IleHa 4eCTO MO/ CTHYe NMoTpedy 3a MPUCTY-
NayHUjUM ajJTepHaTUBaMa. Y CTPYKTYpPHOj Te0JIOTHjH, Ioy3/jaHa KapaKTe-
pusalyja CTeHCKe Mace 3aXTeBa reoMeTpHjcke HHpopMaIije U 0 UHTAKTHO]
CTEHU U 0 ’heHUM JJMCKOHTUHYUTETUMA; aHa/IM3a MOBPIIMHA 3aCHOBaHA Ha
obJianrMa Tayaka oMoryhaBa npoleHy K/byYHHUX MapaMeTapa Kao IITO Cy naf
u npaBay naza. Hosuju nametnu tesnedponu onpembenu LiDAR censopruma
Hy/le HUCKOOYIIeTHU HauKH Ao6ujama 3D o6J1aka Tauaka MOTOJHUX 3a OBaKBe
a”Hasm3e. OBa ctyauja npouemwyje moryhHoctu LiDAR ckenepa iPhone Pro
ypebaja 3a nmpukyn/bame CTPYKTYpPHHUX MoJaTaKka ca PaBHUX MOBPIIMHA
yHyTap nehuHe Ha jyry MakemoHuje u ymnopeDyje pesyiaraTe ca KOH-
BEHIIMOHAJTHUM MepewmhHuMa KoMnacoM. [IpesicTaB/ba HapeHU KOPaK Y BepH-
¢duKalUju OBe METOZ0JI0THje, IPETXOHO IPUMeheHe Ha PA3IMYUTUM U3-
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naHiuMa y Makegonuju. TpoJjuMeH3HMOHAIHU 06J1al[d Tayaka o6paheHu cy y
coptBepy CloudCompare, a CTpyKTypHe opHjeHTaIMje f00ujeHe cy Kopuirhe-
weM asata Virtual Compass. Mepera 3acHOoBaHa Ha cMapTOHY, CIPOBe/ieHa Ha

K/byuyne peun:
Komnac, LiDAR,

o6s1ax mayvaka, iPhone,
nehuHa

3D o6saky Tadaka moMmohy asarta Virtual Compass, nmokasyjy BeoMa A06po
clarawme ca nojanyMa J06MjeHUM TeoJsIOIKHWM KOMIIAcOM, IITO yKa3yje JAa
Mo6usHu LiDAR Moxke mpezcTaB/baTH NMOy3jAaHy W edUKACHY JONMYHY Tpa-
JUIIMOHAJHUM TEPEHCKUM MeTo/iaMa y NeNMHCKUM U PpyTrUM IPOCTOPHO orpa-
HUYEHUM OKpYKekbHMa.

Introduction

The rapid advancement of technology and its con-
tinuous specialization in specific directions shape the
orientation of today’s modern world toward an open
market society. Consequently, both hardware and
software components are primarily developed in re-
sponse to the need for practical application, among
other things, for purely commercial purposes.

With the progress of technology in all spheres of
human life, a wide range of tools has emerged. In the
fields of construction, geotechnics, and geology, in-
novative technologies for data acquisition, analysis,
and processing are increasingly applied. These include
complex systems based on laser scanning technolo-
gies, global positioning systems (GPS), and high-per-
formance computer hardware, which, together with
continuously evolving software and algorithms, enable
efficient data processing and interpretation.

In structural geology, one of the fundamental in-
struments traditionally used is the geological com-
pass, designed to measure the orientation of geo-
logical structures. However, the application of modern
Terrestrial Laser Scanners (TLS) now enables the ex-
traction of the same structural information, dip and
dip direction, from digital 3D data. The major limita-
tion of these instruments remains their high cost,
which motivates users to seek affordable alternatives
capable of achieving comparable accuracy.

