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Comparison of non-contact surveying technologies fanodelling
underground morphological structures

Katarina Pukanskd, Karol Bartog, Pavel Belld, Stefan Rakay ml*andJanka Sabova

Underground spaces are often characterised by cexnplorphology and, in some cases, also by a large, and they often need to
be surveyed and mapped with a sufficient accurAc3D digitisation of such spaces is appropriate fitore accurate mapping of complex
morphology of underground spaces. It allows noydol for example, identify dislocations, but alscmbtain data on their direction and
inclination in hardly accessible places (high waltzilings, etc.). More detailed data about struatuand geological conditions and
morphology of underground spaces are importantenms of completing and refining existing knowleddalike traditional mapping
methods of the underground, modern surveying tdobies make it possible to determine various moiquyioal structures and
dislocations even in hardly accessible areas. Tioeee we can obtain clearer and comprehensive kedgé of structural and geological
conditions. The objective of this paper is to preske current possibilities of modern digitisatiohunderground morphological structures,
which primarily concerns terrestrial laser scanniagd methods of digital close-range photogrammet8tructure from Motion and Image
Scanning, which belong to the most frequently usethod of obtaining spatial data in recent yeaise Tesults indicate that taking data
from laser scanning as the reference and most ateudata, the SfM photogrammetric method provideslas results in terms of
accuracy, however with lower financial demandss léme consumption and better quality of photoetext but its use is significantly
limited by lighting conditions in underground. Cretother hand, Image Scanning provides worse ®gulterms of accuracy and overall
quality, along with more severe limitations in tkelection of imaging stations when compared to 8féthod. According to results,
terrestrial laser scanning appears to be the maqgtrapriate technology for mapping underground spacghile also SfM method can
provide quality results under suitable lighting ditions.
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Introduction

Underground spaces attracted people's attentidts bgysteriousness in all periods of human histmg
many archaeological finds from the Stone Age to enndimes testifies it. One of the most common et
interesting underground spaces are caves. Cavesdo# the most important remarkable sites of rattirey
are characterised by peculiar shapes of spelebfetige morphologies). Knowledge of the origin, plwslogy
and morphometry of underground shapes belongsridafmental data on caves. Due to the reconstruofion
cave evolution and the protection of caves agamns&nsitive human impacts, it is very importankimw and
map natural features and processes of cave sudaaasrphological structures.

So far, speleological mapping in the Slovak Repulloes not have unified and accepted rules and
standards. Therefore, the resulting maps diffedetails, accuracies as well as in specifics andwthg their
content is displayed. When a speleologist (geotpgsomorphologist, etc.) realises mapping, thebaap is
usually inaccurate. However, the map content iseg@ly greater in terms of morphology or practical
speleology. Conversely, when a surveyor performgpimg, the base cave map is relatively accurateit ldoes
not correspond to the morphology, and there caanafccur problems that hardly accessible cave ameasot
surveyed at all (Hromas and Weigel, 1988; Hochh@®5).

However, it is always true that an accurate andityusurvey of cave passages, domes and shapeeiof th
walls is a major priority before we will try to dathe or understand the processes that take pladerground
based on acquired data, whether they relate tortga and creation of caves or human activitiex ttould take
place therein (Gonzéalez-Aguilera et al., 2009). Edays, almost every scientific discipline has a enod
surveying instrumentation. In recent years, teabgiels such as laser scanning and in some casesligls
photogrammetry are getting into the foreground rfimspping cave structures. In particular, laser scann
represents a fast method of non-contact colleaifosccurate spatial data, whether for mapping wicakes or
selected parts (Tsakiri et al., 2007; Lerma et 2009; Canevese et al., 2011; Gasinec et al., 28f@#aro
Nufez et al., 2013; Silvestre et al., 2013), asd digital close-range photogrammetry (to a lesg@nt), which
is, however, rather used for the collection of spaind textural information about smaller caveeat§ and
structures (Lerma et al., 2009; Favalli et al., ’OHowever, in the Slovak Republic, these methuase not yet
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found a wider use for mapping cave spaces, onpine special cases and only with the use of teakktser
scanning (Bella et al., 2015; Gallay et al., 2QA®16; Hofierka et al., 2016).

