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1. Introduction

Over the past two decades, there has been a continuous rise in the use
of digital techniques to digitize museum collections and document
monuments, archaeological sites, and cultural landscapes. This has led
to the creation of high-quality multimodal giga-resolution 3D datasets.
Archaeologists and heritage practitioners routinely utilize these large
datasets of thousands of digital images, triangular meshes, point clouds,
and derivative data to investigate the past and document its material
culture in novel ways (De Reu et al., 2013; Fiorini et al., 2011; Forte and
Campana, 2016; Galeazzi, 2018; 2016; Ioannides et al., 2017; Lercari
et al., 2021; Scopigno, 2012). Various are the techniques employed to
generate these 3D data, including but not limited to Image-based
Modeling (IBM), also known as digital photogrammetry, Light Detec-
tion and Ranging (LiDAR), in its terrestrial or airborne configuration,
and Global Navigation Satellite System (GNSS). Because of these tech-
niques’ enhanced precision, archaeologists have successfully integrated
them into their documentation workflows and now widely employ them
to produce archaeological drawings or conduct site surveying (De Reu
et al., 2014; Dellepiane et al., 2013; Devereux et al., 2008; Djindjian,
2020; Guillem and Lercari, 2021; Hill et al., 2019; Kokalj et al., 2013;
Lerma et al., 2010; Opitz, 2018; Remondino, 2011). However, process-
ing 3D data to extract knowledge on a cultural object’s or an archaeo-
logical structure’s context, spatial features, utilization, and life cycle still
requires sizeable resources concerning time, personnel, and hardware
(Richards-Rissetto and Landau, 2019). Therefore, due to their resolu-
tion, scale, and complexity, 3D data may involve the risk of providing
limited utility outside the specific software environments employed in
the generation and post-processing. Higher dimensionality or
complexity are often discarded in favor of down-sampled derivatives,
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which integrate better with established GIS and architectural pipelines
or institutional documentation standards (Cignoni and Scopigno, 2008;
Fresa et al., 2015; Richards-Rissetto and von Schwerin, 2017; Verho-
even, 2017). This is the case with 3D-native airborne LiDAR, also known
as airborne laser scanning (ALS) datasets collected by research aircraft,
which are often flattened and interpolated into 2D Digital Elevation
Models (DEMs), for example to identify new archaeological sites or
settlement patterns or detect objects and features in the archaeological
landscape (Canuto et al., 2018; Canuto and Auld-Thomas, 2021; Chase
and Chase, 2017; Evans et al., 2013; Inomata et al., 2018, 2021; Stular
et al., 2012; Devereux et al., 2005; Risbgl et al., 2020; Masini et al.,
2022). Another example of this trend is the decimation of triangular
meshes of archaeological objects generated through IBM techniques.
When archaeologists process these meshes for visualization and
dissemination purposes in online 3D viewers, such as the widely-used
Sketchfab, hundreds of millions of triangles, which make up to even
80-90% of the original geometric detail, are discarded through inter-
polation (Guidazzoli et al., 2017; Rahaman et al., 2019). As a result,
archaeologists often decide not to share their raw 3D data captured in
the field, for instance LiDAR scans, or high-resolution 3D models, such
as the original meshes they obtain using IBM and related photo datasets.
This choice is likely due to the complex computational dependencies
associated with 3D data, which often leave them unusable by other
scholars, let alone by non-academic stakeholders or the public.

This paper presents a pipeline to address the challenges of working
with multi-resolution archaeological heritage 3D data and improve
collaboration among archaeologists through cloud-based tools. The
proposed workflow includes data capture, visualization, analysis, con-
textualization, recontextualization, and archiving (Fig. 1).

We contend that the proposed pipeline allows archaeologists to
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leverage geomatics techniques to integrate and fuse different types of 3D
data and collaborate remotely to identify in them meaningful correla-
tions and patterns (Gattiglia, 2015; Stal et al., 2014). At the core of our
workflow, there is the powerful open-source 3D visualization tool Potree
Viewer (Potree) (Schiitz, 2016). This Web viewer offers the enhanced
capability to fuse, analyze, interpret, and share full-resolution archae-
ological 3D data in ways that foster exploration and make anomalies and
correlations emerge “as a way to develop and to test new models for
extra investigation, and to validate hypotheses” (Gattiglia, 2015, p. 4;
see also; Galeazzi et al., 2016; Campiani, 2015; Liendo Stuardo, 2014;
Matsushita et al., 2014). Potree is relatively user-friendly and easy to
manage, and its interface gives users a good degree of interactivity. At
the same time, its powerful WebGL-based rendering engine makes large
datasets more intelligible and readable, therefore maximizing “human
capacity to perceive, understand and reason about complex and dy-
namic data” (Llobera, 2011, p. 212).

The following sections of this paper describe how we utilized the
proposed workflow to efficiently interlink, merge, present, contextu-
alize, and recontextualize the 3D data we captured over several years at
the ancient Maya city of Palenque, Mexico, to produce the Palenque 3D
Archaeological Atlas (3D Atlas). This online geospatial collection en-
ables synoptic visualization of 3D and geospatial data from large-scale
excavation and digital archaeological surveys. We argue that our 3D
Atlas allowed us to render our interpretations visible while enhancing
our comprehension of the archaeological context through links and
correlations. The discussion of our results in section 4 highlights the new
knowledge and discoveries we made by using our 3D Atlas as a platform
for collaborative interpretation and analysis.

