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Introduction

The following study is a part of a larger project aiming
to analyze the archaeological sites’ network within the
Machu Picchu Archaeological Park. An additional goal
was to define the extent of individual settlements and
identify the types of buildings constituting their resi-
dential sectors. The Machupicchu National Archaco-
logical Park, which covers 37,302 ha, was inscribed on
the UNESCO World Heritage List in 1983. The name
“Llagta de Machupicchu” is the official term denoting
the actual archaeological site, in which “Machupicchu”
1s written as one word.

A network of roads connects the llaqta of
Machupicchu with numerous (ca. 60) smaller archaco-
logical sites (Fig. 1). Only general locations and bound-
aries of these sites have been observed, but the degree
to which they have been scientifically explored varies
from site to site. Therefore, it can still be expected that
in the less accessible areas of the Park, there are other,
hitherto unidentified traces of Inca activity.

The project started in 2015, and its main objec-
tives were oriented towards studying the function of
two satellite sites: Chachabamba and El Mirador de
Inkaragay (Fig. 1). From an academic point of view, both
of these sites look promising for at least two reasons.
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Fig. 1. Archaeological sites and Inca roads within the northern part of the National Park — Historic Sanctuary of Machu Picchu; by J. Ktaput.
Ryc. 1. Stanowiska archeologiczne i drogi inkaskie w pétnocnej czesci Parku Narodowego — Historyczne Sanktuarium Machu Picchu;
oprac. J. Kiaput.

Firstly, they are in the Vilcanota Valley, in an area that was
a political, administrative, and religious center' associat-
ed with the Inka Pachacuti domain.? Secondly, both sites
present an interesting example of the different phases of
Inca activity in this region. In light of recently compiled
radiocarbon dates,> the beginning of Chachabamba’s
construction coincided with that of the llagta of
Machupicchu. In turn, many factors seem to indicate
that El Mirador de Inkaraqay belongs to the final phase
of the Incas’ activity in this area.*

The main problem related to such research is the
complete recording of all of the area’s natural and an-
thropogenic features. Since the central parts of both
sites were not covered with dense vegetation, they
could have been easily documented by digital pho-
togrammetry (Fig. 2a) and terrestrial laser scanning
(TLS) (Fig. 2b).> However, these central zones’ study
has not extended to the broader neighborhood due to
the surrounding dense vegetation cover where some
other pieces of evidence for Inca building activity are
hidden. They often represent only relicts of walls that
emerge from the ground by no more than two or three
courses of stone blocks. Another factor are the tech-
nical and logistical problems of surveying very rugged
areas covered by rainforest, which are difficult to ac-
cess using traditional terrestrial exploration techniques.
This situation inspired the idea of using aerial prospec-
tion with a LiIDAR system mounted on a UAV.

In archaeological survey, aerial LIDAR technology
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has proven helpful in quickly mapping and acquiring
data over large areas. However, its main disadvantages
are the equipment’s availability and the cost of bringing
a specialized crew and equipment to the site.® Never-
theless, the aerial LIDAR technique occupies a special
place in remote sensing for archaeological purpos-
es, especially in densely forested areas.” The most fa-
mous and spectacular applications relate to research in
Mesoamerica.® LiDAR survey also significantly im-
pacted the understanding of the Angkor site in north
western Cambodia.” Another example of research us-
ing a long-range LiDAR carried by helicopter are the
recently published survey results of the Machupicchu
National Archaeological Park.!

MATERIALS AND METHODS
Chachabamba archaeological site

Chachabamba (13°11°14.43” S; 72°30°34.26” W) is
located, on the Vilcanota River’s left bank, 104 km
along the railroad leading from Cusco in the direc-
tion of Machupicchu Pueblo at an average altitude of
2,170 masl (Fig. 1). The first archaeological research
at Chachabamba goes back to 1941, when Paul Fejos
investigated the site.!" During this work, most of the
covering vegetation was cleared away, so the archival
photographs document the buildings’ conditions as the
Inca had left them (Fig. 3). According to our present
understanding, the site’s character was mainly cere-
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Fig. 2. Terrestrial survey. a — orthoimage of the Chachabamba archaeological site’s central part; by B. Cmielewski, b — EI Mirador de

Inkaraqay site on TLS survey; by J. Kosciuk.

Ryc. 2. Inwentaryzacja terenu: a — ortofotomapa centralnej czesci stanowiska archeologicznego Chachabamba; oprac. B. Cmielewski,
b — stanowisko EI Mirador de Inkaragay na inwentaryzacji TLS; oprac. J. Kosciuk.

monial, but some structures indicate also its residential
and agrarian function."

Further archaeological research at Chachabamba
took place between 1996 and 1997. Current archaeo-
logical investigations started in 2016 and continue to
this day within the research program of the Direc-
cién Desconcentrada de Cultura Cusco, supported
by the Center for Andean Studies of the University of
Warsaw in Cusco (CEAC UV), with the help from the
staff and equipment of the Laboratory of 3D Scanning
and Modelling (LabScan3D) at the Wroctaw Universi-
ty of Science and Technology.

