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Abstract. Many rockfall simulation software provide greagXibility to the user at the expense of a hardlieeable
parameter unification. With sensitive site-depenidsrameters that are hardly generalizable fromlitaeature and case
studies, the user must properly calibrate simutatitor the desired site by performing back caléota&nalyses. Thus,
rockfall trajectory reconstruction methods are meked-or that purpose, a computer-assisted videogedric 3D trajectory
reconstruction method (CAVR) built on earlier apgmbes is proposed. Rockfall impacts are visualniified and timed
from video footageand are manually transposed on detailed highw#eal 3D terrain models that act as the spatial
reference. This shift of reference removes the ddpecy on steady and precisely positioned camerasyring that the
CAVR method can be used for reconstructing trajgesofrom witnessed previous records with nonopltivideo footage.
For validation, the method is applied to recongtisame trajectories from a rockfall experiment perfed by the WSL
Institute for Snow and Avalanche Research SLF. rEselts are compared to previous ones from the @id-share many
similarities. Indeed, the translational energiesurite heights, rotational energies and impact ipositagainst a flexible
barrier compare well with those from the SliReresti issipati i

method;—contrary-to-the previousresulis-from-thBE-She comparison shows that the presented cost-e#eand flexible

CAVR method can reproduce proper 3D rockfall trigaes from experiments or real rockfall events.

1 Introduction

Many rockfall simulation software provide greatxilality to the user at the expense of a hardlyiechble parameter
unification, as highlighted by Berger and DorreQ(@), Berger et al. (2011), Volkwein et al. (201J13rsve (2018), Garcia
(2019), Bourrier et al. (2021), and Noél et al. 72D Even when using the same rebound model, théugmay be

implemented in a different software, the resultshygithe same parameters may vary, as shown prdyiaus\oél et al.
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(2021)when comparing CRSP @#feiffer and Bowen, 1989; Jones et al., 20With RocFall 8 {eél-et-al—2021Stevens,

1998; Rocscience Inc., 20RZThe settings of the rebound model parametersofiem specific to each model, rockfall

software and version used. Thus, it is difficulttanspose them from experimental results, sugdhespparent coefficient

of restitution from impact experiments. Indeed, revierebound model parameters are classically dalefficients of

nn

restitution™ (e.q., Ry andRy for the normal and tangential componentlgy are not the same as the apparent coefficients

of restitution(e.q., CORy and COR; for the respective componen@nd cannot be directly interchanged, as explained i

Noél et al. (2021)——For example, a rebound calculated with the modétfefffer and Bowen (1989) using a

normal “coefficient of restitution” oRy = 0.35 as damping parameter returns a low nonaaklational velocity of 1.6 ni's

for a normal incident velocity of 10 mtsin that case, the ratio of returned velocity oWer incident one gives-an calculated

apparent coefficient of restitution ORy = 0.16, which is different than they of 0.35 used. Because it is difficult to

transpose the simulation parameters from experiahessultsto-find, findingthe proper parameter values édrasfar more
limited to a range of rock sizes, shapes, terraatenmls and saturation, perceived roughness, esfdepgeometry. They are
then hardly generalizable from the literature amnirone simulation model to another and are oftém dépendent, as
highlighted by Volkwein et al. (2011) and Valaguss$al. (201%,) and shown by the variable benchmark results irg&er
and Dorren (2006), Berger et al. (2011), Garcid @@&nd C2ROP (2020).

Therefore, it is often emphasized to properly calid simulations for the desired site by performbagk calculation
analyses on similar sites and from on-site roclkéajberiments (Jones et.akR00Q; Labiouse 2004; Berger and Dorren
2006; Berger et al, 2011; Volkwein et al., 2011; Valagussa et al 2015; Bourrier et al, 2021; Noél et al., 2021). For
that purpose, it is necessary to evaluate the inajiectory paths of the rockfalls, their runoutsyhthe velocities, bouncing
heights and energies evolve along these pathsghssvafter each impact and how the rocks devaezally. This raises
the need for cost-effective and flexible 3D tragggtreconstruction methods to help gather and stherelata needed for a
site-specific calibration of rockfall simulation&dditionally, the gathered data could later be usedhe improvement and
development of more objective rockfall simulatioethods that are less dependent on the inconveaimehéxpensive need
to perform back analyses.

As illustrated by Volkwein and Klette (2014) andvizzel et al. (2019), different methods exist fecanstructing rockfall
trajectories. Some reconstructed parts of the dmajies in 2D as seen from above (e.g., Volkweid #tette 2014
Volkwein et al., 2018 others in 2D vertical profiles (e.dpmaas-1995,Glover et al., 20\lyllie, 2014; Spadari et al,
2012e6¢; Bourrier et al, 2012-orin-3B{e-gBeurrieret-al20RFew reconstructed the trajectories in the 30ce@nd
documented their lateral deviatieng.g., Dorren et al., 2005; Dorren and Bergef62M@ewez et al., 2010; Hibert et al.,
2017; Caviezel et al., 2019; Bourrier et al., 20Hrpm them, Dorren et al. (2005) and Dorren andgBe(2006) used
rangefinders with a tiltmeter and a compass to omeashe position of each impact, requiring time<mming and
potentially exposed field workhat-is-net-suitable—every——to obtain the valuable field datBewez et al. (2010) also

reconstructed trajectories in 3D, but this times thck positions were remotely estimated from vifleatage using the

cameras as referenceBor that, their method required preciselynchronisedsynchronized and undistorvédeo pairs
2
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captured with a wide field of view (FOV) of ~76%fn precisely positioned steady cameras. With the dka script, the
center mass of the falling rocks was manually leddtame-by-frame on the displayed video pairs. Ube of a relatively
high frame rate (50 fps) gave a good time resatutib1/50" of a second for precision, but it increased thelber of frames
on which to perform the manual tracking of the mck

This time-consuming manual process can be partlgnaated based on the method proposed by Caviezal €2019),

increasing the objectivity of the reconstructionqass. This is done by producing dense 3D poinidddoy photogrammetry
from each synchronizedndistortedframe of steady video footage captured from difiereiewpoints. The 3D points
corresponding to the visible side of the artificiatks facing the cameras are then extracted basetheir contrasting
artificial painted colors compared to the backgihuhfihe center of mass of the rocks is estimatenh filoe convex hulls
formed by meshing the extracted 3D points.

Compared to Dewez et al. (2010), this automatiacess can introduce an erroneous shift of the stagted center of
mass toward the cameras if the 3D points of thduded backside of the rocks not visible by the camere missing.

However, this can be workaround by fitting 3D madef the controlled rock shapes on their partiabtpbrammetric

reconstructionAdditionally, ultrahigh resolution (e.g., 8K UHD iGaviezel et al, 2019) and sharp contrast of the falling
rocks with their backgrounds are needed for featemgnition to compensate for the relatively wiel@V needed for
framing the whole site from each fixed viewpointuédto recording data rate constraints, ultrahiggoltgions and raw
footage can limit the recording frame rate depegain the acquisition equipment (e.g., 25 fps ini€aal et al., 2019), thus
reducing the time resolution and related precisibansequently, the method requires relatively hégh-camera bodies
coupled with proper sharp lenses and powerful cderpudor processing the associated data, produbmgsands of frame-
by-frame dense 3D point clouds and aligning them.

Despite being partly automated, the time-consumpngcessing complexifies the iterative visual vdiioia that the
reconstructed trajectories match with reality ame-tuning processes following the first recondiiarts. As a result,
numerous reconstructed impacts with an energy balabove 1.00 involving apparent gain of kinetiergy can be
obtained with this method, sometimes with an inseefor both the translational and angular velogitdter impact, as
shown in{Caviezel et al(2019, 2021). These abnormal impacts can be expldiyeenergy transfers from the height
differences between the beginning and the end @firtipacts with long rock-ground interactions (Caeileet al., 2019,
2021). As later shown, this may also be attributetiming and positioning imprecisions, especidtly impacts with short
rock-ground interactions.

In this work, an alternative cost-effective andxiitde computer-assisted videogrammetric 3D trajgct@construction
method (CAVR) is proposed. It can be used in additio the aforementioned approaches, as it bringsptementary
information when the video footage is not optinvahen automatic tracking is not possible or if alnalr apparent kinetic
energy gain is observed at impact. The improvedchoteis built from the concepts of the previous mdthand it was
preliminarily tested ifNoé&l et al.(2017, 2018). It involves a computer-assisted matraaking of rocks and a high frame

rate (e.g., 120 fps) for a precise time resoluisnn Dewez et al. (2010). The time-consuming fraglof the freefalling
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phases is, however, avoided, as this phase camdwrately and efficiently reconstructed from balisequations, as in
Volkwein et al., (2011)Wyllie (2014),clese-te-Domaas{1995)Glover (2015), Gerber (20418, similar to the method used
in Bourrier et al. (2012) and Hibert et al. (2017).

As in Caviezel et al. (2019), the proposed CAVRhodtrelies on the use of 3D models to estimat@tisition of the rocks.

