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Abstract Rapid, direct and dense three-dimensional
(3D) data acquisitions have become compulsory
requirement for most applications that demand complete 3D
information. Though, it is impossible to obtain data that
cover the whole surface of the object from single sensor
position. In terrestrial laser scanner (TLS) measurement,
this multi positions issue was resolved using similarity
transformation. However, only six (6) parameters were
employed while scale factor was neglected. Since TLS
measurement were utilised in many applications especially
that demand high accuracy data, thus, further study is
necessity to ensure the significant of neglecting scale factor
in TLS datum transformation. Utilising robust experiment
which involves with multi network configurations and multi
distances, all seven (7) parameters were computed and scale
factors were extracted for the further assessment.
Significant analysis was performed by comparing the ideal
value of scale factor (i.e. 1) and values obtained from the
experiments. Results obtained for all configurations have
accepted null hypothesis which indicates that scale factor is

not significant in  phase-based scanner datum
transformation.
Keywords Datum  Transformation,  Network

Configuration, Scale Factor, Three-Dimensional Data

1. Introduction

Ability to acquire high density three-dimensional (3D)
data with fast measurements (up to one million points per
second) has become main factor that terrestrial laser scanner
(TLS) was employed in many 3D applications. This high
precision provides enough raw data from which accurate and

detailed 3D models can be obtained. According to Dumalski
and Hejbudzka [1], TLS has shown a promising precise
measurements to define minimal displacement and
deformation of objects. This has been demonstrated via their
experiment that conducted using five different intervals
(Imm, 3mm, 5Smm, 10mm and 20mm) and several distances
which eventually reaching the maximum range of the
scanner. Due to that advantages, TLS has become an option
for a variety of applications that demand sub-centimetre
geometric accuracy such as industrial measurements.

Due to the low value of measurement uncertainty,
coordinate measuring machines (CMM) was commonly
used in industrial measurements [2]. However, taking into
account the factor of economical investments, most
researcher have search for an alternative option. Capability
of TLS to directly measure dense non-contact 3D points has
been examined by Gonzalez-Jorge et al. [2] as an alternate
sensor for CMM. Based on Geometrical parameters height,
length, width, front track and wheelbase of measured object,
the results demonstrate that TLS has meat required
tolerances as stated in UNE 26-192:1987 and ISO 612:1978.
In forging industry, TLS has been used by Bokhabrine and
Seulin [3] for 3D characterization of hot metallic shells
during industrial forging. Comparing to the traditional
method using a large ruler, TLS has proven as more
accurate (error less than 8mm) and faster. Son et al. [4] have
utilised TLS in three-dimensional (3D) reconstruction of as
built pipelines. The findings shows the potential to allow
the as-built 3D pipeline obtained from TLS can be made
automatically reconstruct and the model yielded is expected
can be used for various purposes in operations, maintenance,
and retrofitting during the lifecycle of the plant facility. In
shipbuilding industry, Abbas et al. [5] have measured two
boat prototypes using close range photogrammetry (as
benchmark) and a TLS. Authors have introduced novel data
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quality assurance procedure to quantify the quality of TLS
data. The outcomes have demonstrated that the improved
calibration technique able to enhance the precision and
accuracy of TLS measurement.

To acquire data that cover the whole surface of the object,
it is impossible to obtain from one observing point. Two or
more occupied stations cannot be avoided, and for TLS
system, this will create more than one local coordinate
systems proportionate with the station numbers. Conversion
of all local coordinates into one global TLS coordinate
system can be established with the aid of transformation
parameters. Similar parameters also required when TLS
global coordinate system has to be transformed into ground
or national system. The seven (7) transformation parameters
are as follow [6]:

e  Translation in three axes (Tx, Ty, T7);

e  Rotation around the three axes (®, @, «); and

e  Scale factor.

However, according to Reshetyuk [7], TLS datum
transformation only embraced six (6) parameters by
neglecting the scale factor. As stated in Song et al. [8],
sources of errors that can affect the quality of TLS
measurement are very numerous, whether from acquisition
or processing phases. Rueger [9] has summarized that scale
errors in range measurement are contributed from internal
(e.g. limitation or configuration of sensor) and external
effects (e.g. environmental factor). Considering the complex
mechanism adopted by TLS in providing dense 3D data with
non-contact measurement, it is expected that various of
causes can contribute to scale errors in TLS data acquisition,
such as high incidence angle, environmental factors,
erroneous geometrical reduction (e.g. dependency on point
cloud resolution to determine target centroid), among others.
Based on that argument, further investigation is necessary to
robustly prove that contribution of scale factor in TLS rigid
body transformation is insignificant. Taking into account the
mechanism utilised in deriving range measurement, it can be
assumed that modulation of laser beam employed by phase
based scanner is expose to scale errors. This is due to the
dependency on wavelength and phase difference in deriving
the range measurement. Considering range measurement is
expose to this kind of error, thus, neglecting scale factor in
TLS datum transformation is consider questionable.

Phase based scanner

" Transmitter
Phase
measurement unit
i Receiver
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As most of the TLS implementation in industrial
measurement involve with very complex object, thus,
occupying many station numbers cannot be avoid.
Ilustrated in Figure 1 is example of scan stations utilised to
scan small boat prototype. Due to the demand of many
stations in most of TLS applications, neglecting scale factor
in registration procedure should be reconsidered. Any
possible uncertainty especially during processing should be
taken into account. Based on this argument, this study has
scrutinise the effect of scale factor in TLS registration
procedure. Robust experiments were conducted using
multi-network configurations and multi-distances. Three
main elements were utilised for the multi-network
configurations: (i) station numbers; (ii) real-world planes to
distribute the targets; and (iii) number of targets. Taking
into account the requirement of industrial implementation
that demand sub-centimeter accuracy [10] with medium
range data acquisition, thus, phase-based scanner (i.e. Faro
Focus 3D) was employed in this evaluation study.

Figure 1. Six (6) stations utilised to scan boat prototype [5]

2. Phase-based Scanner

In contrast with time-of-flight scanner which exploited
high precision clocks, phase-based scanner has modulated
the power of laser beam in amplitude and transmitted into
the object. The scattered reflection is collected and a circuit
measures the phase difference (A®) between the send and
receive waveforms (Figure 2).

Object

Range (r)

Figure 2. Phase based measurement technique
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The phase difference is proportional to the range and
laser modulation frequency. The amplitude of the received,
diffusely reflected laser light is proportional to the surface
reflectively and distance of the object. Phase based scanner
can determine the range (r) by using (1), (2) and (3) [10].

2xr = NA+AA )

where,

N = Number of full wavelengths

A = Wavelength

A\ = Uncompleted wavelength

In order to compute the range of TLS and target, the
values of N and AX should be determined. Equation (2)
below represents the relation between uncompleted
wavelength and phase difference (A®) [11].

AD

Ah=——XxA

o @)

Since, only phase difference can be provided during
measurement, then (2) could be finalised as follows [11]:

(€)

Phase based scanner

Transmitted
signal

Reflected
signal

Figure 3.

High frequency

N
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Based on (3) above, it is impossible to get the range value
directly using a simple phase difference measurement
technique. This is known as the ambiguity interval and the
size can be in the order of several meters. The maximum
unambiguous is given by (4) [11].

C A
r —_—
2

max = 2xf -

)

where,
¢ = Speed of light
f =Frequency
If the range is unambiguous (less than Rangemax), the
range can be determined from the following equation [11]:
AD

r=——xA

4r )

In order to avoid the inconvenience of a range ambiguity
interval, one can use multiple frequency waveforms in
which the target is localised at low frequency (long
wavelength) and then accurate measurement is performed at
high frequency (Figure 3).

Low frequency Object

v

Multiple frequency waveforms [9]

Figure 4. Determination of transformation parameters
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3. Three-Dimensional Conformal
Coordinate Transformation

According to Ghilani [6], a 3D conformal coordinate
transformation is utilise to convert 3D coordinates from one
system to another system. As practice in TLS measurement,
the system will create their own local coordinates system
for each scanner position. Thus, to orient all local system
into one global coordinates system, derivation of
transformation parameters is mandatory. Based on Figure 4,
three (3) well-distributed common targets (minimum
requirement, more targets are better) were used to determine
transformation parameters between scanner positions TLS1
and TLS2.

Utilising resection method, those artificial targets that
have two coordinate systems derived from TLS1 and TLS2

can be employed to mathematically describe the
relationship of those systems [10]:
Xi=T+ Srxi 6)
where,
Xi=3D coordinates of targets in the first
scanworld system.
S = scale vector between two (2) systems.
T = translation.
r = rotation matrix.
xi = 3D coordinates of targets in the second
scanworld system.
X Tx hp Ty I3
Y |=|Ty |[+Sin, 1 13|y (7

z T, Lz Iy B33 | Z

where,
Tx, Ty and T are translation of the origin in 3D axes.
While definitions of the elements of the rotation matrix r
is given as follow [10]:
I;; = cosdcosk
I}, = COSMSINK + sinmsin ¢ cos K
Ij3 = sin®sin K — cos®sincosk
I,; =—cosdsink
Iy, = COSMCOSK —sinmsindsink ®)
I3 = SINCOS K + cos ®sin ¢sin k
I;; =sind
I, = —sinwcos¢
I33 = COS®COS ¢

where,
o,$,k are rotation angles around 3D axes.

4. Experiments

The main objective of this study is to robustly
substantiate the significant of scale factor in phase-based
scanner datum transformation. For that purpose, Faro Focus

Significant Study of Scale Factor in Phase-based Terrestrial Laser Scanner Datum Transformation

3D scanner were rigidly experimented as follow: (i) Multi
network configurations; and (ii) Multi distances assessment.

Each experiment was designed for specific reason, multi
network configurations employed to measure the effect of
scale factor for indoor implementation which also involves
with high incidence angle occurrence, while the later
experiment capable to assess any changes with regard to
various distances. Statistical analysis was utilized in both
experiments to mathematically verify the outcomes of this
study.

4.1. Multi Network Configurations

To represent phase based scanner, this experiment was
conducted by using Faro Focus 3D (Figure 5). First
experiment (i.e. multi networks) was conducted at
laboratory with dimension of 15m X 9m x 3m. To certain
the quality of the yielded results, the ideal configurations
were embraced based on Lichti [12] outcomes. With
intention to investigate the effect of scale factor in TLS
datum transformation, variants of configurations were
employed as follows: (i) Multi scanner positions; (ii) Multi
surfaces; and (iii) Multi targets.

To avoid from using similar configurations for each
variation, final setup obtained from previous configurations
were used for subsequent variation. For instance, if final
setup for the first configurations (scan stations) is using two
(2) stations, thus, second configurations (surfaces) will
continue with similar number of station.

e

< j

Figure 5. Experiment of scale effect in phase based scanner datum
transformation

4.1.1. Minimum Number of Scan Stations

For the first experiment, the configuration was reduced
the number of scanner positions (from seven) one by one
until two positions left as illustrated in Figure 6. The bundle

adjustment is performed for each station reduction
procedure to produce the value of transformation
parameters. Mathematical approach was utilised to

thoroughly examine the significant of scale factor for every
bundle adjustment (configuration) results.