Four different sectors can be distinguished within
Chachabamba (Fig. 4). In the most thoroughly exam-
ined Sector A (ca. 3,500 m?), the presence of a carved

sacred rock and a system of fourteen fountains used for
ablutions confirm its ritual function."”” However, cov-
ered with very dense vegetation Sector B (ca. 8,500 m?)
of a predominately residential function (Fig. 5) was not
examined in detail." Even denser vegetation covers
Sectors C (ca. 6,000 m?) and D (ca. 9,000 m?), where
one can expect large terraces and some additional
structures.

El Mirador de Inkaraqay and its relation to the
Inkaraqay archaeological site

El Mirador de Inkaraqay (13°08’57.0” S; 72°32°55.0”
W) is a small architectural structure situated on the
northern slopes of Huayna Picchu on the left bank of

Fig. 3. Chachabamba during P. Fejos’ expedition in 1941; courtesy of the Metropolitan Museum of Art, New York, Department of the

Michael C. Rockefeller Wing.

Ryc. 3. Chachabamba w trakcie ekspedycji P. Fejosa; dzieki uprzejmosci Metropolitalnego Muzeum Sztuki w Nowym Jorku, Wydziat

Skrzydta Michaela C. Rockefellera.
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Fig. 4. Plan of the Chachabamba archaeological site, prepared by the Machupicchu National Archaeological Park’s architects surveyors;
courtesy of the DDC-Cusco.

Ryc. 4. Plan stanowiska archeologicznego Chachabamba, przygotowany przez architektéw i geodetéw Parku Archeologicznego
Machupicchu; dzieki uprzejmosci DDC-Cusco.
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Fig. 5. Plan of the Inca road between Huayna Picchu and Inkaraqay; prepared by the Machupicchu National Archaeological Park’s survey-
ors, courtesy DDC-Cusco, Google Earth image used for the background, edited and adjusted by J. KoSciuk; A — Inca walls and buildings;
B — terraces; C — Inca path; D — rock boulders; E — contour lines.

Ryc. 5. Plan drogi inkaskiej miedzy Huayna Picchu i Inkaragay; opracowany przez architektéw i geodetéw Parku Archeologicznego Ma-
chupicchu, dzieki uprzejmosci DDC-Dusco, obraz z Google Earth uzyty jako tto, edycja i dostosowanie J. Kosciuk: A — inkaskie mury i
budynki; B — tarasy, C — inkaska $ciezka; D — gtazy kamienne; E — poziomice.
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Laser pulse

Strongest signal |8
first return

Fig. 6. Dual return single principle of Velodyne VLP-16 sensor; by
B. Cmielewski.

Ryc. 6. Zasada podwdjnego pomiaru czujnika Velodyne VLP-16;
oprac. B. Cmielewski.

the Vilcanota River at an altitude of 2,012 masl. The
site is located in very rugged terrain covered with dense
rainforest. This area of the Park is outside any tour-
ist routes and is visited only by the Park specialists for
maintenance and monitoring works.

The former Director of the Park, Fernando Astete,
discovered the El Mirador site in 1982, but the first
limited-scale archacological fieldwork was only car-
ried out in 2012. Its essential result was recording the
Inca road running from the Templo de la Luna (the last
point on the tourist circuit) to the Inkaraqay archaco-
logical site (Fig. 5). Some sites have also been surveyed
and investigated along this road, but most of the area’s
architectural remains have been left unrecorded. This
is mainly due to difficulty in the terrestrial prospection
of such rugged and densely covered terrain.

Between 2013 and 2019, the Peruvian-Polish re-
search team conducted more intensive work at El
Mirador de Inkaraqay and proved that the site func-
tioned as an astronomical observatory."> However, the
relationship between El Mirador de Inkaraqay and the
located to the west archaeological site of Inkaragay re-
mained unknown. The terrain between these sites is vir-
tually unexplored. This situation motivated the authors
of this study to use a UAV-mounted LiDAR to survey
the area in search for possible vestiges of pre-Hispanic
constructions concealed by the rainforest—an approach
similar to that recently published research on Kuelap in
the Peruvian Chachapoya department.'

Survey techniques

In the LiDAR survey, the topography of the terrain
and the characteristics of the anthropogenic anoma-
lies being searched for significantly impact the identi-

Wiadomosci Konserwatorskie * Journal of Heritage Conservation « 67/2021

fication and interpretation process.!” Also, processing
this kind of data, particularly adjusting and adapt-
ing vegetation filtering algorithms, is challenging.'
Filtering out vegetation cover, which results in a bare-
ground 3D point cloud, is based on the LiDAR devic-
es’ feature to record several (at least two) returns from
the probing signal (Fig. 6).

The resulting data quality greatly depends on the
LiDAR system’s ability to penetrate the vegetation
cover. This, in turn, is influenced by the laser beam
footprint size (as a resultant of LIDAR technical param-
eters and flight altitude) and the characteristic of the
terrain surveyed—the density of the vegetation cover,
the ground’s reflectance and its directivity of the reflec-
tion. Since only some of the impulses reach the ground
itself; it results in a significant reduction in the ground
surface sampling density: typically, from only a few to a
dozen or so reflections per square meter.

