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Comparison of 2.5D Volume Calculation Methods and &tware Solutions
Using Point Clouds Scanned Before and After Mining

Martin Stroner!, Tomas Kemert, Jaroslav Braurt, Rudolf Urbart, Peter Blistar and Ludovit Kovani®

The development of contactless mass data collegtiethods such as laser scanning or digital photogreetry leads to the
development of a wide variety of algorithms andalztions that can be applied to such data. Theweal calculation of material that was
mined away is one of such applications. This papempares available software solutions capable dtuating volume, namely
commercially available programs Atlas DMT, 3D Rgstra Leica Cyclone and Trimble RealWorks, and aenegource program
CloudCompare. All of these are commonly applicébtegeneral point cloud processing, and volume @lalton is just one of the functions
offered by the programs. Two principal types ofoallipms are used by those software solutions —gaised algorithms and algorithms
based on a triangular irregular network created rfrahe point cloud. Some of the tested programs béith calculation methods. The
experimental testing of the accuracy of those paowgg was performed on real data from a quarry wHaeer scanning was used in
combination with a GNSS method. The individuamso® solutions were used to calculate the scanmed,asolume calculations using
various settings and processing demands (expreasedrocessing time). Besides, the algorithms usethdividual programs, their
limitations and specific problems are discussedd®ased methods turned out to be very effectieetdihe low processing time and very
good provided results even for relatively largedgcells. TIN-based methods, on the other hand, piswide very accurate results, the
processing time is, however, substantially highersome cases, the quality of the results also migpen the algorithm constructing the
triangular network itself.

Keywords:volume, comparison, Atlas DMT, 3D Reshaper, LE€igalone, Trimble RealWork§loudCompare.

Introduction

The availability and practical utilization of maskata collection technologies such as 3D scanning
(terrestrial, airborne) or multi-image intersectipimotogrammetry from terrestrial or airborne imaémsquired,
for example, using fixed-wing aircraft or multiceps) processed by SfM (Structure from Motion) gr@®artos
et al., 2019; Blistan et al., 2016; Blistan et 2D19; KrSak et al., 2016; Pukanska et al., 2014k et al.,
2018; Blistan et al. 2020). Thus acquired poinud® are subsequently utilized for various purposediding
volume calculations, for example, for heaps of éasaterial (Tucci et al., 2019; Salagean et al1920
determining the volume of material that has beemedhiaway (Stojcsics et al., 2018; Zapalkova etall,1), of
concrete (Martinez-Sanchez et al., 2016), quaatific of morphological changes (Medjkane et al.1&0
pinpointing landslides (Tang et al., 2019), detaing the amount of transported loose material (H#.£2019),
and many others.

For volume calculations, it is often necessarydmisine such dense data with data acquired usindegieo
methods such as GNSS or total station. Such metlpodgide significantly lower data density but are
irreplaceable where, for example, dense vegetatiather obstacles to laser scanning are present.

Multiple algorithms of determining volume from tlebove-described data have been developed. For
practical usage, it is, however, necessary to kttmvdegree to which a selection of an algorithnsettings
affects the results.

Many of the above mentioned (and other) papersritbesthe methods used for determining volume in
detail, but the accuracy of the results (and comparwith reality) is not sufficiently discussedgpite the fact
that many authors dilute the point clouds massiyelgr to the volume calculations, which may impé#uo
accuracy. Few studies have compared methods of plwind-based volume calculations. One of the feas w
published by Urbancic et al. (2015), where the angtlanalyse their own calculation methods and nuksthod
interpolation on the resulting volumes. Neverthglesing own scripts/software is not feasible fogrgone and
often not for high volume data, and hence, the afseeady-made software solution is in practice Uguhe
preferred method.