The introduction of LiDAR (Light Detection and
Ranging) technology into smartphones represents
a significant innovation. Although LiDAR has long
been used commercially on vehicles, drones, and
other platforms, its integration into mobile devices
marks a new stage in its democratization. In 2020,
Apple Inc. released the first smartphone equipped
with an advanced LiDAR-based depth sensor and
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an enhanced augmented reality (AR) application
programming interface (API). The main function of
this sensor is to measure light distance and capture
depth information. While it cannot yet fully replace
professional TLS systems, the captured data allow
the generation of scaled 3D meshes with realistic
geometry and vertical orientation. For the hardware
to function effectively, it must be supported by ap-
propriate software applications, which are further
discussed in this paper.

Software tools for 3D data processing offer nu-
merous functionalities, enabling the extraction of
structural orientations directly from the scanned sur-
faces. This functionality opens the possibility of using
devices such as the iPhone 16 Pro Max as practical
instruments for determining the basic geological
characteristics of exposed rock formations. The con-
cept of scanning various lithological units using a
portable device is changing the way structural geol-
ogists acquire the data necessary for their analyses.

In the context of this technology’s application,
three separate measurement campaigns were pre-
viously conducted on structural planes at different
rock outcrops across Macedonia (Ivanovski et al.,
2023, 2024, 2025). The results obtained from the
smartphone-based LiDAR scans were compared to
those acquired using the traditional geological com-
pass. These three validation studies produced con-
sistent and reliable results, confirming that the use
of this technology provides measurements within
an acceptable error range comparable to that of the
Clar geological compass.

The aforementioned measurements were carried
out on outcrops which represent convex surfaces,
captured from all exposed sides. This inspired the
idea to test the performance of this technology in a
different environment: a cave, representing a con-
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cave geological object. In this case, scanning would
involve capturing the cave’s interior surfaces from
multiple viewpoints.

For this purpose, a suitable candidate was found
in the “Temna Pestera” (Dark Cave), located near the
village of MreZicko in the municipality of Kavadarci.
The cave is developed within massive limestone for-
mations. Scanning inside a cave has its advantages
and challenges. Among the advantages is the absence
of vegetation, while the main limitations include the
lack of natural light, restricted access, and the diffi-
culty of capturing certain sections of the cave. In our
case, a small part of the cave, approximately 12 me-
ters in length, was scanned and analyzed.

This approach represents the next stage of a
broader research effort to evaluate the potential of
the iPhone as a practical and innovative tool in
structural geology.

General information about the study area

Dark Cave is situated in the immediate vicinity of
the village of Mrezichko, 37 km from the city of
Kavadarci, at an elevation of 650 m (Fig. 1).
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From the end of the asphalt road, it is reached on
foot via a 0.5 km trail that leads through the canyon
of the Mrezichka River. The carbonate rocks hosting
the cave provide an excellent substrate for the deve-
lopment of karst forms, due to their solubility and
the presence of both groundwater and surface water.

The cave interior appears as a long, narrow pas-
sage (tube-like) with a whitish-gray rocky surface
and a moist floor. The length of the section acces-
sible to visitors is about 120 m, with passage
widths varying from 1-7 m and heights from 1-8 m.
The cave is described as semi-active: in the first se-
tion, few speleothems are formed, whereas in the
second section there is clear activity and speleo-
them development (Fig. 2).

From a geological perspective, the cave is develo-
ped in thin to thick-bedded Turonian limestones,
locally dolomitized (PENDZERKOVSKI et al.,, 1970).
These rocks are relatively strong and whitish-gray.
In tectonic terms, the cave belongs to the southern
margin of the Vardar Zone, affected by faults and
fracturing. The area represents a contact zone of
several geological units, dissected by faults and
other tectonic structures such as folds. In the imme-
diate vicinity, Triassic (?) clayey schists, hornfels
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Fig. 1. Location of the Dark Cave (green mark) (latitude, longitude 41.20493, 22.00268 Google Maps).
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and sandstones, Quaternary brecciated tuffs, and
Lower Paleozoic serpentinites and quartzites are
observed (PENDZERKOVSKI et al., 1970) (Fig. 3).

