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Abstract  Archaeological buildings are part of our
national cultural heritage, have a legacy of historical
significance, and are generators of economic benefits, due
to tourist movements. Three-dimensional models have
become a useful and significant tool for monitoring records,
virtual reality, and structural analysis of architectural
monuments. Aerial photogrammetry is the most employed
method, it provides a complete model of the monument,
incorporates a digital camera that can be used manually,
placed on a drone, or on top of tripod instruments.
Therefore, this method is versatile and can generate
complete 3D models at the expense of longer processing
times. This study proposes the 3D modeling and structural
monitoring of the archaeological complex of Puka Pukara,
to characterize the general state of damage of the
monument, including inaccessible areas. The data
generated from the area acquisition provided a thorough
identification of the pathologies in the facades and walls.
The results show highly deterministic 3D digital models
that are then rigorously analyzed. The structural
monitoring showed that the west wall and the east fagade of
the Puka Pukara enclosure show deterioration, cracks,
deformations, and a high risk of decline, so emergency
actions are recommended for their stabilization. The paper
presented a single case study where a single 3D scanning
technique was applied to the archacological complex of
Puka Pukara. The results generated by the methodology
allowed complete digitization (exterior and interior) with a
high level of detail of the structures, which can only be
achieved by using one methodology (photogrammetry).

Keywords Photogrammetry, Drone, 3D Modeling,
Structural ~ Monitoring,  Archaeological ~ Complex,
Enclosure, Architectural Monument

1. Introduction

In Peru, there are several remains of cultural heritage
among which are the historical monuments of stone
masonry, built by our ancestors in different cultural
horizons. When exposed to natural phenomena, they run
the risk of being damaged or even disappearing. Among
these phenomena, we have earthquakes, which are
recurrent in Peru. To protect these buildings from
earthquakes, interdisciplinary studies are required to
propose measures to guarantee their structural integrity.
These measures are very necessary since over time the
historical buildings suffered the onslaught of nature, which
in many cases were seismic actions. Therefore, their
original resistant capacity was affected. For these reasons,
over the years, the scientific society has focused its
attention on 3D modeling techniques, conservation,
structural analysis, and other related studies [1], [2], [3], [4],
[5]. Three-dimensional modeling is a general method for
conservation and reconstructions of archaeological
heritage due to its importance largely in digitized models.
This methodology has advantages and disadvantages and
its use is determined by the application, budget, and
accuracy requested for the project.
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The application of 3D modeling can be found in several
disciplines. In Architecture, it is used to generate digital
models, from which drawings can be produced [6], [7],
[8], [9], [10], [11]. In engineering, they are applied to
build solid models for finite element analysis (FEA) [6]
and update solid models with new geometrical
information [12], [13]. Photogrammetry was used to
record vernacular buildings. This provided a more
adequate preservation mechanism and a maintenance
approach likely to locate damage in different typologies of
buildings with facades [14], [15], [16]. This research was
carried out following the methodology and parameters
recommended for internal guidance by [17] and [18], [19].

2. Materials and Methods

The modeling process followed for the studied case
arose according to what was foreseen in the data
acquisition, a single methodology was applied according
to the desired final result and the characteristics of the
worksite. Table 1 presents a suitable 3x3 rule
methodology and the process applied for the 3D modeling
of the archaeological monument.

Table 1. Methodology and photogrammetric parameters

Rules Specifications

Identify various routes and establish
them or make plumbed orientations.
Take pictures every 0° - 30° - 45° or
every 1/to 1/150 of distance.

Capture normal photographs of the
objects under study.

Keep internal parameters steady (no
zooming, keep the focus steady or
undefined).

Avoid compact shadows, look for good
lighting (internal and external).

Use a good camera. Do not edit or crop
the photographs.

Perform good planning and make a
good sketch for the case study.

Note all procedures performed in the
field.

Carefully analyze the photographs
before recording them on the computer.

1. Geometries

2. Photographs

3. Structures

Source: Arévalo Vera, B., Bayona Ibaiiez, E., & Rincon Parada, 1. K.
(2015).  Methodology for 3D documentation using digital
photogrammetry. Tecnura, 19(SPE), 113-120.

2.1. Aerial and Terrestrial Photogrammetry

Photogrammetry is commonly used for the digitization
of 3D models in various applications due to the fast
acquisition process and low cost of the equipment [20],
[21], [22], [23]. In addition, photogrammetry offers the
possibility of obtaining information from elevated spaces.
However, there are certain restrictions when using aerial
vehicles in areas with obstacles or nearby buildings.

The automatic generation of digital models of
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structures using aerial and terrestrial photogrammetry
requires the application of a structured and well-applied
methodology. This methodology consists of four stages:
flight planning, aerial photography, ground photography,
and data processing.