The principle that the sampling resolution should
be at least twice the size of the anomaly being searched
for results in significant requirements for the mini-
mum sampling resolution useful in the given condi-
tions. In cases where large objects are being detected
(moats, barrows, or extensive embankments), even
one to two points per square meter may be sufficient.
The situation changes when one searches for the rel-
ics of buildings where wall relicts are only a few me-
ters long and hardly broader than half a meter. Even
a dozen or so of ground-points per square meter may
turn out to be insufficient. Another aspect to consider
is the cost and logistics of the LiDAR survey using
airplanes or helicopters. It is profitable only for large-
scale studies covering tens, if not hundreds of square
kilometers, but unfeasible for studies spanning only
a few square kilometers of the area remote from any
airfields and LiDAR surveying companies. In such
conditions, the UAV based LiDAR survey seems more
rational.

UAV LiDAR system used in the study

With its lifting capacity of 9.6 kg, the octocopter assem-
bled at LabScan3D from commercially available parts
served as the platform for the entire system. The sens-
ing system was equipped with a Velodyne VLP-16 la-
ser scanner combined with a dual-frequency NovAtel
OEMO615 GNSS receiver with a survey-grade antenna
and an Sensonor IMU STIM300. The technical speci-
fications are summarized in Table 1.

All the sensors, together with an AAEON micro-
computer for collecting and storing the data, were as-
sembled in an aluminum box fixed by quick-release
coupling plate (Fig. 7). The entire system (UAV and
LiDAR) was powered by two six-cell Li-Ion batteries
with a capacity of 12.5 Ah each, enabling the drone to
fly at an altitude of ca. 2,500 masl for around 17 min-
utes, covering 200,000 to 250,000 m? of the terrain on
average. Because the system had only one survey-grade
GNSS antenna, a kinematic alignment was necessary
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Fig. 7. The LIDAR system assembled at LabScan3D and used in
the study; photo by J. KoSciuk.

Ryc. 7. System LiDAR ztozony w LabScan3D i wykorzystany
w badaniu; fot. J. Kosciuk.

to obtain the correct azimuth. Additional equipment
included a ground station for differential trajectory
processing with a dual-frequency NovAtel OEM615
GNSS receiver and a GNSS antenna. The total cost of
all components did not exceed 20,000 US$, which is
about a quarter of the cost of commercial off-the-shelf
LiDAR systems intended for UAVs.

Four flights, all in the visual line of sight (VLOS)
mode, were accomplished for each of the two sites.

Table 1. The technical specifications of the components

A critical factor was the sky’s visibility, which was limit-
ed by the surrounding steep hills since the site is locat-
ed at the bottom of the Vilcanota Valley. For this reason,
a flight altitude for the Chachabamba site was set to
60 m above ground level, and an optimal time window
for the survey was selected to ensure the largest num-
ber of satellites visible.

For the Inkaraqay site and the surrounding area, it
was impossible to set up a trajectory line at one alti-
tude. Steep slopes, limited choice of takeoft and land-
ing sites, and varying height of the vegetation forced
flight in manual mode following the site topography
with 20—-40 m separation from upper tree branches.

Data acquisition and processing

The data from sensors were collected in the internal
memory of the attached microcomputer. The precise
time pulse from the inertial measurement unit (IMU)
with NMEA GPRMC header was fed into the scan-
ner sensor allowing time stamps for each information
packet. Parallelly, the raw data from the IMU and
GNSS sensor were also stored in a binary file. Using
sensor fusion in Extended Kalman Filter" implement-
ed in Novatel Inertial Explorer commercial software,
the precise trajectory was calculated from this data. The
georeferencing of LIDAR 3D point cloud has a typi-
cal workflow that requires three sets of data: trajectory,
laser scanner measurements, and calibration parame-
ters (translation and rotation values between laser sen-
sor and IMU unit).? Data acquisition and processing
workflow are illustrated in Fig. 8.

This ensured the transformation of the local scanner
coordinate system (s-frame) into the Earth-Centered/
Earth-Fixed (ECEF) coordinate system (e-frame), and
after that, transformation into an appropriate geodetic
projection.?! The scanner measures the range and an-
gles in time (t), from which the Cartesian coordinates
of s-frames are calculated. Before the transformation
to ECEF, the scanner calibration parameters must be
added. To obtain calibration parameters, we used the
Iterative Closest Point (ICP) algorithm.*

Laser sensor — Velodyne VLP-16

number of diodes 16
horizontal field of view (as mounted on the drone) 30° (+15° to -15°)
measurement range up to 100 m
measurement accuracy +0.03 m
number of returns 2
GNSS sensor Novatel OEM615
horizontal GNSS/IMU accuracy 0.010 m
vertical GNSS/IMU accuracy 0.020 m
IMU sensor - Sensonor STIM300
IMU attitude for roll and pitch 0.006°
IMU attitude for yaw 0.019°
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Point cloud

x®(t) = x§(t) + R5(t) = R} (t) = (x2 + R? + x5(1))

Fig. 8. Main steps of data acquisition and processing; by B. Cmielewslgi.
Ryc. 8. Gtéwne kroki pozyskiwania i przetwarzania danych; oprac. B. Cmielewski.