In our study, multiple algorithms implemented inrivas freely or commercially available software
solutions have been applied to the same point ctouduantify the effects of individual algorithms ¢he
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calculation. Namely, we will apply various methdds volume calculation on data from real 3D scagriinat

are non-homogenous in density (due to the necessityanually determine coordinates of some areas by
GNSS), and compare their results. Limitations dividual software solutions and settings as weklgsrithms
used in the individual methods as well as the tealpgnd economic demands of individual softwareitsmhs

will be discussed. Both commercially and freelyikalde software solutions utilising triangular netk as well

as grid-based 2.5D algorithms (which are the mostroonly used for groundworks volume calculationd) w
be tested. Of the commercially available softwaptutions, Atlas DMT, 3D Reshaper, Leica Cyclone and
Trimble RealWorks have been chosen for testingu@Eompare was used as a representative of frealjabie
software solutions.

Data

The utilised data have been acquired in the Trebgjmarry in Eastern Slovakia, between PreSov and
KoSice (Fig. 1). In this quarry, dolomite is beingned in a five-level quarry with the height of inidiual
mining walls between 16 and 25 metres. The tophefquarry is covered by mature beeches and oaksutha
being gradually removed in line with the needs afing progress.

The data was acquired by terrestrial scanning udihgcanning system Leica C10 in two time epodtes; t
first scanning was performed in October 2011, theewoafter rock blasting in February 2012. A geadet
network was permanently stabilized using bolts ased for pinpointing control points. Scanner sggimvere
identical during both scannings, i.e., 20 mm spgain50 m.

The data was complemented by a ground survey ofagheof the quarry before and after blasting using
GNSS RTK in places where scanning would not provalable data. As far as the data density is corezt
the data is, therefore, non-homogeneous. The agcafahe points surveyed using GNSS is lower ttieat of
data measured by laser scanning, with standardhti@vs of approx. 25mm horizontally and 50mm veaitic
This, however, represents no problem for our sagithe crucial consideration here is that the @atidentical
for all methods of calculation. In other words, meeded to compare all algorithms on the same @al the
accuracy of the actual volume calculation is olgandary.

Fig. 1: The Trebejov quarry

Firstly, the original point clouds were adjustedatlow their processing in all tested software sohs. Fig.
2 shows a visualization of the point clouds (toetober 2011, middle — February 2012, bottom — eop
overlay).
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The points that were not on the ground (mining pongnt, stabilization of control points, etc.) were
removed from the cloud. Further, all data wereadilin the same way to remove vertical overlapsclvtié
necessary for using 2.5D algorithms, and croppembt@r the same area in the XY plane.

The images obviate that our data indeed represait data, including all common imperfections and
problems such as non-homogeneity, holes causedbbtaaes, etc. Data 1 (from 2011) contain altogethe
6,220,168 points while data from 2012 (Data 2) cosep3,213,671 points (both including GNSS pointd)e
difference in the number of points is caused byftwe that Data 1 was scanned approximately froththa
distance than Data 2, utilising the same scanngngse (the same angle spacing).

Fig. 2. Used data: top — Data 1 (2011); middle at®2 (2012); bottom — cropped overlay
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Used software and calculation algorithms

Below, the individual software solutions used festing and their volume calculation algorithms void
described. All used software solutions utilize 2.8Qorithms, which means that for the correct dakbon, no
vertical overlaps of the data in the individual ratedare allowed. The results of the computatiomdtividual
programs usually produce summation of values wigositive sign (i.e., volume increase, added maljerof
those with a negative sign (volume decrease, nadterined away) and the total summation providing th
overall balance.

Atlas DMT ver. 19.08.1

The primary purpose of the commercially availabtdtwgare Atlas DMT (Atlas, spol. s.r.o., Czech
Republic) is processing elevation data (both irdiially surveyed points or point clouds) and trarmsfog them
into digital terrain models that can be subsequentther analysed or used for generating graptoogbuts.

