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Quality Assessment of Terrestrial Laser Scanner
Surface Deviation Analysis in Vegetation Slope
Monitoring
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Abstract—Mechanised with ability to rapidly acquire three-
dimensional (3D) data wusing non-contact measurement,
terrestrial laser scanner (TLS) has become an option in
landslide monitoring. Dense 3D point clouds provided from
TLS has enable surface deviation analysis to rigidly examine
the displacement that occurred on the monitored object.
However, the existence of vegetation on land slope has become
uncertainty in TLS measurement for landslide monitoring. To
concretely measure the effect of vegetation, this study has
performed two epoch landslide monitoring using tacheometry
(for benchmarking) and TLS (Topcon GLS-2000) at Kulim
Techno City, Kedah, Malaysia. Sixteen (16) artificial targets
were well-distributed on the slope to determine the accuracy of
the employed TLS, evaluate the capability of TLS to determine
the stability of the slope and scrutinise the significant of
vegetation uncertainties in TLS measurement. Results obtained
revealed that Topcon GLS-2000 manage to obtained results
that are statistically similar to tacheometry and provides
0.006m of accuracy. However, the presence of high incidence
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angles in TLS measurement has limited the capability to
identify the significant displacement of the targets. With the aid
of F-variance ratio test, the study has statistically proved that
vegetation uncertainty is able to decrease the quality of TLS
data.

Index Terms—Quality assessment, landslide monitoring,
surface deviation, terrestrial laser scanner

I. INTRODUCTION

Deformation measurement provides the knowledge to
understand, quantify and analyse any small movement
in magnitude and direction of any object including earth
based or manmade structures. Consciousness of this
knowledge branch is crucial to avoid jeopardising the
vulnerable objects regarding their stability and healthiness.
As depicted in Fig. 1, failure in detecting deformation of the
object leads to destruction of the structure and could cause
casualty (e.g. collapsed manmade structure, broken concrete
or earth dam, earthquake and landslide).

Landslide is becoming a common issue worldwide; and it
can be defined as the deformation of a mass of rock, debris,
or earth down a slope. Landslide occurs when the strength of
the earth material that composes the slope has less forces
than the gravity effect which eventually causes the down-
slope movement of soil and rock [1]. Currently, there are
two approaches available for land slope monitoring (Fig. 2),
which are using geodetic or geotechnical [2] methods.

Fig. 1. Landslide event at Cameron Highland, Malaysia.
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Fig. 2. Landslide monitoring approaches.

Tacheometry and global navigation satellite system
(GNSS) methods can be considered as established geodetic
approach in deformation measurement and landslide
monitoring. Taking into account the accuracy in
measurement, reliability of both methods have long been
proven [3]-[6]. However, the precision (i.e. point density)
provided from tacheometry and GNSS measurement is quite
limited. To resolve that limitation, several non-contact
measurement techniques were introduced, which are remote
sensing [7], photogrammetry [8]-[9] and LiDAR [10]-[11].
With the capability to provide dense three-dimensional (3D)
data (according to resolution of sensor), these measurement
techniques have enabled surface to surface comparison
assessment or often known as surface deviation analysis.
This kind of analysis can homogenously measure and
identify the trend of movement that happened from two
different measurement epochs. As illustrated in Fig. 3,
instead of employing well distributed point to represent the
whole surface, current approaches (which exploited dense
data) can identify in detail, any changes that occurred at the
object surface based on variation of colours’ scale.

Other than employing mobile platform to carry the sensor,
photogrammetry and LiDAR measurement methods are also
utilised as static platform. Similar to tacheometry approach,
ability to exploit static mode has reduced dependency on
other instruments (i.e. inertial measurement units and GNSS)
to acquire the position of mobile sensor. Less dependence
can lessen propagation of errors which eventually yield good
quality data. In other word, static measurement is able to
offer better accuracy data than mobile based measurement.