Flight planning is the first step of this methodology and
involves the recognition of the different factors in the
work area. First, it is necessary to identify the areas
around the building where the flight will be executed. In
addition, the desired level of detail must be specified, as
this will determine whether the flight path should be
focused on specific areas of the site.

During the second stage, aerial photography is
performed using the flight plan developed preliminarily.
During this process, it is unavoidable to define the camera
tilt angle and the distance between photographs to achieve
an accuracy of approximately 30% of each other. For this
study, the Phantom DJI 4 RTK embedded with 1-inch 20
MP/UHD 4K CMOS sensor camera (focus at Im - o)
was used.

Data acquisition for terrestrial photogrammetry must be
performed following some fundamental requirements
similar to those of the aerial technique: 30% accuracy
between photographs, good lighting, and photographs
from different angles. However, this technique is focused
on low building spaces, images are acquired by varying
the elevation angle of the camera. On the cases studied,
ground photographs were taken using a 20.3 MP Canon
Powershot SX-540 HS camera.

Finally, data processing is achieved using specialized
photogrammetry software to obtain 3D models. This
precision process begins with the orientation of images by
identifying common points. Subsequently, a dense point
cloud representing the geometry of the building is
obtained. From the point cloud, point triangulation is
performed to generate a textured mesh that describes the
building. Finally, the software textures the model based
on the information from the photographs [20]. Agisoft
Metashape software was used for this purpose because it
allows 3D reconstructions under different levels of detail
(LOD) [18], [24].

3. Case Study: Puka Pukara
Archaeological Complex

3.1. Description of the Site

The archaeological complex of Puka Pukara is one of the
main archaeological sites. It is located next to the
archaeological complex of Sagsaywaman, in the district of
Cusco, province of Cusco, department of Cusco. The
construction of the archaeological complex of Puka Pukara
has not been possible to find in any document; however, by
its architectural characteristics, it could be determined that
it began to be built in the periods of command of the Inca
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Pachacutec in the fifteenth century and later was completed
by the Inca Huayna Capac in the sixteenth century. Also,
[25] indicates that Puka Pukara is a denomination recorded
in the 20th century. The Puka Pukara sector was called
Tampumachay, while the place that today has that name
corresponded to T'impugpujyo. According to its
geographic position and archaeological distribution, it is
clear that the fundamental activity of Puka Pukara was, in
the first place, a military base, as indicated by [26], by
mentioning that from its predominant position the Inca
roads that crossed from the provinces of Calca and
Urubamba were intervened, at the same time that it allowed
watching over the security and protection of the members
of the royal family during their visits to the Tambomachay
resort [27].

The archaeological complex of Puka Pukara according
to the topography of the terrain was built with continuous
foundations and retaining walls of limestone masonry, on
the west side is the typical facade of the archaeological
site located on top of a small square, to the opposite side
of the building stands a considerable ground elevation
which compromises the unevenness of the terrain.
Depending on the structural requirements of each building,
there are buildings with rectangular geometries, small
squares, stairways, roads, bathrooms, hydraulic canals,
guard posts, and an easily distinguishable Inca access,
among others. The buildings are made of limestone and
andesite masonry of medium and small geometries, the
outer perimeter is slightly rough compared to other
archaeological groups. The configuration of the urban
space is eminently appropriate and practical, from the
point of view of [28], [29], [30].

3.2. Planning and Data Acquisition

The case study involved the application of a single
photogrammetry methodology. Aerial photogrammetry
was used to obtain the data from elevated areas outside
the building. Terrestrial photogrammetry was used to
complement the data because the site was surrounded by
walls and other buildings nearby, which made it difficult
to obtain more accurate and detailed aerial images.

The photographic recording was carried out in two
stages: obtaining aerial photographs and obtaining ground
photographs. All photographs captured the areas
necessary for the 3D reconstruction, as shown in Figure 1,
where the blue square objects represent each photograph
acquired.

A total of 100 aerial photographs were captured all
around the architectural building of Puka Pukara. The
angle of inclination of the camera used for the acquisition
was 45°. The average length of the camera to the arca
where the architectural monument was located was 10.26
m and the average length between photographs was 5 m.
The flight session took approximately 10 to 15 minutes.

In addition, 40 detailed ground photographs were taken
around the architectural monument, focusing on the
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corners between the walls and the side buildings and also
on the back wall of the building. The photographs were
taken at a height of 1.50 m with three different tilt angles
at each position: 30°, 0°, and 45°. The average length of
the camera on the outside of the building was 3 m and the
average distance between photographs was 1 m.