However, instead of generating thousands of fraypfrdime 3D photogrammetric models of the rocks,gtaposed method
uses one detailed textured 3D terrain model forspraial reference coupled to the efficient 3D peoloud impact detection
algorithm by Noél et al. (2021). The algorithm &ed to locate with proper offset the center of nedgbe rocks above the
ground at impacts. Contrary to the tracking methofdBewez et al. (2010) and Caviezel et al. (201183, cameras can be
zoomed to narrow FOVs and move or panned to traekrocks, since the 3D detailed terrain model astshe spatial
reference instead of the cameras. This producesletbiclose-up footage of the rocks and the sudimgnterrain features

that facilitate the visual identification of the pact points with the ground.ens distortion is less problematic as it shifts

equally the captured rocks with their surroundieigdin that acts as referenttealso increases the flexibility of the method,

as different video footage can be used as inpuditfahally, it reduces its cost by avoiding the dder high-end cameras
and related processing equipment. The computestadsreconstruction process is semiautomatic, haduser obtains a
real-time update of the 3D reconstructed freefgllparabolas forming the trajectory at the centemafss of the rock
projectile properly offset from the ground. The #p point on the ground can be updated in real-fislewing the mouse
cursor on the screen. This incorporates the imporeual validation of the reconstructed trajesrand iterative fine-
tuning processes directly as part of the reconstnugrocess. This ensures reconstructing dissidtnpacts (without
apparent gain of kinetic energy) for impacts witloi$ rock-ground interactions, as later detailed.

The proposed CAVR method relies on two inputs: ithpact positions and their related time. The impate visually
identified and timed from the high frame rate videotage, and they are manually transposed onaileldtcorresponding
3D terrain model to obtain the 3D coordinates d@irthpositions. In this paper, the common balligguations used for
reconstructing the trajectories from these two impare first given with the other equations relatedthe different
reconstructed values. Then, since the video foatageentral piece for the method, especialléfie is no impact mark on
the ground to act as a guide, the details abouadijeisition of the video footage and the relateztigion and accuracy are
meticulously described. This is followed by sharbsections concerning the 3D terrain model, thd tdock geometric
characteristics and the validation of the recomst trajectories. A developed computer tool incoating the described
concepts to assist and homogenize the reconstnyataxess is then described. A comparison of metimfinally presented

and discussed.



135 Table 1 — List of variables for the rockfall balligics.

Variables  Description Units Variables  Description Units
Time s Total kinetic energy of the rock J
Position of the rock in 3D space m Vector normal to the ground surface orientation m
Translational velocity of the rock ms? Incident impact angle with the ground °
Tangential component of the velocity ms? Returned impact angle with the ground °
Normal component of the velocity ms? Delta of the trend direction of the incident trageg and ~ °

the aspect/dip direction of the terrain

Angular velocity rad s! Deviation of the incident and returned -(around °
axis)
— Acceleration of the rockravitational ms? Total deviation that the rock undergoes by the ichpa °
acceleration{=9.811s1%)
Mass of the rock kg Total kinematic coefficient of restitution -
Moment of inertia of the rock kg Tangential kinematic coefficient of restitution -
Translational momentum of the rock kg " Normal kinematic coefficient of restitution -
# Angular momentum of the rock kg "

2 Rockfall ballistics

Rockfall trajectories can be reconstructed fromithgact positions and the associated time. Thid@edetails the ballistic
equations required for the reconstruction of the tBijectories, related angles, velocities, kinetparent coefficient of

restitution, momentum, and energies.

140
Lo At by At L
B ab o o be 4B
Reconstructed parabola
a (with offset to ;
/ center of mass)
Longer parabola
(without offset)
Figure 1. Impact configurations for the reconstructed paratolas. Note how the offset of the impactsiinimizeminimizes the
common issues associated exaggerated parabola’s lengths of impacts simpl#d to single points.



The airborne 3D rockfall trajectory segments areoasecution of oblique throws, and their paraboliture has been

145 described by Galileo GalildDrake and MaclLachlan, 1975The position, translational velocity, and accatfien of a rock

during its ballistic (freefalling) phase is defined Eqg. (1), (2) and (3) as follows:

$ & &=, )
sLs e @)
= s (3)

150 When neglecting drag due to air resistarisee Appendix A about the significance of airgdr¢he acceleration components

are written as follows (Eq. 4):
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Then, the incident and the returned translatioe#daity are estimated for each impact from the joney equations. For that,
155 the position of the rock’s center of mass must bevin for a series of successive impacts. The roolryd interaction

periods must also be very short relative to thef&# periods to ensure that they can be considasetmpulses (Wyllie

2014). Note that impacts simplified to single psintquire short rock-ground interaction periods sMaroblems related to

the single point methods due to incorrect path tlemigre minimized by offsetting the points to tleater mass of the rock

projectiles (Fig. 1). The velocities of an impécare preceded by an impaetand followed by an impaat as in Fig. 1,
160 which is given by Eq. (5) and (6) as follows:
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(6)
165 The translational andnematic angulamomentg andL are given by Eq. (7) and (8) as follows:
$ : )
#$ €)
The total kinetic energy is given by Eq. (9) asdats:
a$- &~ (9)
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Figure 2: Geometric configuration at impact of thereconstructed translational velocity vectors and tle related angles (see Table 1
for the variable’s descriptions). Note that such agles are measured based on the normal vector to therrain (N) and not to the
vertical. For a perfectly reflected impact, a light beam on a flat mirror, the incident and the returned velocity vectors (y
and v2) would be coplanar with N. Here, the lateral devition ( ~) is measured as the angle around N making\deviate from the
previous coplanar situation. Note that this rotation axis should be tilted slightly toward where the ock projectile is from
depending on the amount of scarring, slipping, andkidding, but it is kept around N for simplicity. The total deviation ( dev) is
simply measured as the angle between and .. It is close to the sum of the incident and the terned angles (1and 2) when nis
small.

Apparent coefficients of restitution can be caltedafor each impact from the components of theinbthvelocities (Fig.
2). They also correspond to the ratio of momentuesgrved by the rock projectile after each imp@cte should not use

them directly as parameters for rockfall simulasiggince they generally do not correspond to thampaters used in the

rebound models asentioned in introduction ardescribed iKNoél et al.(2021). The total, tangential and normal apparent

kinematic coefficients of restitution are giveniby. (10), (11) and (12) as follows:

9.9

$ 55 (10)
9.9

Sy (11)
9.9

$ 50 (12)

The rock-ground geometric configuration at impaan @e analyzed simply with vector dot products. uédent and the

returned impact angles with the ground (Fig. 2)gven by Eq. (13) and (14) as follows:

C.D C
$>7@ B i (13)
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The angular difference in the horizontal plane leetwthe trend direction of the incident velocitpjpcted on the plane

( ~») and the aspect direction of the terrain face fittve normal projected on the plane.() is given by Eq. (15) as

follows:
w — Cup D C
one® 5> B e e (15)

The rock lateral deviation from a “perfectly refied” rebound, i.e., the lateral deviation makingdeviate from being

coplanar with . and , is measured by a rotation around the normal vextis, and is given by Eq. (16) as follows:

L DL

$I51> A K M (16)

<99 9"
is set tonegative if this deviation brings the azimuth ofcloser to that of or to positive if this deviation brings the
azimuth of away, as shown in Fig. 2.

The rock’s total deviation due to the impact isagiby Eq. (17) as follows:

L.D.L

A
$ 5> .99 .9

M, (17)

3 Trajectory reconstruction method

As defined with the previous equations, it is polssito reconstruct rockfall trajectories with therlocity in between
recorded impacts with a short rock-ground intemactperiod. The impact time and position are visualaluated from
video footage of rockfall events. The impact posisi are then transposed on a 3D detailed hightréésolterrain model
used as the spatial reference to retrieve theriggecoordinates. Such coordinates on the groued t® be offset to the
center of mass of the rocks, requiring the acqdaisivf the rock block geometry. Finally, the recibnsted trajectories must

be visually validated, ensuring that they are @iywith the falling rocks. Such steps and inpuésdatailed in this section.

3.1 Video footage

Because the detailed 3D terrain model is the dpatierence for the position of the impact, theoretruction method is not
constrained to the use of a special type of videdage or steady cameras with fixed viewpointeosés without distortion.
Thus, it is well suited for reconstructing trajeits from previously witnessed records to help gathe data needed for
site-specific calibration of sensitive rockfall sitations. Good video footage for this method is dogtage where the
position of the impacts can be visually located amed. Therefore, “zoomed” footage with a narroeld of view (FOV), a

manual panning to track the falling rocks, a higptared frame rate, and a high resolution adajtéldet “sharpness” given
by the acutance and resolving power of the lenddal for obtaining the most precision out of thethod. The precision

and the related acquisition setup concepts aréettia the following subsections.