2. Literature review

Our work situates within a broader effort to enhance archaeological
research using new knowledge produced from bridging 3D data, remote
collaboration, and data sharing. The potential of 3D spatial represen-
tation to convey interpretation and enhance collaborative research by
sharing and discussing the collected 3D data has been long explored with
different methods and techniques. Since the early 2000s, scholars in
heritage-related fields have used workflows and platforms to manage,
visualize, interact with, and analyze 3D data in various forms (Dell’Unto
and Landeschi, 2022; Ioannides and Quak, 2014; Meyer et al., 2007;
Pieraccini et al., 2001; Scopigno et al., 2011). These often involve
analytical tools that can perform complex spatial analysis, search,
queries, or collaborative tools that enable remote collaboration. Pio-
neering previous work includes, for example, VITA, a collaborative
mixed reality system offering offsite visualization of an archaeological
excavation (Benko et al., 2004), or the 3D Digging at Catalhoyiik project
(Forte et al., 2012). This last effort aimed at virtually reconstructing the
excavation data of a Neolithic house on a virtual reality desktop
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application or CAVE-like systems (Forte et al., 2012, 2013; Lercari et al.,
2017; 2013). To enhance collaboration, the 3D-Digging Project devel-
oped TeleArch, a system for immersive real-time interaction among
distributed users (Kurillo and Forte, 2012). Two major trends in man-
aging 3D archaeological data have emerged in the last decade. The first
builds on offline file-based desktop applications (Compton et al., 2017;
Wheatley and Mark, 2022). The second focuses on online infrastructure
capabilities (Jensen, 2018). Recent advancements in web technology,
especially the advent of WebGL, have fostered the development of in-
frastructures for the visualization, interaction and manipulation of
archaeological and cultural heritage 3D data (Galeazzi and
Richards-Rissetto, 2018). For example, the MayaCityBuilder Project
proposed new interpretations of archaeological contexts enhanced by
3D reality-based models of buildings linked with underlying spatial data
(as LiDAR) and Virtual Reality (Richards-Rissetto, 2017a). The ADS 3D
Viewer integrated the visualization of excavations 3D geometries with
the related stratigraphic data stored in a repository (Galeazzi et al.,
2016), while the Archaeo 3D viewer compiled 2D, 2.5D, and 3D exca-
vation data into a semantically enhanced web-based platform (Jensen,
2018). Following this trend, the Interactive Reporting System (IRS)
proposed a 3D web platform capable of managing the information
collected during multi-year archaeological excavations and creating
interactive reports connecting 3D visualizations with textual content
(Derudas et al., 2021). More recently, the capability of importing 3D
models into a GIS allowed archaeologists to incorporate, visualize and
analyze the materials retrieved during fieldwork. The MayaArch3D
project proposed QueryArch3D-WebGIS, a tool able to stream LiDAR
data and 3D architectural models and foster spatial and visual research
(Richards-Rissetto, 2017b; Richards-Rissetto and von Schwerin, 2017;
von Schwerin et al., 2016; 2013). 3D GIS technology has also proven
successful as a field tool thanks to a geodatabase capable of hosting
complex 3D information (Dell’Unto et al., 2017). It has also performed
well in managing the entire documentation of a cultural heritage site, or
in post-excavation analysis (Campanaro et al., 2016; Dell’Unto et al.,
2017; Landeschi, 2019; Landeschi et al., 2016). Lastly, the ATON
open-source framework extends the potential of working with 3D cul-
tural data in multiple mixed reality applications deployed through the
web. The scalable and modular capability of ATON allows museums and
cultural heritage professionals to easily present, inspect, and share cul-
tural heritage data in a visually appealing and collaborative web envi-
ronment that can be utilized on multiple devices directly via a web
browser without the need to install the app (Fanini et al., 2021).

3. Materials and methods
3.1. Study area

The ancient Maya city of Palenque, Chiapas, Mexico, is located at the
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Fig. 1. Process pipelines for point clouds into Potree web viewer. Flowchart by author.
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westernmost edge of the Maya Area (Fig. 2). Despite its peripheral
location, Palenque became a powerful capital in the Classic Period
(250-900 CE), with its apogee during the 8th century CE, when the city
reached its maximum extension.

The city of Palenque was established in a strategic position on a 2.2
km? plateau between the mountains of the Sierra de Chiapas and the
Tabasco plains, which extends toward the Gulf of Mexico. During the
centuries, the ancient Maya modified the uneven morphology of
Palenque’s plateau through large-scale leveling and retainment works.
Since the 6th century CE, the rulers ordered the erection of majestic
public and religious buildings in the city center (de la Garza et al., 2012;
Schele, 1986; Stuart and Stuart, 2008) (Fig. 3). These structures include
outstanding examples of Classic Maya architecture, such as the Palace,
and the temples of the Group of the Cross, which we digitally docu-
mented in 2018 (Lercari et al., 2019). Among Palenque’s numerous
mausoleums, we also recorded the Temple of the Inscriptions, which is
widely recognized as one of the most iconic constructions of the entire
Maya area (Greene Robertson, 1983; Miller, 1999). It was in 1952, that
archaeologist Alberto Ruz retrieved inside this building the first intact
tomb of a Maya ruler, the great K’inich Janaab Pakal, who erected the
Temple of the Inscriptions in the 7th century as his funerary building
(Bernal Romero, 2012; Ruz Lhuillier, 2013).