Another important type of underground spaces wittomplex morphology are spaces created by mining
activities. Accurate and fast mapping of these epas necessary, for example, to quickly assessnpat
hazards and work safety. As stated by Benton eR@ll6, the use of standard surveying instrumertafor
underground deformation monitoring is not very @éft due to its financial and time requirementsrabver,
locations that can be effectively monitored aretich Digital photogrammetry can be used as a rsai@ble
and safer method when compared to standard gedtetlmstrumentation. Use of digital photogrammetan
significantly improve worker safety, analysis opliacements and avoid damage to instrumentation.

According to Slaker and Mohamed, 2016, photogrampiatunderground spaces used for mining is also
important to perform rib characterisation measur@mesSince photogrammetry can be considered agh god
accurate method when compared to conventional megsesures and laser range meters, it can be contlgnie
used to investigate coal mine rib behaviour to goocan understand pillar loading conditions and ense
safety of miners.

Moreover, digital photogrammetry can be conveniened for 3D modelling and monitoring in mining
(Ristovic and Vulg, 2014), geological logging in coal mines (Li et, &013), or monitoring and determination
of geometric changes in support structures (Breat. £2016).

Even more widespread is the use of terrestriak lasanning (TLS) in underground mining spaces. &inc
laser scanning can capture accurate data at aeaeg®nted rate, it is an essential technology derground
space utilisation to ensure the necessary alignmeitt control, and efficiency of extraction opéoas (Eyre et
al., 2016). TLS technology is also commonly usedniine roadway surface reconstruction (Guo et24116).
The very important issue in underground miningnsvitable results in land surface subsidence. $eiaklaser
scanning can be successfully used to quickly extamcurate information on land surface deformation
underground mining areas since conventional dagaisition techniques cannot always obtain inforomton
whole subsidence area (Song et al., 2015). Anetberof TLS technology in underground spaces casebg in
building underground constructions, where spati@abmeters monitoring is essential due to safetystaigary
reasons, and conventional approaches are time-comgu and even with a combination of independent
contractors, collected data is often deficient aadupted with rough interpolations. (Novakét al., 2014).
Moreover, TLS technology can even be efficientlgdiso document underground wine cellars (Herreral.et
2014).

The primary objective of this work is to highligihte use of these modern technologies so that albitant
morphologic features of the selected part of unebengd space can be captured in the best possilyleetaonly
in terms of accuracy but also of morphology; antissguently compare these two technologies. A plart o
the Belianska Cave in Slovakia was selected adbéisé location to compare the given technologietious.
The cave was selected for its morphological segatient, relatively simple access, as well as dudedact that
our works on the selected part of this cave didinat the standard operation in the cave spaces.

Characteristics of the location and conditions ofwvey

Selected parts of the Belianska Cave (Pipe Domejébaf Discoverers and Musical Hall), one of the mos
popular and visited show caves in Slovakia (Fig, dere the main subjects of the survey. Besidearka rock
sculpturing, the cave is well known by calcitesfilmostly flowstones and dripstones). The cavedsted on
the northern slope of the Kobyli Hill in the eastpart of the Belianske Tatras Mountains. The dawgth is
3641 m with elevation range 160 m. Air temperat@a&ches 5,0 to 5,8 °C and relative humidity 90 7078
The cave was formed in Mesozoic Middle Triassickdgrey Gutenstein limestone of the Krizna Nappe.
The origin of the cave was conditioned by beddpignes, less tectonic faults, along which the veater
penetrated and flowed into deeper parts of kansiferg The initial phreatic cavities were complgtélled with
water and sculptured by a solution of limestona assult of water convection. Large cupolas andlsmkettle
and pocket hollows were deepened into the ceildrgpa, 1957; Bella and Pawi#k, 2002; Bella et al., 2011;
Bella and Bosak, 2012 and others). The cave iepted as a national natural monument.

The Belianska Cave morphologically consists of main, north descending branches, which are condiecte
in its upper sub-horizontal part, and partiallyoal® the lower, also predominantly sub-horizontalrtp
The eastern branch is in a higher position thenatbstern one. The verticality of the cave is cammnted by
several abysses and shafts. The cave spaces aateditat an altitude of 865 to 1025 m a.s.|. Thaftsh
descending from the first discovered entrance &t82 metres above the current entrance for vsifalls into
the lower sub-horizontal part of the cave, whicladsessible by the artificial tunnel with the sagapening at
an altitude of 890 m a.s.l. (Bella and Pa¥llar2002; Bella et al., 2011).