The term Digital Terrain Model (DTM) means a mod€h surface area covering the surveyed terraip. Th
model is constructed as a 3D combination of poiliies and faces from the input data. Where sudh ia
missing, estimation of the additional surface ikwated to estimate the real surface. The calardietween
the points is not based on linear interpolation Umés terrain smoothing. The version used for amipn this
study allows work with up to 666 mils. points arabts, including the volume calculation module, appB8850
Eur (ttp://www.atlasltd.cz/atlas-dmt.htjnl

The input point cloud and, if applicable, predefineompulsory lines are used to generate an irregula
triangular network (TIN), which is used for all A DMT applications and computations. When gernegdtie
model, the data are first sorted according to thedtjpns of the points, named and checked for diti@s. Where
there are two points too close to each other, dribemn is excluded from the following steps. In firesented
case, the default settings considering points witinm of space as duplicates were kept. In the stext, the
triangular network is created and optimized in pinejection into the XY plane. A convex model enyaas
created as well, which however may lead to credtirzgngles with acute angles and to generating ectimg
lines between points that are not associated inetiiain. This is prevented setting up criteriaathiwhen met,
mark the triangle as an envelope and is not usetieiufor the actual calculation. In standard sg#i the
criteria for envelope triangles are an angle ogpdbe envelope edge greater than 140° or a ritie@nvelope
edge and the neighbouring side greater than 2.k, e settings were amended to consider onlgdineition
of an angle greater than 170°. Envelope trianglesewmanually edited after generalization to achiave
maximum area of the model. This setting was sedetdemake the model comparable with models froneioth
software solutions, although we are aware thatishi®t correct from the perspective of land suivgy

ATLAS DMT offers two methods for calculating the lumes of the triangular terrain model against a
comparison plane or against another triangular or¢w

The first one is a regular grid method. The volumealculated only over the area of model overfap.
regular square grid with a set resolution (stepjedng the entire area of interest is created, thedelevation
value from the centre of each square (bottom squao@e model, top square — the other one) is td&en
calculation of the volume of the individual prisnlisase area x elevation difference). The elevatiare
determined from smoothed out triangular models.

The other method uses the blending of the triamgudworks in the overlap area (envelope triangles
excluded from the calculation). As the originahtrgles of the two DTMs are not identical in theisipions and
angles, they are broken into smaller (secondaighdgtes with matching base ared@be heights of individual
vertices of the triangular prisms are determinedhaselevation difference of the individual verdcevhich in
turn are calculated from the original unsmoothé&hgles. The total volume is calculated as a surohfmes of
all individual secondary triangular prisms.

CloudCompare ver. 2.9.1

A freely available open-source software for workimith point clouds and triangular meshes can be
downloaded fromwww.cloudcompare.orgVersion 2.9.1 was used in this study). This safewvallows a wide
range of operations, including point cloud transfations, their filtering, classification, mutualraparison, etc.

It also allows volume calculations both againsbmparison plane and against another point cloud.fifét step
is rasterization of the point cloud, splitting itthva set step into square cells in the XY plarfth¢agh XZ or
YZ planes are also possible). Subsequently, arageezlevation value from all points in the squaresiculated.
Where there are no points in the cell, the elemaimue can be determined as a minimum value fl@mthole
grid, average value from the whole grid, user-delivalue, or interpolation from the surroundinglscéonly
within the convex envelope). The volume calculatitself is then elementary — an elevation diffeesraf
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surfaces in individual cells is multiplied by thellchase area to acquire the volume differencemdifidual
prisms.

Leica Cyclone ver. 9.4.2

The commercially available software by Leicahttjgs://leica-geosystems.com/products/laser-
scanners/software/leica-cyclgneriginally developed for processing data acqlitesing their 3D scanners,
costs 13850 Eur. Leica Cyclone uses the methodisrhp for calculation. The two TINs are blended daded
on the combination of the triangles from both netsonew (secondary) triangular bases are formedlas to
the second method used in Atlas DMT. This huge rermdf formed triangles also, of course, increases t
number of prisms and the necessary processing dimememory demands. Before the TINs are blended, a
normal for the new network can be set in eithethef X, Y, Z axes. Should a normal in another dicgcbe
needed, the full data must be tilted prior to camirig models. When creating a TIN network, it isgbke to set
the number of points for generating the networke Btandard setting shows 500,000 points; the maxrimu
recommended number is 2 mil. points. It is posdiblgenerate an even greater network, however densg its
further use for calculating differences and procgsslemands associated with such network, it careot
recommended as even high-performing computers eftenup with memory overflow or, best case scen#io
taking many hours to perform this task. Once batworks with secondary triangles are created, tiggnal
and secondary (new condition, in our case aftestinig) TINs are selected by the user, and the tzlon is
performed (algorithm not made public by the sofevaroducer).