4.1.2. Number of Surfaces

The second experiment focuses on diversify the surfaces
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utilised for targets distribution. There are four walls and a The removing criteria were made by taking into account
ceiling were employed in this study. To vary the number of guideline of network configuration as discussed in [13].
surfaces, experiment was manually remove those surfaces Bundle adjustment was performed for each removing
one at a time until two surfaces left as shown in Figure 7. procedure and followed with scale factor analyses.

15.0m

15.0m

15.0m

15.0m

15.0m

9.0m

15.0m

9.0m

Figure 6. Reducing number of scan stations

Figure 7. Multi surfaces configuration, (a) Four surfaces, (b) Three surfaces type A, (c) Three surfaces type B and (d) Two surfaces
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4.1.3. Minimum Number of Targets

The final experiment was carried out by reducing number
of targets which are employed to determine transformation
parameters. This configuration was performed by decreasing
the number of targets from two surfaces (46 targets) by every
ten percents until sixty percents were removed (18 targets
left). The criteria employed during targets reduction was
made based on quantitative condition as stated by [13]. As
demonstrated in Figure 8, outcomes from previous
experiments were utilised for the final configuration, two
scanner positions and two surfaces. To ensure the quality of
computed transformation parameters, the targets have been
well distributed in each decreasing procedure. Similar to the
previous experiments, bundle adjustment is performed in
each targets reduction configuration and followed with scale
factor analyses.

5
K
5

="

0.

—Eox

5
-}
.
5

B

o

..
B X
KN NN

Figure 8. Reducing the number of targets

4.2. Multi Distances

To examine the significant of phase based scanner
measurement in multi ranges observation, final experiment
has been performed at indoor calibration site located in
Faculty of Built Environment and Surveying, Universiti
Teknologi Malaysia, Malaysia. Six (6) points were marked
as visualised in Figure 9a with interval 10m, range from wall
where targets distribute (right side of Figure 9a) into last
point is 60m. For registration purpose, four (4) plane and two
(2) sphere targets were utilised. Phase-based (i.e. Faro Focus
3D) was positioned in every mark to scan all six (6) targets
(as depicted in figure 9b).

(2)

Significant Study of Scale Factor in Phase-based Terrestrial Laser Scanner Datum Transformation

(b)

Figure 9. Multi-distances experiment, (a) Indoor calibration site; and (b)
Faro Focus 3D (phase based) scanner

Taking into consideration that the closest scan station
(with range 10m from targets) will contribute less errors in
determining target centroids, pairwise registration for other
stations was performed by exploiting this closest station as
reference. This has result five (5) registration pairs yielded
for multi-distances investigation. To concretely support the
results obtained, this study has consumed statistical analysis
to verify the significant of scale factor in TLSs registration
processing.

4.3. Statistical Analysis

Statistical analyses were utilised between the calculated
scale factor and the ideal value of scale (i.e. one). Analysis
of mean (t distribution) was used to compare population
mean with the mean of a sample set based on the number of
redundancies in the sample set. Thus, this test was
applicable to examine a sample mean (calculated scale)

against a known value (ideal scale value) [6]. The
hypotheses were set as follow:
Hy: Computed scale factor is equal to one
Hya: Computed scale factor is not equal to one
The F-variance ratio test is defined as:
t= y—u )

where,
Yy = Sample mean

p = Population mean

S = Standard deviation of sample
n = Number of sample

According to Ghilani [6], when the value of calculated T
is smaller than the value of critical T (obtained from the
t-distribution table), the null hypothesis (Hy) is accepted at
the 5% significance level. In contrast, with the rejection of
null hypothesis (accepting alternative hypothesis, Hj,)
demonstrate that the test parameters are significantly
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difference.

5. Results and Analyses

Evaluation of scale factor affect in phase based scanner
datum transformation procedure was made by taking into
account two (2) crucial elements, multi network
configurations and distances. Therefore, research findings
have been organised based on these elements as discussed in
the previous section.

5.1. Multi Network Configurations

The first configuration is by decreasing the number of
scanner positions. For each reduction procedure, scale errors
were calculated and F-variance ratio test is performed. As
illustrated in Figure 10, the largest scale error in multi
stations experiment were contributed by station one (Figure
10a with value of 0.010), follow with station six (Figure 10b
with value of 0.0034) and station four (Figure 10c and Figure

(a) 0.012
2 - 001
25 oo
53 o006
L wny
= = 000
gz :
2~ 0002 I
C —
1 2 3 4 5 6 7
SCANNER POSITION
(c) 0.0025
- H g
5% 0002
=]
= 2 00015
w 3
2@ 000
U=
v 0.0005 I
0 n -
1 2 3 4 5
SCANMNER POSITION
(d) 9 _ 0.0015
ok
e = 0001
w5
A
= o
& < 00005
) l
0

2 3 4
SCANNER POSITION

Figure 10.

(k)
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10d with values of 0.002). From the outcomes of multi
stations experiment, the trend of plotted scale errors has
significantly indicated that this uncertainty (scale errors)
occurred due to the high incidence angles in measuring the
targets when the occupied station very close to the surfaces
where the targets distributed (i.e. station one, six and four).
Similar issue regarding a bias related to measuring obstacles
with high incidence angles also has been roused by Laconte
et al. [14]. Even though the largest scale error obtained is
0.01, statistical analyses presented in Table 1 has shown that,
in all configurations, the calculated T are smaller than critical
T. Thus, the null hypothesis (HO) was accepted, with 95%
confidence level show that the difference between the
variances for each scan stations reduction were not
significant. With regard to the small magnitude of the
obtained scale errors which is less than one, it may be the
main cause for this statistical finding. However, for TLS data
quality assurance, it is advisable to avoid the existence of
high incidence angle, especially when involve with long
range measurement.

0.004
0.003

0.002
0.001 I I I
, 11
1 2 3 4 5 &

SCANMNER POSITION

SCALE ERRORS
[ABSOLUTE)

d) 0.002

&
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© £ 5 00001
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£ 2 000008
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0.00002

0
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SCAMNER POSITION

Scale errors yielded from multi stations configuration, (a) 7 stations, (b) 6 stations, (c) 5 stations, (d) 4 stations, (e) 3 stations, and (f) 2 stations
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Table 1. Significant test for multi stations configuration

Scan Stations Calculated T </> Critical T

Full networks 0.924 < 1.943

1,2,3,4,5 and 6 1.446 < 2.015

1,2,3,4,and 5 0.978 < 2.132

1,2,4,and 5 0.726 < 2.353

2,3,and 4 0.681 < 2.920

2 and 4 0.515 < 6.314

The second configuration was performed by using only
two scan stations. By using these two scan stations, the
targets surfaces were reduces from five surfaces until two
surfaces were left. Employing only two scanner positions in
multi surfaces experiment, graphs of scale errors shown in

0.001

0.0008
0.0006
0.0004
0.0002
0

2 4

SCANNER POSITION

{a)

SCALE ERRORS
(ABSOLUTE)

0.0012

0.001
0.0008
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0.0004
0.0002
0

2 4

SCANMNER POSITION

SCALE ERRORS
{ABSOLUTE)
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Figure 11 have indicated the significant quality of datum
transformation solution. The largest scale errors in multi
surfaces experiment was contributed by Figure 1lc (i.e.
0.00104) which used three surfaces by removing both
length walls for targets distribution. With limited sighting
distance in vertical element, it is expected that all targets
distributed at the ceiling will cause errors in range
measurement due to high incidence angles occurrence.
Similar to multi station outcomes, small magnitude of scale
errors has resulted that all calculated T for multi surfaces
experiment are smaller than critical T (as shown in Table 2).
This imply that, the null hypothesis was accepted or no
significant differences between ideal scale value (i.e. 1) and
calculated scale from second experiment.

e, 0.0005
u_
= 00004
wog 00003
gy
= 2 (0.0002
§ <
: 0.0001
0
2 4
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(dy @ . 00005
O =
= o
E —
w 2
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0
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SCANNER POSITION

Figure 11. Scale errors yielded from multi surfaces configuration, (a) Four surfaces, (b) Three surfaces type A, (c) Three surfaces type B and (d) Two

surfaces
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Table 2. Significant test for multi surfaces configuration
Surfaces Calculated T </> Critical T
4 walls and a ceiling 0.515 < 6.314
4 walls 0.235 < 6.314
3 walls 0.370 < 6.314
2 walls and a ceiling 0.524 < 6.314
2 walls 0.048 < 6.314

Employing two scan stations and two surfaces, final
network configuration experiment was performed to analyse
the effect of scale factor by reducing the number of targets.
Only 46 of targets out of 138 targets are remained after
these reductions has made form previous experiments. Scale
errors were plotted in Figure 12, again the datum
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transformation has shown better solution as compared to the
multi stations configuration. However, distribution of
targets also can affect the values of calculated parameters as
stated by Fraser [15]. This statement was proven when the
largest scale error obtained in this experiment (i.e. 0.00175)
is larger than the second experiment. Based on Table 3,
statistical analysis by t-test has verified that at 95%
confidence level shows that the difference between
variances for all target reduction were not significant. The
calculated T values are smaller than critical T. With
acceptance of the null hypothesis for the first experiments:
(i) multi scan stations, (ii) multi surfaces and (iii) multi
target points, a preliminary conclusion can be made that the
scale factor can be neglected for phase based scanner datum
transformation.
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Figure 12. Scale errors yielded from multi targets configuration, (a) 10 percent, (b) 20 percent, (c) 30 percent, (d) 40 percent, (e) 50 percent, and (f) 60

percent of targets reduction
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Table 3. Significant test for multi targets configuration
Percentage of targets reduction ~ Calculated T </>  Critical T
10% reduction 0.050 < 6.314
20% reduction 0.012 < 6.314
30% reduction 0.043 < 6.314
40% reduction 0.744 < 6.314
50% reduction 0.161 < 6.314
60% reduction 0.010 < 6.314

5.2. Multi Distances

The multi distances experiment were conducted by
exploiting the multi ranges of scan stations from distributed
targets. Both scanners were move gradually every 10m
until 60m. Considering 10m position able to
well-determine the targets centroid among others, thus, this
occupied station was selected as reference for datum
transformation computation.