For the purposes of this work and comparison oifviddal technologies, part of the karst cave detiona
in the Musical Hall (Fig. 1b) was chosen as thgextlof the survey.
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Fig. 1. Left - Location of the Belianska Cave iov8kia; right — the selected detail in the caveu@ital Hall).

Geodetic survey of the selected object

It is necessary to consider each of the above tiondiand facts when surveying and selecting thetmo
suitable methods and procedures. The general nezasunt procedure involves field works related to the
collection of spatial data such us terrain recossaice, selection of survey stations, targetingraedsuring
ground control points and the actual scanning ddggrammetric activities.

For photogrammetric imaging, an appropriate illuamion of the measured object is an essential Par.
to the fact that Belianska Cave is a guided showe ciss accessible part is adequately illuminatedotlights
distributed along the guided route. These lightdably illuminated the selected part of the cavel am
additional lighting was needed. However, in thescalsworse lighting conditions in underground spaaed the
need for additional lighting, it is necessary ttfas lighting is constant and stable, in order tevent variable
lighting and shading on the surface. This couldl lea problems in the image orientation of obtainmadges
during photogrammetric processing.

Survey of the selected part by TLS technology

Terrestrial laser scanning is a technology basetherspatial polar method, in which the verticagjlan
horizontal angle and slope distance are measutezlsd-called “point cloud”, i.e. a set of spatiaints defined
by Cartesian coordinates XYZ, is the result of fasmnning, and the value of the intensity of iéd signal
is assigned to every point as well as textural rmgttion in the form of RGB values in the case oihgs
integrated or externally attached digital cameteofter and Smitka, 2013).

The TLS was carried out by using terrestrial highed pulse laser scanner with dual-axis compensator
Leica ScanStation C10 together with Leica 6" cicullt & turn targets (Fig. 2). The manufactureragantees
the precision of modelled surface 2 mm and accuodsingle measurement 6 mm in position and 4 muhén
distance. The range of the scanner is 134 m for a8#do of the scanned surface.

Fig. 2. Leica ScanStation C10 at the survey stadiioring orientation to 6“ HDS target.
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All geodetic activities were performed from poiraé the survey net, whose spatial coordinates were
determined in the S-JTSK coordinate system (Datfirdraform Trigonometric Cadastral Network) and Bpv
vertical coordinate system (Baltic Vertical Datumifter Adjustment) by using terrestrial laser socanheica
ScanStation C10. Points of geodetic point field omoanted in the concrete footway of the guided (&ig. 3)
were used as initial survey points, while all egous points were excluded from the adjustment edl ssirvey
net (Weiss et al., 2010; Braun et al., 2015; Straeal., 2017). Due to the elimination of erroraeitring of
an instrument above the survey point of the surmey;, the method of forced centring was used during

the measurement. As a result of the high dengiscanning (5x5 mm at a distance of 10 m), thel tatianber
of measured points reached approximately 6 million.
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Fig. 3. General sketch of geodetic control andwéties.

Leica Cyclone software was used for the processiripe final point cloud. In the first processingge,
individual scans (partial point clouds) are combiirgo a single final unit (point cloud). The impientation of
this operation is based on the set of referencet@adr identification of common points in the dapping parts
of adjacent scans. Thus, there is a spatial tramsfiton of points of individual scans on the basisoordinates
of reference points in the local coordinate syst#nthe scanner position and the local referencadinate
system of the final point cloud. In our case, tegistration of scans into a single coordinate spsis well as

into the S-JTSK system was carried out directlthen Leica ScanStation C10 instrument by enterirggdioates
of survey stations and orientation points.

Imaging and image processing by photogrammetric mbods

Two photogrammetric methods — Image Scanning (if8) Structure from Motion (SfM) were chosen for
the photogrammetric survey. In general, photogrammenethods can achieve higher accuracy than laser
scanning for shorter imaging distances (and alsermdiptimal conditions of imaging are satisfied) lfnann
et al., 2014).