The transformation from s-frame to e-frame in-
volves several steps. The trajectory has to be calculated
from collected GNSS and IMU data using a tightly-
coupled EKF (Extended Kalman Filter) with a known
offset between the IMU and GNSS antenna. This step
was done in Novatel Inertial Explorer commercial soft-
ware. The results of the trajectory reconstruction were
IMU (b-frame origin) positions in e-frame xb(f) and
IMU attitudes (angles) in n-frame. These served as in-
put data to calculate the rotation matrix Rb(f). Next, the
calculated coordinates of the points given in s-frame x(r)
were transformed into e-frame according to the follow-
ing direct georeferencing equation [1].%

x¢(f) = x(t) + R (f) X R)(f) % (xf’+ Ri’ +x(6) [1]

where:

x'(f) — the Cartesian coordinates of a point in s-frame;

x'— the position of the s-frame origin in the IMU coor-
dinate system (b-frame);

Ri’ = Ri’ (o, @, k) — the rotation matrix from s-frame to
b-frame;

R}(f) = R;(r(t), p(t), y(t)) — the rotation matrix from
b-frame to n-frame;

R () = R ((Mr), ¢ ()) — the rotation matrix from
the navigational topocentric coordinate system
(n-frame) to e-frame;

x; (t) — the position of b-frame origin in e-frame;

x¢(f) — the point coordinates in e-frame.

In the next phase of data fusion, the point cloud in
the e-frame was transformed into a national coordinate
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Fig. 9. Impact of calibration parameters on the computed cloud; by B.

precise calibration parameters applied.

Ryc. 9. Wptyw kalibracji parametréw na obliczong chmure punktow:

pobiezna i doktadna kalibracja parametréw; oprac. B. Cmielewski.
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Cmielewski: a — only rough calibration and offsets; b — rough and

a — jedynie pobiezna kalibracja i offsetowanie; b — zastosowana
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system by applying an appropriate projection (UTM
18S). The height was also converted from ellipsoidal
to orthometric heights by applying the separation value
between ellipsoid and geoid from the global geopoten-
tial model (EGM2008).

Since the entire procedure involved numerous steps,
dedicated software was developed at LabScan3D facil-
itating all data processing and making the entire pro-
cess more user-friendly. Firstly, the dataset with meas-
ured calibration parameters was processed—offsets and
rough rotation between IMU and laser scanner. Later,
after using the ICP algorithm, the precise calibration was
added. This significantly improved the results (Fig. 9).
The final product was a 3D point cloud in *.las format.

The accuracy of the obtained 3D point cloud (dif-
ferences in a mismatch from estimated maximal er-
ror) was less than 8 cm. The resulting file constituted
the input data for the last step of processing involving
noise filtering and classification. The Velodyne VLP-16
sensor records separate returns only when the distance
between the two objects reflecting laser pulses is one
meter or more.>* This means that some of the recorded
3D points might be lacking correct spatial information.
Such the noise points were filtered out using TerraScan
software. The same software was used to classify the
3D point cloud—filtering out all the vegetation cover
and leaving only the bare-ground 3D points. The so-
called “ground routine,” which builds a surface model
from the initial ground points, has been used.” Since in
rainforest conditions, most wall relics are covered with
a dense layer of lianas and lichens, an additional class
to the filtration process has been introduced—*“the
ground class + 0.5 m.” To assess our LiDAR system’s
effectiveness, the resulting data density was compared
with chosen data from a helicopter flights equipped
with a long-range LiDARs (Table 2).

Data post-processing and visualization

Visualization techniques for digital elevation models
(DEM) are often used to analyze and interpret ar-
chaeological relics hidden under a vegetation canopy.
Therefore, the *.las data classified and stripped of veg-
etation were imported into the ArcGIS 10.5 software
package to create a GeoTIFF DEM file. A standalone
tool, Relief Visualisation Toolbox v.2.1 (RVT), further
processed the DEM files.”” Besides the generic hill-
shade method, four other visualizations modes also
proved to help highlight and emphasize hidden relics:
— ultidirectional hillshade,

— local relief modelling,

— openness (positive and/or negative),

— sky-view factor.

Depending on the features of particular relics it was
found useful to apply different visualization methods
(Fig. 10). The preliminary results were analyzed by a team
of archacologists and data acquisition specialists, who de-
termined which particular anomaly could be associated
with anthropogenic traces in the surveyed sectors.

Fig. 10. Comparison of different visualization methods — the
Chachabamba archaeological site example; a — sky-view fac-
tor; b — openness positive; ¢ — multidirectional hill shading; by
B. Cmielewski.

Ryc. 10. Poréwnanie réznych metod wizualizacji — przyktad stano-
wiska archeologicznego Chachabamba: a — wspétczynnik widoku
nieba; b — pozytyw otwartosci; ¢ — wielokierunkowe cieniowanie
wzgérz; oprac. B. Cmielewski.
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Table 2 Comparison of LiIDAR datasets return signals

Average 3D point cloud density

Data all returns ground class  ground class + 0.5 m
[pts/m?] only [pts/m?] [pts/m?]

Inkaragay (LIDAR UAV) ca. 513 10.6 25.3

Chachabamba (LiDAR UAV) ca. 219 13.2 72.2
Sample data received from Machu Picchu National Archaeologi- - 1.3+1.4 -

cal Park authorities* (long range LiDAR on a helicopter)
Uxbenka (Belize) 201 2.7 -
(long range LiDAR on the crew-maned platform)?

Typical LIDAR datasets ground return signals in the Maya regions - 1.1+5.3 -

of Belize (LIDAR on the crew-maned platform)?