The scale errors obtained for 20m until 60m ranges were
illustrated in Figure 13. The largest scale error (i.e. 0.0004)
was contributed from occupied station at 40m range.
Further investigation was performed regarding this largest
uncertainty occurrence, and it is found that scanner
position at 40m range has high exposure of light compare
to others [16]. Neglecting the scale errors from station at
40m range, the trend of scale errors has indicated direct
proportionate between the ranges and scale errors. In other
word, distance from scanner to object can contribute for
error in derivation of range in TLS measurement which
eventually will affect the magnitude of scale error.
Nevertheless, the conducted statistical test to determine
whether the calculated scale factors are similar to the ideal

Significant Study of Scale Factor in Phase-based Terrestrial Laser Scanner Datum Transformation

value (i.e. one) at a 95% confidence level has yielded
fascinating results. As presented in Table 4, in all
conditions computed values of T are smaller than the
tabulated or critical T, thus, the null hypothesis can be
accepted. In other words, multi distances experiment has
mathematically proved that scale factor is insignificant in
phase based scanner datum transformation. With the
findings from both experiments (multi networks and
distances), this quality assurance assessment has
statistically verified that scale factor is insignificant in
phase based scanner datum transformation. However, this
study only emphasis on scale factor effect in registration
process which involves with one sensor. Further study is
crucial to investigate the significant of scale factor in
georeferencing procedure which utilises data from other
sensor.

0.0003

Figure 13. Multi sensors experiment using phase based scanner

Table 4. Multi distances statistical test for Faro Focus 3D (phase based scanner).

Configuration Scale DoF Calculated T </> Critical T
20m 1.000042 11 0.079 < 1.796
30m 1.00004 11 0.042 < 1.796
40m 1.000351 11 0.613 < 1.796
50m 1.000062 11 0.069 < 1.796
60m 1.000077 11 0.070 < 1.796
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6. Conclusions

With the aim to evaluate the significant of scale factor in
TLS datum transformation, this study has performed robust
experiments using two (2) different configurations: (i)
Multi networks; and (ii) Multi distances. Multi networks
consist of three variants of experiment: (i) Variation of
scanner station; (ii) Variation of surfaces to distribute all
targets; and (iii) Variation of targets. First variation which
employed multi stations configuration has proved that
selection of scanner position with high incidence angle can
contribute for large scale error, while second (multi
surfaces) and final (multi targets) experiments have
indicated the requirement of well distributed targets to
derive the transformation parameters. However, analyses
for all variations for the first configuration have concluded
that the scale factor is not significant in phase based
scanner datum transformation. For the later experiment
which employed multi distances configuration has shown
the effect of light in TLS measurement that can affect the
quality of data. However, statistical analyses have
indicated that null hypotheses of all scanner ranges showed
that the scale factor yielded from both scanners can be
neglected. This conclusion is applicable for the phase
based scanner with medium range measurement. Further
significant study on scale factor is necessary when
measurement involved with long range measurement,
multi scanners and multi sensors (for georeferencing

purpose).
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Abstract Terrestrial laser scanning is a new approach
in three-dimensional measurement. Since the acquisition of
terrestrial laser scanner data requires multiple scanning
stations to complete the data of a scanned object, the
coordinate transformation process is the inevitable
procedure in the measurement phase of the laser scanner.
However, neglected scale factors in the process of
terrestrial laser scanning datum transformation have led to
a dispute over the quality of the laser scanning data.
Emerging of errors not only occurs during data collection
phase but it also occurs during data processing phase
involving the use of algorithms. For a comprehensive
assessment of these scale factors, two experiments have
already been conducted involving multiple-networks
experiment and multi-distance experiment. Multiple
network experiment is performed with the establishment of
multiple scanning stations (from 2 to 7 stations) and some
real object surfaces equipped with artificial targets. The
multi-distance experiment involves various scanning
distances provided by the time-of-flight terrestrial laser
scanning, involving testing from 60m to 140m. The
registration process is then performed to produce all 7
parameters including the scale factor calculated between
the scanner positions. The statistical method, with
hypothesis testing, is used to evaluate the scale factor that
is calculated with the ideal value. The results show that in
all configurations, the null hypothesis is accepted with a
95% confidence level. This result also stipulates that scale
factor can be ignored in datum transformation process for
terrestrial laser scanning.

Keywords  Datum Transformation, Scale Factor,
Significant Test, Time-of-Flight Scanner

1. Introduction

Embraced as a non-contact sensor, terrestrial laser
scanner (TLS) has become the user’s primary tool when it
is involves with three-dimensional (3D) data acquisition.
The capability to provide dense and rapid (up to one
million points per second) and direct 3D measurement
without any extensive manual editing and extrapolation has
made TLS applicable for various of applications.
According to Genechten [1], applications of TLS can be
categorised based on the range covered by the scanner as
depicted in Figure 1. Currently, there are three different
mechanisms employed in obtaining range from TLS
measurement [2]:

a.  Time of flight (for long range);
b.  Phased (for medium range);
c.  Triangulation (for close range).

|| Applications of Terrestrial Laser |

X Y h 4

Long Range Medium Range Close Range
(150m— 1000m) {1m — 150m) (0.5m —2m)

Monitoring Facility Reverse
Management Engineering

3D City Modelling
| Industry |1 | Medical |4

| Cultural Heritage |4 Accident

Investigation

Civil Engineering

Figure 1. Classifications of TLs based on range mechanism [1]

Measurement techniques above have been exploited to



Civil Engineering and Architecture 7(5): 240-250, 2019

classify applications of TLSs. Long range scanners that
adapt time of flight or pulse based mechanism capable to
measure range from 150m up to 1000m, while phase
scanners which used for medium range able to acquire
range from lm until 150m and the most accurate of all,
triangulation scanners have ranged from 0.5m until 2m.
For the long range applications, accuracy requirement
for monitoring work and 3D city modelling are quite differ.
Monitoring utilised to measure small movement of the
object or structure while city modelling just focus on visual
presentation. In order to evaluate the quality of perfectness
of the measured object, monitoring application demand
sub-centimetre geometric accuracy. For instance, Artur et
al. [3] has performed reliability investigation of TLS in
monitoring of surfaces deviation and displacements of
marked point of construction of a concrete water dam.
Obtained data were then used to create and update
geometric model of structure behaviour under variable
loads, and identify relation of water level and structure
geometry. From the findings, authors have conclude that
the specific character of hydrotechnical facilities isa need
for specific patterns and develop its own methods of
measurement using laser technology. Riveiro et al. [4]
exploited long-range scanner system in masonry arch
bridges data acquisition, modelling and analysis.
Significant of TLS (i.e. non-contact sensor) has been
demonstrated when the study involved with situation to
obtain data from collapsing load and its position as well as
the reaction forces at the abutments. The acquired dense 3D
data are essential in for further stages, in order to identify
optimal location for the strengthening. Another example of
structure health monitoring was conducted by Bonali et al.
[5], TLS was employed to detect deformation patterns of
ancient building. Taking into account the rapid data
acquisition, simple in instrument handling, safe
measurement approach and analysis capability has
indicated the potential of TLS measurement. Authors
suggested that this measurement approach could be
adopted as a protocol for civil protection interventions. Not
limited to geodetic applications, Nagalli et al. [6] have
introduced TLS for geotechnical purposes. Scanning data
was acquired to evaluate slope stability in terms of planar
failure. The results show the advantages of using TLS due
to the ability to work with large data amount
simultaneously with the same precision. Yang et al. [7]
have employed TLS measurement to improve reliability of
composite structural deformation monitoring. Differ with
traditional monitoring approaches, TLS has capability to
provide better flexibility especially in actual data
acquisition. Due to the limitation of some embedded
sensors which failed after running several years, authors
has proposed TLS measurement as supplement or even
substitute of the traditional monitoring methodologies. A
series of statically experiments under monotonic loads
measurement based on TLS are performed to examine the
deformation behaviour of arch structure. The results from
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thirteen epochs of data indicated that TLS was capable of
acquiring data similar the actual situation.

Employing any kinds of sensors, it is often occurred
where complete data that cover the whole surface of the
object cannot be obtained from a single station. Minimum
two stations are required and most of the time, number of
occupied position was determine based on the complexity
of the object. It is directly proportional, complex object
will demand more station number. Thus, similar principle
was applied in TLS measurement, and this will result multi
local coordinate systems generated for each scanner
position. For visualization and enhancement, all scanned
data (which based on local coordinate system) are required
to be projected into one common global coordinate system.
This procedure is known as registration and according
Elkhrachy [8], mathematics involve can be designated by a
rigid body transformation algorithm. Relation between
adjacent scan stations can be derived based on six (6)
parameters (by neglecting scale factor) as follows [2]:

a.  Translation for the 3 dimensional axes (Ax, Ay, Az);
and
b. Rotation around the 3 dimensional axes (®, @, k).

Data quality assurance is mandatory for any kind of data
acquisition to guarantee the accuracy obtained was
sufficient according to the job requirements. This principle
was applied in geomatics jargon where consideration was
made that the results yielded can be augmented by various
systematic error sources, even in newer instruments [9].
Furthermore, errors are not only be yielded from the
instrument itself, the processing procedure involving with
algorithm can also contribute for the uncertainty. For
instance, derivation of transformation parameters using
poor network can cause a weak solution [10], false
determination of target centroid due to the less resolution
[11], algorithm for form fitting has wrongly identify the
object [12] and vegetation filtering procedure that wrongly
remove the ground data. Thus, investigation of errors
should not only limited to the sensor but including the
algorithm involves in the processing phase. Similar
consideration should be applied to TLS registration
procedure, neglecting scale factor especially in long range
application that demand high accuracy data is irrelevant.
According to Rueger [20], scale errors in range
measurement are primarily caused by the oscillator and
transmitter diodes. However, it should be noted that there
are external effects that contribute to a large number of
scale errors. With complex mechanism employed by TLS
in providing non-contact (reflectorless) dense 3D data, it is
expected that many effects can cause scale errors in range
measurement, such as high incidence angle, environmental
factors, erroneous geometrical reduction (e.g. dependency
on point cloud resolution to determine target centroid),
among others. Based on that argument, further
investigation is necessary to robustly prove that
contribution of scale factor in TLS rigid body
transformation is insignificant. Taking into account the



242

Quantitative Evaluation of Scaling Factor on Coordinate Transformation for

Time-of-Flight Terrestrial Laser Scanner

range that can be covered by the time of flight (TOF)
scanner and the mechanism utilised in deriving range
measurement, it can be assumed that TOF scanner is more
susceptible to scale errors than others. For such purpose,
this study focused on quantitative investigation of scale
factor for time of flight scanner (Leica ScanStation C10).
To ensure the evaluation was performed rigorously, two
types of experiments were utilised using multi networks
and multi distances. Statistical analysis was employed to
concretely verify the results obtained from the
experiments.

2. Time-of-Flight Scanner

Differ from photogrammetry approach, scanner is an
active sensor the uses laser light to probe the subject. As
mentioned in previous section, TLS can be classified based
on distance measurement system: i. Time of flight; ii.
Phase; and iii. Triangulation. Among all kinds of TLS,
triangulation scanner was equipped with mechanism to
provide the best accuracy, follow with phase based scanner
and time of flight is the worst [8]. When it goes to the range
covered by the scanners, the accuracy rank is inversely
proportionate. Time of flight technique can measure a
kilometre in distance, in addition, in line with technology
progress, the accuracy also improved until sub-centimetre
level [11].

Mechanism of time of flight scanner is quite simple. As
illustrated in Figure 2, range is determine from travel time
At of a pulse of light transmitted to the object and return
back to the scanner [13]:

c
Range = — x At 1)
2
where c is the speed of light. The temporal accuracy has to
be high due to fast speed of flight (¢ = 3 x 108 m/s).