To preserve its tropical environment, in 1981, the Mexican govern-
ment declared the site a National Park and enhanced its protection
(Secretaria de Gobernacion, 1981). Because of Palenque’s unique
characteristics in 1987, Palenque was inscribed in the UNESCO World
Heritage List, further increasing its international reputation as an
outstanding example of ancient Maya culture (UNESCO World Heritage
Centre). Today, Palenque is visited by hundreds of thousands of visitors
annually, which generally only explore about ten percent of the

Fig. 2. Palenque’s location in southern Mexico is seen in relation to other
major Maya archaeological sites. Map by author, modified from ArcGIS Pro
Basemap by National Geographic Society.
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Fig. 3. The Digital Elevation Model of Palenque and its surveyed structures are
seen from the north. Map by author, after Barnhart (2001a,b).

archaeological zone, focusing on the city center where most buildings
are partially accessible (Fig. 4). However, Palenque spans a much larger
area still hidden under a dense tropical forest. In the early 2000s, a team
of archaeologists recorded approximately 1500 buildings using tradi-
tional survey methods (Barnhart, 2001a, 2001b), documenting struc-
tures of different sizes and dimensions mainly arranged around patios
and small plazas. We believe that they were organized into neighbor-
hoods headed by minor lords, who lived in a central compound
comprising elegant two-story buildings, shrines, and a central plaza
where people from the same neighborhood gathered (Campiani, 2017,
Campiani, 2015; Liendo Stuardo, 2014, Lopez Mejia, 2005; Marken and
Gonzalez Cruz 2007). This is the case of Group IV, an elite residential
complex located northwest of the city center, whose buildings and
central plaza we have excavated and documented employing digital
methods since 2016 (Liendo Stuardo et al., 2017). The complex topog-
raphy of Palenque, its majestic buildings, and intricate urban structure
makes this archaeological site a unique case study to test the proposed
workflow.

3.2. Palenque 3D data

Our multi-year research at Palenque produced a large and diverse
dataset comprising geospatial and 3D data at multiple scales, from
landscape-wide down to the individual building or excavation trench.
We present below the data we successfully interlinked, merged, visual-
ized, contextualized and recontextualized into the Palenque 3D
Archaeological Atlas.

Fig. 4. Palenque’s Palace building (foreground) and the Temple of the In-
scriptions (top left) are seen in a photograph captured by a small UAV.
Photograph by author.
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3.2.1. Landscape-scale: aerial LIDAR

The ALS data included in our 3D Atlas is an accurate and extensive
basemap that aligns all other 3D models. The dataset comprises 960
million points covering approximately 25 km? of terrain surrounding
Palenque. Specialists from the National Center for Airborne Laser
Mapping (NCALM) acquired it as part of a larger LiDAR observation
campaign in Southern Mexico (“About the Center | NCALM,” n.d.).
NCALM used a three-wavelength Titan MW LiDAR unit, with a final
horizontal accuracy of 15-20 cm and a vertical accuracy of 5-10 cm,
following a custom-made workflow for LiDAR data acquisition in the
Maya Area (Fernandez-Diaz et al., 2014, 2016; Golden et al., 2021). This
ALS dataset was classified for noise, low, medium, and high vegetation,
ground, and buildings. Our 3D Atlas allows users to toggle between
classifications, enhancing visualization of both archaeological and nat-
ural features (Fig. 5).

3.2.2. Landscape-scale: LiDAR derivatives

While the bare ground resulting from the ALS dataset classification is
easily segmented, points’ sparse and inconsistent distribution makes it
difficult to visualize features. For this reason, we also imported into our
3D Atlas DEM derivatives to connect the ground points into a continuous
surface and highlight subtle detail. These derivative data have been
manipulated with GIS platforms and plugins, such as ArcGIS Pro and
QGIS, using the powerful plugins SAGA and WhiteBox. This way, we
generated multiple visualizations emphasizing our study area’s
archaeological and natural features. More specifically, our GIS visuali-
zation pipeline used the Hillshade, Local Relief Model (LRM), and Red
Relief Image Map (RRIM) techniques to produce several DEM derivates
(Hesse, 2012; Kokalj et al., 2013; Kokalj and Somrak, 2019). We then
converted these DEMs into 3D point clouds and applied their colored
visualizations using the LAStools lascolor utility (Fig. 5). Because of the
RRIM’s capability to make various natural and anthropogenic features
stand out, the RRIM-derived DEM projected in 2.5D constitutes the base
layer of the Atlas (Fig. 6a) (Auld-Thomas, 2022; Chiba et al., 2008;
Chiba and Hasi, 2016). As for comparison, the Hillshade and LRM vi-
sualizations highlight the subtle rises and indentations of potential
archaeological mounds (Fig. 6b and c).

3.2.3. City-scale: aerial IBM

In 2018, we utilized a small unmanned aerial vehicle (UAV) to
capture thousands of photographs of Palenque’s civic-ceremonial core,
including the areas and buildings mostly free from vegetation open to
the public. We produced a high-resolution 3D model using a standard
IBM workflow optimized for archaeological UAV-based applications
(Aicardi et al., 2018; Fernandez-Hernandez et al., 2015; Ferrari et al.,
2015). More specifically, we utilized a DJI Inspire 1/RAW drone
equipped with a Zenmuse X5 RGB camera, capable of capturing still
images at 16 MP. We captured over four thousand photos of the mapped
area using nadir camera angles perpendicular to the ground. We pro-
duced a colorized point cloud of over 418 million points, a DEM, and an
orthophoto with a centimeter-level ground resolution (Lercari et al.,
2019) (Fig. 7). Before the more recent acquisition of the ALS dataset
discussed above, this UAV-based 3D dataset was the most detailed
documentation of the site, as it captured the numerous asynchronous
architectural phases currently exposed.

3.2.4. Building-scale: terrestrial LiDAR of the temple of the inscriptions
We included in our 3D Atlas an ultra-precise 3D documentation of
the Temple of the Inscriptions. We scanned this building using proven
terrestrial LIDAR (TLS) surveying and data processing workflows (Olsen,
2015; Olsen et al., 2010). We utilized a FARO Focus X120 shift phase
range finder to scan the building on top of the temple’s basement using a
high-resolution setup to record the Temple’s exterior walls, the sculpted
figures of the temple balustrades and the stucco reliefs of the external
wall piers. Using a lower-resolution setup, we also scanned the interior
environments, including the limestone panels (Maudslay, 1887; Ruz
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(c)

Fig. 5. Aerial LiDAR data (a) Colored by elevation height ramp; (b) Classifi-
cation view, showing three levels of vegetation, buildings, noise, and ground;
(c) Trees turned off to show ground points only. Potree visualizations
by authors.
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(c)

Fig. 6. ALS derivatives projected into the 3D Atlas (a) Red Relief Image
(RRIM); (b) Local Relief Model (LRM); (c) Hillshade. GIS visualizations by
authors. Potree visualizations by author. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of
this article.)