* Courtesy of DDC-Cusco.

References / Bibliografia

Secondary sources / Opracowania

Astete Victoria Fernando, Ziétkowski Mariusz, KoSciuk
Jacek, On Inca astronomical instruments: the observatory
at Inkaraqay - El Mirador (National Archeological Park
of Machu Picchu, Peru), “Estudios Latinoamericanos”
2016/17, vol. 36/37.

Astete Victoria Fernando, Zidtkowski Mariusz, Ko-
Sciuk Jacek, Inca precise astronomical instruments: the
observatory of Inkaragay — El Mirador (National Archa-
eological Park of Machu Picchu, Peru, [in:] INSAP X
— Oxford XI — SEAC 25 Conference: Road to the Stars,
September 18-22, 2017, Santiago de Compostela, A.C.
Gonzilez Garcfa, P Martin-Rodilla, J.A. Belmonte
(eds.).

Bastante Abuhabda José Miguel, Fernindez Florez
Alicia, Avances de las investigaciones interdisciplinarias en
Machupicchu, “Revista Haucaypata. Investigaciones
arqueoldgicas del Tahuantinsuyo” 2018, No. 13.

Bastante Abuhabda José Miguel, Sieczkowska Domini-
ka, Deza Alexander, Investigaciones En El Monumento
Arqueoldgico Chachabamba, [in:] Machupicchu Investi-
gaciones Interdisciplinarias, eds. Bastante Abuhabda
José Miguel, Astete Victoria Fernando, vol. II, Lima
2020.

Biumker Manfred, Heimes Franz Josef, New calibration
and computing method for direct georeferencing of image
and scanner data using the position and angular data of
an hybrid inertial navigation system, “Integrated sensor
orientation; test report and workshop proceedings”
2002, No. 43.

Challis Keith, Forlin Paolo, Kincey Mark, A Generic

Wiadomosci Konserwatorskie * Journal of Heritage Conservation « 67/2021

Toolkit for the Visualization of Archaeological Features on
Airborne LiDAR Elevation Data, “Archaeological Pro-
spection” 2011, vol. 18 (4).

Corns Anthony, Shaw Robert, High Resolution 3-
Dimensional Documentation of Archaeological Monu-
ments & Landscapes Using Airborne LiDAR, “Journal
of Cultural Heritage” 2009, vol. 10, supl. 1.

Evans Damian H., Fletcher Roland J., Pottier Christo-
phe, Chevance Jean-Baptiste, Soutif Dominique,
Suy Tan Boun, Im Sokrithy, Ea Darith, Tin Tina,
Kim Samnang, Cromarty Christopher, De Greef
Stéphane, Hanus Kasper, Bty Pierre, Kuszinger
Robert, Shimoda Ichita, Boornazian Glenn, Unco-
vering Archaeological Landscapes at Angkor Using LI-
DAR, “Proceedings of the National Academy of
Sciences” 2013, No. 110 (31).

Evans Damian H., Hanus Kasper, Fletcher Roland J.,

The Story Beneath the Canopy: an Airborne Lidar Survey

Over Angkot, Phnom Kulen and Koh Ker, Northwestern

Cambodia, [in:] Across Space and Time, Papers from the

41st Conference on Computer Applications and Quanti-

tative Methods in Archaeology. Perth, 25-28 March 2013,

ed. A. Traviglia, Amsterdam University Press 2015.

Fejos, Archeological Explorations in the Cordillera

Vilcabamba, Southeastern Peru, Viking Fund publications

in anthropology, New York 1944.

Fletcher Roland J., Hofer Nina, Mudbidri Miguel,
Avances preliminares de la investigacion con lidar en Ma-
chupicchu, [in:] Machupicchu. Investigaciones Interdi-
sciplinarias, eds. Fernando Astete Victoria, Bastante
Abuhabda José Miguel, vol. I, Cusco 2020.

167



Gallagher Julie M., Josephs Richard L., Using LiDAR
to detect cultural resources in a forested environment: an
example from Isle Royale National Park, Michigan, USA,
“Archacological Prospection” 2008, vol. 15, No. 3.

Gavazzi Adine, Tecnomorfologia de la llagta inka de Ma-
chupicchu. Materiales, métodos y resultados del levanta-
miento arluitectonico y paisajistico, [in:] Machupicchu.
Investigaciones interdisciplinarias, eds. F. Astete Victoria,
J. M. Bastante, vol. I, Cusco 2020.

Hebel Marcus, Stilla Uwe, Simultaneous calibration of
ALS systems and alignment of multiview LiDAR scans of
urban areas, “Geoscience and Remote Sensing, IEEE
Transactions on Geoscience and Remote Sensing”
2012, vol. 50, No. 6, p. 2364-2379.

Horn III Sherman W., Ford Anabel, Beyond the magic
wand: methodological developments and results from inte-
grated Lidar survey at the ancient Maya Center El Pilar,
“Star: Science & Technology of Archacological Re-
search”, vol. 5, No. 2.

Huang Guoquan P, Mourikis Anastasios 1., Roumeli-
otis Sergios 1., Analysis and improvement of the consis-
tency of extended Kalman filter based SLAM, 2008 IEEE
International Conference on Robotics and Auto-
mation, 2008.