(a) Conceptualization of the spatial accuracy (b) Overview

_ Camera 1

Stronger distortion

near edges Horizontal resolution

Conic section
(ellipse) showing
Circular the projected
picking accuracy Vertical resolution  accuracy

Figure 3: Conceptualization of the spatial accuracyfrom projecting the picking accuracy to the terrain. The picking accuracy is
degraded to 2100 px to better illustrate the concept. In reality the precision and accuracy depend on the resohgnpower and the
acutance of the lens used, sensor size and resadati general quality and sharpness of the footage drease at distinguishing the
225 rock projectile from the background. The elongationof the resulting conic section ellipses depends time viewing “incident angle”
with the terrain. The accuracy is maximal when theellipses are small and not elongated, but they casmlso be maximized by
combining two or more viewpoints. The size of the mpjected pixels depends on the resolution and the @V used. The local
accuracy can be better, even at a lower resolutiomy using lenses with a small FOVThis also helps to distinguish the rock from
the background, improving the picking precision andaccuracy, which in turn also improves the local pecision and accuracy.

230 3.1.1 Precision and accuracy

The optimal video footage for this method is angtéme where a series of successive impacts carsbally located and
timed. The sharperndistortedand detailed the image around the impact poinhé&gasier it is to precisely visually locate
and time it. The resolving power of a camera systemf a lens attached to the camera body can kesuned with the
modulation transfer function (MTF). This opticalrflrmance measurement is often expressed as thbearunh alternating
235 black and white line pairs (Ip) that can be resdhom one millimeter of a camera sensor or film ajiwen contrast
(Rowlands 2020). The more lines that are captured, the fiherdetails that can be captured are. The morletthe
images captured, the more accurate and precisdat transposing the impact positions when pickimgr position on the
detailed terrain model. The circular area of thekipig accuracyp; [px]) around the impact point is analogous to é¢ner

bars around a point; the shorter the error bags (he radius of the circular area) are, the b¢fig. 3). The corresponding
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spatial accuracy on the terrain can be obtainegrbjecting this circular area to the terrain, fallog the reversed paths of
the light rays that reached the camera sensorglthimvideo capture (Rowland020). The same applies when transposing
the accuracy of the camera system to distant abjedbcally obtain the corresponding spatial resoh of the system.

-For an impact close to the center of the video &athe simplified projection of the circular areargendicular to the
camera viewpoint generates a right circular corth am aperture § [°]) given by the adjusted diagonal field of viérOV)

of the lens objective for the cropped portion af tamera sensor used at the desired video resol®R@&®orizontal X R€Sertical
[pX]) using Eqg. (18) as follows:
NOB6IRS T

. $ NOF , (18)

%IR H>wiG72,1@ 'x & H> HG 25'x
The intersection of the cone with the terrain foransonic section in the shape of an ellipse. Theirs@jor axis &) of this
ellipse of accuracy corresponds to the orientatidh the lowest precision and accuracy from the eanviewpoint (i.e., in
the direction of the “steepest” depth gradient)d dhe semiminor axisbf corresponds to the maximal precision and
accuracy. The angle #rcan) Of the terrain with the camera viewpoint, andsththe angle of the conic section with the

central axis of the cone is given by Eq. (19) de¥es:

« C - DC
$>2@ HG.5

Y P ——
E wos EEE’

HG.5' (19)

The greater the viewpoint is perpendicular to #neain, the less the ellipse of accuracy is eloedjathile the semiminor
axis remains constant. The semimajor axis is rafitaehe shortest length, and it is equal to thmisgnor axis for the
special case where the terrain is perpendiculéitdoziewpoint (e.g., the circular yellow ellipsein UAV camera 1 irFig.
3). The constant semiminor Axislength, corresponding to the maximal precision anduracy, is given by Eg. (20) as

follows:

3$E Ay EDNOGP, (20)
The minimal precision and accuracy from one viewpaoan be found from the length of the semimajors/xusing Eq.
(21) as follows:

E_ “abcdre Efgh] i
fghK “apcdre A]Ai M

(21)

For situations where the viewing angle is far froo@ing perpendicular to the terrain, the ellipseaoturacy is very
elongated. An impact position picked in such a iguration would be greatly inaccurate in the di@ttof the “steepest”
depth gradient. This situation can be greatly inmptbif the impact is also captured from a secondtpaf view. Indeed, two
or more viewpoints can be combined to maximize fitecision and accuracy to the constrained aredefotverlapping
ellipses. In doing so, the accuracy can approaeh given by the semiminor axes, even if the acgumipses are
elongated, as shown by the green areas in Rigd3-ig. 4
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The Riou Bourdoux rockfall test site

(Hibert et al. in review) Rockfall | o

<+ source
< d Bt

155 m, 36°
(125'x,92 m)

Color-coded!conic sections
showing theilocallaccuracy b
based on the camera wewpomts ﬂ

Max: acclracy:s
(in| green)ERe

Figure 4: Examples of spatial accuracies from thempjection of +4 px picking accuracies for the RiouBourdoux rockfall test site
that involved multiple ground based and airborne canera viewpoints (Hibert et al. in review). The maxmized local precision and
accuracy of the 376 constrained areas of the ovedping ellipses are shown in bright green like in te previous figure. The
maximal sizes (worst values) of some maximized ldcaccuracies are written in bright green next to tleir impacts. Note that each
impact _accuracy is unique and depends on many vaitides like the impacted terrain geometric configuraibn and texture, its
distance from the viewpoints and the video acquisdn setup that influence locally the ease of visuslidentifying the impact
location.

3.1.2 Acquisition setup

Concerning the sharpness associated with the ¢dwagtail of the footage, counterintuitively, lowesolution footage with

a narrow FOV can be better than ultra-high resotufor this method. Sharp and detailed ultrahigtehation footage (e.g.,

at 8K UHD resolution, 7688 4320 pixels) requires the use of a proper largeareand a high-end lenses combo designed
to have enough resolving power and acutance fdarttsk. For example, a 4K UHD (3840 x 2160 pixé&sper 35 sized
sensor with an effective area 24.89 mm wide is ~{i%dls wide per millimeter. It has a correspondaagacity to resolve a
maximum of 77 line pairs at its Nyquist frequencg,, when half of the 154 line pairs match theresponding 154 pixel
binning sampling (vertical axes of Fig5). Lenses are often the limiter at high resolutgiven their lower contrast at such

high line pairs per millimeter.
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Figure 5: Abacus putting in relation to the lens rsolvable line pairs given by the modulation transfefunction (MTF) to the

290 corresponding video resolution at maximum resolvingapacity for different common sensor sizes and ppendicular distant object
diameters equivalent to 4 line pairs that can be molved through lenses of different fields of viewHOVSs) given by their 35 mm
equivalent focal lengths. The equivalent focal lerigs of the Canon at 400 mm and Zeiss 55 mm lensesed on cameras with Super
35 / ~APS-C sensor sizes for the Chant Sura rockfakst site used as an example are shown with blaad red dashed lines. The
central MTF values at 50% contrast for the lensesr@ shown with dots for different aperture values. Wless capturing objects with

295 fine grid patterns where aliasing could be a proble, it is recommended to sample above the Nyquistégquency to avoid being
constrained by the camera body/sensor before dowraing to the resolvable video resolution. For exanmip, the Samsung NX1
camera body used for the CAVR method samples at -gK from the whole ~APS-C sensor readout before pesfming the in-body
downscaling).
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Combining the previous concept of the lens-senssslving power with the precision and accuracy epigof the previous
section, the on-sensor resolving power can be ezl to a perpendicular distant object to pretietievel of details that
can be captured in the center of the frame forsirelé contrast (Figi5). As shown, the amount of captured detail at eefow
resolution (e.g., at HD or FHD) with a narrower F@&h be very similar or even better than if captuasie an ultra-high
resolution with a wider FOV (Figt5). In the following paragraphs, the previous datptared at the Chant Sura rockfall test
site with a wider FOV and steady cameras (Cavietal. 2020), referred to with the acronym “SLF @Q2re compared to
newer footage captured with a narrower FOV and raktracking allowed by the CAVR method as acquisitexamples
(Fig. 45).

The WSL Institute for Snow and Avalanche Reseaildh [gerformed novel rockfall experiments with instrented rocks at
the Chant Sura test site (Fig6) sometime involving a 5 m tall by 60 m long 2000 ROCCO flexible barrier from
Geobrugg (Caviezel et al. 2019, 2020, 208hnchez and Caviez&020). They opened their experiment to the pubith
Geobrugg at the GEO-summit 2019 conference andgbulshared part of the acquired data in Cavietell.e(2020). The
transparency of such an action toward open scishoeld be emphasized. The accessible data canrpénekpful to the
geohazard community when assessing the sensitfitpurrent rockfall simulation software and for ding the right

simulation parameters to be used for similar sites.