Fig. 2. Interior of the tube-shaped Dark Cave.
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Based on field observations and regarding the
geological evolution of this area, it can be stated that
during the Jurassic-Cretaceous period, carbonate
sediments were deposited in a shallow-marine en-
vironment, forming limestones and dolomites.
In the Paleogene, tectonic uplift and faulting oc-
curred, opening fractures and initiating karstifica-
tion. In the Neogene-Quaternary, epigenetic river
incision led to the formation of valleys, swallow
holes, and caves. At present, the humid climate and
periodic flood cycles promote active erosion and
calcite precipitation, i.e., hydrogeological processes
such as the deposition of secondary carbonates in
the form of stalactites and stalagmites.
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Fig. 3. Part of geological map (modified after PENDZERKoVSKI et al., 1970), showing the location of the cave indicated with

light blue circle.

The cave formed along a zone of weakness, i.e., a
fault line, where Kkarstification was enhanced by
water infiltration. The cave itself displays evidence
of a variable hydrological regime. During the survey
no water was flowing through the passage, although
it is evident that at certain times of the year water
does flow through it.

The cave developed along a NW-SE-oriented fault
zone. The primary conduit follows the main joint sys-
tem with this orientation, while secondary branches
trend orthogonally (NE-SW). It lies within a composite
fault-bounded block with offsets, which facilitated in-
filtration and karst erosion. In several places on the
ceiling and walls, fresh microfaults are visible, indicat-
ing relatively recent tectonic activity, probably related
to post-Paleogene faults that cut the Vardar Zone.
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Used methods, hardware and software

Over the last decade, new high-volume data-ac-
quisition systems, such as remote sensing and geo-
physical techniques, have generated rich datasets,
suggesting that conventional parameter-calculation
workflows may be redefined (RIQUELME et al., 2018).

Traditional methods rely on direct access to the
rock surface; consequently, datasets are often con-
strained by site accessibility and environmental con-
ditions. Since the 2000s, remote sensing has been
applied across multiple fields, notably to the charac-
teri- zation of rock slopes (RIQUELME et al,, 2021).

In this study, alongside a geological compass, we
employ a ground-based 3D laser scanner (terres-
trial laser scanner, TLS) to enable a parallel compar-
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ison of results. LiDAR surveying yields a 3D point
cloud (3DPC) that can be analyzed to detect discon-
tinuity sets, derive their orientations, and extract re-
lated geometric parameters (Riquelme et al., 2017).
The acronym LASER stands for Light Amplification
by Stimulated Emission of Radiation. A laser is a de-
vice that emits a beam (or pulse series) of highly colli-
mated, directional, coherent, in-phase electromag-
netic radiation. Laser systems enable acquisition of
large volumes of 3D information at extremely high
recording rates (JABOYEDOFF et al., 2012) (Fig. 4).
The dip and dip direction of cave planes were
measured with a Clar-type geological compass man-
ufactured by Freiberger Prazisionsmechanik (Ger-
many) (Fig. 5a). According to the manufacturer’s

Beam width

Last return
Puise

First return
Pulse

Fig. 4. Principles of laser scanner data.

Fig. 5. Devices used: a) Clar compass; b) iPhone 16 pro Max.
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specifications for this type of geological compass,
the azimuth circle has 2° graduations (readable to
~0.5°), the clinometer has 5° graduations (readable
to ~1°), and the directional accuracy is +0.5° (ASC
SCIENTIFIC, n.d.).

Smartphone measurements were obtained with
an iPhone 16 Pro Max (released September 2024).
The device represents a relatively inexpensive alter-
native to current surveying hardware where mode-
rate accuracy is sufficient. Although it does not
perform surface scanning in the same way as TLS
devices, it can acquire colorized 3D point clouds at
practical field scales (ZAcZEK-PEPLINSKA & KOWALSKA,
2022; PLuta & SIEMEK, 2024) (Fig. 5b).

Using the 3D Scanner App (Laan Labs) on the
iPhone, a LiDAR scan of the cave interior was per-
formed (LaaN LaBs, 2021). The application is la-
unched on the phone, and the available area is re-
corded with the rear LiDAR sensor (adjacent to the
camera). During acquisition, the phone is held
appro- ximately 0.3-2.0 m from the surface.