Jozkdéw Grzegorz, Toth Charles K., Grejner-Brzezins-
ka Dorota, UAV topographic mapping with Velodyne
lidar sensor, “ISPRS Annals of the Photogrammetry,
Remote Sensing and Spatial Information Sciences”
2016, vol. III, No. 1.

Magnoni Aline, Stanton Travis W., Barth Nicolas,
Fernandez-Diaz Juan Carlos, Osorio Ledn José
Francisco, Pérez Ruiz Francisco, Wheeler Jessica A.,
Detection Thresholds of Archaeological Features in Air-
borne Lidar Data from Central Yucatdn, “Advances in
Archacological Practice” 2016, vol. 4, No. 3.

Masini Nicola, Gizzi Fabrizio T., Biscione Marilisa,
Fundone Vincenzo, Sedile Michele, Sileo Maria,
Pecci Antonio, Lacovara Biagio, Lasaponara Rosa,
Medieval Archaeology Under the Canopy with LiDAR.
The (Re)Discovery of a Medieval Fortified Settlement in
Southern Italy, “Remote Sensing” 2018; vol. 10, No.
10.

Prufer Keith M., Thompson Amy E., Kennett Douglas
J., Evaluating Airborne LiDAR for Detecting Settlements
and Modified Landscapes in Disturbed Tropical Environ-
ments at Uxbenkd, Belize, “Journal of Archaeological
Science” 2015, No. 57.

Risbal Ole, Bollandsis Ole Martin, Nesbakken Anneli,
rka Hans Ole, Nasset Erik, Gobakken Terje, In-
terpreting Cultural Remains in Airborne Laser Scanning
Generated Digital ‘Terrain Models: Effects of Size and
Shape on Detection Success Rates, “Journal of Archaeo-

logical Science” 2013, vol. 40, No. 12.

Rowe John Howland, Machu-Picchu a la luz en documen-
tos del siglo XV1, “Hist6rica” 1990, No. 14(1).

Rusinkiewicz Szymon, Levoy Marc, Efficient Variants of
the ICP Algorithm, [in:] Proceedings Third Internation-
al Conference on 3-D Digital Imaging and Modeling.,
Quebec 2001.

Sieczkowska Dominika, Bastante Abuhabda José Mi-
guel, Las Phaqchas de Chachabamba (Parque Arque-
oldgico Nacional de Machupicchu, Peri), “Arqueologia
Iberoamericana” 2021, No. 47.

Thompson Amy E., Detecting Classic Maya Settlements
with  Lidar-Derived Relief Visualisations, “Remote
Sensing” 2020, No. 12 (17).

VanValkenburgh Parker, Cushman K.C., Castillo But-
ters Luis Jaime, Rojas Vega Carol, Roberts Carson
B., Kepler Charles, Kellner James, Lasers Without
Lost Cities: Using Drone Lidar to Capture Architectur-
al Complexity at Kuelap, Amazonas, Peru, “Journal of
Field Archaeology” 2020, No. 45(sup1.).

Zidtkowski Mariusz, Kosciuk Jacek, Astronomical ob-
servations at Machu Picchu: facts, hypothesis and wishful
thinking, [in:] Machu Picchu in context, eds. M. Zi61-
kowski, N. Massini, Springer, in print.

Zidtkowski Mariusz, Bastante Abuhadba José Miguel,
Hogg Alan, Sieczkowska Dominika, Rakowski
Andrzej, Pawlyta Jacek, Manning W. Sturt, When did
the Incas build Machu Picchu and its satellite sites? New
Approaches Based On Radiocarbon Dating, “Radiocar-
bon” 2020.

ZhouWei, Chen Fulong, Guo Huadong, Hu Mingyuan,
Li Qi, Tang Panpan, Zheng Wenwu, Liu Jian’an,
Luo Rupeng, Yan Kaikai, Li Ru, Shi Pilong, Nie
Sheng, UAV Laser scanning technology: a potential
cost-effective tool for micro-topography detection over wood-
ed areas for archaeological prospection, “International
Journal of Digital Earth” 2020, No. 13 (11).

Kokalj Ziga, Hesse Ralf, Airborne laser scanning raster data
visualisation: A Guide to Good Practice, Ljubljana 2017.

Electronic sources / Zrodta elektroniczne

Térrascan User Guide 64-vit Terrascan Version 15.01.2021,
Terrasolid Ltd, 2021, https://terrasolid.com/guides/tscan/
index.html.

Using Airborne LIDAR in Archaeological Survey. The
Light Fantastic, https://historicengland.org.uk/imag-
es-books/publications/using-airborne-lidar-in-ar-
chaeological-survey/heag179-using-airborne-li-
dar-in-archaeological-survey/.

Velodyne, User’s manual and programming guide VLDP-
16 Velodyne LiDAR Puck, 63-9243 Rev A Aug 2015,
https://velodynelidar.com/.

Wiadomosci Konserwatorskie « Journal of Heritage Conservation « 67/2021



J.M. Bastante, A. Ferndndez Florez, Avances de las investiga-
ciones interdis-ciplinarias en Machupicchu, “Revista Haucaypa-
ta. Investigaciones arqueoldgicas del Tahuantinsuyo” 2018,
No. 13, p. 34-59.