The SfM method is based on the estimation of tklieeensional structure from two-dimensional image
sequences, which are adherent to the movementroérca digital camera. As in the laser scanninggoit
cloud is the result of the whole process (Fig. Bhe SfM method works on similar principles as
stereophotogrammetry or intersection photogrammetrya 3D structure can be reconstructed frorerees of
overlapping and mutually shifted and tilted imagdewever, it is different from a classic photograetng in
the fact that the scene geometry, camera statiodsita orientation are calculated automatically haiit
necessity of ground control points usage, i.e. they calculated simultaneously using an iterativethod of
bundle adjustment based on a set of charactensiints automatically selected in a series of midtip
overlapping images (Westoby et al., 2012).

The method of Image Scanning can be methodologiaaliderstood as stereophotogrammetry by its
accuracy and way of imaging, but the method of inagaluation is fundamentally different (FraStiaakt
2006). Image points — pixels, or identical imagemants, are measured fully automatically basedrimiples
of digital image correlation using the epipolar getry. However, objects of measurement should eotob

rugged in depth, with no sharp edges and transitiand they should provide sufficient variable et of
the surface.
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Fig. 4: A difference in imaging between the SfMhoeét(left) and Image Scanning (right) (Westobylet2812).

A selected part of the cave structures, which viesrhain objective of the survey, was imaged using
55 images so that all of its parts were well-cegdu(Fig. 3). Images were taken by DSLR Pentax\kith lens
Pentax SMC DA 15mm f/4 ED AL Limited. All images metaken from the tripod using the 12 sec selftjime
ISO 100 andaperture f/13. The common imaging stations for bmt#thods are shown in Figure 3. Imaging
stations were selected with respect to the acdbfgs#ince a smaller pond was located in the immatvicinity
of the measured surface (Fig. 1 — right). Howeuragging stations were selected so that a sufficietrlap
between them was achieved together with converigeage axes. Due to the fact that images used igema
scanning are limited by parallel image axes and@pjfate distance between images at individuakstgairs
(stereo base), the acquisition of images for ims@pnning is more difficult and in our case couldeptally
lead to missing data in obscured areas.

In the first step, images were processed in thelitR€apture (RC) software, and the point cloud of
the selected part was created based on the SfiMlocheBoftware settings for highest quality wereduge
the automatic image processing to obtain finakdgpoint cloud. 4 ground control points (Fig. 3yeveelected
for the transformation of resulting point clouddrthe single coordinate system; 2 ground contrahtpowere
targeted artificially using 6" HDS targets — 608002 and 2 ground control points were targeted dtyral
shapes — 6003, 6004. Coordinates of these points sueveyed and adapted from results of laser gognn

In the second step, images were processed in tbMbdeler Scanner 2010 (PMSC) software, so that
5 image stereo-pairs were chosen from 55 imagsiaglthese image stereo-pairs, a point cloud ofitiea of
interest was generated using the method of Imagartieg. The same 4 ground control points 6001 -46G&re
used for the transformation of the point cloud.

Parameters of imaging and subsequent image pragelsgi both photogrammetric methods are shown in
Tab. 1. In both cases, the method of field calibratwhen calibration parameters are determinedndur
the processing using the project images, was used.

Tab. 1. Parameters of imaging and image procedsinghotogrammetric methods.

SfM (RC) IS (PMSC)
No. of used images 55 5 stero-pairs
Average imaging distances 10,16 m
Length of baseline of image stereo-pairs / 35m
Time of software processing 20 hrs. 4 hrs.
No. of extracted characteristic features (image eteents) 135590 60 295
No. of reconstructed points approx. 12 mil. 800 000
Ground Sampling Distance 2,9 mm/pix
RMS of image orientation 0,412 pix 0,984 pix
Accuracy in the reference system (overall mean spat error) 13,1 mm 54,4 mm
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Analysis of results

In all three cases, a point cloud is the final lesf individual surveys and subsequent processing.
the case of laser scanning, information on thenisity of the reflected signal is assigned to eymoint; in
the case of digital photogrammetry, it is the teat information in the form of RGB values. Eackhrology
(method, respectively) provides a different quabfyoutputs in terms of density and integrity ofijiccloud,
noise level and quality of the photo-texture (FAy.