Time of flight scanner

¥ Transmitter
Time
measurement unit
3 Receiver -

The advantage of time of flight scanner from utilising
time of flight is the possibility of transmitting a high
amount of energy in a very short time [8]. Thus, a high
short-term optical signal-to-noise ratio (SNR) is attained
while maintaining a low mean value of optical power. This
is very crucial to reduce the demand on a very high
sensitivity and SNR of the detector, thus enabling long
range measurement. The range accuracy of time of flight
(or pulse based) system is relatively constant for the whole
volume and basically limited by how well electronics can
solve time. Standard deviation for the range measured
using pulse based (cRP) TLS is given approximately by
the following equation [14]:

6o =S T, s

R TS TR 2
where T, is a pulse rise time. According to Al-Manasir [15],
the accuracy of pulse based measurement technique is
directly related to the amplitude of the returned signal
(SNR). The uncertainty associated with each single
measurement can be reduced by increasing the number of
samples for each measurement. Final measurement is
represented by an average of sample measures. Value of
orp can be reduced by a factor proportional to the square
root of the number of samples. There are three major
factors which govern the accuracy of a pulsed based
measurement technique namely:

a. Ability to select the same relative position on the
transmitted and received pulse to measure the time
interval. This is limited by noise, time jitter, signal
strength and sensitivity of the threshold detector, and
shortness and reproducibility of the transmitter pulse;

b. The accuracy with which fixed time delays in the
system are known; and

c. The accuracy of the time interval measurement
instrument.

.

= Reflected beam

Range

Figure 2. Mechanism of time of flight scanner
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3. Datum Transformations

A rigid body transformation or 3D conformal coordinate
transformation employ for converting 3D coordinates from
one system into another one. Figure 3 depicted
transformation of local coordinate system TLS1 into TLS2,
transformation parameters are derive from three (3)
well-distributed common targets using resection method.

Raw data provided by the TLS are range (r), horizontal
direction (¢ ) and vertical angle (0), which are in spherical
coordinate system. Therefore, the functional models
involved in order to convert between Cartesian and
spherical coordinates system can be expressed as follows

[16]:
r:1/xij2 erij2 +zij2 3)

o Xy
$ =tan [—J (4)
Yii

6 tan"! Zj
=tan"| ———— (5)
VXi TV

where x;, y; and z; are coordinates of targets in scanner
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coordinates system. Values of xj;, y; and z; have to be
substituted by the following equation in order to express
the original laser scanner observations as function of the
position and orientation of the laser scanner in a global
coordinate system.

Based on rigid-body transformation, for the j™ target
scanned from the i" scanner station, the equation will look
as follows [8]:

X;; = S[Ry; (X; = Xg) + Ry (V; = Y5) +R3,(Z; = Z))]
Vi =S[Ria(X; = Xg) +Rpy (Y; = Y5) +R3, (2 = Z)]
z; = S[R;5(X; —X) +Ry3 (Y, = Y5) +R33(Z;, - Z;)]
(6)
where:
lxij Yi zijJ = Coordinates of the j" target in the i"

scanner coordinate system.

S = Scale factor.

3R; = Components of rotation matrix between the two
coordinate systems for the i scanner station.

lXJ- Y, Z, J= Coordinates of the j™ target in the global
coordinate system.

[XSi Y ZSi] = Coordinates of the i" scanner station
in the global coordinate system.

\
-

A

L4

Tis2”

Figure 3. Determination of transformation parameters
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4. Experiments

As mentioned earlier in Section 1, the aim of this study is
to verify the significant of scale factor in TLS datum
transformation which focused on TOF scanner. For that
purpose, Leica ScanStation C10 was utilised for two kinds
of experiments as follow:

a.  Multi network configurations; and
b.  Multi distances assessment.

Considering the primary caused and external effects that
can contribute to the scale errors in TLS range
measurement, each experiment was designed for a specific
reason. Taking into account the effects of high incidence
angle and erroneous in the geometrical condition in TLS
scanning procedure, multi network configurations have
been designed by considering two elements: i. Occupied
stations; and ii. Surfaces for target distribution. As for
measuring primary scale errors caused, later experiment
was utilised to assess any uncertainties with regard to
various distances. To evaluate the significant of the
calculate scale factor with ideal scale value (i.e. one), this
study has utilised t-test.

4.1. Multi Network Configurations

The idea of multi network configurations experiment is
to robustly evaluate the significant of scale factor in
various conditions. As depicted in Figure 4, the experiment
was carried out at laboratory with dimension, 15 m (length)
x 9 m (width) x 3 m (height) which located at Faculty of
Geoinformation and Real Estate, Universiti Teknologi
Malaysia. Criteria of network configurations were
designed as follow:

a.  Number of scan stations; and
b.  Number of surfaces.

To avoid any redundancy, final configuration of
previous criteria was employ for the next configuration.
For example, if final setup for the first configurations (scan
stations) is using two (2) stations, thus, second
configurations (surfaces) will continue with similar

number of station.

Figure 4. Multi network configurations experiment

4.1.1. Number of Scan Stations

For the first configuration, all 134 artificial targets
distributed at all four (4) wall and a ceiling were measured
from seven (7) scan stations (Figure 5a). To variate the
number of scan stations, following setup was implemented
by reducing number of scan stations one by one until two
scan stations left (Figure 5b). To yield the value of
transformation parameters for each sub-configuration, the
self-calibration bundle adjustment is performed for every
reduction of scan station. Statistical analysis was utilised to
thoroughly examine the significant of scale factor for every
bundle adjustment (configuration) results.

4.1.2. Number of Surfaces

Number of surfaces configuration was carried out by
reducing the number of surfaces used to attach all 134
artificial targets. As mentioned earlier in previous section,
four (4) wall and a ceiling were used to distribute all targets.
Thus, this experiment was performed by manually
removing those surfaces one by one until two surfaces were
left as shown in Figure 6. To maintain the quality of the
calculated transformation parameters, reduction criteria
was made by taking into account guideline of network
configuration as discussed in [17]. For each removing
process, bundle adjustment was performed and followed
with scale factor analyses.
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Figure 5. Reducing number of scan stations, (a) Seven, and (b) Two scan stations

(a)

Figure 6. Reducing number of surfaces for targets distribution, (a) Four surfaces by removing a ceiling, and (b) Two surfaces
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Figure 7. Network configurations for multi distances assessment
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4.2. Multi Distances

For multi distances assessment, eight (8) targets were
distributed at the slope located at Faculty of Electrical
Engineering, Universiti Teknologi Malaysia. The aim of
this experiment was to investigate the scale effect in TLS
datum transformation with respect to various distance,
especially when the scanner was far away from the targets.
As illustrated in Figure 7, the measurement was started
roughly 60m from targets, the procedure was continue by
moving the scanner at 10m interval until maximum
distance 140m. Registration process was made using
pairwise approach and targets extracted from 60m distance
were employed as reference for other configurations. All
eight (8) scale factors obtained from the experiment then
were analysed in term of significance in TLS datum
transformation.

4.3. Statistical Analysis

Selection of statistical test was made by taking into
account the aim of the study which was to evaluate the
similarity of the calculated and ideal values of scale factor.
According to Ghilani [18], t distribution was used to
compare population mean with the mean of a sample set
based on the number of redundancies in the sample set.
Thus, this test was applicable to examine a sample mean

(calculated scale) against a known value (ideal scale value).

Known as t-test, the analysis was performed using formula
[19]:

_Yy-u

S/+/n

t

)

where,

Y= Sample mean

H= Population mean
S = Standard deviation of sample
n = Number of sample

The hypothesis of the test is:
Hy: The sample mean is equal to population mean
Ha: The sample mean is not equal to population mean

When the calculated t value (7) is larger than the value of

critical t (predicted from the t-distribution table), the null
hypothesis (Hy) will be rejected with selected level of
significance (confidence level 95% equal to 0.05 of
significance level). With the rejection of Hy, the sample
mean is statistically different with population mean (accept
HA).

5. Results and Analyses

The first set of experiments were conducted by reducing
the number of scan stations and real-world planes for
targets distribution. The scan stations were reduced from
full networks which were seven to a minimum of two
stations, while surfaces was reduce from four (4) walls
and a ceiling into two (2) walls left. For each reduction
procedure, statistical test was performed. The scale errors
obtained were depicted in Figure 8 and 9 for multi stations
and multi surfaces experiments, respectively. As
illustrated in Figure 8, the largest scale error in multi
stations experiment (0.0016) was contributed by station
one (1) under five (5) scanner positions configuration
(refer Figure 5c), while the others lie within and below of
0.001. Based on plotted scale errors for multi stations, the
trend has significantly shown that this uncertainty (scale
errors) occurred due to the high incidence angles in
measuring the targets when the occupied station very
close to the wall (i.e. station 1 and 5). When a later
configuration (multi surfaces) performed, the scale errors
have consistently dropped below 0.001 (as depicted in
Figure 9). The first experiment has numerically and
graphically proved the significance of high incidence
angles in causing scale errors in TLS measurement.
Nevertheless, conducted statistical test to determine
whether the calculated scale factors are similar to the ideal
value (i.e. 1) at a 0.005 level of significance has yielded
contra results. As presented in Table 1 and 2, in all
conditions computed values of t are smaller than the
tabulated or critical t, thus, the null hypothesis can be
accepted at 95 percent level of confidence. This statistical
finding may be due to the magnitude of the obtained scale
errors are very small but it is advisable to avoid the
existence of high incidence angle to ensure the quality of
TLS measurement.
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For the multi distances experiment, the scale factor was
evaluated based on various distances from 60m until 140m.
According to Rueger [20], the magnitude of scale error is
directly proportional with distance, hence, the result
obtained from this experiment is very crucial to understand
the effect of scale factor in TLS datum transformation.
Figure 10 presented the trend of scale errors obtained from
the range of 70m until 140m. Parallel with Rueger [20]
statement, plotted scale errors in Figure 10 is depicted
linear increment when the ranges are gradually increasing
from the surface where registration targets distributed.
With relatively small magnitude of scale errors, as
indicated in Table 3, similar to the results of previous
experiments, at 95% confidence level the calculated t is
smaller than critical t. With these findings, final conclusion
can be made that scale factor is insignificant for pulse
based scanner datum transformation. However, this study
only focused on registration procedure which employing
same sensor, the scale factor effect in georeferencing
which involved with data captured from other sensors still
unclear.
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Table 1. Statistical analysis on scale errors for multi stations
configuration
Scan stations Calculated T >or< Critical T
Full networks 1.049 1.943
1,2,3,4,5,and 6 1.148 < 2.015
1,2,3,4,and 5 1.789 < 2.132
1,2,4,and 5 0.816 < 2.353
2,3,and 4 0.762 < 2.920
2 and 4 0.992 < 6.314