Taking accuracy as first priority among those three
approaches that are able to provide dense 3D data (i.e.
remote sensing, photogrammetry and LiDAR), terrestrial
laser scanner (static LIDAR) can be considered as the best.
With significantly less error propagation in measurement
and processing procedures, terrestrial laser scanner (TLS) is
also not dependent upon the lighting conditions and surface
texture as well as able to provide direct, rapid and high-
density 3D data compared to other approaches [13].
However, according to Barbarella et al. [14], the presence of
vegetation on the land slope can also cause errors in TLS
measurement. Alba et al. [15] had reported the occurrence of
such an error in TLS measurement due to the drastic change
of monitored land surface caused by the growth of
vegetation. Vegetation on slopes can be categorised under
high and low types. For the high vegetation, it can be filtered
based on the premise that they are significantly higher than
their neighbourhoods [16]. Meanwhile, low vegetation is
rather complicated for algorithms to differentiate between it

and the bare earth because the object is very close to the
ground surface.

Based on the argument regarding low vegetation, it is
important to investigate the significance of this kind of error
sources in diminishing the accuracy of TLS measurement
especially in landslide monitoring. There is a probability that
this vegetation uncertainty can be neglected due to its less
effect on TLS data. For that purpose, this study has robustly
examined the accuracy of TLS data in landslide monitoring
using the tacheometry measurement approach.

Fig. 3. Surface deviation analysis for landslide monitoring [12].

II. TERRESTRIAL LASER SCANNER MEASUREMENT

Due to the interactive presentation and significant
geometric information provided, 3D data acquisition has
been widely employed in numerous applications which
involved documentation, preservation, management, analysis
and decision making. These include implementations that
demand sub-centimetre geometric accuracy such as cultural
heritage [17]-[19], surface reconstruction [20]-[21],
structural deformation measurements [22]-[24], slope
monitoring [14] and industrial measurements [25]-[26]. In
contrast to traditional 3D data acquisition approaches (i.e.
tacheometry and photogrammetry), terrestrial laser scanner
is capable to rapidly acquire data without any requirement of
direct contact with the object and extensive processing
procedure. As visualised in Fig. 4 and similar to reflectorless
tacheometry, TLS did measure three main components: i)
Range (r); ii) Horizontal direction (¢); and iii) Vertical angle
(0). According to Abbas et al. [27], there are three options
employed by TLS in order to measure range: i) time-of-
flight; ii) phase shift; and iii) triangulation. While the other
components were obtained based on the scanner pre-
determined axes.

To ensure that TLS data are significant for further
processing, most of the TLSs on-board software have
automatically convert raw TLSs data (i.e. spherical
coordinate system) into Cartesian coordinate system.
However, raw data in a spherical coordinate system is
essential for this study to conduct least square adjustment for
TLS data. With the aid of Fig. 5, conversion from Cartesian
and spherical coordinates system can be expressed as
follows [27]:

Volume 28, Issue 1: March 2020



Engineering Letters, 28:1, EL._28 1 04

Range,r = lei + Yﬁ + Zﬁ

Horizontal _direction, ¢ = tanl(

(1)

Xa
YA
Z A

JX3+Y?

While alternate conversions of both coordinates system are:

Vertical _angle,0 = tan™"

XA =1rxcos(¢)xcos(9)
Y, =rxsin(@)xcos(0)
Z, =1xsin(0)

)

3D point clouds
(X, Y, Z) + Intensity value

“Terrestrial
" laser scanner

Fig. 5. Conversion between Cartesian and spherical coordinates system.

III. EXPERIMENTS

Due to the active slope movement that occurred as
reported by Kedah state authorities, this study was
conducted at Kulim Techno City, Kedah, Malaysia. For
benchmarking reason, as illustrated in Fig. 6, sixteen (16)
artificial targets were well-distributed over the land slope
area. Other than TLS measurement, this study also exploited
conventional approach (i.e. reflectorless tacheometry) to
establish 3D known coordinates for each target. Based on
the reference coordinates obtained from tacheometry
measurement, accuracy of TLS data can be mathematically
determined.