3D Reshaper ver. 18.0.7.28912

This software, originally costing approx. 11,500rEs by now sold under the new brand Leica Cyclone
3DR (10,000 Eur)This software only allows volume computation betwéa&o networks. The manufacturer’s
description of the algorithm is as follows: ,Foetbomputation of the volume of two surfaces, tHensoe uses
a direction for the calculation of the cubatureisTHirection will be used to calculate projectiahst will
generate elementary objects (tetrahedrons) fronctwivie can calculate an overall volume. The directimust
be the direction according to which you see thet bigs mesh with the minimum of hidden parts (usuall
according to Z). We create a tetrahedron by adi@rtaking as the vertex the centre of gravityhef mesh, and
we add each volume to have the total volume. Inetkemple of a sphere, it seems trivial. But in ¢thee of
more complex shapes, this calculation may seenettalse; but some tetrahedrons are found with atheg
volume (depending on the orientation of the triangfl the base) which compensates the whole resdlh@kes
the calculation accurate no matter the shape ofntleelel.” (Acquired by personal communication from
representatives of 3D Reshaper).

Trimble RealWorks ver. 11.1.1.442

The commercial RealWorks software (approx. 6900 Eerves for processing and analyses of point sloud
acquired from 3D laser scanninottps://geospatial.trimble.com/products-and-sohgitrimble-realworks This
software uses 2.5D algorithms (a) calculating thieme directly from the point clouds or (b) a hgbalgorithm
calculating the change of volume using a grid asgrlg a triangular network. In the first case, tadéculation
utilizes a regular square grid of customizable g&tep/grid size and direction of the calculati@m be set).
After the calculation, the software creates a giaghepresentation of individual cuboids. If theigt clouds are
not homogenous, the volume difference in the gatisccontaining points from one point cloud onlyrist
approximated — the software does not perform arngnaatic interpolation between the points. It irdfore,
necessary to edit such calculation to make thevao# calculate the differences in these areas #s Suech
“holes” must be manually delimited and filled usitige tool “Fill holes”. The results detail the addg) and
mined away (-) volumes as well as the size of tkasawhere any volume was added or removed.

The other method uses a hybrid algorithm. The swofvallows the operator to set a normal for conmgui
triangular network. It is possible to choose thamexes, ideal point cloud fittingr other options. The point
clouds are transformed into two triangular netwarked for volume calculation in the direction of thelected
normal. However, for the computation itself, thdtware uses a grid with an optional cell size agdins,
therefore, a combined calculation method based aneated triangular network representing the serfaat the
points for the volume calculation itself are acqdiusing a grid projected on the triangular network

Testing methods

The respective methods of volume calculation wepplied to the data processed as described above.
Where the particular software allowed multipleisgt or algorithms, all realistically applicableesnwere used.
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As each software has a different interface andaalldifferent settings, at least some criteria walbered to
where possible to simplify the evaluation of theufes. In principle, we can distinguish betweenodathms
using grid and TIN. For grid solutions, the rasteze represents the principal setting, hence nteltpll sizes
have been used, namely: 0.005; 0.010; 0.020; 0@300; 0.200; 0.500; 1.000; 2.000; 5.000; and QM@ cell
size. Besides, the interpolation of empty cellsrfitie surrounding cells was applied. It is, howewet possible
to unify the settings of triangular networks in ienikar way; therefore, the settings were individ@add are
detailed in the description of the particular safites solutions. Comparing the resulting values tan provide
information on the magnitude of error associateth e use of particular software, algorithm antlirsg, as
well as its pros and cons. A question remains, Wwiat the methods (if any) can be considered asntbst
accurate. Considering the principles of the methddsppears that the TIN-based method used insATIMT
makes no or only minimum simplification and useagtically all points for constructing the triangui@esh
(except for the practically duplicate points); henthe value calculated by this method should leeniost
accurate.
All computations were made using a laptop withllite32 GB RAM and a graphics card with a dedidate

memory of 6GB.