2 J.H. Rowe, Machu-Picchu a la luz en documentos del siglo XVT,
“Histdrica” 1990, No. 14 (1), p. 139-154.

3 M. Zidtkowski et al., When did the Incas build Machu Picchu
and its satellite sites? New Approaches Based On Radiocarbon Da-
ting, “Radiocarbon” 2020, p. 1-15.

* M. Ziodtkowski, J. Kosciuk, Astronomical observations at

Machu Picchu: facts, hypothesis and wishful thinking; [in:]

Machu Picchu in context, eds. M. Zidtkowski, N. Massini,

Springer, in print.

F. Astete Victoria et al., On Inca astronomical instruments: the

observatory at Inkaragay - El Mirador (National Archeological

Park of Machu Picchu, Peru), “Estudios Latinoamericanos”

2016/17, vol. 36/37, p. 9-25; F. Astete Victoria et al., Inca

precise astronomical instruments: the observatory of Inkaraqay — El

Mirador (National Archaeological Park of Machu Picchu, Peru,

[in:] INSAP X — Oxford XI — SEAC 25 Conference: Road to

the Stars, September 18-22, 2017, Santiago de Compostela, ed.

A.C. Gonzilez Garcia et al., p. 15-16.

¢ Using Airborne LIDAR in Archaeological Survey. The Light

Fantastic, https://historicengland.org.uk/images-books/pu-

blications/using-airborne-lidar-in-archacological-survey/

heag179-using-airborne-lidar-in-archaeological-survey/
(accessed: 21 I 2021); D.H. Evans et al., Uncovering Archa-
eological Landscapes at Angkor Using LIDAR, “Proceedings
of the National Academy of Sciences” 2013, No. 110 (31),

p- 12595-12600; K.M. Prufer et al., Evaluating Airborne Li-

DAR for Detecting Settlements and Modified Landscapes in Di-

sturbed Tropical Environments at Uxbenkd, Belize, “Journal of

Archaeological Science” 2015, No. 57, p. 1-13.

W. Zhou et al., UAV Laser scanning technology: a potential co-

st-effective tool for micro-topography detection over wooded areas

for archaeological prospection, “International Journal of Digital

Earth” 2020, No. 13 (11), p. 1279-1301.

Sherman W. Horn III, Ford A., Beyond the magic wand: me-
thodological developments and results from integrated Lidar survey
at the ancient Maya Center El Pilar, “STAR: Science & Tech-

nology of Archaeological Research” 2019, vol. 5, No. 2,

p- 164-178; A.E. Thompson, Detecting Classic Maya Settle-

ments with Lidar-Derived Relief Visualisations, “Remote Sen-

sing” 2020, No. 12 (17), 2838.

® D. Evans et al., The Story Beneath the Canopy: an Airborne
Lidar Survey Over Angkot, Phnom Kulen and Koh Ker, Nor-
thwestern Cambodia, [in:] Across Space and Time, Papers from
the 41st Conference on Computer Applications and Quantitative
Methods in Archaeology. Perth, 25-28 March 2013, ed. A. Tra-
viglia, Amsterdam 2015, p. 38—46.

10 R. Fletcher et al., Avances preliminares de la investigacidn con
lidar en Machupicchu, [in:] Machupicchu. Investigaciones Inter-
disciplinarias, eds. F. Astete Victoria, J.M. Bastante, vol. I,
Cusco 2020, p. 383-392.

"' P. Fejos, Archeological Explorations in the Cordillera Vilcabam-~
ba, Southeastern Peru, Viking Fund publications in anthropology,
New York 1944.

12 .M. Bastante et al., Investigaciones En El Monumento Arqu-
eoldgico Chachabamba, [in:] Machupicchu Investigaciones In-
terdisciplinarias, ed. J.M Bastante, F. Astete Victoria, vol. 11,
Lima 2020, p. 289-304.

¥ D. Sieczkowska, J.M. Bastante, Las Phaqchas de Chacha-

bamba (Parque Arqueoldgico Nacional de Machupicchu, Peri),

5

Wiadomosci Konserwatorskie * Journal of Heritage Conservation « 67/2021

“Arqueologia Iberoamericana” 2021, No. 47, p. 91-101.

'* J.M. Bastante, D. Sieczkowska, A. Deza, Investigaciones En
El Monumento, op. cit.

5 F Astete Victoria et al., On Inca astronomical instruments, op.
cit.; . Astete Victoria et al., Inca precise astronomical instru-
ments, op. cit.; F. Astete Victoria et al., Discovery of an inca
precise, op. cit.

1o P VanValkenburgh et al., Lasers Without Lost Cities: Using
Drone Lidar to Capture Architectural Complexity at Kuelap,
Amazonas, Peru, “Journal of Field Archaeology” 2020, No.
45 (supl.), p. S75-S88.

17 .M. Gallagher, R.L. Josephs, Using LiDAR to detect cultural
resources in a forested environment: an example from Isle Royale
National Park, Michigan, USA, “Archaeological Prospection”
2008, vol. 15, No. 3, p. 187-206; O. Risbel et al., Interpreting
Cultural Remains in Airborne Laser Scanning Generated Digital
Terrain Models: Effects of Size and Shape on Detection Success
Rates, “Journal of Archacological Science” 2013, vol. 40,
No. 12, p. 4688-4700.