For point-cloud analysis, we used the open-source
software CloudCompare (CLoUDCOMPARE, 2024), a
3D point-cloud processing platform that also han-
dles triangular meshes and calibrated images
(available for Windows, Linux, nd macOS; devel-
oped in C++ with Qt). Structural orientations (dip
and dip direction) were extracted with CloudCom-
pare’s Virtual Compass tool.
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Data processing

First, measurements were taken with a geolog-
cal compass. Three readings were acquired at each
measurement point because the cave surfaces are
not perfectly planar, yielding slightly different values
depending on the exact instrument position. In total,
14 points were successfully measured (42 readings).
[nitially, 16 points were planned, but two could not
be relocated on the 3DPC with higher confidence.

After marking each measured location with a color-
ed marker (Fig. 6), smartphone acquisition began.
The recording lasted approximately 10 minutes,
mainly due to rough terrain and several hard-to-
access surfaces.

Fig 6. Measurement points marked in Dark Cave.

The recorded 3DPC was exported in.xyz format;
the exported file size was 191.25 MB. After loading
the point cloud into CloudCompare, it was georefe-
renced without a precision GPS device, which is not
feasible inside the cave. As demonstrated in [vANOV-
ski et al. (2025), manual spatial positioning of the
3DPC is effective; the same approach was adopted
here. Only a rotation about the Z-axis was required
to expedite scene orientation (Fig. 7).

The raw export contained 5,640,653 points.
Following georeferencing and removal of extrane-
ous regions, a working 3DPC of 4,809,630 points
was obtained.

Next, using the Virtual Compass tool, the exact
field locations were identified on the 3DPC, and
three readings per station were performed (Fig. 8).

In total, 14 stations were recorded with the Vir-
tual Compass, i.e., 42 readings, matching the posi-
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Fig. 7. Three-dimensional point cloud of a segment of Dark Cave.

tions measured with the geological compass. As is
common on irregular rock surfaces, three readings
on the same outcrop segment often yield slightly
different values, reflecting local roughness: some
areas are relatively planar over broader patches,
whereas others display curvature. Care was taken
to sample dip and dip direction from all major sec-
tors of the cave (Table 1).

Table. 1. Dip and dip direction measurements.

Geological compass Virtualcompass

=
o

measurement measurement
1 2 3 1 # 3

344/37 | 333/32 | 318/38 | 329/28 | 321/28 | 328/31
328/13 | 336/14 | 315/20 | 338/22 | 318/20 | 324/24
321/18 | 310/25 | 305/19 | 317/28 | 316/28 | 316/27

316/9 | 312/13 | 300/8 | 317/13 | 311/12 | 306/10

92/41 | 88/34 | 92/42 | 93/42 | 91/44 | 91/45
345/63 | 344/68 | 344/67 | 337/68 | 339/65 | 340/67
276/22 | 275/20 | 274/22 | 273/23 | 278/26 | 277/33

78/78 | 80/77 | 80/80 | 77/77 | 78/79 | 78177

86/23 | 87/22 | 93/24 | 83/23 | 86/23 | 78/27

40/82 | 42/78 | 43/79 | 47/74 | 48/72 | 46/75

16/88 | 8/87 | 16/89 | 8/85 | 12/84 | 8/83
153/45 | 158/40 | 154/32 | 155/40 | 155/38 | 153/41
178/20 | 163/19 | 166/17 | 162/22 | 163/22 | 161/24
197/39 | 197/37 | 186/35 | 195/43 | 197/43 | 197/43
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Where planes were smoother, the geological
compass and the Virtual Compass results show very
similar trends. Conversely, rougher portions exhi-
bited larger deviations in both methods. Overall, the
cave’s morphology, with gently curved planes
shaped by hydrogeological processes, occasionally
produced greater within-station variability across
the three readings.
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Fig. 8. Locations of measurements with the virtual compass indicated in green.

Analysis and results
Analysis of received deviations

When measuring with the geological compass,
the maximum difference in azimuth of dip direction
for three readings at a single measurement point
was 21°, while the maximum difference in dip angle
was 13°. For the Virtual Compass, the correspond-
ing maximum differences were 20° and 10°, respec-
tively. These results indicate that the trends of
variation are similar for both approaches.

