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Abstract

The best way to determine the height of dams is to level the top of the dam 
applying a geometric leveling. Nevertheless this task is very demanding and 
expensive. The accuracy potential of LiDAR (Light Detection and Ranging) 
data has significantly improved. These systems can provide accuracy of 2-3 
cm level, which could be enough to be applied in the determination of the 
height of dams. The point acquisition density is an important factor involved 
in the process of determining the height using LiDAR technique. Finally, 
since the LiDAR technique is based on ellipsoidal heights, the coordinates 
must be transformed to the official orthometric system. This paper shows 
the results obtained using low density airborne LiDAR data (0.5 pts/m2) 
and their validation with post-processed GPS (Global Positioning System) 
observations. Test results have shown LiDAR can be accurate enough (10-
25 cm) to determine the height and to be applied in many civil engineering 
activities.

---------- Keywords: Accuracy, airborne LiDAR, low density LiDAR, 
dam height

Resumen

La mejor forma de calcular la altura de una presa es realizar una nivelación 
geométrica de precisión. No obstante, este método es demandante y 
costoso. La precisión de los datos obtenidos ha mejorado sustancialmente, 
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esta tecnología puede proveer precisiones de 2 a 3 centímetros, más que 
suficiente para determinar la altura de presa y utilizar ésta como dato de 
partida para cualquier actividad posterior que así lo requiera. La densidad 
de adquisición de los datos LiDAR (Light Detection and Ranging) es 
importante para establecer la bondad de los resultados. Finalmente, como los 
sistemas LiDAR aerotransportados están basados en alturas elipsoidales, es 
necesario transformarlas a ortométricas. Este trabajo muestra los resultados 
obtenidos usando un LiDAR de baja densidad (0.5 pts/m2) y su validación 
con observaciones GPS (Global Positioning System) en postproceso. Los 
resultados demuestran que se puede obtener una precisión del orden de 
10-25 cm, suficiente para la mayoría de las actividades relacionadas con la 
ingeniería civil.

---------- Palabras clave: Precisión, LiDAR aerotransportado, LiDAR de 
baja densidad, altura de presa

Introduction
Lately, the deployment and application of 
LiDAR (Light Detection and Ranging) systems 
has undergone enormous growth. Efficiency 
and affordability have made LiDAR a primary 
tool for collecting a variety of high quality 
surface data in much shorter periods of time 
than previously possible for multiple purposes 
[1-3]. In addition, hardware LiDAR technology 
has also been improved, in particular the pulse 
rate frequency increased significantly; while 
earlier systems provided 33 kHz pulse rate, 
state-of-the-art LiDAR systems are capable of 
providing pulse repetition rate of up to 100 kHz. 
Furthermore, the ranging accuracy improved to 
2-3 cm level, and the availability of intensity 
signal became common [4]. These developments 
resulted in improved data quality in terms of 
higher point density and better accuracy, which 
in turn, opened new application areas of LiDAR 
[5]. Modern LiDAR systems with the cm-level 
ranging accuracy and high pulse rate, in theory, 
could be applied to topography works, such 
as leveling processes [6], even more, ground-
based LIDAR systems are being used to monitor 
movements of large structures and landslides, as 
a complement of other instruments, for instance, 
non-prism total station [7].

However, besides the laser ranging error there are 
several potential error sources that can degrade 

the accuracy of the acquired data. LiDAR 
systems are complex multi-sensor systems, and 
incorporate at least three main sensors: the GPS 
(Global Positioning System) and INS (Inertial 
Navigation System) navigation sensors; and the 
laser-scanning device (see figure 1).

Figure 1 LiDAR system components (Source: 
Electric Power Systems Research. Elsevier-2005)

There are multiple causes of errors that affect 
the process: navigation errors; individual sensor 
calibration or measurement errors; and inter-
sensor calibration errors or a misalignment 
between the different sensors [8].

Those kinds of errors can be minimized applying 
a rigorous system calibration, but there are 
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always discrepancies between the reality and 
the acquired data. Nevertheless, the accuracy 
achieved with this system is good enough to be 
applied to most of the common civil engineering 
activities.

Recently, many methods have been developed to 
measure the accuracy of the acquired data [9-11]. 
The main conclusion is that the vertical accuracy 
is higher than the horizontal. In other words, 
horizontal errors in LiDAR data are usually more 
significant [12] than vertical errors.

According to the latest studies, the positioning 
accuracies obtained, using optimal targets and 
different LiDAR points densities, may be from 
2.0 cm to 15.0 cm [13-15]. Table 1 shows the 
most representative values obtained.

Table 1 LiDAR accuracy

LiDAR Point Density 
(pts/m2)

Accuracy (cm)
Horizontal Vertical

16 2-3 1.3
4 5-10 2.5

1.78 10-15 4.0

Obviously, the greater the density the better the 
results, however investing more resources and 
increasing the total cost. When using a density 
close to 1.78 pts/m2, high accuracies can be 
expected, 4.0 cm error at vertical positioning, but 
a lower density, 0.5 pts/m2 (the official airborne 
LiDAR in Spain) without any optimal target in 
field, was managed.