Fig. 6. Research site located at Kulim Techno City, Kedah, Malaysia.

For the tacheometry measurement, Topcon ES-105 with
accuracy of 0.0014° and 2mm for angular and range
measurement, respectively was utilised to measure all the
artificial targets. To secure the accuracy yielded,
triangulation observation technique was employed (as shown
in Fig. 7) and least squares adjustment has been entrusted to
compute the most probable values of all targets along with
their quality (i.e. precision).

As depicted in Fig. 7, Topcon GLS-2000 scanner was
used to scan all targets with the surface of the land slope.
According to the instrument specification sheet, this time-of-
flight scanner utilised panoramic field-of-view to capture
360° of horizontal and 270° of vertical coverage. The
accuracies of single point measurement are 3.5mm and
0.0017° for range and angular measurements, respectively. It
should be noted that the accuracies mentioned above are
based on single point measurement, if involves with the
determination of target centroid procedure, the accuracy
theoretically decreases due to the error propagation with
other uncertainties during measurement phase [13], [28].

To measure the reliability of TLS in landslide monitoring,
two (2) epochs of observations were carried out with an
interval of a month. There are four analyses that were
performed as follows:

i. Transformation similarity analysis;
ii. Dimensional discrepancies;
iii. Displacement vector assessment; and
iv. Surface deviation analysis.

A. Transformation similarity analysis

In this analysis, seven rigid transformation parameters are
computed. The idea is to mathematically match the 3D
points yielded from tacheometry (benchmark) and TLS data.
Sixteen artificial targets from TLS are transformed into
tacheometry coordinate system. To perform point to point
analysis, Australis V6.06 software is used to implement rigid
body transformation and subsequently calculate the RMS of
the differences between control (tachecometry) and
transformed coordinates (TLS). Smaller values of RMS for
the calibrated data indicate that the quality of TLS data is
closer to the reference values (results from tacheometry).

Utilising resection method, those artificial targets that have
two coordinate systems derived from tacheometry and TLS
can be employed to mathematically describe the relationship
of those systems [9]:

Xi=T+Srx 3)
where,
Xi = 3D coordinates of targets in the TLS system.
S = scale vector between two (2) systems.
T = translation.
r = rotation matrix.
xi = 3D coordinates of targets in the tacheometry
system.
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Fig. 7. Tacheometry and terrestrial laser scanner measurements for landslide monitoring.

B. Dimensional Discrepancies

This analysis sought assistance from accurate
measurement technique (i.e. tacheometry) to measure the
accuracy of TLS data. Fifteen independent dimensions were
extracted from distributed sixteen artificial targets as
depicted in Fig. 8. In order to measure the accuracy of TLS
data, both sets of independent dimensions obtained from
TLS and tacheometry are differentiated. Analysis of error
was performed by computing standard deviation of the
observation using the law of propagation of variance
(LOPOV) [29].

C. Displacement Vector Assessment

With the determination to investigate the effect of
vegetation in TLSs land slope monitoring, this study has
carried out two epochs of measurement with an interval of
one month. Information (3D coordinates of sixteen targets)
obtained from two epochs measurement can be used to
compute displacement vectors. Based on trigonometry
formula, three-dimensional displacement can be derived as
follow [27]:

Displacement = y AN? + AE2 + AH? @)

where,

AN = (NeZ - Nel)

AE = (Ee2 - Eel)

AH = (He2 - Hel)

Nel, Eel and Hel = adjusted coordinates for first epoch.
Ne2, Ee2 and He2 = adjusted coordinates for second
epoch.