Table 2. Multi surfaces configuration statistical analysis

Surfaces Calculated T >or< Critical T
4 walls 0.840 6.314
3 walls 0.282 < 6.314
2 walls and a ceiling 0.950 < 6.314
2 walls 0.883 < 6.314

Table 3. Statistical analysis on scale errors for multi distances

Configuration

Calculated T

>or<

Critical T

Multi Distances

1.741

<

1.895

100m

110m 120m

SCANNER POSITION

130m

Figure 10. Scale errors for multi distances configuration

140m




250

Quantitative Evaluation of Scaling Factor on Coordinate Transformation for

Time-of-Flight Terrestrial Laser Scanner

6. Conclusions

Employing multi networks and multi distances
experiments, the aim of this study is to robustly examine
the significant of neglecting scale factor in TLS datum
transformation. For data quality assurance, investigation of
errors cannot be limited to the observation but including
algorithms involves in processing. Existence of errors in
any phase may propagate until the final product. Based on
this argument, this study has performed significant analysis
to the calculated scale factors which acquire in various
configurations. The t- test, null hypothesis of all
experiments showed that the scale factor yielded from
time-of-flight scanner can be neglected. However, further
study is necessary to evaluate this parameter when datum
transformation involve with different scanners and sensors
(e.g. total station, theodolite, camera and Global
Navigation Satellite System).
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Abstract  Nowadays, the physical object can be
constructed in digital representation by reverse engineering
process. The process started by collecting the point cloud
data point from the surface of 3D object. The non-touch
approaches from 3D laser scanner are advantageous
because of their high scanning speed, high accuracy, real
time application, etc. Object complexity such as glossy
surface and shining can lead to deficiencies in the quality
of data measure using a 3D scanner which leads to missing
data and the formation of holes within the constructed 3D
model object. A hole is referred to as simple if it does not
have feature vertices except other point which have same
connection of data points. This paper utilised the advanced
front method (AFM) to create triangle into the simple holes
area. The paper then improved the hole filling process for
simple holes found on a 3D object or real-world object. In
this paper, the enhanced method proposed two new AFM
methods to the original method. The method was applied
to the 3D object and the problem of finding new point for
each triangle creation is solved.

Keywords Hole Filling, Unstructured Mesh
Generation, Triangular Mesh, Advancing Front Mesh,
Holes

1. Introduction

Recently, more interest has been rendered to the
polygonal representation of three dimensional objects in
various applications, specifically for triangular meshes.
Polygonal meshes offer good visualization, simplicity, and
flexibility in computer graphics and computer vision
applications. One can obtain polygonal models from

reverse or direct engineering processes. Direct engineering
techniques create virtual models using CAD and modellers.
On the other hand, reverse engineering methods use data
provided by 3D sensors to build models. Reverse
engineering (RE) is a powerful method for constructing a
digital representation for an existing physical object.
Reverse engineering was known with three main processes
which are collection of data points, processing of data
points and construction of surface [1]. Essentially, the RE
process starts by acquiring a point cloud from the outer
surface of the physical object. Then, data was acquired
from both the technology of laser scanning and object
complexity. One can measure the 3D laser scanner by using
either the object in touch approach or other non-touch
approaches. The non-touch approaches are advantageous
because of their high scanning speed, high accuracy, real
time application, etc. [2].

For cases of reverse and direct engineering, various
kinds of mesh defects can be created. Therefore, designed
(or virtual) models will typically have gaps, degenerated
elements, self-intersections, and singularities in their
geometry. However, the most typical defects observed in
digitised models are noise, topology noise, holes, and
aliasing. From these defects, holes and gaps are considered
as the most vital flaws. They have also been studied in
detail in the past few years. Holes refer to well defects in
meshes that digitisation tasks generate — for instance, when
laser scanners are used. In such a case, certain portions of
the object may experience occlusion from others. The
scanner will then fail to reach certain regions. These
missing data produce empty areas within the mesh.

Object complexity such as glossy surface and shining
can lead to deficiencies in the quality of data measure using
a 3D scanner. One could easily interrupt scanning results,
which leads to missing data and the formation of holes
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within the constructed 3D model object.Holes can be
represented in triangle mesh and point cloud data. The
appearance of different kinds of holes help user to separate
the hole into simple and complex holes. Example of
complex holes are islands, gaps, holes with high curvature,
incomplete topology and a hole with degenerate elements.
Disadvantage of holes to 3D representation is the lack of
representation 3D models and longer time for
post-processing process [3]. These disadvantages have the
direct effects on time consuming process and high cost of
operation [4].

Recently, numerous studies have been conducted about
filling holes. Reference [5] did a study that utilised an
exemplar-based framework for hole filling in 3D point
clouds. This method makes use of non-local
self-similarity to offer plausible reconstruction even for
complex surfaces and large holes. Hole-filling is
iteratively performed. This process also utilises templates
located near the hole boundary to determine the best
matching regions found elsewhere in the cloud. These
regions are where current points are moved to the hole.
Reference [6] suggested a method that can be used to
automatically fill and identify occlusion holes. It includes
occlusions or self-occlusion (the object has an invisible
back side) on planar surfaces in 3-D scenes. Examples of
this are indoor or man-made scenes, which includes floors
and walls. Spatial relations between the background and
foreground objects can be used to determine if an identified
hole is a result of occlusion. These kinds of holes are filled
through common inpainting algorithms for 2-D images.

In triangle mesh models, holes can be filled by
recovering feature lines that pass through them. The
feature lines that were recovered can then be used to split
complex holes into smaller and simpler ones. It takes two
kinds of splits into consideration: corner split and curve
split. For the curve split, Euler spirals are built to serve as
feature lines. One can automatically identify the required
end-points and their corresponding tangent vectors so that
the curve can be initialised. In terms of the corner split,
one can recover the corner point contained in the hole
through the optimisation of a quadric equation. One can
then automatically construct multiple feature lines [7].
Using Kinect, the depth image obtained will typically
contain occlusions and cavities at the edge of the object. A
pixel filtering method will fill the small cavities. Then, an
enhanced fast joint bilateral filtering algorithm is designed
so that missing data in the large cavities can be filled in
[8].

The focus of the work by [9] is on filling holes with
islands and small holes while keeping up curvature
continuity throughout the holes’ boundaries. It first
constructs a composite surface patch bound by the hole’s
boundary. This is then tessellated so that it conforms with
the original mesh in order for the repaired mesh model. It
then utilised a smooth Powell-Sabin spline for estimating
the function’s volume inside the hole by utilising just the
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data for the function where it is known. In other words, it
refers to data found outside the hole. Furthermore, there is
a need to fulfil specific global geometric considerations,
as well as other local volume constraints on the hole [10].

Depth information is represented by image of depth
value. Then, image of colour is used to represent colour of
surfaces. Then, those images are inpainted. The resulting
images are used to rebuild the holes of the model. Both
textural inpainting and structural inpainting were also
utilised. Here, structural inpainting is utilised to
reconstruct depth values and texture of surface is
reconstructed using textural inpainting [11]. Reference [12]
conducted work that proposed a fast MRF-based hole
filling method for view synthesis. The formulation of this
is done as an energy minimization problem. Its solution is
performed using loopy belief propagation (LBP). For the
traditional ones, some foreground textures might be
introduced to the hole regions. The traditional ones also
suffer from high computational complexity. Optimization
of the energy function is done by using the depth
information to avoid the foreground textures filling holes.

A triangular mesh is a set of vertices as well as triangles
which join these vertices. If two triangles have a common
edge, then they are adjacent triangles. An edge generally
connects two triangles. If it links only one, the edge is
considered a boundary edge and the resultant triangle is
known as a boundary triangle; a boundary edge refers to
the edge on the boundary edge. When a seed boundary
edge is found, a set of linked boundary edges can be drawn
from it. If certain boundary edges develop a closed loop,
then they comprise a hole [13].

A hole is referred to as simple if it does not have feature
vertices except other points which have the same
connection of data points. The newest study performed by
[3] utilised varying hole filling methods on flat and simple
holes of bunny model. After conducting a comparison with
various hole filling techniques, it concluded that a method
by [14] can perfectly repair small holes with the excellent
geometry reconstruction and topology information.
Alternatively, [15] wrote another paper that suggested a
method that will identify and extract hollow edge. It then
makes use of a triangle growth way that has its basis on
boundary edge angle to fill the empty void.Reference [16]
conducted a paper that splits complex holes into numerous
simple holes in terms of the 3D shape of the hole boundary.
Then, every divided simple hole is filled with planar
triangulation method until it firmly closes all holes.

On the other hand, mesh have two types either structured
or unstructured mesh. A structured mesh is one which all
inner points have the same number of elements around and
topologically pattern which look alike. An unstructured
mesh is one in which does not have uniform pattern and
vertices may have arbitrarily varying local neighborhoods.
[17]. Unstructured mesh generation by using advanced
front method (AFM) involve generation of mesh points and
their connectivity. Mesh element was build element by
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element, adding new elements to previously generated
elements [18]. AFM or MAFM will be used to directly fill
a simple hole. Advantage of AFM is the connection of new
triangle is co-instantaneous with other points. The size and
shape of element can be adjusted by changing the location
of point [19]. Another advantage of AFM is its tendency to
generate high quality triangles and nicely graded meshes
that are typically close in shape to equilaterals [20].

For any advancing front method, the start of the
algorithm is a set of boundary loop segments that can be
defined as the initial front. Construction of the triangles is
done from the front segments. The triangle was created by
growing towards interior of holes ([19], [20]). AFM inserts
new points in holes area and continues to add triangle until
the whole holes were closed. The concept of AFM was
simple and without re-implementing the whole algorithm,
advanced functionality and heuristics can be added [21].

Reference [22] wrote a paper that adapted the AFM
method and extended the current AFM so that a patching
mesh can be created to fill the holes. Liu wrote another
paper that built a smooth patch through the modification of
the advancing front mesh and the fitting of the quadric
surface to add details. This method is advantageous
because it can circulate the fine-scale details within the
surrounding holes [23]. Another research used the AFM
method to refine the boundary edges of holes. During the
refining process, small angles between adjacent boundary
edges are removed and concave boundary edges become
almost convex. Later, the Delaunay triangulation was
applied to construct new meshes for filling holes
[24].Using the advantage and benefit of AFM as
motivation, the AFM method was adapted in this paper.
The paper then improved the hole-filling process for simple
holes found on a 3D object or real-world object. The
EAFM method uses mentos 3D object to represent the
enhanced method which later been applied to the other four
object.

2. Methods

In this work, we used the advancing front mesh (AFM)
technique to generate an initial triangle over the hole. In
this research, the AFM technique construct the triangle in
the hole starting by the initial patch by following the six
steps below [25].

Step 1: Identify the first three points in the boundary of
hole

Step 2: Calculate the angle 6, between the edges e¢;_;
and e;,1 between the point A, B and C.