Results
Atlas DMT

Table 1 shows the results of the grid computatisimgi Atlas DMT. In our case, a difference modelhwit
27,578,415 points, 80,986,334 edges (connectirg)iand 53,990,888 triangles was constructed. ffperit of
the point clouds, generalization and optimizatidrthe triangular network took approx. 1.5 hour; th@ume
calculation using the triangular networks 3 houtsilev only using the raster method, the calculatieas
completed within a few minutes.

Tab. 1. Atlas DMT — results of grid-based volurakedations

Raster size Number of Surface Volume* Volume- Volumetotal Difference
[m] cells [m?] [m3] [m3] [m3] [%]
0.005 83,840,800 2,096.02 72.94 -4,280.02 -4,207.08 0.00
0.010 20,960,100 2,096.01 72.94 -4,280.02 -4,207.08 0.00
0.020 5,240,050 2,096.02 72.94 -4,280.02 -4,207.08 0.00
0.050 838,416 2,096.04 72.94 -4,280.01 -4,207.07 0.00
0.100 209,614 2,096.14 72.93 -4,280.10 -4,207.17 0.00
0.200 52,394 2,095.76 72.94 -4,280.30 -4,207.36 0.01
0.500 8,384 2,096.00 72.93 -4,279.78 -4,206.84 0.01
1.000 2,097 2,097.00 73.17 -4,282.43 -4,209.27 0.05
2.000 523 2,092.00 73.74 -4,285.93 -4,212.20 0.12
5.000 83 2,075.00 71.58 -4,244.68 -4,173.10 0.81
10.000 21 2,100.00 15.93 -3,622.04 -3,606.11 14.28

The calculation from the triangular method yielded following results: Area 2096,02°nvolumé 72,94
m?®, volume -4280,02 m, volume® -4207,08 M As mentioned above, this result can be considasetie most
accurate due to the use of (almost) all points withimum simplification.

The grid-based calculations reveal that, surprigintere is no change in the accuracy of the tesup to
the 2.0 raster size (results are presented in Talbhere Difference column shows relative (peragefahanges
to the most accurate value (first) in this tabRdr better comprehension, 1®nepresents approx. 0.2 % of the
total volume. The results acquired using the TIN grid method, therefore, correspond very wellaoteother.

CloudCompare
Volumes were calculated using the above-describetthad within several minutes. The results are shown
in Table 2. Here, we again observe that some grégsening (in this case, up to 0.2m) preservesdhee result

accuracy; from the grid size of 0.5 m, the erragtgly grows, but even for a 1.0 m grid, the emgpresents only
approx. 1.4 % of the total volume.
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Tab. 2. CloudCompare — results of grid-based velwaiculation

Raster size Number of Surface Volume+ Volume- Volumetotal Difference
[m] cells [m?] [m3] [m3] [m3] [%]
0.005 84,038,480 2,100.96 73.000 4,280.09 -4,207.09 0.00
0.010 21,010,210 2,101.02 73.13 4,279.88 -4,206.75 0.01
0.020 5,253,430 2,101.37 73.04 4,279.76 -4,206.72 0.01
0.050 841,085 2,102.71 73.45 4,279.87 -4,206.42 0.02
0.100 210,453 2,104.53 72.92 4,287.80 -4,214.88 0.19
0.200 52,815 2,112.60 73.75 4,282.21 -4,208.46 0.03
0.500 8,479 2,119.75 75.22 4,299.95 -4,224.73 0.42
1.000 2,155 2,155.00 73.72 4,338.25 -4,264.54 1.37
2.000 562 2,248.00 71.21 4,402.10 -4,330.88 2.94
5.000 106 2,650.00 107.59 4,595.00 -4,487.41 6.66
10.000 32 3,200.00 216.33 4,853.66 -4,637.34 10.23

Leica Cyclone

Two calculations with different maximum numberspoints for TIN construction were performed, hamely
with 500,000 and 2mil. points. The processing tfore500,000 points was approx. 5 minutes, for Znpbints
approx. 4 hours. The results are shown in Tabtaedifference is negligible.