Having two sets of displacement vectors (from TLS and
tacheometry), integrity evaluation of TLS results were
performed using statistical analysis. Selection of statistical
test was made by taking into account the aim of this study
which was to evaluate the similarity of the TLS displacement
vectors and reference values (derived from tacheometry
data). According to Ghilani [29], 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 applied to examine a sample mean (i.e.
TLS vectors) against a reference value (i.e. tacheometry
vectors). Known as t-test, the analysis was performed using
the formula [19]:
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|
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Fig. 8. Fifteen independent dimensions computed from sixteen targets.
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where,
y = Sample mean

W = Population mean

S = Standard deviation of the sample

n = Number of sample

The hypothesis of the test is:

Hpy : The sample mean is equal to the population mean

Ha : The sample mean is not equal to the population mean

When the calculated t value as shown in (5) is larger than
the value of critical t (predicted from the t-distribution
table), the null hypothesis (Ho) will be rejected with a
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).

D. Surface Deviation Analysis

Capability of TLSs to provide dense 3D data have allowed
surface to surface comparison between two (2) set of data,
which is known as surface deviation analysis. As visualised
in Fig. 9, deviation of the surfaces were determined based on
distances computed between each point of the compared
cloud (epoch 02) and its nearest neighbour (point or
triangle) in the reference entity (epoch 01).

oo o

Epoch 02 .ﬂ'
o
@9 a
° &

Fig. 9. Computation of distance for surface deviation analysis.

This study utilised CloudCompare open source software
to perform surface deviation analysis for TLS first and
second epoch data. Based on the computed distances of all
surfaces, mean deviation can be yielded to represent average

displacement of the monitored surface. With the aim to
investigate the significance of low vegetation effect in
landslide surface deviation analysis, mean deviation
obtained was statistically compared with mean displacement
computed from DVs (yielded from artificial targets which
were not affected by vegetation).

To ensure the study robustly examines the effect of low
vegetation in TLS measurement, surface deviation
experiment was designed based on the several interest
regions. As illustrated in Fig. 10, there are three regions
employed in this experiment: i) Region with less effect of
high incidence angle (green area); ii) Region that contained
all the sixteen artificial targets (blue area); and iii) Region
with active land movement (grey area). Selection of regions
were made by taking into account, the findings of previous
two experiments (i.e. dimensional discrepancies and
displacement vector assessment) which test the existence of
uncertainties in TLS data due to the high incidence angle as
well as distribution of ground control points (GCP). Based
on that consideration, with the aid of Fig. 10, first region that
only covers the area of nine artificial targets (green area) can
be considered as the most accurate, followed by second level
of accuracy region that covers all sixteen targets (blue area)
and third region that covers all active motion area (grey
area) has the worst accuracy amongst them.

Similar to the previous experiment, statistical analysis was
employed to measure the effect of vegetation in TLSs land
slope monitoring. The F-variance ratio test was used to
investigate the significance of the similarity between two
populations. The null hypothesis, Ho, of the test is that the
two population variances are significantly similar while the
alternate hypothesis is that they are different. The F-variance

ratio test is defined as [19]:

Fool (6)

2
G3

2 2 .
Where, o; and o, are variances of the first and second

populations, respectively. The null hypothesis is rejected if
the calculated F value is larger than the critical F value (from

Fig. 10. Three regions exploited to measure the significant of low vegetation in TLS measurement.
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the F-distribution table) at the 5% significance level. The
rejection of Hy shows that the test parameters are not equal.
If the null hypothesis is accepted in this test, then conclusion
can be made that vegetation has no significant effect in TLS
slope monitoring measurement.

IV. RESULTS AND ANALYSES

Assigned 0.0014° as precision for tacheometry angular
measurement, least squares adjustment converged at third
iteration. Reference standard deviation obtained from
tacheometry observation is 0.0027°, which is equal to 2mm
data quality for 50m range measurement. To evaluate the
accuracy of Topcon GLS-2000 scanner data acquisition,
there are three experiments that were performed: (1)
Transformation similarity analysis; (2) Dimensional
discrepancies; and (3) Displacement vector assessment.
Results from these experiments can be employed to
concretely verify the significance of vegetation effect in the
final experiment (i.e. Surface deviation analysis).