An analysis of the average differences within
each set of three measurements at a single point
provides additional insights into the compatibili-
ty between the two approaches. A frequency analy-
sis of the differences obtained with the geological
and the Virtual Compass was conducted to evaluate
the distribution of deviations. The difference is ex-
pressed as the deviation of the Virtual Compass
measurement relative to the geological compass
measurement. The average values of differences per
point obtained with the Virtual Compass were sub-
tracted from the corresponding average values ob-
tained with the geological compass. (Figs. 9 and 10).

From the results of the dip direction measure-
ments, it can be concluded that all measurements
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(100.00%) fall within the range of +8°. Expressed as
a percentage, given the possible azimuth range of
0°-360°, this corresponds to a deviation of only
2.22%.

From the results of the dip measurements, it can
be concluded that the all measurements (100.00%)

N A O

Frequency

o

<-12 -12---8--4 -4-0 04 48 812 >12
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Fig. 9. Distribution of deviations in dip direction measurements.
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Fig. 10. Distribution of deviations in dip measurements.
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of deviations fall within +10°. Expressed as a per-
centage, given the possible range of 0°-90°, this
corresponds to a deviation of 11.11%.

These findings suggest that the obtained statisti-
cal results fall within the range of normal deviations.

Regression analysis

To evaluate the relationship between the values of
the measured elements obtained by both methods,
a regression analysis was performed. This type of
analysis enables the research results to be expres-
sed in terms of an analytical relationship or equa-
tion. The least squares method was applied as the
most suitable approach for establishing the regres-
sion dependence.

The coefficient of determination (R*) was used
as an indicator of the strength of the relationship be-
tween the variables. The reliability of the regression
model is directly related to the magnitude of R?,
which ranges from 0 to 1. The following criteria are
commonly applied:

R? < 0.3: negligible dependence;

0.3 < R%? < 0.5: weak correlation;

0.5 < R%? < 0.7: moderate correlation;

0.7 < R?* < 0.9: strong correlation;

R? > 0.9: very strong correlation.

Thus, a higher value of R? indicates a strong rela-
tionship between the two variables. In the follow-
ing (Figs. 11-14), the regression analyses perfor-
med for all values obtained from the measurements
according to both methods are shown.

Based on the results, it can be concluded that
there is a strong dependence between the dip and dip
direction values acquired by the two methods. Speci-
fically, the correlation coefficients are as follows:

For all individual measurements: R? = 0.9961 for
dip direction and R? = 0.9649 for the dip.

For the average values: R? = 0.9988 for dip direc-
tion and R? = 0.9784 for the dip.

These results clearly demonstrate a very strong
correlation between the two approaches, confirm-
ing the reliability of smartphone-based LiDAR scan-
ning as a valid alternative to traditional geological
compass measurements.
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Fig. 11. Regression analysis from all dip direction measurements.
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Fig. 13. Regression analysis from average dip direction measure-
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Fig. 14. Regression analysis from average dip measurements.
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Bland-Altman plot

A Bland-Altman plot is a graphical method used
to compare two measurement techniques by plot-
ting the differences between the two methods
against their averages. This approach allows for the
identification of any systematic bias and provides
an assessment of agreement between methods,
while also highlighting potential discrepancies
(BLAND & ALTMAN, 1996).

The principle of the method is straightforward:
the X-axis represents the mean of the two measure-
ments, and the Y-axis represents the difference be-
tween them. The resulting chart can reveal anoma-
lies; for instance, if one method consistently pro-
duces higher values, the data points will appear
predominantly above or below the zero line (KAL-
RA, 2017). In the plots presented here, each blue
dot corresponds to the difference between two mea-
surements plotted against their average. The red
line indicates the mean difference, representing the
average bias between the two methods. A mean dife-
rence close to zero suggests negligible bias. The upper
confidence limit is shown as a blue line and the
lower confidence limit as a yellow line, both defined
as the mean difference + 1.96 times the standard de-
viation of the differences (Figs. 15 and 16).