2000 RElexibl
ROCCOIATE

Figure 6: Simple camera setup based on the preserdtacquisition concepts for the CAVR method tested dre at the Chant Sura
rockfall test site during the September 18 2019 SLF experiment. The white rectangle shows those-up area of the site used in
the-pextfigureFig. 7to compare the SLF RED video footage to the FHD @age from this simple camera setup. The Samsung NX
camera body from 2014 could deliver 4K UHD footag€6.5K full sensor readout downscaled to 4K), but ta lens from 1998 used
here does not have the resolving power for the relsion on the ~super 35 / APS-Csized sensor (23.5 x 15.7 mm, crop factor of
1.53). Thus, the footage was recorded at FHD anduld reach a higher frame rate instead (119.88 fps).
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8K as in|Caviezel et al§(2019) downscaled!to/4K

i

EOTA,,, 2670 kg

heel-shaped)

" 1/2 of the frames shown

Figure 7: Comparison of the FHD (a) and HD (c) narower FOV video footage captured with the CAVR camex setup shown in
Fig. 56 with the wider SLF RED video footage (b) from Cawzel et al. (2020), described in Caviezeét al. (2019) for rocks with
similar trajectories. The visible outline of the racks is highlighted with a black line roughly hand dawn on the stacked frames to
help distinguish the rocks from their background. Note the difference in sharpness and the level of @dls of the footage related to
the captured resolutions and the field of view. Foscale, the 1 m 2670 kg rocks have their rotations aligned aroundheir shortest
diameters of 0.72 m and have their longest diametgrequal to 1.45 m. They are the largest blocks test at that site in{Caviezel et
al. (2021), and therefore, are the easiest to see on tideo footage. The smallest equant blocks of 45 lage approximately one-
fifth of the length of these blocks and require detiled footage for proper tracking.

In parallel to the common acquisition setup presipwsed by the SLF at that site (Caviezel et 2aD19), the alternative
CAVR camera setup following the previously desatibeoncepts was deployed from one viewpoint for tbekfall
experiment performed on Septembe¥, 13019 (some footage is publicly available in Cagleet al., 2020). The simple and
affordable alternative setup consists of a camaepducing at FHD resolution, 119.88 fps and a fastter speed, coupled to
a zoom telephoto lens used at 400 mm (~612 mnirfutie equivalent) for a narrow FOV of approximatétyand manually
panned to track the rock projectiles (Fi).

The CAVR narrower FOV FHD footage is compared ® 8LF 2020 older 8K UHD high-end RED video footégen the
SLF (Caviezel et al 2020) in Fig.67 for rocks sharing similar trajectories. The retiolu of the CAVR narrower FOV
footage is also downscaled to HD in Rig.c to compare with the SLF 2020 footage at 4K UHiwdscaled from 8K UHD
visible in Fig.67.b. Even with a resolution reduced by half from EHiOs possible to see that the sharpness of theRC
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narrower FOV footage at HD surpasses the SLF 20@0-dénd RED footage. Indeed, the CAVR narrower Fogtage
(Fig. 6-a79 resolves smaller distant objects, as foreseghdarabacus (Figi5) and confirmed by the sharper edges and the
visible details around the bright outcrops. The GAwWarrower FOV footage following the previously déised concepts
shows more details and sharpness thanks to thewm&®V used, despite having been captured withexyear-old camera
body coupled with a twenty-year-old telephoto lahthe time of performing the experiment.

The limitations by the lens, as previously obsergadhe SLF 2020 older footage, are likely to oconrsuper 35 / APS-C
sensors, even with the extremely sharp Zeiss CBusis f/1.4 used in Caviezel et al. (2019). Reduc¢hegaperture could
help (Fig.45), as no lens is perfect when wide open, espedialilfe corners. This is especially true when thmera is kept
still with the rocks moving across the frame, ptitdly reaching the corners. However, with the CAVE&onstruction
method, one can pan to track the rock projectielseep them close to the center of the frame wlegrges are most of the
time at their best, allowing a wider aperture toused without degrading the sharpness in the ceAtevider aperture
comes with a shorter exposure period from a fagtatter speed or a lower ISO sensitivity, redudhregmotion blur or the
noise level of the captured footage. With the pagnmnotion, a narrower FOV can be used while tragkire moving rock,
as with the FHD camera setup shown in Eig. A camera body with a fast sensor read shouldseé to reduce the rolling
shutter skew distortion with such configuration.

Therefore, as conceptualized in Fig. 3 and Big.and shown in Fig67, more detail around the impact points can be
obtained at lower resolution if the panning motand the narrow FOV are combined for tracking thekso This in turn
allows a higher constant frame rate and a fastehspeed to be used, as often required for trgckie angular velocities
and for timing the impacts. Lower resolution filarfling and playback are also simplified becauseftiotage can be
played fluently and edited efficiently on most coommcomputers to add, for example, an overlayingetode and
electronic image stabilization. Additionally, blurfootage can still be sufficient for timing impadf they can be located
from the impact marks left on the terrain. As tli2 @etailed terrain model is the spatial referermetlie impact positions
and not the cameras, this CAVR method is flexilmarany types of video footage available. Thussitvell suited for
reconstructing 3D trajectories from nonoptimal poes records to help gather data needed for sgeHsp calibration of
sensitive rockfall simulations. Consequently, valearockfall data, such as the data gathered bysttfe (Caviezel et al

2021), could also be acquired with an affordablae@ setup and from previously witnessed rockfizdigs.

3.2 Digital terrain model

A corresponding detailed 3D model of the terraimégded to extract the coordinates of the impamtsefconstructing the
trajectories. As covered in Noél et al. (2021),cén be acquired in many ways, e.g., by Structuoen fiMotion
photogrammetry (SfM), by airborne, mobile, or tetrial laser scanner (ALS, TLS). The SfM methodfgrable because it
is often exempt of occluded part and properly cagpthe terrain roughness as perceived by the r@d¢&8l et al., 2021). It
can also texture the 3D model from the acquiretupes, which is very helpful to visually locate timepacts and extract

their position coordinates when no indentation nrkcar is visible. Other methods can be textfrath projected photos
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and orthophotos or from the return signal’s intgnd¥egetation is often not a problem for freshffeated sites, since large
rockfall events usually remove part of it. Artifacand bushes might be present, however, and sheulaloided when
evaluating the impact position and the local ter@ientation. They can be highlighted by artifighading methods, such
as the eye dome lighting method (EDL) (Boucheny®@r the ambient occlusion method (PCV) (Duguet &irardeau-
380 Montaut, 2004an4d; Tarini et al., 2006). Local geomorphological features and impaatks are also highlighted with these
shading methods (Fig8). These methods can also be combined with colariathods based on the local terrain orientation
(e.g., the Coltop method by Jaboyedoff et al. (20@hich is also implemented with a slightly diféet color distribution in
the CloudCompare open-source software (Girardeant&dd, 2006)). A comparison of two terrain modé&ism before and
after the rockfall event(s), can also help highlitite impact marks if such models are availableshesvn by Caviezel et al.
385 (2019).

=

Figure 8: Same 3D scene with different rendering $ings of the 3D terrain model. The EDL shading fiter can be very useful for
highlighting artifacts and impact marks. The scenesare rendered in a custom tool developed to help sist the reconstruction
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process, as later described. The trajectory undereconstruction shown in red with white dotted normalvectors from each impact
mark visible on the ground corresponds to the blockvith the longest runout from the 2015 Mel de la Nia rockfall event (Noél et
al—2020,., in preparation;Lu et al-., 2018). It transitions from longer freefalling pha®s to a “rolling-bouncing” phase.

3.3 Rock block geometry

It is then necessary to evaluate the rock bloclnny to properly offset the impact positions te ttenter of mass. It can
be tempting to simply use the impact positions aiththe offsets, but the resulting trajectories ldauot have the right
lengths, which is highlighted by Volkweiet al. (2011) as shown in Fig. 1, and wrong retanted velocities would be

obtained (see Appendix B about how the change in impagtrjpact distance can affect the resulfe rock geometry can

be evaluated fromn-field measurements or wi8D models acquired by SfM or by mobile and TLS roe#h The mass can
be determined from the voluni&) of the 3D-meshed-medelrocand the volumetric mass density.c) of rock samples
(assuming a homogeneous distribution of the massjt, an estimation of the volume can be donesibyplifying their

shapes to ellipsoids from measuring thed, andds diameters of the rocks on field, with, d» andds being the lengths of

the longest, intermediate, and shortest sideseotisgly. In that case, the geometric propertiescaven with the Eq. (22) to

Eqg. (26) as follows:

TheT $ < ( ( (m.
(22)
$n oz T, (23)
n$—al &( rL (24)
$—a( &(nr. (25)
$—d( &(mrL (26)

wherelg, g2, andlgs are the principal moment of inertia when the rigckotating around thés, d;, andds axes respectively.

Such estimation from ellipsoids can be performeficiently from 3D models containing numerous roaksing the

automatic method described in Steer et al. (inesgyi The precisamoments and principal axes of inertia Garo be

identified from an analysis on the 3D mesheddelsmodel of individualized rocKe.g., with MeshLab from Cignoni et al.