In the first experiment, the finding utilised the adjusted
values obtained from tacheometry (as reference value) to
measure the accuracy of TLS data. Having sixteen well-
distributed artificial targets, rigid body transformation
algorithm was employed to performed coordinates
transformation. Since the results from tacheometry are
considered as a benchmark, targets from TLS data were
transformed into photogrammetry points. After fourth
iterations, the bundle adjustment converges and as presented
in Table 1, the root mean square (RMS) of differences
between control (tacheometry) and transformed coordinates
for TLS data is 0.005m. With these outcomes,
transformation  similarity analysis has numerically
demonstrated the significant quality of the examined TLS.

TABLE 1
RMS OF DIFFERENCES BETWEEN CONTROL (TACHEOMETRY) AND
TRANSFORMED COORDINATES (TLS DATA)

Axis
Residual RMS

X(m) Y(m) Z(m)
0.004  0.008  0.003

XYZ (m)
0.005

The second experiment exploited all the sixteen (16)
targets by extracting fifteen independent vectors. To assess
the accuracy of the TLS data, similar independent vectors
were also yielded from the adjusted coordinates of
tacheometry measurement. By differentiating the dimensions

produced from TLS data and tacheometry (reference value),
the trend of accuracies obtained has been visually illustrated
as depicted in Fig. 11. Through graphical assessment, TLS
data has exhibited the consistent accuracy of 0.010m, except
for vector BWI111-BW110 that has yielded largest
discrepancy (i.e. 0.020m). This situation is due to the fact
that the occupied position for both instruments (i.e. TLS and
tacheometry) are close to the target BW110 (as shown in
Fig. 7), which caused high incidence angle in the
measurement. For a concrete conclusion, statistical analysis
was performed by calculating the standard deviation of TLS
data. Based on the law of propagation of variance (LOPOV)
algorithm, it was found that the accuracy of Topcon GLS-
2000 scanner is 6mm. As expected, under 95% confidence
interval (two sigma), the accuracy of the scanner as stated by
the manufacturer is 7mm. This outcome had verified that the
evaluated TLS manage to achieve accuracy which is
sufficient to be implemented for land slope monitoring.

BWI11- BW117

BWI111 - BW106

BWI111 - BW110

Fig. 11. The trend of errors obtained from TLS measurement.

Displacement vector analysis exploited two epochs
measurement (with an interval of one month) for both
instruments, TLS and tacheometry. Depicted in Fig. 12 is
magnitudes and directions for all displacement vectors
obtained from tacheometry and TLS measurements. Through
graphic evaluation, all displacement vectors have shown a
similar trend and consistent vectors for both measurement
approaches except for targets BW112 and BW110, which
have large direction contrast and vector discrepancy,
respectively. In similar to previous experiment, it is expected

BW119

BW120

Fig. 12. Magnitude and direction of computed displacement vectors for both tacheometry and TLS data.
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that the uncertainty that occurred may be due to the position
of target which is quite close to the location of the sensors
(refer Fig. 7). Thus, high incidence angle was expected to
reduce the quality of measurement for targets that are near to
the occupied sensors (e.g. BW112, BW106 and BW110).
With the aid of LOPOV algorithm, computed mean
displacement with the precision for tacheometry and TLS
are 0.028m 4+ 0.006m and 0.031m 4+ 0.012m, respectively.
Through similarity analysis using a t-test, the results indicate
that calculated t is 1.015, while critical t obtained from the t-
distribution table is 1.753. Since calculated t is smaller than
critical t, thus, the null hypothesis is accepted. This finding
has demonstrated strong agreement with the previous two
experiments, where a conclusion can be made that TLS
measurement is able to provide quality data similar to
tacheometry measurement.