For both dip direction and dip angle, the majority
of data points lie within the limits of agreement,
which demonstrates a high level of consistency be-
tween the two methods. While a few points appear
near or outside the limits of agreement, these outliers
may be attributed to measurement errors, extreme
values, or other influencing factors. Overall, the plots
indicate that the two measurement techniques gen-
erally agree well, with most diffe-rences falling within
the expected range. The overall agreement is strong,
confirming that the methods can be used inter-
changeably for the majority of measurements.

Display on a stereogram

Doing the analysis, we must bear in mind that to-
gether, the dip and dip direction measurements pro-
vide a complete description of the orientation of the
geological feature. They cannot be condensed into a

Geol. an. Balk. poluos., 2025, 86 (2), 73-85

Bland-Altman plot for measured dip direction
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Fig. 15. Bland-Altman plot for measured dip direction.
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Fig. 16. Bland-Altman plot for measured dip.

single number because they represent two distinct
aspects of the feature’s geometry.

One way to represent the dip and dip direction
together is to show the maximum of poles on stere-
ograms using the software Dips (Figs. 17 and 18).

Looking at these two stereograms, it can be con-
cluded that the resulting poles obtained with geolo-
gical and Virtual Compass coincide quite well.

Discussion and conclusions

Following a series of successful validations of
smartphone-integrated LiDAR for structural-geo-
logy applications on various outcrops, we extended
the methodology into a cave environment. Dark Cave
emerged as a suitable candidate not only for its na-
tural appeal but also for its tube-like geometry and
dimensions, which allow nearly all walls to be sur-
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Fig. 18. Maximum of the poles - Virtual Compass.
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veyed with both a geological compass and a smart-
phone. For this study, we selected a cave segment
representing roughly one-tenth of the total length,
large enough to yield a representative 3D point cloud
without exceeding the phone’s capture capaity.
The chosen segment also offered favorable accessi-
bility and planar surfaces appropriate for structural
measurements.

A practical challenge was darkness. We therefore
employed artificial lighting (fixed lamps plus a mov-
ing auxiliary light synchronized with the phone).
The resulting point cloud, when compared with
scans collected on sunlit outcrops, maintained compa-
rable quality. High humidity hindered secure place-
ment of some markers, and marking the cave walls
is not appro-priate; consequently, a few survey sta-
tions could not be confidently relocated in software.
With more meticulous preparation and enhanced
lighting, even better results, and more stations, can
be expected. In this trial, we completed 14 stations
(i.e., 42 readings).

A first-pass visual comparison of dip/dip-direc-
tion from the geological compass versus the Virtual
Compass reveals a consistent trend of agreement.
For specific surfaces, the within-station spreads
across the three readings are similar between both
methods, primarily because most cave wall “planes”
are not perfectly planar but gently curved due to hy-
drogeological processes. Even so, a recognizable
pattern of correspondence emerges between the
instruments.

We then performed formal analyses using multi-
ple independent methods.

The distribution of deviations shows that, al-
though a few stations exhibit larger within-station
differences, the overall spread is consistent with
what experienced geologists routinely observe with a
traditional compass. Deviations are generally larger
for dip angle than for azimuth, reflecting both the
smaller numerical range (0-90° vs. 0-360°) and the
finer tick marks on the compass scale used for dip
(Ivanovski et al., 2023, 2024, 2025).

Regression analysis, as in our previous three out-
crop studies, yielded stable and very high R? values,
indicating a strong correlation between approaches
(geological compass vs. Virtual Compass on a pho-
ne-derived 3D point cloud).
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The Bland-Altman plots, widely used in medical
method-comparison studies, also proved useful here:
for both dip and dip direction, the vast majority of
measurements lie within the limits of agreement,
supporting a high level of consistency and confirm-
ing that the two methods can be used in parallel.

While the above analyses compare like-for-like va-
riables (dip direction vs. dip direction; dip vs. dip), the
most comprehensive visualization of the measure-
ment “package” is via stereographic projection of
pole maxima. This representation likewise shows
excellent coincidence between the two methods.