Step 3: The new triangle was formed according to three
different angle criteria as shown in Fig. 1.

a). If 0<75°, triangle AABC was formed and edges AC
was created by the connection of point A and C.
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b). If 75<0<135° ,two triangle AA4ABNP1 and
ANP1BC were formed and edges ANP1 and NP1C
were created by introducing new point NP1

¢). If 0>135°, Three triangle A4BNP1, ANPIBNP2 and

ANP2BC were formed and three edges
created by

ANP1NPINP2and NP2C  were
introducing new point NP1 and NP2.

(@) (b) (©)

Figure 1. Three rules of angle in AFM
0<75" () 75" <0 <135 () 02135

Step 4: Calculate the distance between the new point
and all the other active points. If the distance is less than
threshold value in Equation 1 then the point was
considered as new point.

Threshold = % ={NF1E) (D)

Step 5: Update the control points

Step 6: Repeat step 1 through step 4 until the whole
region of holes has been created and fill with triangle

The recommended hole-filling algorithm has been
deployed with MATLAB2016. 3D object known as
mentos have been used to gauge the robustness, precision
and accuracy of the approach. The holes in mentos were
triangulated using the original AFM method and two
EAFM methods were introduced for the problem. Fig. 2

and Fig. 3 shows mentos object and mentos 1 view data
points that were used in this research.

Figure 2.

Mentos Object
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Mentos 1 view data
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Figure 3. Mentos 1 view data points

However, in some cases, there exists a condition which
does not satisfy all normal cases of AFM. Figure 4
illustrate simple holes problem that do not satisfy the
threshold case in the normal AFM algorithm. The problem
occurs when the newly constructed point does not connect
to any nearest active node, and during construction of the
triangle, no node lies within the threshold value that is
appropriate to replace the new point as in Fig, 4.
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Figure 4. Problem on mentos

3. Results and Discussion

The raw point data are typically disordered, unorganized,
and noisy. Pre-processing the raw input is necessary to
clean the noise, homogenize raw points, remove outliers,
correct point normals to construct a foundation of 3D
surface reconstruction, and organize disordered points [26].
The dense unorganized data points collected from the laser
scanning were then utilised for the computation of a
triangle mesh, a subdivision surface, or a set of
B-spline/NURBS surfaces. The point cloud’s triangulation
is often a preliminary step to the generation of more
complicated surfaces. Thus, it is vital to be able to generate
a triangle mesh that fits the object outer surface best. Once
pre-processing is done, one can repair the scattered point
data by directly producing interpolation points in the hole
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region or by filling polygonal holes after the unorganized
points are triangulated. To achieve the pre-processing and
hole-filling processed into the 3D object, the following
methods of the research need to be implemented:

Step 1: To identify real boundary of object by using edge
detection and approximation.

Edge detection is one of the most important stages in
digital image processing and medical image processing.
Canny edge detection is one of the algorithms that is
widely used to locate sharp intensity changes and to find
boundaries in an image [27]. Then by using distance
formula, the smallest distance from 1 view data point and
Canny boundary detection was calculated. The new
boundary data point was then arranged in a sequence order
according to nearest point. Result was displayed as in Fig.
5 below. Fig. 5(a) shows the result of approximate data
from edge detection and the data points was highlighted in
black colour while the red data points was the point that
consider outlier and need to be deleted. Fig. 5(b) shows
final result of boundary for mentos.

Result approximation for boundary mentos(before)
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Figure 5. Results Approximation for boundary of mentos
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Similar algorithm was applied to identify the boundary
of holes in mentos as in Fig. 6(a). The red data point was
those data that need to be deleted since it was not in the
range of approximation. Different from the boundary of
mentos, the outlier data points was inside the holes. After
deleted the points, distance between each data points in
hole boundary was calculated and then the data point was
arranged according to the minimum distance and the result
was represented in Fig. 6(b).

Result approximation for simple holes mentos(before)
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Figure 6. Results Approximation for Simple Holes mentos
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Step 2: To estimate distance between points and construct
algorithm to delete and add points.

The original point on the boundary of holes has a
problem that the data points are too near and there are not
enough points to represent the holes. Data point which is
too near will lead to the creation of smaller and skinny
triangle which is bad triangle during triangle creation
process. On the other hand, data point which is not
enough also will contribute to the failure during
introducing triangle in the holes. Therefore, the mean and
standard deviation was used as a threshold to delete and
add point to represent new boundary of holes as in Fig. 7.

Result approximation for simple holes mentos(after)
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Figure 7. Results of Delete and Add Points
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Step 3: To construct triangular mesh of scattered data by
using Delaunay Triangulation (Fortune’s algorithm).

Triangular mesh on the scattered data point of mentos
was constructed by wusing Delaunay Triangulation.
Fortune’s algorithm which is based on sweep-line
algorithm was chosen as a method to create Delaunay
Triangulation. The method was chosen since it is simple
and easy to implement [28]. Fig. 8 shows the result of
Delaunay Triangulation with data points.

50

40

30

20

Figure 8. Delaunay Triangulation on mentos

Step 4: To highlight boundary of object and boundary of
holes of 3D scattered data.

Boundary of object

Constrained edges for boundary of object need to be
defined in order for Delaunay Triangulation to be
constructed on the constrained area only. This was done
by calculating the centre point for all triangle in Delaunay
Triangulation by using mean of (x, y). According to Fig.
9(a), the interior boundary object was defined by blue data
point while the outer boundary object was defined by
green data point. Then by deleting the outer centre point,
delaunay triangulation cover only on the bounded area as
in Fig. 9(b).
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Figure 9. Boundary mentos

Boundary of holes mentos

Similar algorithm was applied to constrain only on the
boundary of holes for mentos. The center point for all
triangles in Delaunay triangulation was calculated then the
interior point was defined by green data points while other
point was in blue data point. Then the interior data points
were deleted in order to keep the outerior area only. The
result is shown in Fig. 10(a) and Fig. 10(b).
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Figure 10.

Simple Holes boundary for mentos

Final constrained DT

In order to represent both boundary of object and
boundary of holes, centre point that needs to be deleted
was defined to be outer boundary and interior of holes
boundary. Then
constructed with those constraints as in Fig. 11 below.

the Delaunay

triangulation

Simple holes boundary mentos
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Figure 11. Simple holes cover outer and inner boundary mentos

Step5: To propose interpolation of holes on scattered data
by using Enhanced Advancing Front Mesh (EAFM).

During triangle creation, by using original AFM method
there was a conflict where the two new points were not
connected to any nearest point as in Fig. 12. This occurs
because there is no nearest point in a threshold radius of
new point. Therefore new algorithmneed to be proposed in
order for those points to be connected.

Algorithm

a) Calculate the distance from the new point to all active
point in the hole.

b) Identify the three smaller distances and find equation
of line for each connection of the three points.

¢) Find the intersection point between a line and circle of
threshold and identify either tangent or secant point.

d) The nearest active nodes from the intersection point
become a new point.

e) Update the points.
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EAFM(a)

First new point

According to Fig. 13(a), the two circles represent the
threshold circle used to identify the nearest point to be
connected. However, both new points cannot be connected
to any point since there is no any point in the circle to be
chosen. Therefore, Enhanced Advancing Front Mesh
Method (EAFM) was proposed by considering the three
shortest distance data points defined as point A, B and C as
checkpoints for intersection. The equation of line was
calculated for each connection of data point. The original
circle was tested for any location of line in order to check
for the intersection point.

The intersection point can be either tangent point, secant
point or no intersection. In figure 13(a), line BC was not
intersect with the circle, thus there is no intersection so
cannot be used to find point intersection. Line AC and AB
both intersect with line AB and AC with secant point. The
distance between both secant points to all active points was
calculated. The minimum distance was considered as the
replacement for the new point. The first new point was
connected as in Fig. 13(b).

(a) before (b) after
Figure 13.

EAFM(a) for the first new point

Filling Simple Holes by Using Enhanced Advancing Front Mesh Method (EAFM): Application to a Real Object

Second new point

EAFM method was applied for the second new point
where the three nearest point was labeled as A, B and C
(Fig. 14(a). Line CB and AC does not yield any
intersection point since the circle does not intersect to the
line. On the other hand, line AB intersects to the circle
and has a secant point. Both points were calculated and
minimum distance between the secant points to all active
points was calculated and considered as a second new
point. The result for EAFM for second new point was
displayed in Fig. 14(b).

(a) before (b) after
Figure 14. EAFM for the second new point

EAFM(b)

According to Figure 15, there are two triangle (white)
created in the final result. This condition was proposed as
the second criterion in EAFM. The two triangles were
automatically constructed since during formation of
triangle, the three point and edges were connected to
themselves. Lastly, the final result of EAFM on mentos
was illustrated in Fig. 16. The holes were filled with EAFM
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for simple holes. This criterion was the similar criteria used . Simple holes boundary mentos
by other researcher for cases of AFM [29]. "‘N”‘ v
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The final result of filling holes in mentos by using AFM / 1‘

and EAFM was shown in Fig. 16. Four other objects were > or
used to represent both criteria in EAFM and result of the
study showed that the enhanced method is able to fill holes
in simple holes problems. The other object was represented 20t
in Fig. 17, Fig. 18, Fig. 19 and Fig. 20 below. Table 1
below shows the result of before and after filling holes.
There is a change in a number of vertices and number of 40 - - ‘ - -

triangles. Among all five object, mentos shows the highest w0 3 oo ®
number of increase in the number of vertices and number
of triangles value. Figure 17. Final Result Popcorn
Table 1. Number of vertices and triangles before and after for five Simple holes boundary mentos
object
Number of vertices Number of triangles g0t
Model
before after before after
a0
Mentos 589 598 1111 1150
Popcorn 306 310 557 574 20F __=—-f =
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Figure 18. Final Result Spray
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4. Conclusions

As a conclusion, this paper proposed two new AFM
methods to solve problem during triangle creation. The
result of the study shows that more points were introduced
in the hole to represent the features of the object in better
3D representation. In this research, the enhanced method
was also applied to other four different objects for
comparison. The result of the study shows that a more
number of vertices were introduced in the holes to
represent the features of the object. The number of triangles
was also increased with the increased in the number of
vertices. In our next research, other view in 3D object will
also be used to complete the filling-holes process to build
the complete 3D object.

Filling Simple Holes by Using Enhanced Advancing Front Mesh Method (EAFM): Application to a Real Object
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Abstract The significance of public space is
indispensable in every country. It is based on the traditional
legal concept of public and thus general use. Essentially, it
concerns spaces accessible to everyone irrespective of the
ownership of this space. In contemporary Czech legislation,
for instance, the concept of public space is not anchored. In
practice, it is particularly used in an indirect form for some
legal acts of municipalities aimed at limiting activities or
drawing up charges for use. Public areas, public space,
however, have indispensable significance for laying line
structures of technical infrastructure determining the
operational function of buildings and their sets. Besides
classic public technical infrastructure, public space often
also includes other elements of technical structures, such as
internal water mains and sewers, natural gas and electric
power distribution lines, etc. The public area issue can be
demonstrated in a case study, which is the university
campus of Technical University of Ostrava in the Czech
Republic. The paper focuses on defining positive and
negative aspects of public space used in this way for the
public, its owner, and the potential of risks resulting from it.
In the final part of the basic scope, the paper implies in
which ways and by which means the risk can be mitigated.
In order to find the optimal results of the analysis, it is
always necessary to use a suitable method that identifies
both the probability and the extent of adverse consequences
resulting from the activity, equipment or system in
question. For the technical infrastructure, answering the
question, "what can go wrong? how likely is it? and what
will be the consequences ?”. Among other methods, the
FMEA, FMECA method used in the risk analysis of this
issue meets these requirements.