Since the Leica ScanStation C10 laser scanner iogntanly an integrated digital camera with low
resolution and considering light conditions in theve (relatively low light, without possibility tadjust its
direction and intensity), there were no images riataring laser scanning and the final point cloweés not
contain colour information, in contrast to digifahotogrammetry. At first sight, the point cloud aibed by
the SfM method shows a high quality with a higheleof integrity, low noise and quality photo-tese¢u On
the other hand, data obtained by the method ofiénfécanning have the same quality considering tio¢op
texture. However, the point cloud is “shatteredithva higher level of noise and more areas withsinig data.

b) c)

Fig. 5. Final point clouds: a) TLS; b) RealityCape; c) PhotoModeler Scanner.

Due to the scanning distance from individual scagrstations (and imaging distance) and dimensidns o
the area of interest, we can say that the datarngutdy terrestrial laser scanning achieve thedsghaccuracy.
However, we assume that the data obtained by Higi@togrammetry can achieve similar accuracy if
the correct conditions of imaging and subsequeage processing are respected. In order to medsui&ions
between data obtained by photogrammetry and data faser scanning, all three point clouds were e
with each other by means of difference models gaadrin the 3D point cloud and mesh processingveo&
CloudCompare 2.6.0 using the plugin “M3C2 distanfledgue et al., 2013), which can be used to detemi
robust signed distances directly between two poouds.

In the first step, a difference model between thiafpcloud obtained by laser scanning (referende)dand
the point cloud generated by the SfM method usin@ $dftware (compared data) was created (Fig. 6).
The frequency distribution graph of points andirtlikeviations from the normal distribution repretssh by
the Gaussian curve is shown in the Fig. 7. Thennvadue of real deviations reaches + 6 mm, whighegents
a minimum enlargement of compared data againsteneée data. All values of deviations range from32hm
to +29,5 mm while the distribution of points is gharepresenting a low variability of deviationsdahigh
frequency of data in a narrow interval. The gragis lonly one peak. However, there is a systematar er
regarding the size of the deviations (possiblyift shthe data).
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Fig. 6. The difference model between data frorarlasanning and RealityCapture.
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Fig. 7. The graphical analysis of frequency disttion.

The normality of histograms was tested using thésghare test with the following value of the test
statistics:

Xzzi (nj ;”r;ﬂ]) , (1)

=1

with a critical range for the normality test at theel of significance::
x> x2, (k,—c-1), @)

while xZ, (k0 —c—1) represents th(ﬁL—a) -quantile of they? distribution forv=k, -c-1 degrees of freedom.

In the second step, the difference model betweemthint cloud from laser scanning (reference daie)
the point cloud generated by the method of Imagmfiag using PMSC software (compared data) wadextea
(Fig. 8). In this case, the mean value of real aliimns reaches up to -47,5 mm (8-times more thaomparison
with the model from SfM processing), correspondinga significant reduction of compared data against
the reference data. A small degree of graph skedvreal values of deviations from the interval RI7 mm;
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+41,3 mm] indicate the greater variability of deigas of individual points. Moreover, the graph lwage main
peak, but several partial peaks indicate the infteeof systematic errors.

Fig. 8. The difference model between data frorarlasanning and PhotoModeler Scaner and the grablainalysis of frequency

distribution.
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Fig. 9. The graphical analysis of frequency disttion.

Regarding the results in all three cases, a ptonidds the final result of individual surveys asubsequent
processing. In the case of laser scanning, infdomatin the intensity of the reflected signal isigissd to every
point; in the case of digital photogrammetry, ittextural information in the form of RGB values. diha
technology (resp. method) provides a different iqgalf outputs in terms of density and integritypufint cloud,
noise level and quality of photo-texture (Fig. 5).