Overall, the evidence indicates that the modern,
low-cost technologies employed here are consistent
with results obtained by an experienced geologist
using a traditional compass. Multiple analytical view-
points show high concordance between methods.
Given that the advantages outweigh the limitations,
the Virtual Compass can be considered a valid alter-
native to traditional structural measurements with
a geological compass.

[t remains essential for engineers and scientists
to continue refining this mode of structural data ac-
quisition and to stay open to new technologies that
can be integrated into geology. Naturally, technolo-
gy cannot replace expertise: geological insight and
understanding of fundamental processes are indis-
pensable when working with both traditional and
modern tools.
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Pe3ume

[Ipukynubame CTPYKTYpPHUX NNOAAaTaKa
y nehunu kopuimnhemwem LiDAR-a Ha
naMeTHOM TeJsiepoHy M asaTta Virtual
Compass

[Ipuctynauno 3D cHUMame Mewa TOKOBe pajia
y CTPYKTYPHOj re0JIOTHUjH, KOjU Cy HeKaja 6UJId J10-
MMHAHTHO 3aCHOBaHU Ha TepeCcTPUUYKOM Jacep-
ckoM ckeHupawy (TLS). HagoBesyjyhu ce Ha HU3
BaJIMJallMja HA u3ZaHumMa y Makenonuju (2023-
2025), nocraB/bamo nuTame Aa u LiDAR Ha nameT-
HoM TeJsiepoHy, KoHKpeTHO iPhone 16 Pro Max,
MOXe Ja o6e36equ MOy3JaHa Mepema Maja U
npaBla Naja ca KOHKaBHUX 3W/J0Ba NehuHe U
KOJIMKO Ce OHa N0Ay/apajy ca onakatbMMma noMmony
reoJIOIIKOr KoMItaca Tuma Clar.

UcTpaxkuBame je cnpoBeseHo y TamHOj nehu-
HU Ko Mpexuuka, KaBagapuu, koja je popmu-
paHa y TaHKO- 10 Ae6eJsio CJI0jeBUTUM Kpeuma-
[JMMa Y OKBUPY TEKTOHCKU KOHTPOJIMCAHOI' KaHa-
Ja. Omabpasy cMo YHYTpallkbu cerMeHT o 12 m,
OTIPUJIMKE jeJHY LeCEeTUHY LOCTYIIHe Ly KUHE, jep
Hy/MW pa3yMaH OPUCTYI U JJ0BOJ/bHO paBHe MOBP-
LIMHE 3a CTPYKTYPHa OuUTaBamwa. TepeHCKa KOH-
TpoJia o6yxBaTua je 14 cTaHUIlA ca IO TPU OYUTA-
Bama koMnacoM Ha cBakoj (Freiberger Clar Tun),
LITO je YKyNHO Aano 42 mepema. [lapanenHo je
ypabheHo LiDAR ckeHupatbe naMeTHUM TesiepoHOM
kopuitheweM amavkanuje 3D Scanner, a moganu
cy oopahenu y CloudCompare-y. 3Be3eHU .Xyz
o6Jsak Tadaka (191,25 MB) cagpxkao je 5.640.653
Tayaka; HAKOH oO6pe3uBama U Py4yHOT reopede-
peHLMpamwa npuaaroheHor neNHHCKOM OKpYKemy,
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paziHu obsiak MMao je 4.809.630 Tayaka, Ipu YeMy
je cueHa OpUjeHTUCaHa jeJHOCTaBHOM pPOTaLijoM
OKO Z -oce.