In spite of the fact that the best way to calculate 
the dam height is, without a doubt, to level the 
top of the dam applying a geometric leveling, for 
some civil activities, where high accuracy is not 
necessary, but the economy is very important, the 
use of public data LiDAR can help to achieve 
good results. The main goal of this study is two-
fold, firstly to determine whether or not that 
low density LiDAR data set is suitable to be 
used to calculate the dam height and secondly, 
the accuracy obtained applying the proposed 
methodology.

The research reported in this paper presents a 
contribution to calculate the dam height using 
standard LiDAR data (low density) and the 
official geoid height model applied to the dams 
managed by Canal de Isabel II (Madrid-Spain) 
in the first phase, comparing the results with the 
data obtained using post-processed GPS data, in 
the second phase.

Methodology

Raw LiDAR data

The LiDAR dataset used in this research belongs 
to the PNOA (Plan Nacional de Ortofotografía 
Aérea) Spanish project that is currently 
being carried out. The main PNOA project 
characteristics (see www.ign.es/PNOA ) are as 
follows: 

- Grid step size: 1.41 m x 1.41 m

- Digital Terrain Model accuracy: RMSE 
(Root Mean Square Error) ≤ 0.15 m

- Density: 0.5 pts/m2 (low density)

- Format file: “LAS” binary format (LiDAR 
standard format)

- Coordinate system: ETRS89 (European 
Terrestrial Reference System 1989)

- Free of charge for users

Among the dams managed by Canal de Isabel 
II (Comunidad de Madrid-Spain), thirteen dams 
were selected to be studied. The first work was to 
locate, at least, one reference mark and one base 
near the top of each dam to be able to install the 
reference and the rover GPS in order to calculate 
the coordinates of the reference mark.

Once the reference marks were built and their 
coordinates known, twenty two tiles were 
extracted from the LiDAR dataset. Each tile is 
a square of 2.000 m x 2.000 m, containing over 
2.000.000 points (see figure 2).
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Figure 2 Atazar dam LiDAR points

Reference marks (control points)

The coordinates of control points located at 
the crest of the dams, were calculated applying 
a usual DGPS technique (see table 2). The 
following process was made for each dam: a GPS 
receiver (Leica GPS1200. See figure 3) installed 
at the base point near the dam, was observing for 
at least two hours. Coordinates of the base were 
calculated in post-process taking corrections 
from the permanent stations that the Comunidad 
de Madrid has installed. The rover GPS (Leica 
GPS1200) installed at the reference mark (crest 
of the dam) received corrections from the static 
GPS located at the base point and the reference 
mark coordinates were calculated also in post-
process. Those coordinates have been considered 
as “real coordinates” in order to be compared 
with results obtained using LiDAR data.

Table 2 Reference marks identification and height. UTM coordinates and orthometric heights

Dam name
Reference 
mark (Id)

Orthometric 
height (m)

UTM coordinates (ETRS89)
X (m) Y (m)

El Atazar CN04 924.255 460053.400 4529425.110
El Vado BN05 924.345 474775.937 4539098.018
El Villar R 907.169 452689.820 4533066.460

La Aceña 06 1318.244 396658.984 4496415.542
La Jarosa 03 1087.956 405491.780 4502095.523
La Parra 01 741.943 461963.728 4529186.386
El Mesto 01 714.816 448185.632 4508572.189

Navalmedio 06 1290.300 412249.109 4511433.751
Pedrezuela 12 830.405 447262.485 4511912.809

Pontón de la Oliva C05 725.874 462775.975 4525903.489
Pozo de los Ramos BN06 901.394 483141.346 4541537.187

Puentes Viejas A 955.633 451924.579 4537981.124
Riosequillo 27 1010.829 445252.119 4537417.453
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Since the coordinates calculated with GPS are 
referenced to the WGS84-ETRS89 (World 
Geodetic System 84 / European Terrestrial 
Reference System 1989) system, a coordinate 
transformation was needed in order to obtain 
the orthometric heights. To solve that problem, 
the official Spanish Geoid (EGM08-REDNAP), 
issued by the Instituto Geográfico Nacional 
(IGN), was applied (see www.ign.es).

Filtering LiDAR data

A customized program was developed in order 
to select the coordinates of each topographic 
reference marks located on the crest of the 
dams (see figure 4). That program has several 
possibilities:

- Select a rectangle to rule out any point 
situated outside of it.

- Set up the influence radius in order to search 
points only in that circle.

- Remove any point with a height larger than a 
given value.

Figure 4 Data filter program

For each dam, knowing the reference mark 
coordinates and using the filtering program, a 
subset of LiDAR points were extracted to obtain 
only points near the reference mark. In this step, 
proximity criterion was applied.