(c)

Fig. 7. Aerial IBM-derived point cloud 3D models of (a) Downtown Palenque,
overview; (b) Detailing the Palace, and (c) the Temple of the Inscriptions. 3D
models by authors. Potree visualizations by author.
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Lhuillier, 2013), shafts, and the famous Pakal’s funerary chamber with
the ruler’s sarcophagus(Campiani et al., 2022). Comprehensively, we
recorded 38 laser scans that we post-processed in FARO Scene to pro-
duce a single point cloud of the above and below-ground structures
featuring several hundred million measurements (Fig. 8).

3.2.5. Excavation-scale: terrestrial IBM of Group 1V, excavation, burials,
and artifacts

The 3D Atlas also includes the 3D documentation of our stratigraphic
excavations of Group IV and 3D models of all the structures previously
excavated and consolidated (Fig. 9a) (Liendo Stuardo et al., 2021). We
produced this 3D record and derivative data using a standard IBM
workflow customized for archaeological documentation (Galeazzi,
2016). Of note, we produced 3D models of the eastern shrine of Group IV
plaza (building J7), which was built on top of an altar covering a stone
crypt with a single male individual buried with jade ornaments and a
vessel (Johnson, 2018). Furthermore, we digitally recorded the
numerous burials excavated under the plaza level. Their documentation
is particularly relevant as in the Maya Area it is uncommon to find such
an abundance of interments all in one place (Fig. 9). Group IV plaza
burials were generally composed by a stone crypt with slabs sealing the
top. Our terrestrial IBM workflow was particularly suited to document
these tombs as they are characterized by superimposed layers with more
than one individual in a single crypt, often associated with artifacts such
as spindle whorls or vessels (De Tomassi, 2021; Liendo Stuardo et al.,
2017). Some of these restored objects have been digitized in the lab with
IBM (Fig. 9e), and recontextualized in the Atlas.

3.2.6. Shapefiles: buildings and rivers

To complement the ALS, TLS, and IBM datasets available in our 3D
Atlas with information verified on the ground by total station surveys,
we utilized shapefiles derived from Edwin Barnhart’s 2001 map of
Palenque (Barnhart, 2001a; 2001b). This map represents 1478 indi-
vidual structures as angled forms or “prisms” and the main rivers
running through the site. As mentioned by Richards-Rissetto, converting
GIS data into a 3D model could be problematic (Richards-Rissetto,
2013). Therefore, we modified the 2D shapefiles using ArcGIS Pro’s
“Feature to 3D by attribute” tool (Fig. 10a), which gives them depth by
projecting the individual line segments over the surface of our aerial
LiDAR-derived DEM (Fig. 10).

(a)
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3.3. Data fusion techniques utilized in the 3D Atlas

Our multi-scalar corpus of data and formats had to be converted into
point clouds following ad hoc pipelines to be compatible with the Potree
Viewer, the multi-resolution platform at the core of our workflow.
Potree is built on WebGL, the popular open-source web standard for
online visualization (Arico et al., 2023; Auer et al., 2014; Bezzi et al.,
2018; Di Benedetto et al., 2014; Gaspari et al., 2023; Richards-Rissetto
and von Schwerin, 2017; Schwartz et al., 2013).

3.3.1. WebGL and Three.js

The 3D Atlas incorporates full-resolution 3D data from several
sources, plugging them into a highly versatile open-source Web-based
engine called Three.js. Three.js internally uses WebGL, a JavaScript API
able to render “interactive 3D computer graphics in browsers without
the use of plugins” (Richards-Rissetto and von Schwerin, 2017, p. 40).
This Web implementation enables linking the data to external sources
and embedding media. Besides, Three.js relies on a simple Apache-based
server setup that allows users to build projects on a local machine and
deploy them to a web environment when ready. Its versatility permits
websites to be easily adapted to VR/XR-enabled contexts and throttled
to optimize for devices of all types with differing graphical computing
capabilities and internet speeds.

3.3.2. Potree Viewer and data structure

To solve the challenge of visualizing and collaboratively analyzing
our 3D data, we leveraged the Potree viewer’s multi-resolution capa-
bility. This system can visualize multiple point clouds consisting of
billions of measurements and hundreds of gigabytes over the internet by
scaling resolution to suit individual devices and network bandwidths,
such as standard desktops, laptops, custom visualization walls, virtual
reality headsets, and select Android tablets. Potree incorporates
“octrees,” or recursively nested cubes of finer and finer detail, trading
network storage for local computing power (Schiitz, 2016) (Fig. 11).

Therefore, we chose to use this viewer to create our 3D Atlas and
leverage Potree’s ability to load only visible points in real-time, enable
custom annotation, contextualization, measurements, and colorization
for all visualized datasets. We utilized Potree to also support visualiza-
tion of LiDAR scalar values and different classifications, supporting all
fields within the LAS specification and customized attributes. The 3D
Atlas can also visualize our point cloud data as continuous surfaces with
almost homogeneous point distributions, using the optimized “adaptive”

Fig. 8. TLS Point clouds of (a) the Temple of the Inscriptions’ upper temple and stairway and (b) Pakal’s funerary chamber. 3D models by authors; Potree visu-

alizations by author.
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(a) (b)

() (d)

(e)

Fig. 9. IBM data from Group IV detailing (a) Contextual model of burial 10, placed within a larger model of the Group IV plaza; (b) Burial 10 layer 1, showing the
first layer of capstones; (c) Burial 10 layer 2 showing second layer of capstones and revealing pottery offering; (d) Burial 10 layer 4 revealing another set of capstones
covering human remains; e) The restored pot offering from Burial 10. 3D photogrammetric models of burial 10 (b,c,d,e) by M. De Tomassi, used with permission.
Potree visualizations by author.
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Fig. 10. Barnhart’s buildings layout as (a) projected over the LiDAR surface;
(b) and superimposed to the DEM derivatives visualization; (c) showing a good
level of accuracy in data fusion. Images by author, modified after Barnhart
(2001a,b).
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point sizing feature in Potree.