Tab. 3. Results of volume difference calculatiobdica Cyclone

Raster size Volume: [m?] Volume- Volume total Difference
[m] [m3] [m3] [%]
2000000 4,280.60 72.90 -4,207.70 0.00
500000 4,283.70 72.70 -4,211.00 -0.08

3D Reshaper

The software only allows the calculation of thefelénce between two meshes; no customizable setting
are available. The results indicate that 4251.4%&vms mined away, 76.26°nadded and the total balance is
therefore -4175.21 TnThe TIN generation took several minutes and tiiare calculation tens of seconds.

Trimble RealWorks

The calculation was performed three times, usirmgpua settings. The first calculation used twortgalar
meshes (Table 4), the second two point clouds faittory settings (without filling holes; Table S)dithe last
one for two point clouds with holes filled prior the computation (Table 6). The computing time weageral
seconds for grids of 0.02m and more, several minfde a grid of 0.01 and approx. 15 minutes forrid of
0.005m. The calculation for generating TIN tookesay minutes..

Tab. 4. Results of Trimble RealWorks — a direatudation from two TINs

Raster size Number of Surface Volume* Volume- Volumetotal Difference

[m] cells [m2] [m3] [m3] [m?3] [%]
0.005 83,501,400 2,087.54 -4,268.96 72.16 -4,196.80 0.00
0.010 20,875,360 2,087.54 -4,268.97 72.16 -4,196.80 0.00
0.020 5,218,825 2,087.53 -4,268.95 72.16 -4,196.79 0.00
0.050 835,020 2,087.55 -4,268.95 72.16 -4,196.79 0.00
0.100 208,760 2,087.60 -4,268.93 72.17 -4,196.76 0.00
0.200 52,188 2,087.52 -4,268.95 72.16 -4,196.78 0.00
0.500 8,343 2,085.75 -4,267.62 72.13 -4,195.49 -0.03
1.000 2,084 2,084.00 -4,267.22 72.34 -4,194.88 -0.05
2.000 516 2,064.00 -4,269.20 72.74 -4,196.46 -0.01
5.000 79 1,975.00 -4,234.29 67.00 -4,167.30 -0.70
10.000 19 1,900.00 -4,484.82 32.85 -4,451.97 6.08

Results of the hybrid TIN + grid calculation (Tallgindicate that no or only minimal changes irutess
were observed up to the grid size of 2.0 m, afteichy the accuracy begins to decrease more signifig.
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Tab. 5. Results of Trimble RealWorks — calculafiom point clouds without filling the holes

Raster size Number of Surface Volume+ Volume- Volumetotal Difference
[m] cells [m?] [m3] [m?] [m?] [%]
0.005 41,274,280 1,031.86 -2,079.19 54.48 -2,024.71 0.00
0.010 10,603,110 1,060.31 -2,118.02 55.90 -2,062.12 1.85
0.020 2,688,772 1,075.51 -2,143.47 56.55 -2,086.92 3.07
0.050 435,674 1,089.19 -2,178.92 56.78 -2,122.14 4.81
0.100 110,191 1,101.91 -2,223.91 56.95 -2,166.96 7.03
0.200 28,056. 1,122.24 -2,291.96 57.31 -2,234.65 10.37
0.500 4,772 1,193.00 -2,574.94 57.88 -2,517.06 24.32
1.000 1,344 1,344.00 -3,044.61 60.97 -2,983.64 47.36
2.000 412 1,648.00 -3,730.83 71.37 -3,659.46 80.74
5.000 71 1,773.76 -4,443.70 98.76 -4,344.94 114.60
10.000 30 3,000.00 -4,850.43 224.64 -4,625.79 128.47

Results without interpolating (filling) the holes data are obviously incorrect (Table 5) when camgdo
other software solutions and methods. This algoriththerefore not suitable for this type of data.

