Improving the use of laser scanning intensity data in complex
3D mapping of the cave environment

Case study of the Gouffre Georges Cave, France
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Introduction

Terrestrial laser scanning (TLS) provides a contactless method of acquiring highly detailed and accurate 3D point clouds efficient in mapping
the underground forms. Cave surveying with TLS enables exploring features difficult to be reached and studied directly, e.g. speleothems,
ceiling channels, structural rock properties alongside with the tectonic features. Besides the 3D coordinates, the intensity of the backscattered
laser pulse is recorded. This additional attribute, commonly used for improving point cloud visualization, is influenced by various factors
including scanning geometry and properties of the surface material. After elimination of the influencing factors taking into account specifics of
the cave environment, the corrected intensity value depends mostly on the spectral surface properties and reveals different lithological layers.

Study area and data acquisition

Gouffre Georges cave is located in the French Pyrenees, near lake Etang
de Lers in Ariége department. Part of the cave formed on the contact of
marble and lherzolite, ultramafic igneous rock originated in the upper
mantle [1]. This contact is significantly visible in the Grande Galerie
dome accessible via a closable entrance Tube (1390 m).
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Intensity correction

Data acquisition in Salle de la Famine and Grande Galerie domes was
realized using TLS Riegl VZ 1000 emitting laser beam in near-infrared
wavelength of 1550 nm. Scanning range starting at 0.9 m to 1,400 m
allows capturing not only the distant and hardly accessible cave objects
but also the exterior. Its robust construction allows scanning in adverse
conditions preventing device damaging during transfer and abseiling to
lower parts of the cave.
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Data processing

The data after collection contained 924,543,719 points, the cave
passages represented 47 positions with 655,934,737 points. 26
positions of cave exterior with 268,608,982 points were captured
mainly for external registration and information of surface above the
cave. Internal registration of scanning positions was processed in
RiSCAN PRO software. The resulting internal data registration error was
StDev=0.0067 m. Points captured below 2.5 m, declared as minimal
scanning range for the device, were removed due to high positional
inaccuracy. For obtaining intensity value corresponding with the
surface reflectance, only points recorded as single echo of full emitted
pulse should remain. Points captured as multiple echoes or points with
high deviation were filtered.

Electromagnetic waves of laser and radar follow the same principles,
therefore the radar equation can be used to describe significant
parameters affecting the received backscattered power P, [2]:

P.Df
b = 4-7TR—4,3,52 NsysNatmOcross

Transmitted pulse power P, diameter of the TLS sensor receiver
aperture D, and system transmission factor ngdepend on the sensor
and can be considered constant. For target larger than the laser beam
with surface corresponding to the perfect diffuse reflector of

Lambertian model, the cross-section o, can be described as [3]:

Ocross — T[p;LRZ,BtZCOS(CK)

Where p, is the surface reflectivity at certain wavelength A, R is the
distance between the TLS and scanned object, B, is the laser beam
width and a is the incidence angle between the surface normal and
incident laser beam. After substituting o, and simplifying for
constants, radar equation can be expressed as [3]:

P = paR™*cos(@)Natm

The backscattered power P. is automatically converted into Digital
Number [DN] as a scaled integer value for intensity I [4]. Main physical
parameters, described as a function of the distance effect F;(R),
incidence angle F,(a), atmospheric attenuation F5(1,s,) and surface
reflectivity F,(p,), affect the TLS intensity value as following:

I = F(R) * F(a) * F3(Maem) * Fu (P2)

For obtaining the corrected intensity value I., depending only on the
object surface properties I. = F,(p,), other influencing factors should
be eliminated. Returned intensity I;5 for used TLS device is given in
[dB], which can be expressed as [2]:

I;5 = 101log(1)

Results

Correction of distance effect

The distance effect does not follow the R relation for near distances
less than around 15-20 m as a result of brightness reduction and
defocusing of the receiver optics [2]. For the used TLS Riegl VZ 1000 the
distance effect was derived based on an experiment using reference
target scanned for distances starting from 2.5 m, next scanning position
at 3 m from the device, and then each position with increment 1 m up
to 60 m (target 1-58). Incidence angle was set to 0° to eliminate its
influence. The collected intensity data were then fit by a set of
polynomial functions for scanning ranges 2.5 -5 m, 5-15 m, 15-60 m.
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Correction of incidence angle effect

Object with a rough surface, especially the natural rock surfaces, may
differ from the Lambertian model of perfect diffuse reflector. To reduce
the over-correction for high incidence angle effect of the Lambertian
model, the effect of incidence angle a was corrected using the Oren-
Nayar physical model of light reflection, describing the surface as a set
of facets with different orientations [3].

F,(a) = cos(a)(A + B sin(a) tan(a) )

2 2

A=1—05—stpe B = 0,45 —slope

0Ziope +0.33 0Z1ope +0.09

Parameter g,y depends only on the surface roughness and can be
determined from the pointcloud. Facets were extracted in
CloudCompare software with plugin FACETS [5] and the orientation of
each facet was interpolated into corresponding points.

Correction of atmospheric attenuation effect

Atmospheric attenuation 7,4, as is a function of range R and
atmospheric attenuation coefficient a and represents the loss of
energy caused by scattering and absorption due to atmospheric

conditions during scanning [4].

Natm = 10—2Ra/10000

For the cave environment, conditions are rather stable depending on
the vicinity of the entrance. High concentration of particles is common
in the form of aerosol consisting of pollen, spores, dust and water
droplets. Deeper into the cave and farther from the entrance, where
vadose seepage or flowing water is present, relative humidity is stable
and close to 100% [6]. The attenuation coefficient a was determined
based on overlapping data from different scanning positions after
elimination of the distance and incidence angle effect and computed as
energy attenuation [dB/km] per distance R.

Intensity correction was performed on each of the 47 scans from
Gouffre Georges. For results demonstration, the scanning position
number 19 from Grande Galerie is presented. Raw intensity data firstly
increases with increasing scanning range up to around 12 m and then
decreases for longer ranges up to 60 m. After elimination of the
influencing factors related to complex cave walls geometry, the
resulting corrected intensity values depend mostly on the surface
spectral properties and significantly improve the material
differentiation, which is beneficial particularly in those areas, where
conventional methods are limited due to light conditions and
inaccessibility. Derived values reveal different lithological contacts
allowing remote lithological mapping and visualizing in 3D. Besides the
semi-automatic classification, the recognition, localization and
measurement of the features in the point cloud is possible. However,
filtration and denoising steps, preceding the delimitation of the values
for each rock type is necessary, since the conditions of the surface,
water content and active karst processes are still valid.
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