(2008)). The dimensions can then be expressed lms#te size of the bounding boxes aligned on thanrimertia axes of
the rock—sain—c | —c —cmcdbome o lonoine o dhe Jopenct nimomedindl e n s
configuration..This is similar to the adjusted bounding box mdtipoesented by Bonneau et al. (2019); therefors 3
meshed model should be exempt from artifacts. Tten offset distance for each impact can be appratdéd to half of
approximately 90% of eithed;, d, d; or in between based on the visually identified antoof scarring and rock
configuration at impact. It is then possible toragblate the position of the center of mass froenahordinate of the center
of each impact mark on the ground with the profésed normal to the terrain. Trajectories with tteek’s translational

velocity can be reconstructed from these positarsthe impact time using Eq. (5) and (6).
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If the video frame rate is sufficient, the angulaalocity can be estimated by counting the numberoak rotations
completed over the freefalling period between thpdcts. The main axis that the rock rotates aralodld be noted. The
angular momentum and kinetic energy can then bmatstd by selecting the corresponding moment oftimeAs this is
time-consuming, the method can be combined withaihygroaches from Volkwein and Klette (2014) and i€zel et al.

(2019) to retrieve the angular velocity from inlebggroscopes.

3.4 Visual validation and fine-tuning of the resuls

It is recommended to validate visually if the resacted trajectory matches what is seen from ttleovfootage. For that,
the trajectory can be loaded in a 3D visualizatioftware together with the terrain model. They ¢taen be analyzed
visually by placing the viewpoint from the same iioa as the cameras used to capture the eventpeitbpective and a
similar field of view. Properly reconstructed tretjgries should be aligned on the rocks from theewifbotage. In other
words, they should align with the same backgroulednents on the terrain model (e.g., characterigtaund textures,
bushes, or rocks on the ground) as those momegntadluded by the falling rocks in the video foaaghen the rocks pass
in front of them. This approach is later used tmpare the older reconstructed trajectories from3hE (Caviezel et al
2020) with newer trajectories using the CAVR red¢arition method.

The total apparent kinematic coefficient of restitn (COR,) should be under 1.00. Exceptionally, it can bghsly above
1.00 if a considerable amount of angular momentsitnansferred to a translational momentum at thgagh Overall, the
total kinematic energy cannot be greater afteritingact point than before. If the opposite is obedrvthe reconstructed

impact must be fine-tuned or discarded for impagth long rock-ground interactions.

4 Computer assisted reconstruction

To facilitate and homogenize the reconstructioncess, we develop a tool with a graphical user fater (GUI) that
incorporates the previously mentioned conceptshef reconstruction method. The 3D detailed terramdeh can be
visualized with a perspective from two viewpoinisgltaneously (Fig89). The field of view can be adjusted to match the
video footage. The prerendered terrain from thesehoviewpoints can be shown with its textured RGBS only, with
only the EDL shader, or a combination of the twdetcilitate the localization of the impact pointdate eventual scars (Fig.
48). The terrain can be explored by panning arourdctimera point of view on either one of the twonithg windows,
reproducing the panning motion from the video fgetato track the rock projectiles. The other windtven pans
automatically to follow the same part of the terracked in the center.

From there, a trajectory and impact number to béanust be selected. The frame number at whiehrtipact occurs in
the main video file can be set. The impact timthén calculated from the constant frame rate sethfovideo file (e.g., the
13" impact being reconstructed in Fi§9 has an impact time related to the beginning of ¢hepped video file of
1802/119.88 [fps] = 15.03 s). This is quicker theaving to enter the time in minutes, seconds, amahé, and reduces the
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risk of transcription error. The diameter of thekdo use for thevanteddesiredffset must also be set (e.g., ~90%lgfd,,
ds or in between, depending on the observed amousttarfing and the visually identified rock configtion at the impact).
Half of this value is then used for the offset tage the center of mass using the impact deteetigorithm described in
{Noél et al.(2021).

It is possible to define an impact position ondiheund by either directly pointing at the terrainael with the mouse cursor
or by entering the coordinates manually. The nortoathe terrain is then updated automatically ial-tene using the
efficient impact detection algorithm that works amletailed 3D terrain model while considering thekrsize (Noél et al
2021). The normal is shown as a white line perparidi to the terrain in the footprint of the rodkdafollows the mouse
cursor if the position is defined with it. The ®eajory is then updated in real-time, properly dffserpendicularly to the
terrain from the mouse cursor. The impact timeaan be slightly adjusted by scrolling while picgithe impact point with

the mouse to see the effect in real-time on thenstitucted parabolas.

Figure 9: Graphical user interface for assisting tle reconstruction process, shown here during the reastruction of the trajectory

of the 8" rockfall run performed by the SLF at the Chant Sura test site on September 13 2019 (Caviezel et al., 2020; Sanchez and
Caviezel, 2020)A trajectory being reconstructed is shown in red m the two viewing windows, with the impact points ad normal
vectors for the automatic offset shown in white. Ta on-ground impact position can be entered manuallyminus a global shift
translation to bring the coordinates close to a la origin) or set by clicking directly on the 3D terain model. The reconstructed
trajectory is updated in real-time following the mause cursor.
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This emphasis on the real-time updating of themetracted trajectories is important because thielatidn and fine-tuning
processes then become part of the reconstructameps. The goal, after all, for this process isetmnstruct data that match
as much as possible with what is observed, whifeedimes having to struggle with some unknowns aroptimal video
footage. Therefore, having the flexibility to instly see the reconstructed result when hesitatingetween two frames for
the impact time or when hesitating on the impacttmn by a few centimeters to decimeters trulypsdind the best
parameters that make the trajectory match whaéés ®n the video footage. Of course, the qualityhef reconstructed
trajectories depends on the quality of the inpotdge and the 3D terrain model. Therefore, if itripossible to see part of a
trajectory and its bounding impacts on the footagehe terrain; then this part should simply becdiged or kept for
qualitative purposes only.

To further ease the reconstruction and validatimc@ss, some reconstructed properties of the impaet shown in two
graphs COR, as a function of ; andCOR, as a function of 4ey). They are also updated in real-time. The editegaict and
its direct neighbors are highlighted with differexmiors, with red for the current impact, blue foe previous impact, and
green for the next impact, if present. The othgraots are shown in different shades of gray, wéttker values if the period
preceding and following the impact are longer, tdretefore, with relatively more precise reconsidctalues. It is possible
to quickly notice if an impact is behaving strangeiuch as, for example, if the total returneddtational velocity is largely
above the incident one or if the impact is notdaling the trends. From there, more emphasis capéet on understanding
the reasons behind the strange behavior of areo(#ig., the rock shattered) and fix the impaetny error is made on the
position or timing. However, this should never keedi to choose parameters that would force a fithentrends.See

Appendix A about the significance of air drag insaering using the CAVR method with small rock jpotiles and/or

important freefalling distances reaching high véles. More details about the positioning and tiqiprecision of the

method can be found in Appendix B.

5 Method comparison

In this section, the presented trajectory recontitn method (CAVR) is challenged when used nexthi results of an
existing peer reviewed method. A comparison of ghaduced results can provide a validation thatpresented method
produces valid results. The concept of this congpariis as follows: if the rockfall trajectories gmoperly reconstructed,
they should align with the real rock positions frdme video footage. The reconstructed trajectaies energies should also
correspond with those from the existing reconsioactnethod. Such a comparison would show that tkeegmted flexible

rockfall reconstruction method reproduces propetraictories from real rockfall events or expernirise

5.1 Comparison approach

For this exercise, the CAVR method is used withpghesented computer assisting tool to reconsthecBttrajectories from
the SLF rockfall experiment performed on Septenil#¥rof 2019 at the Chant Sura site (Sanchez and GalyR(20). The
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reconstruction is quickly performed in approximgtehe day for the purpose of this comparison, aiitl the nonoptimal
configuration of using only one viewpoint. The 188fps FHD video footage with a narrower FOV using camera setup
previously described (Fig6) is used for the reconstruction (footage availdbtethe &' and 7' rockfall runs in Caviezel et
ak., 2020).

The detailed digital terrain model (DTM) used aspatial reference for the reconstruction correspdndthe model from
before the experiment performed that day. The D$SMeénerated by the SLF with structure from motibotpgrammetry
using precisely geolocated pictures acquired wihlaPhantom 4 RTK. For the reconstruction with @&VR method, the
terrain model is textured based on the orthophdter dhe experiment using the publicly availablerasn models and
orthophotos from the SLF in Caviezel et al. (2020).

With one camera input per rock publicly availabte that site at the time of writing these linesjsitnot possible to
independently reproduce Caviezel, et al.’s (201®thod, which relies on video stereo pairs. Themfdhe method
comparison focuses on comparing the reconstructgdctories from the CAVR method with the rocksibis on the
stacked aligned FHD video frames. Nevertheless,otter 3D reconstructed trajectories from the SCaviezel et al,
2020) based ofCaviezel et al(2019) can be visually compared side-by-side withrtwer trajectories based on the CAVR
method. The newer reconstructed trajectories, hewaeliffer by being offset to the center of masshaf rocks instead of
being reconstructed directly from the contact oo the ground, as illustrated in Fig. 1. Thigediy-side height difference
affects the reconstructed bounce heights by apmprabely half ofd;.