Calculating reference mark coordinates 
with LiDAR data

Since there are no points belonging to LiDAR 
subset (filtered) where planar coordinates match 
with the real coordinates (observed with GPS), a 
procedure was applied in order to estimate the X-Y 
coordinates and then assign the Z coordinate. The 

Figure 3 GPS receiver at the reference base near the dam
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procedure consisted in taking the LiDAR points 
around the reference mark (in 2D, distance equal 
or less than 1.0 m) and to apply a gravitational 
interpolation, to estimate the Z coordinate.

Starting from the X-Y coordinates of the reference 
mark, a subset of LiDAR points is extracted from 
LiDAR files using the filtering program. From 
this subset, a new selection criterion is applied 
using equation (1):

Given a reference mark RM (xRM , yRM , zRM), being 
(xRM, yRM, zRM) real coordinates obtained from 
GPS, a point P(xp, yp, zp) is selected when distance 
from P to RM is equal or less than 1.0 m, that is:

 (1)

Assuming that there are n points in the LiDAR 
subset, the estimated Z coordinate height (Z’RM ), 
is given by the expression (2):

  (2)

Where,

Z’RM is the estimate Z coordinate for the reference 
mark given

zi  is the Z coordinate of point i 

Di
RM is the Euclidean distance from point i to RM 

Results
Table 3 shows the differences between the GPS 
heights and the corresponding results obtained 
with LiDAR. Almost all of them are negatives, 
that is, GPS height is larger than LiDAR height, 
except four cases highlighted with asterisk and 
only one with double asterisk (higher discrepancy) 
that will be discussed later in the next section.

Table 3 LiDAR orthometric height errors

Dam name
Reference 
mark (Id)

GPS Orthometric 
height (m)

LiDAR Orthometric 
height (m)

Error (m) (GPS-LiDAR)

El Atazar CN04 924.255 923.495 0.760(**)

El Vado BN05 924.345 924.398 -0.053
El Villar R 907.169 907.254 -0.085

La Aceña 06 1318.244 1318.141 0.103(*)

La Jarosa 03 1087.956 1088.041 -0.085
La Parra 01 741.943 742.018 -0.075
El Mesto 01 714.816 714.835 -0.019

Navalmedio 06 1290.300 1290.345 -0.045
Pedrezuela 12 830.405 830.310 0.095(*)

Pontón de la Oliva C05 725.874 725.904 -0.030
Pozo de los Ramos BN06 901.394 901.259 0.135(*)

Puentes Viejas A 955.633 955.668 -0.035
Riosequillo 27 1010.829 1010.854 -0.025

Error was always measured by subtracting the 
LiDAR from the GPS elevation, resulting in 
positive errors for an under-prediction of the 
orthometric height. Several measures of error 
were computed: mean signed error (table 3), 

mean absolute error and RMSE. The RMSE was 
computed by the expression (3):
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=  

0.2225  (3)

and the MAE (mean absolute error) by equation 
(4):

=  

0.119  (4)

Where,

ZGPS are the orthometric heights (m) from the GPS

ZLiDAR are the orthometric heights (m) from 
LiDAR

n  is the number of reference marks observed

Discussion
The main objective in this study is to validate 
LiDAR dataset as a good source of information 
to determine the height of a dam suitable to be 
applied in many civil engineering activities. The 
results show that the mean absolute error is less 
than 12.00 cm and the root mean square error 
is less than 22.30 cm. With these values we can 
affirm that it is viable to apply this methodology 
to determine the height. Nevertheless there are 
some results that are positive, while the majority 
are negative and small. To find out why that 
happens, we had to visit the dams again, and look 
for the reference marks (figures 5 and 6 show 
some mark locations).

Figure 5 Pedrezuela. Reference mark 12

Figure 6 Pozo de los Ramos. Reference mark BN06
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All figures show the same characteristic (see 
Figures 5 and 6), the reference marks are on 
the sidewalk or over a concrete base, always 
located higher than most of the data extracted 
from LiDAR tiles. Since there are no LiDAR 
points exactly over the reference mark, we 
have processed the heights of the nearest points 
(distance ≤ 1.0 m). If those values were not taken 
into account, the new errors calculated by Eqs. 3 
and 4 would be (being in this case n = 9):

RMSEObserved_LiDAR_Pts = 0.0558

MAEObserved_LiDAR_Pts= 0.050

As we can see above, if that subset of reference 
marks is removed, a significant reduction of the 
errors is obtained.

Conclusions
The LiDAR dataset produced a high-quality 
topographic survey of the dams, suitable to obtain 
the ellipsoidal and orthometric heights (these 
after a transformation applying the geoid height).

The accuracy expected depends on the LiDAR 
point density [16] and point targets [17-19]. 
Nevertheless, using 0.5 pts/m2 we have obtained 
around 5 cm discrepancy with reference marks, 
assuming these are control points that were 
obtained by post-processed GPS.

The results obtained prove that low density 
LiDAR dataset is suitable to be applied in many 
civil engineering activities where an approximate 
height is needed and the economy factor is 
essential.
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