3.3.3. Point clouds and potree

Though the Three.js WebGL engine natively supports dozens of 3D
model formats, we converted our entire corpus of data into LAS and LAZ
point clouds. We made this choice to take advantage of the highly effi-
cient octree capability of the Potree viewer and utilize the standardized
support for classifications (e.g., ground, trees, buildings, roads), custom
scalar values (e.g., beyond intensity, scan angle) and map projections
inherent to these file formats. ALS and aerial IBM workflows generally
output LAS/LAZ point clouds that are directly compatible with Potree.
Still, other terrestrial and SLAM-based LiDAR outputs must be processed
for compatibility.

Potree viewer can display octree-sorted point cloud structures in
three formats, Potree Converter 2 (© 2020 Markus Schiitz), Entwine
Point Tiles (EPT) and Potree Converter 1.6/1.7. While EPT and Potree
Converter 1.6/1.7 offer some useful utility and compatibility beyond
Potree Converter 2, the thousands, sometimes tens and hundreds of
thousands, of tiny individual files they create can take days and weeks to
process and transfer giga-resolution datasets. On the contrary, Potree
Converter 2 offers an optimized pipeline to convert billions of unstruc-
tured points into a Potree viewer-compatible format. Potree Converter 2
turned out to be the best tool for octree conversion (Potree Converter
1.6/1.7 is used only for volumetric data), as it processes points into a
compressed three-file bundle (Schiitz, 2016). This program is only
compatible with LAS/LAZ format point clouds and cannot handle
duplicate points (sharing an XYZ coordinate) or structured data (evenly
spaced volumetric grids). Despite these limitations, we feel that this
utility’s speed and capacity for giga-resolution data justify additional
processing steps. Potree documentation lists the speed difference as 10
to 50 times faster than previous Potree Converter 1.7 on SSDs (“GitHub -
potree/potree: WebGL point cloud viewer for large datasets,” n.d.), and
we have observed similar performance bonuses over EPT.

3.3.4. Non-point data

Though Three.js can load dozens of 3D formats in tandem with
Potree structures, no other data format can currently scale to our needs
(efficient streaming, no resolution and large file size limits, and
combining all formats into a single context). Because large point clouds
are relatively rare outside of survey and remote sensing applications,
there is far less support for point cloud rendering and many rendering
techniques are not currently compatible with point clouds. Nonetheless,
it is possible to convert most types of visual data into point clouds (e.g.,
meshes, voxels/volumetric image stacks, polygons, images, DEMs ...),
benefitting from universal utility for all of Potree’s standard point cloud
metrology tools, which would otherwise have to be rebuilt for
compatibility across all formats. In the proposed pipeline (Fig. 12), we
have built processes to convert standard vector, raster, volume, and
polygon formats into point clouds. The processes related to the con-
version of non-point data are automatable but can be quite cumbersome
to implement because they require specialized knowledge and famil-
iarity with a wide array of toolsets. Specifically, the conversion to point
clouds have been possible by employing several OA tools like Point Data
Abstraction Library (PDAL) (PDAL Contributors, 2022), Cloud Compare
(Girardeau-Montaut, 2019), ParaView (Ahrens et al., 2005), Geospatial
Data Abstraction Library (GDAL) (GDAL/OGR Contributors, 2022) and
Lastools (rapidlasso GmbH, 2023), the only one not open access.

In regards to the Palenque 3D Archaeological Atlas, every non-point
dataset, has been converted into point clouds. The conversion into point
clouds and the fusion with native point cloud dataset, as LAS, resulted in
the project containing 9.5 billion points and 191 gigabytes of com-
pressed point cloud data captured and processed by our collaborators,
along with Barnhart’s Palenque map data (2001b) (Table 1).
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(a)

(b)

Fig. 11. Palenque drone photogrammetric model (a) superimposed to Cesium basemap; (b) Box visualization showing octree structure for current viewpoint. Potree

visualizations by author.
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.'llr)’/
el PLY format LAStools - |/
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; point cloud txt2las

sampling

Fig. 12. Flowchart showing processing pipeline to create Potree viewer compatible point clouds from non-point data. (Blue) The Data types we converted into point
clouds; (Green) the step and tools employed according to the different formats; (Red) the Key File Format obtained through the conversion to create, (Yellow) Potree
viewer compatible point clouds. Image by author. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Table 1

Table showing the datasets we converted and compressed with Potree and the
number of points for each dataset we incorporated into the Palenque 3D
Archaeological Atlas. Table by author.