The intercepting reconstructed impacts at the 20D@exible ROCCO barrier from Geobrugg in Sancher Caviezel
(2020) are used to refine the comparison with geomstructed energies and bounce heights. Apanrt fhe fact that the
intercepted rocks were all stopped by the flextiderier, the related information is here kept socgias the authors do not
want to impinge on future publications focusingtbe behavior of the flexible barrier. The readereierred to Sanchez and

Caviezel (2020) for more information about the dasgerimental setup with the flexible barrier.

5.2 Results and discussion

The reconstructed translational velocities andteelanergies, parabola lengths, and vaulted shapmsthe two side-by-
side 3D reconstructed trajectories (r1 and r2) layerg the stacked video frames of tHeahd 7 rockfall runs in Fig910

are similar. Despite beingsually aligned with the center of the orange rocks mdghe time, slight rare misalignments
persist between the CAVR reconstructed traject@rabsthe visible rocks in the video footage (Figh-9-c10a, Fig. 1Cand

Fig. 2011). This suggests that the reconstruction couldefieed further, especially if improved by also gsiideo footage
from other view anglesilignmentVisual alignmenmismatch is also present on the SLF's older retcocted trajectories
(Fig. 9-b10band Fig.2-d10d.

Unlike in Caviezel, et al. (2019, 2021), only disdive impact processes are obtained with the CAgproach. Indeed, no
apparent gain of kinetic energy at impact that wWdu manifested b€OR, above 1.00 is obtained. This is because the

presented reconstruction methodology excels in rsolution of smaller bounces in complex and stémpact
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configurations, especially with the easy validatpyocess from the real-time update of the recoottlitrajectories with the
computer-assisted approach. The CAVR method iseliew limited to short rock-ground interactions piifired to single
impact points offset from the ground. Longer rocktmd interactions in steep terrains have diffepotential energies at

540 the start compared to the end of the interactibas ¢ontribute to some of the apparent gain oftidnenergy previously
obtained by the SLF (Caviezel et.a2019).

e e ond He O Hhe

Figure 10: Side-by-side comparison of the reconstaied translational velocities, positions, translatinal energies, and bounce
545 heights of the reconstructed trajectories with theCAVR method compared to the older trajectories fromthe SLF (Caviezel et al.,
2020). The r1 and r2 rockfall runs correspond to te 68" and 7" runs performed by the SLF on September 18, 2019. The 3D
reconstructed trajectories are overlayed on the stked frames showing the rock positions every 10 fraes (every ~1/12 of a
| second for the footage captured at 119.88 fps witthe camera setup shown in Fig6). For scale, the dimensions of the 2670 kg
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orange reinforced disk or wheel shaped concrete réare 1.45 m (d and d) by 0.72 m (@). The reconstructed trajectory segments
are shown in black with their respective slope prafes in gray as background elements of the 2D vedal profiles shown in (e) and
(). The characteristic sawtooth shape of the eneygprofiles helps distinguish them from the bounce &ights. The values from the
CAVR method are shown in blue while those from theSLF are shown in red for a guantitative comparison.The portion of

reconstructed trajectory segments shown over stackevideo frames in (a), (b), (c), (d) and in Fig. (M are highlighted in the 2D
profiles (e) and (f) with white vertical bands.

The bounce heights from the center of mass of theswodkh the CAVR method are always above the tersairfiace and
have values that rarely fall under one radius efritcks ¢; of 1.45 n) (Fig. 10e and Fig. 1pfThey follow those from the

older reconstructed trajectories from the SLF, they are slightly higher by the equivalent of apgmuately one radius of
the rocks, and they are never negative. This istdube applied offset perpendicular to the impddegrain bringing the
reconstructed trajectories to the center of maskefocks for each impact.

Most energy peaks from the typical saw-tooth roltkéaergy profiles align and reach similar valuetween the two
methods. This shows that the presented flexibl&faticreconstruction method can reproduce properti#Ectories from
real rockfall events or experiments. Focusing anfdéw abnormal local differences, the reconstruttadslational energy
values mostly differ for r1 (Fige-e10¢ for one freefalling phase after reaching the mman translational energy from 216
to 233 m. For r2 (Fige-f10f), they mostly only differ for two freefalling phes from 163 to 173 m and from 190 to 201 m.
These rare abnormal energy mismatches deserveer dhok.

The reconstructed trajectory segments of the femoabal energy mismatches previously highlighted detailed in Fig.
1011 For proper trajectory reconstruction, the impgaamsition and timing must be chosen precisely bydieg on the right

freefalling period (see Appendix B about the positioning and timanecision).The timed dashed pattern should follow the

appearance of each new stacked frame if the timfirtge chosen period is correct. The chosen bognidiapact position for
the beginning and the end of the three freefallegpnstructed parabolas should also align withygéow frames with
thicker added black contours corresponding to theeoved rock positions at the start and the erghoh period. With the
timing and position of the bounding points of ttergbola matching the observations, the reconstiysdeabolas from the
CAVR method in Fig20-a-10.clla, Fig. 11and 16-eFig. 11ealign well visually with the observed positions of the
freefalling rocks. Therefore, the resulting recomstied translational velocity and energy valuescose to reality. Sharp
detailed video footage with a high frame rate f@recise time resolution following the presentedquasition conceptsand
combined with the computer-assisted tool helps fimel right freefalling period and transpose the aotppositions with
accuracyln the 3D space, the rl parabola reconstructeld thvée CAVR method in Fig. 11a is 2.21 m away inrage from
the one from the SLF (Fig. 11b), with a S.D. of®r8. Concerning the two r2 parabolas in Fig. 11a Big. 11e, they are
respectively separated by 0.77 m, S.D. of 0.10 ch@aA9 m, S.D. of 0.02 m from the SLF parabolag.(Eild and Fig. 11f).

Conversely, choosing bounding impact positionshiertapart or freefalling periods shorter than thseoved would

artificially boost the reconstructed translatiomalocities as longer travel distances must be cciedein shorter periods.
This can explain the three abnormal higher misnatcheconstructed translational energies of theemigconstructed
trajectories from the SLF shown in Fit0e and Fig. 10f and detailed in Fig. 11b, Fig. Ahd Fig. 11fSuch timing and

positioning imprecision can also contribute to somhéhe apparent gain of kinetic energy at impaeahifested byCOR,
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585 above 1.00 or the positive energy ratio obtainedhsy SLF with other reconstruction methods in Czefieet al. (2019,

1590

595

2021).

Figure 11: Detailed portion of the three abnormallymismatching reconstructed trajectory segments praeusly highlighted in Fig.
9-el0eand 9-fFig. 10f The reconstructed trajectories repeatedly changeolors every 1/19 of a second. They are overlayed on the
stacked video frames showing the rock’s position evy 10 frames (every ~1/1%2 of a second for the footage captured at 119.88 fps
The rocks from the frames corresponding to the ch@n period for the three freefalling phases with theenergy mismatches are
colored in yellow. The visible rocks in yellow fromthe added frames corresponding to the beginning @hthe end of the chosen
period for the reconstructed parabola are highlighed with a thicker black contour.

For the intercepting impacts at the 2000 kJ flexiBOCCO barrier from Geobrugg, the reconstructagdtories overlaid
with the CAVR method on the stacked video framengigshe same viewpoint in Fig-112 show a good match with the

artificial reinforced rocks. The white normal veddo the terrain automatically calculated are useabtain a proper offset
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at the center of mass of the rocks from the impaatt picked on the detailed 3D terrain model. Wtlproper offset and

precise timing from 119.88 fps, which is 10 timesrenframes than those shown in the figuifes. 7, Fig. 10, Fig. 11 and

Fig. 12) the reconstructed parabolas of the trajectorase heights matching the positions of the real sodkus, the
reconstructed velocities are close to reality. l8ligsual misalignments argisiblepresenin rare occasions, within a margin
of approximately ¥ of a radius of the related roickthat case. For example, the 840 kg equant abtke %' contact point
in-line with the posts from the left appears slighhto much on the left, or the impact with the gmnd preceding the impact
with the fence of the outermost right trajectoryslghtly too high. Therefore, these impacts cohkl refined further,

especially if improved by using video footage frother view angles.

Figure 12: Reconstructed trajectories using the CAR method overlaid on the stacked video frames of éhdifferent rockfall runs
from the SLF experiment performed on 2019 Septembet3". One frame out of ten is shown for each trajectorfrom the 119.88
fps footage captured with the FHD camera setup shawin Fig. 56. All these rocks that are intercepted by the flexile ROCCO
barrier from Geobrugg are stopped (Sanchez and Caeizel, 2020). The reconstructed energies in line Withe posts from both
methods are put side-by-side.