Keywords  Public Space, Architectural
Technical Infrastructure, University Campuses

Design,

1. Introduction

At the present time, the significance and mission of
universities is increasingly spreading in the awareness of
the entire cultural and multicultural society strengthened.
In the last decade, the concepts of the “third role of
universities” and “university as a public space” have
become modern, in which way the so-called “third role of
universities” and the idea of the “university as a public
space” are collocations employed by many universities
throughout Europe as well as the entire world. The
meaning or definition of the collocations of the “third role
of universities” and “university as a public space” have not
been given or specified unequivocally.

Whereas the concept of the “third role of universities” is
construed as one rather related to the issue of the university
and its practical cooperation, the concept of the “university
as a public space” can rather be regarded as a part of public
space in a certain form, contributing to the development of
cities and habitations, not only in urban-conceptual terms,
but also economic ones [1].

Theoretically, one can start from the word “campus”,
which is defined as the coherent premises of a university
(college). The denotation “campus” is primarily used in the
British or American environment; in recent decades,
however, it has also been used in Central Europe relatively
frequently.

A university campus involves buildings, lecture rooms,
classrooms, libraries, laboratories, green areas, sports
facilities and accommodation capacities - student hostels
and other necessary technical infrastructure, frequently
also links to scientific-technological parks or satellite
research centres. All of this construction and technical
infrastructure  provides not only background for
educational activities, but also background for creative
scientific and innovative activities, cooperation with
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practice and state administration.

A typical campus covers an area of many hectares; as a
rule, it is situated on the outskirts of cities and habitations.
Its main advantage consists in the concentration of
education, research, accommodation, sport and culture in a
coherent, locally relevant campus. If various human
activities are concentrated in a single chosen locality, it is
possible to conclude that all of these activities are
purposeful and lead to a certain fulfilment of an aim. This
aim is to conceive a university and its environment as a
place which primarily involves the activities of education,
research and innovation, in which, nevertheless, activities
are further developed in the context of the development of
public space; ideologically, this can be characterized as a
university and university campus as a place of studying,
working, meeting, making friends, holding academic and
social discussion, a place of university internationalisation.
From this viewpoint, the university and the university
environment as a whole is conceived as a place of mutual
relations, a place of knowledge and a place of cooperation
[2].

Nowadays, the collocation of words “university —
campus — third role — public space” is among the key
subjects of professional discussion in various technical,
social and sociologic disciplines. Therefore, it concerns
broad multidisciplinary issues, mostly with a philosophical
undertone. Undoubtedly, in urban, architectural,
typological and structural terms, campuses complement
public space in a substantial manner, determining the
functional image of cities and habitations. If the mission of
urban planning consists in the design and arrangement of
habitations and their parts in synergy with architecture and
design creation, the creation and development of university
campuses and their urban areas is an integral part of this
planning.

Within their further development, university campuses
in Europe and the world place emphasis on strategies
presenting the university environment as an educational
and creative one, an internationalizing environment open to
communication, an environment contributing to the
improvement of the living environment, public space. The
Massachusetts Institute of Technology (MIT), for instance,
presents the university campus as “Designing a Campus for
the Twenty-First Century”, including the sustainability of
buildings and technical infrastructure, all in relation to the
continually developing campus.

Harvard University is introduced as a university in the
global environment; the university’s strategy leads to the
protection of the environment; all activities of this
university contribute to a reduction of the environmental
load. Cornell University is presented in the same vein,
while the university is also conceived as an institution
contributing to the improvement of the living environment.

The University of Toronto brings its strategy even
further, conceiving its vision and strategy as intelligent
planning of the construction of the university focused on
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densification of the built-up area, paying attention to the
surrounding countryside and assuming responsibility for
high-quality architecture, structures and technical
infrastructure on the campus, for natural and open spaces in
the “green space and smart space” form. The functionality
of the buildings and their utilization, reduction of the
environment load, power supply and the environment of
the structures are the priority together with the global
dimension of the university.

Similarly, Delhi University of Technology places
emphasis on planning in the territory, the protection of the
environment, energies and power engineering.

The University of Amsterdam also solves areas within
the university campus territory in relation to sustainable
structures, energy-efficient buildings, sound buildings and
sound environment. In the development and recovery of
construction infrastructure, emphasis is placed on the
change of utilization of the areas according to the
university’s needs, variability of buildings and variability
of areas. The sustainable campus of this university reveres
the idea of “Development and management of the built
environment with due respect for people and
environment”.

Other strategies of universities and conceptions of
university campuses are of a similar character (for instance,
the University of Bath and Vrije Universiteit Brussel) [3].

Obviously, the universities’ strategies, including further
development of university campuses, are included in a
number of major documents at both national and
international levels.

2. Materials and Methods

The TUO strategic document, which is an integral part
of the development of all universities in Europe [4], was
used as the underlying research comparative material.

It has been hypothesized that urban, architectural and
structural design of university campuses, including related
infrastructure, is an appropriate element for creating
public space [5]. Based on the theory of urban and urban
creation, the urban development of university campuses is
a conceptual and purposeful activity that contributes to the
development of the city's settlements; in the urban concept
with maximum measure eliminates risks (technical,
infrastructure, territorial, etc.).

2.1. Public Space and Its Significance for the
Environment and Technical Infrastructure

According to the statement of the Chamber of Deputies
of the Parliament of the Czech Republic, the concept of
public space occurs in 138 Czech legal regulations. In spite
of the fact that the given concept is not exactly legally
codified in the current legislation, it has indispensable
significance; for instance in Act No. 128/2000 Coll. on
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Municipalities [6]. Its main purpose is to prohibit or
regulate in the pertinent municipality by means of general
binding regulations some activities which may violate

public order, safety and functional values of the public area.

Public space is also of particular importance for the
application of Act No. 183/2006 Coll. on Town and
Country Planning and Building Code [7], for the
construction of object or line structures, such as those of
technical and transport infrastructure:

*  roads;

*  natural gas distribution structures;

e electric power line structures;

*  thermal energy distribution lines;

e water supply systems for public needs;

e  sewerage systems for public needs.

The above-mentioned, as well as other constructions of
technical and transport infrastructure, are not only
constructions determining the further functionality of user
objects, but they also substantially reduce the investment
and operating costs which would have to be spent if public
constructions of this type providing the operating functions
were absent, for instance, in the case of the university
campus of Technical University (hereinafter “TUQO”).
Their main purpose is to make these constructions
accessible to the public, bring in the basic energies,
drinking water and drain off wastewater from the places of

University Campuses of Public Space and Subject of Architectural Design and Related Technical Infrastructure

its production for safe treatment of energies on a regional
scale. For an illustrative example, the difference can be
shown between a public utility construction of the technical
infrastructure and an internal structure of distribution
networks of line structures (Figure 1).

As is clear from the diagram in Figure 1, utilization of
the public area for technical infrastructure constructions
significantly reduces the length of the internal water main,
determining the user function of the individual objects of
construction sets. In the case illustrated, however, it does
not only fulfil the technical-economical and purchase costs
as well as the subsequent function, but it also has safety,
fire and health significance. The water supply system of the
water mains for public needs has a higher potential to
satisfy hydraulic requirements for the supply of drinking
and fire water to the individual supply points with constant
quality and freshness of water [8]. Quality, freshness and
wholesomeness of drinking water are among the most
important conditions of its supply to the consumers [9, 10].
Among others, they also enable reduction in the
dimensions of the internal water main pipelines in as much
as a substantial part of requirements for the supply of the
fire quantity of water, for instance, to the outlet stands with
a minimum capacity consumption of 35 /s [11], is
provided from the local water main, which is a significant
multi-purpose source of fire water.

Figure 1.

Water distribution diagram of water mains for public needs and internal water main (explanations: 1. source of drinking and fire water, 2.

gas station, 3. accumulation of drinking and fire water, 4. water supply for public use, 5. water transfer point, 6. indoor water supply areal as example,
7. public water supply lines and internal water supply, 8. development of towns and villages, 9. outlet device, 10. hydrant as air tank, 11. hydrant of

overhead, 12. underground hydrant)
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2.2. Case Study — University Campus

The case study shows the concept of urban development
of public space, with a link to the university area. In the
central part there is a campus area (1), a college dormitory
(2), strategic planning addresses the area of the Innovation
Center (3), nearby are quiet zones and areas for leisure
activities, including sports activities (4). The line transport
infrastructure connects the campus area with a residential
area for living (5). The active role of public space is
developed by an active “university-citizen” relationship, in
the form of various activities and actions (Figure 2).

Figure 2. Urban area, part of Development plan [4]
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2.2.1. Positive and Negative Technical Properties of the
Public Area for the University Campus of TUO

With regard to the useful area, the university campus of
TUO is mostly a public area. Its area of approx. 183,000
m?2 indicates not only its significance for the city district
called Ostrava-Poruba, but also the complexity of its
maintenance and safety of its operation in different seasons.
The given factors, negative and positive properties of the
campus, must always be assessed and evaluated from
several perspectives with regard to multi-purpose
utilization of the entire system.

2.2.2. Operational Safety Risks and Negative Properties of
Public Spaces of the Campus

As indicated in chapter 2.2.1 of this paper, operating a
public area brings with it a wide range of safety risks and
potential consequences of exceptional occurrences or
accidents.

The major operational safety risks include the following
events: occurrence of injuries to natural persons during use
of the public area, liability for damages suffered by natural
or juristic persons; increased alternative costs for
maintenance of selected parts of the campus, insufficient
awareness of the documentation on the technical
infrastructure systems of foreign entities situated on the
campus premises and costs of resolving exceptional
occurrences in the given publicly accessible space.

In most cases, the above-mentioned, as well as other
operational safety risks, can be eliminated sufficiently
within preventive preparation for resolving exceptional
occurrences [12]. One of the possibilities of approaching
the given solution is illustrated (Figure 3).

Emergency
preparedness

Safety
precautions

Solving
emergency

situations

Figure 3. Concept of management of exceptional situations in the Czech Republic
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The indicated operational safety risks and subsequent
safety measures for their elimination, however, need not be
personally resolved by the owner of the property used for
public purposes. A substantial proportion of the liabilities
must be assumed by the locally relevant municipality; in
the given case, the city district of Ostrava-Poruba. To
mitigate potential disputes, however, it is suitable to settle
this issue by means of an agreement between the given
entities [13]. In spite of certain operational safety risks
indicated, however, the strengths and positive factors
prevail for the premises of the TUO campus.