Tab. 6. Results of Trimble RealWorks — calculatiom point clouds with hole interpolation

Raster size Number of Surface Volume+ Volume- Volume Difference

[m] cells [m2] [m3] [m3] [m3] [%]
0.005 74,874,080 1,871.85 -4,407.98 97.63 -4,310.35 0.00
0.010 18,394,970 1,839.50 -4,395.39 76.34 -4,319.05 0.20
0.020 4,657,250 1,862.90 -4,400.21 122.02 -4,278.19 -0.75
0.050 751,024 1,877.56 -4,353.44 121.42 -4,232.02 -1.82
0.100 187,901 1,879.01 -4,369.72 120.34 -4,249.38 -1.41
0.200 47,565 1,902.60 -4,386.66 122.22 -4,264.44 -1.07
0.500 7,753 1,938.25 -4,445.60 116.59 -4,329.01 0.43
1.000 2,073 2,073.00 -4,489.93 137.15 -4,352.78 0.98
2.000 531 2,124.00 -4,429.91 106.12 -4,323.79 0.31
5.000 91 2,275.00 -4,725.00 98.76 -4,626.24 7.33
10.000 30 3,000,00 -4,850,43 224,64 -4,625,79 7,32

When the point clouds were manually edited andshfiled, however (Table 6), the results are beitds
nevertheless still obvious that both the areasvahgmes change more significantly with grid sizarththe other
methods.

Discussion

For software comparison, the best achievable esidte selected, i.e., grid (step) 0.005m where gplutions
were concerned and the highest allowed number aftpavhere TIN meshes were concerned (to allow a
comparison of Leica Cyclone with others, the resfitr both 500,000 and 2 mils. points are showrhas
calculation time differ significantly). Resulting total volumes, differences when compared to ATST-TIN
method and total computing times are shown in T@blehe Atlas DMT TIN method was, as mentioned a&yov
considered as a reference method due to using mmirsimplification and all points, practically withib
diluting the point cloud in any way. This, howevgges hand in hand with the computing demands \adraé
hours, which is true even for the grid method wgtremore so for the TIN method.

It is, however, also obvious that results of thethgrid algorithms provide comparable accuracyhef t
results to those of the best TIN algorithms mudtdiathan the TIN methods. This is in all likelilbcaused by
the high density of the point cloud used for caltiohs. We can not, however, extend this conclugiosparse
point clouds (e.g. data cully collected using GNB$otal station survey).

Very good results, actually the best when considethe time demand/accuracy ratio were achieved by
CloudCompare, which only allows a grid computatiMoreover, CloudCompare is the only tested software
available free of charge; hence the price/perfonaanatio is absolutely unmatched among the testédiare
solutions.
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Tab. 7. Overview of resulting (most accurate) ws for individual programs

software method Volume total [m?3] Difference [%] Total time
TIN -4,207.08 0.00 4.5 hour
Atlas DMT
grid -4,207.08 0.00 1.5 hour
CloudCompare grid -4,207.09 0.00 10 minutes
TIN (2 mils. points) -4,207.70 0.01 4 hours
Leica Cyclone
TIN (500,000 points) -4,211.00 0.09 5 minutes
3D Reshaper TIN -4,175.21 -0.76 10 minutes
Trimble TIN/grid -4,196.80 -0.24 15 minutes
RealWorks grid -4,310.35 2.45 15 minutes

Fig. 3 compares the results of programs with reSjoethe various raster sizes. The graph showsugat
to the step of approx. 1m, the volume calculatii@hdg a minimum deviation for most software solnsdin our
case, approximately 2,000 squares forming the .giden increasing the step (lowering the grid netsoh)
further, both the area (Table 1,2,5,6) and volulmnge significantly. This may possibly be causedheygrid
cells on the edges of the point cloud where a sumlist portion of the area may be outside the @f&@ 4 right)
and therefore confound the calculation. For examipl@able 2, we can observe the growth of the arigtathe
grid raster. In general, almost all grid algorithpislded near identical results; the only except®the Trimble
RealWorks software providing different results ihgaid sizes (Fig. 3).