'8 A. Corns, R. Shaw, High Resolution 3-Dimensional Documen-
tation of Archaeological Monuments & Landscapes Using Airbor-
ne LiDAR, “Journal of Cultural Heritage” 2009, vol. 10,
supl. 1, p. €72—e77. N. Masini et al., Medieval Archaeology
Under the Canopy with LiDAR. The (Re)Discovery of a Me-
dieval Fortified Settlement in Southern Italy, “Remote Sensing”
2018, vol.10, No. 10, p. 1598; A. Magnoni et al., Detection
Thresholds of Archaeological Features in Airborne Lidar Data
from Central Yucatdn, “Advances in Archaeological Practice”
2016, vol. 4, No. 3, p 232-248.

1 Guoquan P. Huang et al., Analysis and improvement of the
consistency of extended Kalman filter based SLAM,. 2008 IEEE
International Conference on Robotics and Automation,
2008, p. 473-479.

2 M. Hebel, U. Stilla, Simultaneous calibration of ALS sys-
tems and alignment of multiview LiDAR scans of urban areas,
“Geoscience and Remote Sensing, IEEE Transactions on
Geoscience and Remote Sensing” 2012, vol. 50, No. 6, p.
2364-2379.

2 M. Baumker, F.J. Heimes, New calibration and computing me-
thod for direct georeferencing of image and scanner data using the
position and angular data of an hybrid inertial navigation system,
“Integrated sensor orientation; test report and workshop
proceedings” 2002, No. 43, p. 197-212.

2 Sz. Rusinkiewicz, M. Levoy, Efficient Variants of the ICP Al-
gorithm, [in:] Proceedings Third International Conference on 3-D
Digital Imaging and Modeling, Quebec 2001, p. 145-152.

» After, G. Jozkéw et al., UAV topographic mapping with Ve-
lodyne lidar sensor, “ISPRS Annals of the Photogrammetry,
Remote Sensing and Spatial Information Sciences” 2016,
vol. I1I, No. 1, p. 204.

# Velodyne, User’s manual and programming guide VLP-16 Velo-
dyne LiDAR Puck, 63-9243 Rev A Aug 2015, https://velody-
nelidar.com/ (accessed: 12 12021).

% Terrascan User Guide 64-vit Terrascan Version 15.01.2021,
Terrasolid Ltd, 2021, https://terrasolid.com/guides/tscan/
index.html (accessed: 11 12021).

% K.M. Prufer et al., Evaluating Airborne LiDAR, op. cit.

% AE. Thompson, op. cit.

% 7, Kokolj, R. Hesse, Airborne laser scanning raster data visuali-
sation: A Guide to Good Practice, Ljubljana 2017.

» K. Challis et al., A Generic Toolkit for the Visualization of Ar-
chaeological Features on Airborne LiDAR Elevation Data, “Ar-
chaeological Prospection” 2011, vol. 18 (4), p. 279-289.

169



Abstract

Besides the well-recognized central part, the National
Archaeological Park of Machupicchu encompasses ap-
proximately 60 lesser-known sites. Chachabamba and
Inkaraqay are two examples. When using traditional
field prospection on steep slopes covered by rainfor-
est, it is challenging to detect traces of anthropogenic
structures. A method that could help is the light detec-
tion and ranging (LiDAR) survey from aeroplanes or
helicopters. The authors propose an alternative meth-
od using a self-developed LiDAR system mounted on
a drone platform able to detect even relicts of walls less
than one meter high. This approach’s main advantag-
es are the speed and flexibility of prospection, high-
resolution 3D point clouds and the ability to penetrate
the rainforest. The authors discuss methods of data ac-
cumulation, filtration, classification and different vis-
ualization algorithms pointing to challenges related to
UAV LiDAR use. The second part of this article will
present the preliminary results for the LiDAR survey
over Chachabamba and Inkaraqay sites and the first
validation of the results.
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Streszczenie

Obok dobrze zbadanej centralnej czgsci, Narodowy
Park Archeologiczny Machupicchu obejmuje takze po-
nad 60 mniej znanych stanowisk. Przykladami sa tutaj
Chachabamba i Inkaraqay. Na stromych, porosnigtych
gestym lasem deszczowym zboczach tradycyjne me-
tody prospekeji terenowej nie gwarantuja wykrycia
wszystkich struktur o antropogenicznym charakterze,
natomiast pomocne moga by¢ pomiary LiDAR (light
detection and ranging) z pokladu samolotu lub helikopte-
ra. Autorzy proponuja alternatywna metodg z uzyciem
zamontowanego na dronie LiDAR-a, zdolnego do wy-
krywania reliktéw muréw o wysokosci ponizej jednego
metra. Glowne zalety tej metody to tatwos¢ i predkosé
prospekgji, wysoka gesto$¢ chmur punktéw 3D oraz
zdolno$é do penetracji pokrywy lesnej. Przedstawiono
metodg zbierania danych, filtracji 1 klasyfikacji oraz al-
gorytmy wizualizacji wynikéw. Jednocze$nie wskazano
wyzwania zwigzane z uzyciem systeméw UAV LiDAR.
Druga czg§¢ artykutu zaprezentuje pierwsze wyniki
pomiaréw lidarowych w Chachabamba i Inkaraqay
oraz ich wstgpng ich oceng.
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