Dataset Models Number of Points Compressed Size (GB)
Aerial LiDAR 1 960,607,042 9.1

LiDAR derivatives 3 6,094,985,328 35

Aerial IBM 1 659,779,645 5

Terrestrial LIDAR 1 316,108,999 7.8

Terrestrial IBM 89 1,402,713,781 133

Shapefiles 2 106,308,302 0.6

Total 98 9,604,584,154 190.58

4. Results and discussion: the Palenque 3D archaeological Atlas

Investigations at the archaeological site of Palenque present many
challenges due to the complex morphology of the landscape and the
tropical jungle covering most of the Classic Maya city. While the forest
reduces survey visibility and, thus, the perception of the context at a
city-level, extensive excavations are limited to preserve Palenque Nat-
ural Park’s unique environment. Archaeological inquiry can be con-
ducted in several city sectors simultaneously and continue during
multiple fieldwork seasons. This excavation strategy makes data corre-
lation even more challenging. Moreover, in certain areas of the city, the
archaeological stratigraphy is particularly complicated because, as it
was common in pre-Hispanic Mesoamerica, the advent of a new ruler
frequently entailed the renovation of existing constructions (Schele and
Mathews, 1998; Sharer and Traxler, 2006). The ancient Maya often
erected new buildings by incorporating old structures or built
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mausoleums with funerary chambers hidden within their basal platform,
as in the Temple of the Inscriptions (Martin and Grube, 2008; Scherer,
2012).

The Palenque 3D archaeological Atlas represents a novel interactive
way of overcoming these challenges, fostering cloud-based collabora-
tion, visualization, analysis, contextualization, recontextualization and
archiving. In fact, this online geospatial collection is capable of
streaming large 3D and geospatial datasets obtained during different
excavation seasons and digital archaeological surveys. Importantly, this
3D Atlas also improves the dissemination of our results by linking them
to a Digital Object Identifier (DOI) (McAvoy, 2022). This unique and
persistent identifier increases the capability of our visualizations to be
retrieved, used, re-used, and cited by the archaeological community.
Since providing full web access to our Palenque ALS dataset may
compromise the confidentiality of the location of sensitive archaeolog-
ical heritage and sites, complete usage of the 3D Atlas is, for now,
restricted to project researchers. Nonetheless, an OA version of the Atlas
is linked to the DOL. Even if it is limited to the archaeological area opens
to the public and to Group 1V, it grants full interactive visualization to
Palenque downtown. Moreover, a video presented as additional material
to this publication shows the full capability of the 3d Atlas. Following
best practices in sustainable archaeological 3D data management and
accessibility (Richards-Rissetto and von Schwerin, 2017, p. 22), we are
also working on implementing different user access levels to the 3D
Atlas. This enhanced capability will foster usage from the archaeological
community, stakeholder institutions, site managers, and a wider public
interested in exploring Palenque and its cultural landscape and exam-
ining our most recent interpretations of this iconic Maya site.

In this section, we evaluate the potential of our 3D Atlas for
archaeological research, interpretation, and collaboration. We will
demonstrate how the 3D Atlas can facilitate reflexive and interpretative
practices from the landscape scale to the excavation scale. Its ability to
integrate and interact with complex archaeological contexts online al-
lows for volumetric and three-dimensional thinking, encouraging more
comprehensive analyses and new interpretations.

4.1. The 3D Atlas’ user interface and basemap capability

To increase focus on the presented datasets, we chose to keep the 3D
Atlas’ user interface to a minimum, using a simple interactive sidebar to
enable users to navigate among the 3D layers (Fig. 13a). Data visuali-
zation in the 3D Atlas is complemented by a Cesium Ion 3D terrain
global basemap with Bing-labeled aerial imagery overlaid, which
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provides users with additional geographic and contextual information.
Utilizing the Cesium platform also allowed us to include in the Atlas a
real-time star map, placing the sun and moon relative to the earth when
the viewer is accessed (Fig. 13b). Of note, Julian dates and times can be
set to ancient dates and animated to play at an accelerated pace,
showing months and years of celestial movements in minutes. Even if
this functionality is not intended as an alternative to archeoastronomy
software, it can provide a preliminary interpretation tool within our 3D
Atlas.

4.2. Landscape-scale results

Our team of researchers from four countries spent a considerable
amount of time collaboratively analyzing the high-resolution LiDAR
data visualizations included in the 3D Atlas. This enabled us to produce a
new interpretation of Palenque’s archaeological environment at the
landscape scale. By streaming the 3D visualizations directly over the
Web, we were able to work together to identify, quantify, and describe
the various archaeological structures and architectural elements in
Palenque. Our team believes that having this capability has given us
unparalleled access and proximity to the intricate urban landscape of
Palenque. The 3D Atlas has been particularly beneficial as it visualizes a
continuous space from the regional to the archaeological context scale
without any sudden breaks or gaps in data. Usually, archaeologists
analyzing large regional datasets must examine them as separate parts
due to technological limitations. However, the data continuum of the 3D
Atlas allows for a different approach. This feature offered us a unique
way to interact with the complete archaeological record of the city and
its surroundings, allowing us to view Palenque’s data as a single
instance, providing an interactive and comprehensive overview at a
glance. Moreover, Potree navigation tools enabled a more comprehen-
sive spatial analysis, increasing our understanding of the natural and
anthropogenic features captured in the LiDAR data. We used the 3D
Atlas to navigate through the Palenque cityscape at the ground level
without the obstacles posed by trees and ravines and maintain the data’s
scale and tridimensionality. Thanks to this capability, we could identify
previously unknown paths and entryways to the city, “following” the
possible informal routes toward the city center. In this way, we also
assessed the existence of bridges and riverbank enlargements that
allowed those movements, which we could not discover through
pedestrian surveys of the site (Fig. 14).

Furthermore, we used the 3D Atlas for additional elevation analysis
and classification. Any point cloud in our online collection can be

(a)

(b)

Fig. 13. a) Potree Html sidebar outlining contents and the added hypertext shortcuts to important features within the Palenque 3D Atlas; b) Cesium Ion Global
Basemap locating Palenque within Mexico and displaying the real-time star map. Potree visualizations by author.
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WEST ENTRANCE

f——PLAIN ENTRANCE

Fig. 14. 3D Atlas Fly control view, with highlighted entrances to the site. GIS
visualization by authors. Potree visualization by authors.

colored using its Z (height) coordinate values, with nine standard
selectable gradient schemes and an adjustable range slider to enhance
the elevation characteristics of the dataset. This is a key capability that
can be exploited for topographic visualization directly within the 3D
Atlas, which we found more responsive and user-friendly than a 2D GIS
platform when dealing with the massive datasets at our disposal
(Fig. 15).