Despite thesbservedslight visual misalignments, the impact positions and heighténe with the posts match the impact
fields and points from the 9 sectors in Sanchez@adezel (2020). The red points numbered from T foom left to right

in Fig. £112correspond to rockfall runs 1.3, 1.9, 1.4, 1.8, 1.8 and 1.1, respectively, in Sanchez and CaV{€p20). The
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rotational energies with the CAVR method are edaabr slightly above the older values from the SIRe differences
between the two methods are relatively low, withagarage of £ 7% and an S.D. of 5% for the seveonsructed impact
values. Thus, the estimated angular velocities fthm counted number of rotations during the fréiefglperiods are
equivalent to the SLF values from gyroscopes. Theeewith the CAVR cost-effective method, it isgsible to reconstruct
valuable information even if rocks are not instrumeel. The use of gyroscopes can, however, save dimnimg the
posttreatment and can be of great help when tlioas of the rocks are not aligned around theirgipal axes of inertia,
highlighting the complementary value of combininffetent reconstruction methods. The slight diffezes in rotational
energies could be attributed to the use of slighifferent moments of inertia. The rock shapes @mesidered with the
CAVR method, but the inhomogeneous mass distributEmused by the denser steel reinforcement of tifecial concrete
rocks is ignored. The moments of inertia used lierequant rocks are 62 and 440 kgamd 90 and 689 kg Hfior the disk
or wheel-shaped rocks.

The differences are greater with the translati@rargy from the two trajectory reconstruction methoFor the smaller
rocks approximately 800 kg, they are + 17% on ayensith a maximal difference of 21% for th& ifpact from the left in
Fig. 24112 (1% rockfall run of the day, on the outermost righttte figure). This increases for the four valueshef larger
2670 kg rocks with an average difference of + 46% a maximal difference ¢i4924 for the ¥ impact from the left @
rockfall run of the day). These translational eyargsmatches are similar to the rare abnormal pnegiously covered for
the r1 and r2 reconstructed trajectories of theusd 7" rockfall runs. They could be attributed to similmning-positioning
imprecisions of the older reconstructed trajec®fiem the SLF.

With the publicly shared data, it is possible te tise CAVR method for the comparison of the nonmoatisingle viewpoint
configuration, highlighting the flexibility of thenethod to handle the variable available footages ttemonstrated that the
reconstructed trajectories align relatively wellttwithe real rock timed positions from the stackedew frames. The
velocities and energies also compare well with ¢hivpem the older reconstructed trajectories of $hé& from the side-by-
side comparison. The bounce heights, rotationalgée® and impact positions against the flexibleibailso compare well
with those from the SLF. Therefore, the comparisbows that the presented reconstruction methodegmeduce proper
3D rockfall trajectories from experiments or reakmts, despite some discrepancies observed witbltle reconstructed
translational energies from the SLF. All methods & improved, and the CAVR method is no exceptitimerefore,
opening access to the valuable input data as prslyialone by the SLF allows the independent reviévthe data, the
combination of different approaches, and the degraknt of innovative solutions. The contribution lelea transparent and
open rockfall science to be very helpful for theolggzard community when assessing the sensitivitguofent rockfall
simulation software and for finding the right siratibn parameters to be used for similar sites. Kfidlye it will also
facilitate the development of more objective rodk&mulation models that are less dependent omriienient and

expensive back analyses.
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6 Conclusions

As shown, the implications of the CAVR reconstraotimethod can be numerous. The reconstructed toages and
associated information provided can serve threa mpaiposes: 1) The first purpose is facilitating talibration of rockfall
simulations from back analysis, 2) The second psepis allowing a better understanding of the rdtldad impact
dynamics, and 3) the last purpose is helping indénvelopment of new simulation rebound models. piesented flexible
and cost-efficient reconstruction method offers yndrenefits over automatic tracking methods or frdipdrame
photogrammetry of video footage, especially fororestructing part of the trajectories of past rottkéaents where video
footage is not optimal. Indeed, it works with notioyal video footage, such as the following:

blurry footage,

unstable footage from a handheld camera,

low resolution footage,

loss of sight of the rock for some frames,

low contrast of the falling rock with the backgralin

acquired from only one point of view.
Furthermore, the relatively light file handling pel——savingtime and resources. Indeed, most current compatelware
can easily handle FHD footage. Scrolling througihewi timelines is not interrupted by frame dropsrest a high bitrate,
and does not require a powerful graphics proceasiitg( GPU). Common affordable camera equipmentazgure footage
at an FHD resolution and should be combined wititight telephoto lens with good resolving power aedtance at that
resolution for the aperture range that is used. grbgided abacus can be used to help plan videghatb acquisitions for
similar experiments that rely on remote imagerycdn also be used in other situations to ensure thea inputs for
photographic monitoring, photogrammetric modelgigapixel panoramic images have the desired leivéétail.
Moreover, the CAVR method can work with large ratkfolumes and high energy values unlikely to kpezgimented with
artificially. The exposure to hazardous slopesituced since there is no need to measure the impaitions with GNSS.
It does not require time-consuming installationr@ék inboard sensors, and thus, is not sensitiveigh angular velocity
changes or acceleration at impact that could datuhe sensors. Additionally, it is not affected dgnsor drift due to the
accumulation of measurement errors. As a drawbfobtousing inboard sensors, it does not providefitne details, such as
the accelerations and changes in angular velobay @ccur during the short contacts with the grourtte single point
impact information is rather generalized to thenfaf impulses but with detailed evolution of thedfalling phases, which
provides data that fulfills the first purpose o€ifdating the calibration of rockfall simulatiorfsom the back analysis and
the two other main purposes to a certain extestrumented rocks provide complementary valuablerinhtion depending
on the needs. Therefore, methods should be combiasetl on the desired advantages when needed.
The computer-assisted trajectory reconstructioh Ve visual validation of the output parabola &@R, during the whole
reconstruction process ensures that no impactcsnstructed with more energy after the contact thefiore. This is also

helped by the trajectory that is reconstructedeckosthe center of mass of the block. Thus, thensttucted parabolas are
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closer to their true lengths for as long as theaotp are short enough to be simplified as singiatpoAdditionally, the
computer-assisted reconstruction simplifies and dgenizes the application of the method to ensumettie work can be
spread across a wider range of users.

Concerning the understanding of rockfalls and immmamics, as well as helping in the developménteav simulation
rebound models, the computer-assisted method reaotsstrajectories using an impact detection alljor that ensures that
the geometrical impact configuration is properlyasngred. The way the terrain is perceived by th&selative to their
sizes is measured in the same way as how a rebmotl can be applied for simulations. In that qgpfigrther
developments will consist of using this reconsinrcimethod to acquire data from a past witnessege leockfall event and
from a collaborative rockfall experiment, which Midle analyzed in detail and combined with the rstwted data from
this paper.

Appendix A: Significance of air drag

For simplicity, the CAVR method, its ballistic edisms and comparison results given as examplesisnpaper neglect the

resistance due to air drag. The method could homestimate the drag forc&() acting on the rock during freefall using

Rayleigh’s law as done for rockfall simulationsNoél et al. (2021) with Eg. (A1) as follows:

S$. -ng 99 (w (A1)

wheren;, _is the air density (~1.2 [kg ), . _is the drag coefficient of the rock (~0.8)is the reference surface of the

rock (~ellipse=-x( ([m?) andv is the unit vector in the direction of the rockagty. The acceleration components from

Eqg. (4) then become:

Sy
., .
$) +-/ 7 SHj - (A2)
7 -
y.012" & Sii }

Because the acceleration is not constant anymesg, position and velocity equations could be foundirdiegrating Eq.

(A2) over time. Using the Newton-Cotes trapezoiddd with small time step increments (e.g.[1000), the rock positions

and velocities can be approximated numerically filégn (1) and (2) (Fortin, 2016). Doing so, approxiad values from

reconstructed trajectories considering the air dtag be compared to those neglecting the drag &mtiu the error

introduced by such omission.

To illustrate the differences induced by air drag,arbitrary unlikely/unrealistic extreme bounceachockey puck sized

ellipsoid rock over an impact-to-impact distanseand slope () of 1 km and 25° is shown in Fig. Al. Note that $oich

illustrative_extreme _example involving velocitieean and beyond the speed of sound, the effectasf ghould be event

higher due to the compressibility drag dominatirigtransonic speeds. Despite neglecting such additidrag mostly

present at transonic speeds, the differences dfieisnt for giving a visual perception of the edfeof drag on the
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reconstructed trajectory that can be pictured bielasimilarly to those of shuttlecocks during badmn games, but at

different scales. At the starting point, impactthg returned angle {) of 29.88° is lowered by 15.21° to a resultingueal

with drag of 14.67°, so giving a difference of -%®2of the value without drag. The returned transtal velocity ¥a2) is

strongly increased by 464.59 m &16 %) to compensate for the important lossesmdureefall due to drag. The resulting

first half of the trajectory with drag appears tistimighter and closer to the ground due to thhdrigelocities. The maximal

vertical bounce heighf)(and its component perpendicular to the impaditripact line f,) are shifted toward the impact b)

but are reached earlier than/2 by -1.29 s (-26 %). Inversely at impact b), ith@dent angle (,1) is increased by 19.29° (94

%) while the incident translational velocity{) is reduced by 74.01 m'$-58 %). Interestingly with this extreme example,

the velocity of the rock projectile is maximal hetstart and decreases toward its terminal veladitgn considering drag.