Figure 1 shows the methodology followed to acquire
aerial and terrestrial photographs, where the location of
these photographs is represented with dark blue square
objects. Here it can be seen that the flight path of the
drone was focused around the building and the entire
architectural monument. The ground photographs focused
on the corners of the building and the back wall.

s\

(b)

Figure 1. Image acquisition for the 3D photogrammetric
reconstruction of the Puka Pukara architectural complex: (a) left
isometric view. (b) right isometric view. The blue squares represent each
of the acquired photographs.
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Figure 2. Photogrammetry process for the generation of models of the
Puka Pukara architectural monument: scattered cloud (a) frontal and (b)
isometric; dense cloud (c) frontal and (d) isometric view; triangular mesh
(e) frontal and (f) isometric view; and textured model (g) frontal and (h)
isometric; textured tesserae model (i) upper and (j) isometric view.

Table 2. Characteristics of the generated model of the Puka Pukara
architectural monument

Result Characteristic Figure
Sparse cloud 95,723 2a, 2b
Dence cloud 13,299,495 2¢,2d

Triangular mech 200,497 vertex and 399,179 2e.2f
faces
Texturized model 4,096 x 4,096 pixels 2g,2h
Texturized tile 4,096 x 4,096 pixels 2i,2

model

3.3. Model Processing and Generation

Model generation by photogrammetry was performed
following the methodology proposed for the case study.
Figure 2 presents the products obtained from the steps
followed in the model generation. The model was
processed with high LOD to achieve greater detail. The
characteristics of each step are summarized in Table 2. Due
to the characteristics of the structure, the model was
generated by processing separate segments that were
merged at the end. The generation of the model for this
case required 3 days of data processing using an HP
15-gw0012la Laptop workstation.

(d)

Figure 3. The model was generated using aerial photogrammetry data
of the Puka Pukara architectural monument: (a) With isometric wire
tesserae model and (b) top view; (c) isometric shaded tesserae model and
(d) top view.
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(b)

Figure 4. The model generated using aerial photogrammetry data of the
Puka Pukara architectural monument: Structural monitoring showed that
the west wall (a) and the east fagade (b) of the Puka Pukara enclosure
show deterioration, cracks, deformations, and a high risk of decline.

Figure 5. Combined model (a) and confidence level (b) of the Puka
Pukara architectural monument using aerial and terrestrial
photogrammetry.

The flight data were processed following the same
procedure as the methodology proposed for the preparation
of the case study. The resulting point cloud had a total of
13,299,495 points. The products obtained from this
procedure are shown in Figure 3, where it can be observed
(Fig. 3a) with isometric wire tesserae model and (Fig. 3b)
top view and (Fig. 3c) isometric shaded tesserae model and
(Fig. 3d) top view.

A complete model was generated by combing the
exterior model obtained with aerial and terrestrial
photogrammetry. This model was processed using the
same procedure explained in the methodology proposed for
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the development of the case study. Figure 5 shows the 3D
model obtained from the process.

3.4. Discussion

The case was studied with the purpose and interest of
monitoring structural health through the application of 3D
photogrammetry. However, in this case, it was necessary
to take terrestrial images because the building had
multiple obstacles around it and poor lighting due to
nearby buildings. For this reason, both aerial and
terrestrial images were taken to model the exterior
structure. This shows that, although a modeling project
could have a similar structure. Multiple factors could vary
the process and methodology needed to achieve the same
final product.

The results show highly detailed 3D digital models that
are subsequently rigorously analyzed. The structural
monitoring showed that the west walls and the east facade
of the Puka Pukara precinct show deterioration, cracks,
deformations, and a high risk of decline, so emergency
actions are recommended for their stabilization.

4. Conclusions

The paper presented a single case study where a single
3D scanning technique was applied to the archaeological
complex of Puka Pukara. In this monument,
photogrammetry was used to model the exterior and
interior of the architectural enclosure. While the
methodology proposed by the authors was applied to
model only the exterior of the monument. The results
generated by the methodology allowed a complete
digitalization (exterior and interior) with a high level of
detail of the structures, which can only be achieved by
using one methodology (photogrammetry).

The high level of detail obtained in the digitized
structures proves the capabilities of the modeling
techniques and leads to the conclusion that these could be
used as tools for the digitization of architectural and
archaeological heritage especially in countries with a large
number of cultural heritages, such as Peru. In addition, the
resulting 3D models can be used to build solid models for
finite element analysis FEA, as well as tools for planning
the preservation of architectural and archaeological
buildings in the face of possible natural disasters (seismic,
wind, and floods).

Thus, for future research it is necessary to focus on
obtaining better results, for this it is necessary to apply
more sophisticated methodologies in this type of study,
such as (IR Infrared Thermography) is applied to detect
some possible structural failures in buildings through heat
imaging, (TLS laser scanner) to obtain real results of high
precision and accuracy in 3D modeling of buildings,
obtaining points is high speed compared to aerial
photogrammetry, which is why by applying this mixed
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methodology can obtain more optimal results and thus
ensure the integrity and proper monitoring of the
structural health of architectural and pre-Inca buildings.

In subsequent studies, we will compare the models
generated using the mixed methodology to obtain the
characteristics offered by each methodology, and based on
the results we will recommend the applications in which
each methodology should be used.
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