0005 001 002 005 0.1 0.2 0.5 1 2 5 10
-3700,00
-3900,00

-4100,00

Volume [m3)

-4300,00
-4500,00

~4700,00 .
Step size [m]

e Atlas DMT CloudCompare RealWorks (TIN/grid) Re alWorks (grid)
Fig. 3. Comparison of the grid methods

From the perspective of the calculation method&] gigorithms are very simple and fast when
compared with the TIN algorithms, where the TIN mesust be generated first, and only then the volaoare
be calculated. This usually requires a dilutiontled input point cloud to prevent excessive demamishe
computer processing capacity and memory. This cardémonstrated on the Atlas DMT, which does not
perform such dilution and the resulting procesging is then extremely high (see Table 7). Curip@siough,
however, the processing time using Leica Cyclonkickv dilutes the point cloud significantly even hwithe
highest settings (2 mils. points), was almost aé lais that of Atlas DMT (using full 6.2 mil. and®3nil. points
for individual networks), which suggests that thgoathm in Atlas DMT is less demanding on the @esing
power than Leica Cyclone. Further dilution of theinp cloud in Leica Cyclone (to 500,000) however
significantly reduced the processing time.

The processing time and results of TIN-based mettzod directly dependent on the constructed TIN
mesh, which does not have to be identical for iiddial programs as each software uses a differetitadefor
diluting the point cloud. In some programs, rulesdenerating the TIN triangles can be set up wiihers use
a fixed algorithm without giving the user a podipito interfere. For example, the Atlas DMT allswelatively
detailed settings of parameters for creating TIN ahmanual correction of the automatically geredlamnesh,
Leica Cyclone allows one parameter (the numbeaftp) while 3D Reshaper allows almost no custotiira
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The volume calculation can also be affected byctivevex envelope (Fig. 4) interpolating surrounding
data, despite the fact that the real surface catiffezent.

Fig. 4. Convex area (left) and rasterization (rigim CloudCompare (blue points = point cloud; rite — real data borders; green line
(left) — delimiting the area for computation usitmnvex envelope, (right) rasterization of the commevelope with grid cells containing
only partial data on the edge of the point cloudiew using a finer grid, the peripheral cells wostitk more closely to the edges

Conclusion

This study reports volume calculation and comparibetween two states in several software solutions
using various algorithms and settings. The data frsethe experiment originate from a real TLS stag in a
quarry, complemented by GNSS survey.

Both grid-based and TIN-based algorithms were ushd.obtained results were compared to find out how
a method of calculation (algorithm, settings, soft®) affects the resulting volume. Principally, thmst
accurate results should be those from Atlas DMTichvlases no simplification and utilizes all poiféxcept for
duplicate points) for the calculation. However, m@ster methods yielded practically identical tessup to the
grid size of 1 m. Most of the other TIN-based altfwns also yield very similar results.

In conclusion, we can state that the practicalotité the selected software or algorithm is minimsllong
as a reasonable raster size or number of TIN pairesused. The only exception is represented bybile
RealWorks, the results of which are mildly differdrom those provided by all other programs. Fastea
methods, we can say that dividing the area of merigto 2,000 cells is generally sufficient if dendata is used
(as in our case).

Where we can see a significant difference, howesethe necessary processing time. Raster metheds a
generally significantly faster than TIN methods. diluting the point cloud sufficiently, the time rcebe
nevertheless similar for both types of algorithmagth only a mild decrease in results accuracy (seiea
Cyclone).

The tested software solutions are designed foiouarapplications. If however only considering votum
calculations, the freeware CloudCompare is abdglusafficient and provides results identical to $bo
computed by the best commercial solutions. The calyeat when using this software lies in the metabd
calculating the convex envelope, which can poténtiistort the results.
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