2.2.3. Strengths and Advantages of the Campus as a Public
Area

Within the assessment of the strengths and weaknesses
in the operational safety risk analyses, the strengths of the
system should prevail over the weaknesses [14]. Their
prevalence consists not only in the immediate effect of the
given arrangement, but particularly, in the wider context, it
may manifest itself in the following aspects and areas:

(a) spatial possibilities of the campus development
enabling the construction of new objects in the
medium-term and long-term period of the technical
university;

(b)

(©)

(d)

(e)

)

(2

University Campuses of Public Space and Subject of Architectural Design and Related Technical Infrastructure

reduction in the actual purchase costs of construction
of operational equipment of the technical
infrastructure determining the function of campus
object buildings;

substantial reduction in the subsequent operating
costs of maintaining the operational quality of
internal water mains, sewerage systems and other
technical equipment of power media on the campus
premises [15];

possibilities of architectural arrangement of the entire
campus complex without the inevitable necessity of
solving the space limits of construction units;
increase in the university campus profile and its
approximation to the public by means of the spaces
open to the public;

increased reliability of the given facility if suitable
operating systems of the infrastructure are designed,
including construction of devices for monitoring, for
instance, the hydraulic efficiency of the internal water
main (Figure 4);

enhanced level of fire protection of objects by
measuring the reliability and hydraulic parameters of
the fire supply points, including monitoring of their
behaviour at various service loads (Figure 5).
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Figure 4.

Example of the flow capacity of the main pipeline of the internal water mai
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Figure 5. Graphic representation of hydraulic text of a supply point in the fire water supply (red line: flow of water [1.s”] and dark blue lina:

hydrodynamic pressure of water [MPa])

Knowledge of the hydraulic parameters of water supply
systems and their behaviour in various operating and
loading situations, see the illustrations above, enables the
operator of the equipment to prepare sufficiently to resolve
alternative exceptional events. The above-mentioned
parameters of the load situations in the figures (Figure 4
and Figure 5) must be respected, in particular, for the
supply points of the fire water from the discharge stands or
capacity hydrants with increased requirements for the
volume water supply.

The basic parameters of risk assessment reliability of
technical infrastructure of water systems, clearly include a
detailed knowledge of the quantitative values of water flow
over time, from which it can be derived, among other
things, the hydraulic efficiency of the system and its use in
crisis situations (Figure 3). Since the internal water mains
of the campus under consideration also serve as a
multipurpose source of fire water for the university campus,
it is necessary to know its behavior for the needs of fire
water abstraction in crisis situations. Reliably, the required
information can only be obtained by carrying out a
hydraulic test of the fire water tapping point in question
(Figure 4). This graph accurately documents the
dependence of the capacity flow of water at the tapping
point and its effect on the required hydrodynamic pressure
ratios determined to ensure sampling point.

Achieving the hydraulic values shown in the graphs
must be known and respected in general conditions for
keeping the water system in working order. Basic
conditions for their maintenance are given in the Table 1.

Table 1. Defining the conditions for keeping the water system in
working order

Term Definition

Maintaining the specified
properties of the transported
medium for the functionality
of the campus sanitary and
fire systems.

Reliable supply of drinking and
fire water to campus facilities 24
hours a day.

Ensuring the quality and safety of
drinking water in a standard

. . Quantitative  increase in
environment even in the event of .
. water flow in extreme
emergencies at the source or . .
situations.

distribution system of drinking
water.

Maintaining the hydrodynamic
pressure of water in the pipe
system in parameters specified by
the legislation of the Czech
Republic and Czech Code for
water and fire systems.

Hydrodynamic pressure of
water in the range of 0.25 to
0.6 MPa throughout the
distribution process.

Public administration
emergency plan and crisis
preparedness plan of the
campus operator.

Defining  ways to  ensure
emergency water supply (EWS) in
the event of emergencies in the
water system.

Due to the fact that there are a number of emergency
conditions caused by natural or anthropogenic influences at
water facilities, the campus internal water supply system
operator must also prepare instructions on how and how
different types of events can be addressed. One of the
options is given in Table 2, on the example of a worksheet
for dealing with an emergency.
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Table 2.

University Campuses of Public Space and Subject of Architectural Design and Related Technical Infrastructure

Example of a worksheet for dealing with an emergency on the internal water supply

Term Divergence

Possible

Aftermath

Activity required

1. Lack of raw water
in the water source.

Decommissioning or substantial
reduction of the functionality of
the campus furnishing and
sanitary facilities.

Provision of emergency
water supply (EWS) for
the whole area for the
duration of the accident
and interruption of water
supply.

2. Public water supply

and drinking purposes

internal water.
of water consumers.

of the campus.

. As point 1. As point 1.
L system accident.
Supply of drinking . — -

. Reduction of Restrictions on operation
water  for sanitary hydrodynamic and function in the part of
needs of the campus Y vy 3. Accident on the . o P

pressure of water on As point 1 building structures,

internal water supply

to a limited extent. depending on the
damaged part of the

internal water supply.

supply to APS.

4. An  alternate . .

. Decrease of functionality or .
automatic ~ pressure decommissioning of equipment Ensuring EWS for a part
station (APS) dependent 01% ir?crf:)asin of building structures
accident or p & dependent on the APS

interruption of power

hydrodynamic pressure of water

. function.
in campus area.

Knowledge of the hydraulic conditions on the internal
water supply and the procedures for emergencies amplifies
the system's strengths and minimizes the risk of
mismanagement of various situations.

Suitable integration of the strengths and their potential
into the overall conception of the system solved on the
basis of the analysis performed can substantially increase
the reliability and overall efficiency of any subject
equipment.

In the real environment, part of the construction units of
object or line structures often happen to be implemented
without a deeper initial analysis. Priority is given to
seemingly simple projects; subsequently, however, they
feature high operating costs and inadequate safety risks.
The range of these alternative dangers can be reduced in
various ways. One of them is an initial economic risk
analysis within the concept of the overall assessment of
potentials of utilization of the campus public space; for
example in the Czech Republic using CSN IEC 300-3-9
Reliability management - Risk analysis of technological
systems, using the method “analysis of types of failure
states and their consequences and analysis of types,
consequences and criticality of failure states” (FMEA and
FMECA).

These methods take sufficient account of the overall
concept of risk and potential threat assessment for the
technical infrastructure of the public open space and
answer the project solver and the user of the project to the
fundamental questions of the whole issue. Sample
responses to critical and strategic questions are evident
from sample graphs addressing the hydraulic efficiency
issues of the local VSB campus water supply, their
weaknesses and strengths in the operating modes of the
system.

2.2.4. Assessment of Practical Possibilities of Using Public
Space for the TUO Campus

Considering the usability of any piece of land, one
should start from the general binding criteria based on law.
Under the conditions of the Czech Republic, this legislative
regulation is Act No. 183/2006 Coll. on Town and Country
Planning and Building Code, as amended Act No. 12/2000.
Among other terms for potential investors, the given law
exactly defines the following areas in particular: built-up
area, unbuilt area, unbuilt plot, area of supralocal or
republic-wide significance.

The overall conceptual approach to the development of
the TUO university campus must be based on these binding
terms and factors. In particular, the indicated measures are
binding tools of subsequent territorial planning. Within
their framework, investors must particularly respect the
aggregate analytic background materials indicated below,
worked out for the administrative unit of the municipality
with extended powers: land use study, territorial
development policy, territorial development principles, and
territorial plan.

By their correct practical application, optimum land use
possibilities can be achieved, with simultaneous protection
of the environment and its long-term sustainability. With
the advent of climate changes, the protection of the natural
environment has achieved a new dimension [16].
Protection of the natural environment must no longer be
sectional only, but has to be conceived in a complex way
on the basis of the risk analysis. The individual sectional
steps in the territorial protection, particularly in the second
half of the 20th century, have caused a wide variety of
damage which can only be removed with difficulty.

Under the conditions of the Czech Republic, the most
serious ecological damage is the changing conditions of
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rainfall water infiltration and drainage in the individual
drainage areas of the state. Removal or at least mitigation
of the occurring conditions is not only exceptionally
expensive economically, but also technically difficult [17].

To achieve the maximum effect of minimization of
secondary risks, the proposed solution must be preceded by
a broad professional polemic and public discussion.

3. Results and Discussion

The purpose and aim of the study of the university
campus as a place of public space and as the subject of
architectural design of the Ostrava-Poruba city district was
to assess the broader meaning of public space and its
incorporation into possibilities and maximum utilization of
technical infrastructure sustaining and optimizing the
relationship between the capabilities and functional goals
of these devices in the study. Due to the timelessness and
long-term needs of the development of these specific areas,
it is not possible to conclude the issue in question, even by
an important act. The development of science and
technology has a dynamic dimension and it is therefore
appropriate to discuss the most appropriate way of further
steps in the coming years.

An alternative discussion can be focused, for example,
on the following topics:

a) new proposals for the ways and means to decrease the
negative impact of unsuitable types of hydro
engineering structures reducing the rain- and snowfall
infiltration capacity of the territory;

b) proposal for new progressive monitoring processes
resulting from climate changes for various types of
technical infrastructure;

c) discussion on the new conception of elaborating
methodologies to assess safety of the territory in the
case of deficiency of surface and underground water
for water supply, energy and technical purposes.

The results and conclusions arising from the
professional polemic, however, must not remain merely
formal acts of public discussion. State authorities and the
local government of towns and municipalities should
approach them with maximum open-mindedness, refusing
only those proposals which are not practically feasible for
scientific, economic or technical reasons.

The area of the TUO university campus has not only the
potential to assess and fulfil the vast majority of complex
ecological, legal and technical requirements, but also a
sufficient number of scientific members, with knowledge
of the risk analysis in various branches of human activity
widely exceeding the regional or state borders.

Obviously, the text and structure of this paper shows the
high need of the extent of public space not only for people,
but also for the function of towns and municipalities. The
given area, however, must not be merely a publicly
accessible place, but a full-fledged purpose structure,
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fulfilling simultaneously its mission and ecological
dimension. The university campus of TUO fulfils both of
the indicated functions, thus having a prerequisite for being
a significant and sustainable centre of life in the city district
of Ostrava-Poruba. Nevertheless, the campus operators
must continually keep pace with the dynamically changing
conditions and predict potential reserves in the
development plans, creating the conditions of their
practical implementation. The method of approaching the
given task is also indicated in its basic scope in the text of
this paper.

4. Conclusions

Obviously, the text and structure of this paper shows the
high need of the extent of public space not only for people,
but also for the function of towns and municipalities. The
given area, however, must not be merely a publicly
accessible place, but a full-fledged purpose structure,
fulfilling simultaneously its mission and ecological
dimension. The university campus of TUO fulfils both of
the indicated functions, thus having a prerequisite for being
a significant and sustainable centre of life in the city district
of Ostrava-Poruba. Nevertheless, the campus operators
must continually keep pace with the dynamically changing
conditions and predict potential reserves in the
development plans, creating the conditions of their
practical implementation. The method of approaching the
given task is also indicated in its basic scope in the text of
this paper.
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