By comparing the resulting models, taking the paioud from laser scanning as the reference dataeg(s
the data from laser scanner are considered as dlsé precise), the expected results were obtaint -SfM
method provides more reliable results. The poiatidicreated by SfM method is more precise thamtiiet
cloud from IS (it also depends on the imaging/seanmlistance). However, it is clearly evident thia¢ 1S
method is not suitable at all. Based on these t®sill is not possible to clearly determine which
technology/method (TLS/SfM) is more suitable toveyrand model morphologic underground structureach
of them provides certain advantages and disadvestayhether considering financial demands, avdiiabi
lighting options, the need to get also photo-texifrthe surface, and so on.
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Conclusion

Underground spaces are an important part contnigut the morphology of the area — whether created
naturally or by human activities. Knowledge of thegpatial conditions in the underground and corapawith
surface allows to determine the overall morpholofjyhese spaces and surrounding area as well sigpwort
the operation of mining works and ensure the higlaéety of workers. For this reasons, it is neagsgaobtain
the mentioned spatial data in the shortest possibke and as accurate as possible, often requmingmisation
of costs.

The aim of this paper was to highlight the use aidern surveying technologies in underground spaces,
with a focus on morphology in cave spaces. Cavembdo the unusual natural phenomenon, which dppea
the general public and professionals with differgpécialisation by their remarkableness. In conspariwith
other natural phenomena, they are characterisedndyy peculiar and unique features that enhance the
mysteriousness of underground. The uniqueness afeshof stalactite decoration with varying coload a
fragile beauty, massive underground domes andctitel@r ice formations document the great powenaitire.
For the comprehensive capture of all of those cemfitatures, it is the responsibility of surveytoyschoose
such technology and methods of measurement, satitlgrground structures are captured in the mdailelé
and accurate way.

In the recent years, two technologies — terredtidr scanning and digital close-range photogramnget
into the foreground, mainly due to their speedicifficy, accuracy, a high number of captured dathreon-
contact method of measurement. However, the spemifnditions of measurement, such as the size anface
of the surveyed object, lighting, etc., must besidered when they are used.

To find a definitive answer to which technology/trad is better for the underground survey, it shdidd
stated that each of them has (in certain conditidtesadvantages as well as disadvantages (incudiainly
time and financial requirements) that should besitared for each specific underground survey. Thmitual
comparison based on the survey of selected paheoBelianska Cave in Slovakia reveals that the 8fédhod
of digital photogrammetry gives the same qualitpotputs as terrestrial laser scanning in ternmecofiracy and
quality of acquired data. On the other hand, the¢hot of Image Scanning shows significant deviations
comparison with data obtained by laser scanning genterally also a lower quality of the final pozibud
against the SfM method (in terms of compactnesssitieand quality of photo-texture), thereforejsitnot a
suitable photogrammetric method for modelling caawmpinderground structures.

The great advantage of TLS is its speed and acg(iia¢he case of used Leica ScanStation C10 scanne
the precision of modelled surface 2 mm and maxinpeed 50 000 points/sec. are guaranteed by mauardgct
and the fact that measurements realized by lagamsc are independent of the illumination of theasueed
surface (in fact, the laser scanning can be caaigdn complete darkness). However, financial nemaents for
scanning are relatively high, especially when comgao photogrammetry. Another disadvantage carm be
difficult handling and higher vulnerability to dag®in often narrow cave spaces. Also, the obtadsd does
not have any photo-texture information, only ass@joolour information about the intensity of refezt signal
(in some cases, the point cloud can have the R@&Bnmation if the laser scanner has some integresadera,
but the quality will never be the same as in thsecaf digital photogrammetry). On the other handital
photogrammetry (namely the SfM method) does noeteich high financial demands on the used equipment
and accessories and handling with a digital canseeasier and more accessible even to hardly dbéessve
spaces. Moreover, data obtained by digital camedapaocessed by SfM method can have a high-quattibto-
texture (however, this is conditioned by sufficiélhtmination of the measured surface, which caterofbe
difficult in underground spaces and therefore cancbnsidered a disadvantage of digital photogramynet
Moreover, finally, the accuracy of digital photognmetry significantly decreases with increasing imgg
distance, as in our case, the data obtained frgitatlphotogrammetry are less precise than datairdd from
laser scanning for the imaging/scanning distanggagmately 10 m. Regarding the accuracy of theaioied
data, it strongly depends on the requirements Spdcior each project that is currently being sdlvéor
example, in the case of caves, there can be diffeeguired accuracy for a common map output likaimetry,
hypsography, etc. (with a centimetre accuracy)aetdiled modelling of specific morphological feasi(with a
millimetre accuracy).
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