The final experiment was carried out to evaluate the
capability of TLS in low vegetation slope monitoring. To
ensure the integrity of computed point cloud displacement
(known as surface deviation) from two epochs, mean
displacement and precision of TLS measurement obtained
from the third experiment were utilised as a benchmark.
Furthermore, rigid evaluation was utilised in this final
experiment by partitioning TLS data into three main regions
which have three different accuracies. These variants occur
due to the wuncertainties in TLS measurement and
distribution of network control employed in this study. The
outcomes of surface deviation analyses for all the three
regions have been organized and illustrated in Table 2 and
Fig. 13, respectively.

TABLE 2
SURFACE DEVIATION ANALYSES FOR THREE REGIONS

Region Mean Distance (m)  Precision (m)
First (Fig. 13a) 0.041 £0.026m
Second (Fig. 13b) 0.046 £0.030m
Third (Fig. 13c¢) 0.060 £0.056m

Exploiting F-variance ratio test, those standard deviations
(or precision) were used to statistically examine the
similarity of these three regions results with respect to TLS
targets based outcome. As benchmark, the TLS targets-based
approach that employed artificial targets have no effect of
vegetation. Mathematically, it is obvious that the mean
values have discrepancies of about 0.010m up to 0.029m as
compared to tacheometry mean value (0.028m), TLS target-
based approach gave 0.003m difference, while TLS surface
based yielded 0.013m to 0.032m. Using Eq. (6), calculated F
and critical F obtained for all three assessment have been
presented in Table 3. Since calculated F are not in the 95%
critical values accepted range, the null hypothesis is rejected.

TABLE 3
SURFACE DEVIATION ANALYSES FOR THREE REGIONS
Region Calculated Critical F
F Lower Upper
First (Fig. 14a) 0.223 0418 1.833
Second (Fig. 14b) 0.167 0418 1.833
Third (Fig. 14c) 0.048 0.418 1.833

With the various accuracies obtained in this final
experiment, the findings have concretely indicated the
significance of low vegetation effect on TLS surface
deviation analysis. Furthermore, to ensure the quality of TLS
measurement, it is advisable not to neglect the uncertainties
contributed from vegetation. Disregarding the existence of
vegetation in surface deviation analysis can cause fake
deformation decision.

Fig. 13. Surface deviation analyses for first (a), second (b) and third (c)
regions.

V. CONCLUSION

The aim of this study is to examine the effect of
vegetation uncertainties in the quality of TLS measurement.
Rigid experiments were performed through surface deviation
analysis to eventually conclude the significant of neglecting
low vegetation effect on land slope. First, three experiments
were designed to robustly evaluate the capability of TLS in
landslide monitoring. Sixteen (16) artificial targets were
well-distributed on the land slope and measured using
tacheometry (for benchmarking) and TLS approaches. The
first experiment yielded 5mm RMS from coordinate
transformation procedure. This result indicates the
significant similarity of the 3D coordinates for TLS and
reference values (tacheometry). As claimed by manufacturer,
with 95% confidence interval, the second experiment
demonstrates that the accuracy of Topcon GLS-2000
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scanner is 0.006m. The third experiment utilised data from
two epochs of measurement to calculate displacement
vectors. This is crucial in order to examine the reliability of
TLS in deformation measurement (e.g. slope monitoring).
With the aid of statistical analysis (i.e. t-test), similar to
previous two experiments, TLS mathematically proved the
capability to provide accurate data. However, the accuracy
has been constrained by incidence angle when second and
third experiments have indicated that two points showed
large discrepancies in term of vector (BW110) and direction
(BW112). It is essential to reduce the existence of high
incidence angle by properly selecting the position of the
scanner. Results obtained from the third experiment were
used for final assessment to statistically evaluate the
significance of vegetation in landslide monitoring. The F-
variance ratio test has rejected the null hypothesis for all
three regions which have different kind of accuracies (due to
the uncertainties contributed from high incidence angle and
distribution of GCP). To ascertain the use of surface
deviation analysis for landslide monitoring, further study is
crucial to model the vegetation uncertainties. Otherwise, this
kind of analysis is only limited to the solid objects or
structures (e.g. concrete dam, metal tank and engineering
structure).
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