Without drag, the rock rather accelerates fromabex of its parabola and reach its maximal veloaitgr losing more than
400 m in height at the impact b).

For more realistic and appliable examples evalgatime differences induced by air drag, the longestbola and a

following smaller parabola of the reconstructedrotkfall run corresponding to the 6th run perfornt®dthe SLF on
September 13th, 2019, at the Chant sura test teised (Fig. A2a). The highest translational vigjofrom the 9 runs

performed that day is obtained at the end of thiomfiest parabola. Maximal “realistic” differencesn thus be expected

with this example, while values closer to the agerean be expected with the smaller parabola. Therr used an EOTAq
2670 kg wheel/disk shaped artificial reinforced a®te rock of diameted; = d>: 1.45 m andds: 0.72 m that propagated

downslope rotating mostly around it axis. To give a range of differences that can keeeted with the presented

reconstruction method for similar parabolas, a eapigrock sizes going from 0.5 cm to 16 m is testéti and without drag

by scaling up and down the rl rock. Their relatexbses range from 0.1 g to 3500 t, and they aiemalllated from and to

the same parabola bounding points located at iieicef mass of the initial 2670 kg rock.
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Figure Al: Unlikely/unrealistic extreme bounce of ahockey puck sized rock over an impact-to-impact ditance §) and slope (s) of

735 1 km and 25°. The dotted trajectory considers theeasistance caused by air drag but neglects the congssibility drag. The latter
may play an important role in this extreme examplehowever due to the high velocities beyond the speed sound in the air. The
drag is approximated numerically by updatingg: every €/1000 (0.01 s in that case), with one dot of theafectory shown every 15
iterations.
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740 Figure A2: Chosen parabolas to evaluate the signifance of air drag on the reconstructed results anthe positioning and timing
precision in Appendix B. Note that a» and b1 are calculated relatively to the impact-to-impactine in 2D vertical profiles and not
in 3D in that case. The differences when comparintipe reconstructed incident and returned velocitiesand angles with vs. without
drag for different rock sizes are shown in the graps. Cross markers are placed as indicative rock: diameters as references for
the Riou Bourdoux test site (Hibert et al., in revew), the Chant Sura test site (Caviezel et al. 2019020, 2021; Sanchez and

745 Caviezel, 2020), and the Mel de la Niva Mountain 2% rockfall event (Noél et al., in preparation; Luet al., 2018).
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The ranges of obtained differences when consideaiiag vs. without drag for reconstructing the reoey segments of the

two chosen parabolas are shown in Fig. A2 and et&ldd for the 2670 kg wheel/disk shaped rockhefitl run in Fig. A3

for its longest parabola and in Fig. A4 for its $leraparabola. Cross markers are placed as indi&atick size references in
Fig. A2 with the 780 kg and 2670 kg wheel/disk sftpocks used at the Chant Sura test site. Makersiso used to

750 indicate the size of the smallest and average dpciameters used at the Riou Bourdoux test site (tt#geal., in review)

and for the two large rock block fragments thatpaigated downslope over more than a kilometer irb Z@dm the Mel de la

Niva Mountain (Noél et al., in preparation; Lu &t 2018). As for the previous extreme example, d@nstructed initial

returned velocitiesvk,) must be greater to compensate the losses du#& t@sistance when drag is considered. The

trajectories must also be closer to the groundhihit as shown with the lower returned angles)( The incident velocities

755 (wp) are lowered by drag and come with steeper plsigevn with the higher incident angles:§ as seen previously.

Those differences _are however marginal for largeksolike the 2670 kg rock of the rl run and thee arsually

imperceptible at Fig. A3 and Fig. A4. For the twisosen parabolas, the differences increase as zleo$ithe rocks

decrease. The same would happen with increasinadixip-impact distances and/or involved velocities.

760

Figure A3: 2D vertical profile of the longest paralwla of rl reconstructed with and without air drag.

The obtained differences are lower than +2.5 %rdoks larger than 0.15 m (>3 kq) in the case ofrthéongest parabola

(Fig. A2b), and for rocks larger than 0.09 m (>Rcf in the case of the rl smaller parabola (Figc)ARt such differences,

an impact bounded by two similar parabolas woultehen apparent coefficient of restitutidd@R,) underestimated by 4.9

32



765 % when neglecting the air resistance due to thebawad error of the incident and returned reconggdivelocities. For

impacts bounded by two parabolas like the rl longas, theCOR, neglecting drag would be respectively underesthat
from the smallest to the largest rock markers 8; 2.6, 1.1, 0.8, 0.2 and 0.2 %. For the smallepadabola, theCOR,
neglecting drag would be respectively underestichaie0.9, 0.6, 0.5, 0.3, <0.1 and <0.1 %.

770

Figure A4: 2D vertical profile of the smaller paraklola of rl1 reconstructed with and without air drag.

As shown, neglecting the effect of the air resistahas most of the time little influence on theagi#d results. Still, the

effect of air drag might be significant in the cadaeconstructing the trajectories of small rockgiments freefalling over

long distances at high velocities. In that case,rtethod can be bonified by implementing the aagdirom Eg. (A1) and
775 Eq. (A2) for example.

Appendix B: Positioning and timing precision

When the impact position cannot be resolved frosible impact marks on the detailed terrain model when the impact

timing cannot be resolved from rock inboard senswrgroximal geophones, both must be determinedallis from the

video footage. Sharp and detailed video footag# igreat help in that case. When multiple camerasuaed, they can be

780 synchronized visually from fast changing objecilse the face of the rotating rock quickly passingni being exposed to

sunlight to shadow, or from the quick projectionsmhall fragments. Whatever timing method is_used, érror on the
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estimation of the freefalling period ) can significantly affect the reconstructed valu€se quantify the effect of the

positioning and timing precision, the previousheddongest parabola and smaller parabola (Fig. AR&)e reconstructed

rl rockfall run are here used with differertand impact-to-impact distances).(The reference impact-to-impact distance

785 and period are respectively set to 49.2830 m aBd72. s for the longest parabola and to 18.1957 dnlabh512 s for the
smaller parabola.

Figure B1: Differences induced by erroneous posititing or timing shifts for the two reference paraboés of the r1 rockfall run.

790 The obtained differences when comparing the recoctstd values at different impact-to-impact disemeelatively to their

references are shown in Fig. Bla and Fig. Blb. @hekted to differentt relatively to their references are shown in Fig.

Blc and Fig. B1d. Their vertical grid lines areikontally spaced by 1/1800f a second to correspond to the frame rate of

the camera used given as examples in this papér88.1ps). The smaller parabola is more sensitivéhé positioning and

34



795

800

805

810

815

820

timing _precision due to its shorter impact-to-impdistance and period. Also, when an impact pa@rdgrroneously shifted

toward its previous impact point or if its impaiché is delayed, the effect is double:

1) Its incident parabola becomes more vaulted and ieitfer velocities, as shown by the rise of the decit and

returned angles and decrease of corresponding ittefoclue to the shortened impact-to-impact distaonc

prolongated period.

2) lts returned parabola behaves the opposite dus éxiended impact-to-impact distance or short@esitd.

In such circumstances, a shift of 0.5 m of an inhjpacinded by two similar parabolas would overedtinis COR, by 1.7 %

and 5.0 % respectively for bounding parabolas the rl longest parabola and the rl smaller paral#alaimpact time

delayed by 1/30 s, which corresponds to four fraatel20 fps or two frames at 60 fps, would oveneate itsCOR, by 1.9

% and 4.6 % respectively for bounding parabolas file rl longest parabola and the rl smaller p&abhis highlights the

importance of prioritizing sharp, detailed, andrhftame rate video footage if the acquisition setap be customized.

Fortunately, an erroneous position or time shidiuices opposite changes in the vaults of the intided returned parabolas

which can be noticed if pronounced enough durimguisual validation and fine-tuning of the resultbe impact can then

be fine-tuned to balance the bounding parabolasthety match with the observations. This highlglite advantage of the

computer-assisted reconstruction where the reamtstt parabolas updated in real-time can be quicalidated without

time-consuming intermediate steps.

Data availability statement

The video footage, 3D detailed high-resolutionai&rmodels and older reconstructed trajectoriesaaadiable via Caviezel
et al. (2020).

The 3D reconstructed trajectories for the sidedibg-c£omparison are available as supplemental nahteks previously
mentioned, they can be refined further.

The reconstruction tool can be customized for dififé rockfall test sites and camera setapsl can be freely obtained upon
request to the first author.

The impact-detection algorithm applicable to 3Dkfaf simulations from Noél et al. (2021) can bedity obtained via
https://stnparabel.orgr upon request to the first author.
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