It has also to be noticed that the overlay of the Ion 3D terrain with the
other features provides interesting insight into the location of buildings
into the natural and anthropogenic environment (Fig. 16a and b). For
instance, using our 3D Atlas it is also possible to assess deforestation in
private terrains if compared with the Palenque Natural Park limits
(Fig. 16¢ and d).

4.3. City-scale and building-scale results

At the city scale, using RRIM enhancement of spatial relationships
within the ALS dataset, we gained a clearer understanding of how
Palencanos have modified the natural environment over the centuries.
This visualization technique also helped us to visually identify ancient
buildings and features that are now concealed under the canopy. It also
provided our team with an increased understanding of neighborhood
size and spatial configuration. From our analysis of the ALS data in
Potree, we were able to deduce that the investments made in modifying
the environment were actually much greater than what we had initially
determined through our GIS platform. This platform had been limited to

=

(a)
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a 2.5D visualization of the Palenque landscape that relied on interpo-
lating survey points elevation and Mexico’s National Institute of Statistic
and Geography (INEGI) contour levels (every 4 mts) (Fig. 17) (Barnhart,
2001a; Lopez Mejia, 2005).

We made an additional interesting discovery using the 3D Atlas
related to the Escondido compound. This is a massive basal platform at
the city’s west entrance in a sector known as the Picota. The visualiza-
tion of our ALS data using the RRIM technique gave us highly precise
information about the construction of the sides of the basal platform.
Additionally, it showed us how the Palencanos utilized the terrain’s
morphology by building a series of previously unknown smaller plat-
forms to support additional structures towards the north. With the help
of our 3D Atlas, we can now comprehend the correlation between the
Escondido compound and the cliff that falls over 50 m onto a vast ledge
(Barnhart, 2001a). This area is controlled by a new building (40 x 20 x
5 mt) (Fig. 18a), which is yet to be documented. Using the 3D Atlas, we
could also identify new features related to the Escondido platform that
involve significant infrastructural developments.

We also noticed an unexpected alteration to the natural shape of the
hill between the Encantado and H groups, situated above the city center.
It appears that the north and east sides of the hill were intentionally
straightened to enhance the view of Temple H atop the mountain. This
created an artificial plateau that mimics the base structure of the temple
(Fig. 18b). We recognize that this new knowledge about the site’s built
environment was only possible through our collective interpretation and
discussion of the ALS data through the 3D Atlas.

Concerning our results at a building scale, it’s important to underline
how we utilized the 3D Atlas to enhance our collaborative analysis of
layered datasets, even when invisible walls or background features
obstruct the view. A notable example is our analysis of Pakal’s funerary
chamber, hidden within the Temple of the Inscriptions’ basal platform.
To overcome visibility issues, our team utilized Potree’s clipping box
tool to place scalable and rotatable boxes in the scene. These boxes can
highlight or exclude points inside or outside of the box. By choosing the
“inside” option, we could allocate the entire viewer’s global point
budget to show finer detail within the clipped region, making it easier
for us to assess the complex geometries of the funerary chamber
(Fig. 19).

Additionally, we utilized the Eye Dome Lighting (EDL) tool to
analyze better the often-eroded inscriptions and stucco reliefs of
Palenque’s iconic buildings. For example, the warriors modeled in
stucco within Pakal’s funerary chamber suffer from the extremely humid

(b)

Fig. 15. Elevation classification is seen in Potree showing: (a) a zoomed-out view of Palenque DEM; (b) the capability of interactively narrowing the elevation range
to highlight features in a particular area of interest. Potree visualizations by author.
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c

d

Fig. 16. a) Cesium Ion 3D terrain showing a newly discovered compound on private land and b) how it looks in the LiDAR data. c¢) Cesium Ion 3D terrain with
superimposed Barnhart’s map (2001a,b), and d) the Palenque environment without vegetation, enhanced thanks to RRIM visualization. Private land deforestation
stands out against the tropical jungle of the Palenque park. Potree visualizations by authors.

(a)

(b)

Fig. 17. Palenque, as seen in (a) a zoomed-out ArcScene view, where DEM is obtained from interpolating survey points and INEGI contour level; and (b) Potree

visualization of Palenque building on LAS. GIS and Potree visualization by authors.

environment causing severe calcareous concretion. These beautiful
artworks can be appreciated in full detail in our 3D Atlas using the ELD
tool compared to examining them in the poorly lit crypt (Fig. 20).
Further, the EDL technique makes it possible to stream in real-time
Palenque 3D high-resolution data and share them with epigraphers
and conservation specialists who can evaluate their decay or observe
almost invisible details directly from their computers anywhere in the
world.

4.4. Excavation-scale results

At the excavation scale, we used the 3D Atlas and georeferencing in
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the data fusion process to stratigraphically connect burials from Group
IV with the excavation layers, which we displayed simultaneously with
the base DEM model. This capability allowed us to explore better the
connection between overlaying datasets fostering an improved assess-
ment of a particular context through Potree’s vertical profile tool. This
was particularly helpful in the analysis of building J7, the eastern shrine
of Group IV we excavated in 2016. We used IBM to record the strati-
graphic excavation layers of J7 and the older burial of a male individual
whose crypt was dug into the bedrock of the hillside in the 6th century.
During the following 100 years, an altar was built on top of the tomb,
and several symbolic burning events accompanied the modification and
final erection of Building J7 (Johnson, 2018; Liendo Stuardo et al.,
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Temple H.