CTpyKTypHe OpHjeHTalje 3aTUM Cy U3By4YeHe
u3 ob6Jsaka Tayaka nmomohy CloudCompare ajsaTta
Virtual Compass Ha uctux 14 cranuua (omnet 42
ouuTaBama). [lourro cy nehuHCKU 3UJ0BU 06GUYHO
6/1aro 3aKpHUBJbEHH, Y3UMakbe 110 TPU OYMTaBakba
Ha CBaKOj CTAaHULU ca 062 MHCTPYMeEHTa NOMOIJIO
je y 6esiexerby JIoKaJHe XpalaBOCTH: PAClIOHHU YHY-
Tap cTaHULA AocTu3aau cy 21°/13° (a3umyT/nan)
3a Clar kommac u 20°/10° 3a Virtual Compass.
Ypkoc 0Boj 04eKHBaHOj MUKPO-BapHjabUIHOCTH,
CBe pasJiMKe y MpaBIy Mmaja 6use cy yHyTap +8°
(2,22% op 0-360°), a cBe pasyiuKe y najy yHyTap
+#10°(11,11% oz 0-90°).

Buiie siMHUja aHa/IM3e yKasyje Ha CHAXXHO CJia-
rawe nusmehy mertoza. Pesynratu perpecuje noka-
3yjy BeoMa BUCOKe KoebUIlHjeHTe JleTepMUHaLHje:
R? = 0,9961 (npasan nazga) u 0,9649 (naz) 3a cea
nojefinHaYHa ouyMTaBama; R? = 0,9988 u 0,9784 3a
poceke CTaHULA, LITO yKasyje Ha OJJUYHY JIU-
HeapHy Be3y. Bland-Altman gujarpamu nosuyuo-
HUPaAjy BeJMKy BeNMHy Tayaka yHyTap rpaHula
clarama 3a o6e NpoMeHJ/bUBe, CyrepUullyhy 3aHe-
MapJ/bUBY IMPUCTPACHOCT M NPAKTHUYHY 3aMeH-
sbuBocT. KoHauHO, cTepeorpadcke mpojeknuje
(MakcuMyM nosioBa) us komnaca u Virtual Compass
CKyIa OYMTaBaka 6JIMCKO Ce MOKJIaMNajy, J04aTHO
noTBphyjyhu KOH3UCTEHTHOCT OpUjeHTaLYja.
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Y onepaTUBHOM CMHUCTY, NENUHCKO OKPYKeHe
HaMeTHYJIO je I03HaTa OrpaHUYerha: Mpak je 3ax-
TeBao GUKCHO U MIOMUYHO BEIITAaYKO OCBET/bEHE,
JOK je BJlara oTe)aBaJla IIpUjambalbe MapKepa U
r3a3Bajla HEKOJIMKO HEN3BECHOCTHU NPU peJsioKa-
nuju y codptBepy. Mmak, pa/lHU TOK 3aCHOBaH Ha
naMeTHOM TesiepOHY MPOU3BEO je KosopucaH 3D
06J1aK Tayaka JJ0BO/bHOT KBaJIUTETa 3a CTPYKTYP-
HY aHaJM3y U YIOPeJUB, Y CMUCJIy HaMeHe, ca pe-
3yJITaTUMa NPETXOJHO A06HjeHUM Ha OCyHYaHUM
W3/aHIMMa.

3ajeiHO, OBU pe3yJITaTH NOKa3yjy ia Y KOHKaB-
HOM, CJ1ab0 OCBET/beHOM MeNUMHCKOM OKpYXKemy
LiDAR Ha mameTHOM TesiepOHY Y KOMOUHALUjU ca
Virtual Compass ajaToM aje CTPYKTYpHE OpHjeH-
Talyje Koje ce BeoMa J06po MOKJIANajy ca Mepe-
wuMa nomohy Clar komnaca. C 063MpoM Ha BUCOKe
R? BpeJHOCTH, cJarame mnpema bsanj-AsnTmaH
aHaJ/IU3U U cTepeorpadCcKoj KoOXepeHIUju, MOGUIHU
LiDAR npezcTaB/ba noy3/aHy, HUICKOOYIETHY J10-
MyHy, @ Y MHOTHM CJIy4ajeBUMa U OJIp>KUBY aJTep-
HATUBY TPaJUIMOHAJTHUM TEPEHCKUM MeTojAaMa
3a CTPYKTYPHO NpHUCTyNnayHe nehuHCKe 3U/j0Be U
Jlpyra orpaHM4YeHa reoJIolKa OKpy>Kema.
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