Encantado

(b)

Fig. 18. RRIM visualization of Palenque selected buildings and areas (a) The Escondido compound as seen from the north-east; (b) H temple as seen from the north.

GIS visualization and Potree visualizations by authors. Image by Author.

(a)

(b)

Fig. 19. Pakal’s funerary chamber is seen “isolated” from its architectural context: (a) TLS data, viewed from the outside (b) Clipping box set to “outside,” showing

the sarcophagus and tomb interior. Potree visualizations by author.

2017). While J7 was excavated in 2016, investigations in the plaza were
carried out also in 2017. This new campaign added further digital layers
to an already complex stratigraphy. Leveraging the integration of all
these terrestrial IBM data in the 3D Atlas, the profile tool helped our
team relate the stratigraphy of J7 with the Group IV plaza (Fig. 21).

As for the important number of vessels and artifacts associated with
burials in Group IV, our 3D Atlas allowed us to recontextualize these
objects within the crypts they were found, therefore observing these
important findings in situ. We used this technique to analyze the Burial
10 vessel described in section 3.2.4, which we scanned in the lab after it
was restored. This recontextualization capability opens new opportu-
nities to study objects and architectural decorations removed from their
original context, when their excavation layers or archaeological contexts
were also recorded in 3D.

4.5. Interoperability and mixed sources capability

As multiple layers in our 3D Atlas are aligned and integrated within a
shared context, it should be noted that these layers can be loaded in
additional external contexts. For example, suppose some researchers
were only interested in topography. In that case, they could make their
instance of Potree and stream in it only the aerial LiDAR layer,
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modifying the annotations and context to their preferred specifications
without downloading or formatting the huge base files themselves.

This may also be an important feature for archaeologists who work
with site managers and governmental agencies insisting on data sover-
eignty, as this feature enables the full use of the streamable layers while
hosting them in the countries that authorize or sponsor their research.
Finally, we can mix and match layers from different sources, for
example, keeping protected artifact-level research data locally secure
while streaming topographic and architectural contexts from various
external repositories.

5. Conclusions

This article discussed the challenges of using digital documentation
and observation methods in archaeology due to the fragmented nature
of 3D data featuring multiple sources, scales, and formats. We high-
lighted how these characteristics may often limit the utility of 3D
archaeological data outside the software environments employed in
their creation. To address these issues, we presented a pipeline we
developed using the online geospatial visualization tool Potree Viewer.
Our workflow enables archaeologists to gather and fuse 3D data, interact
with them in a novel way, visualize synchronic and diachronic
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(b)

Fig. 20. View of TLS data showing wall stucco decoration in the Temple of the Inscriptions funerary chamber (red square). (a) Colored by laser intensity, compared
to the (b) EDL shader enabled on the same point cloud, colored flat white. Potree visualizations by author. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 21. Building J7 as seen in the Atlas, a) DEM Visible Sky visualization with superimposed 2016 IBM recording of Group IV excavations, with shrines J6 and J7. b)
Potree profile tool showing a cross-section of shrine J7. The red line in the 3D denotes the area shown in the profile. The section highlights the complex stratigraphy
of the building and the several IBM models superimposed in Potree. Potree visualizations by authors. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

information and recontextualize artifacts, beside allowing real-time
interactive analysis and collaborative interpretation over the Internet.
Furthermore, the ability of Potree to stream individual datasets in
custom external web instances, consents external collaborators, stu-
dents, and community stakeholders to re-purpose the research data in
localized contexts.

This paper described how we utilized said workflow and Potree’s
capabilities to fuse a multi-scalar and multi-temporal archaeological
dataset comprising LiDAR and TLS data, their derivative DEMs, aerial
and terrestrial IBM data, and shapefiles data generated by pedestrian
and total station surveying into the Palenque 3D Archaeological Atlas.
Through this 3D Atlas, our team of researchers in four different countries
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could access the complex archaeological datasets we captured at
Palenque over several fieldwork seasons and interact with them in real-
time without abrupt breaks and gaps, which were limiting our analysis
prior to using this technology. Therefore, we conclude the 3D Atlas
served as a crucial instrument for our research collaboration, going
beyond mere data visualization. The 3D Atlas allowed us to interpret
archaeological findings collaboratively from various locations, in ways
that were not previously possible for our team. In fact, dynamically
visualizing and manipulating our geospatial and 3D data online, all
while thinking volumetrically, opened the way for us to identify previ-
ously unknown correspondences and anomalies at the landscape, city,
building, and feature scales. These capabilities make our 3D Atlas a
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suitable platform to generate new knowledge for our case study. Other
archaeologists can also benefit from our research by adopting the pro-
posed workflow and using the Potree Viewer to investigate other sites.
For instance, the same workflow is being used for an archival integration
project building on the 3D archaeological data collected at the Maya site
of Chichen Itza (McAvoy, 2023).

Finally, we believe that the web-based dissemination capabilities
presented in our 3D Atlas represent a step forward in achieving data
sustainability, which is increasingly important to specialists working
with digitized or ‘digital born’ heritage data (Brin, 2021; Chase et al.,
2020; Derudas et al., 2021; Guillem and Lercari, 2021; Richards-Rissetto
and von Schwerin, 2017). However, we recognize that more effort is
necessary to enhance the 3D Atlas with an improved user interface that
would enable non-experts to interact with our data more easily. As
discussed in Section 4, we also recognize the importance of strict data
curation and management protocols to maintain the confidentiality of
sensitive ancient Maya heritage and archaeological sites presented in the
3D Atlas. After the implementation of these enhanced capabilities, we
will allow public access to the Palenque 3D Archaeological Atlas to
promote further digital exploration of this iconic Maya site.
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