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Abstract: The deterioration of historical heritage has underscored the need for precise documentation
and accurate measurements in restoration and conservation efforts. Detailed documentation not
only enhances understanding but also provides architects and engineers with the necessary tools to
optimize these processes. However, limited funding has prompted researchers to develop low-cost
geomatic tools and methodologies, such as multi-image photogrammetry, to generate 3D point
clouds. Technologies like miniaturized Light Detection and Ranging (LiDAR) sensors, integrated
into Apple devices such as the iPhone and iPad since 2020, have made these tools more accessible.
These sensors deliver direct time-of-flight measurements, enabling accurate 3D data acquisition
of historical structures. Despite the critical role that scan parameters—such as scanning speed,
sensor angle, lighting, or the distance from the scanned object—may play, there is a lack of detailed
studies examining their effects in the literature. To address this gap, this paper employs Taguchi’s
orthogonal arrays to define the optimal scan parameters for the LIDAR sensor on the 2022 iPad Pro.
The optimized parameters are then used to scan a historical building.
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1. Introduction

The importance of documentation and metric knowledge in the field of cultural
heritage takes on critical relevance when considering the alarming degradation affecting
much of the built historical legacy [1], coupled with the necessary interventions for its
restoration and conservation. In this context, the meticulous documentation of these
valuable structures not only enhances understanding but also provides architects and
engineers with the necessary tools to optimize the processes of restoration, safeguarding,
and improvement of these cultural treasures [2].

However, a challenge has arisen due to the funding accessibility of these investigations [3].
This situation has catalyzed the creativity and commitment of stakeholders and researchers,
who have focused their efforts on creating low-cost geomatic tools and methodologies, without
compromising metric accuracy [4]. Among these solutions, multi-image photogrammetry
stands out as an effective technique that democratizes the process of metric documentation,
encouraging the participation of individuals with no prior geomatic experience [5].

Through the application of multi-image photogrammetry, comprehensive 3D metric
surveys can be obtained with a fast and intuitive approach [6]. This technique has versatile
applications, ranging from the architectural field to the monitoring of structures and
environmental assessment [6]. Specifically, algorithms based on structure-from-motion
(5fM) and integrated into multi-image photogrammetry allow for the generation of precise
and consistent point clouds, highlighting their suitability for metric documentation [7].
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Technological evolution has further facilitated the metric documentation landscape
with the introduction of miniaturized and affordable LiDAR (Light Detection And Ranging)
sensors [8]. These sensors, such as those integrated into Apple devices since 2020, like
the iPhone 12 Pro and the iPad Pro, have popularized the acquisition of 3D data for
buildings and historical-cultural heritage assets [9]. This LiDAR, unlike traditional sensors,
offers direct time-of-flight measurements (dToF), eliminating mechanical components and
ensuring accurate and reliable measurements [10].

To fully harness this advancement, specific applications available in the Apple App
Store are required. These applications allow for the acquisition and export of point clouds
and meshes in various formats [11]. Both free and paid versions, with more advanced
features oriented towards metric documentation, are available [12].

Since the integration of LIDAR into Apple devices, various applications and research
groups have explored its geomatic potential and practical applications. Nevertheless,
despite the critical role that scan parameters—such as scanning speed, sensor angle, lighting,
or the distance from the scanned object—may play, there is a lack of detailed studies
examining their effects in the literature. To address this gap, this paper employs Taguchi’s
orthogonal arrays to define the optimal scan parameters for the LIDAR sensor on the
2022 iPad Pro. Through this initiative, efficient practices for performing scans can be
established that yield useful results, raising the question of which parameters influence
scan quality and what the optimal levels are for each [4]. The optimized parameters are
then used to scan a historical building.

The remining paper is structured as follows. In Section 2, the background of this
research is presented in order to summarize the current knowledge in the usage of the iPad
for structures scanning. Section 3 comprises the stages, activities, tools and deliverables of
the research method conducting this work. A methodology for selecting the optimal levels
of scanning parameters for the iPad Pro (Apple Inc., Cupertino, CA, USA), using orthogonal
arrays, is also presented. In Section 4, this methodology is applied to three objects with
different geometries to determine the ideal scanning parameters. These parameters are
then used in Section 5 to monitor the facade of a heritage structure. Discussions of the
results are presented in Section 6 and, the conclusions, limitations, and future research of
this work are summarized in Section 7.

2. Background
2.1. Heritage Structures Inspection Protocols

Historical constructions face a unique set of challenges due to their age, architectural
design, and building materials, as well as the effects of environmental changes and long-
term wear. According to [13], one of the primary issues is the degradation of materials.
Materials such as stone, wood, and lime mortar, commonly used in historical structures, are
prone to deterioration over time. This is primarily caused by exposure to climatic factors,
temperature fluctuations, humidity, and atmospheric pollutants, leading to decomposition,
erosion, and corrosion. Additionally, historical buildings often experience settling and
structural movement over the years, which can result from changes in soil conditions,
vibrations from nearby traffic, or other external influences, causing cracks and deformations
in the structure [14].

Biological attacks and biodeterioration also pose significant threats, as organisms
like fungi, lichens, mosses, and insects can colonize and damage the surfaces of these
structures, accelerating the deterioration of materials and affecting their overall appearance.
Water-related issues are another major concern. Water infiltration through roofs, walls, and
foundations can lead to severe damage, including material degradation and mold formation.
Moreover, water can contribute to the erosion and corrosion of structural elements [15].

Another problem arises from the use of modern materials in repairs and restorations,
which may be incompatible with the original materials of the historical buildings. This
mismatch can lead to further long-term damage. Lastly, many historical constructions do
not comply with modern building codes and safety regulations. Adapting these structures
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to meet current safety standards and new usage requirements can be complex, often
requiring careful consideration to avoid compromising their historical integrity [16].

For the inspection and conservation of historical buildings, various levels of inspection
are employed to ensure the proper preservation of their cultural, architectural, and historical
value [8]. These include superficial inspections conducted by conservation staff with basic
evaluation knowledge but without specialized training in infrastructure pathologies. The
main goal of these inspections is to identify visible damage and document it in a report.
Visual inspections are carried out by technicians with some training in infrastructure
inspection, without the need for special equipment, focusing on detecting visible damage
from the ground to assess the general condition of the structure [17].

Main inspections involve close visual evaluations of all parts of the structure, includ-
ing the ability to physically touch elements during the inspection. Deep inspections are
performed during repair work and involve detailed measurements to determine the cause
and extent of detected damage, providing precise information for rehabilitation planning.
Special inspections are conducted in specific situations or when previous inspections raise
particular concerns that require more focused investigation [18].

Several common protocols fall within these inspection levels, as described by [19,20].
The most basic and essential method is visual inspection, which involves a direct assessment
of the structure to identify visible damage, deterioration, cracks, humidity, and other surface
issues such as paint detachment. Non-destructive techniques allow for the evaluation of
the internal state of the structure without causing physical damage, using methods like
ultrasound, thermography, electrical resistivity tomography, ground-penetrating radar
(GPR), and X-rays. Material analysis involves studying the construction materials of the
historical structure, often through laboratory testing, to determine their composition and
characteristics, aiding in conservation efforts.

In some cases, continuous monitoring systems are implemented to track changes in
the structure over time, using sensors to measure humidity, temperature, vibration, and
other factors that could affect the building’s integrity [21]. 3D modeling and scanning
technologies enable the creation of accurate digital representations of the structure, which
are useful for restoration planning and identifying hidden issues.

Historical and documentary research is another critical aspect, providing valuable
insights into the original construction methods, alterations over time, and significant
events related to the structure [22]. This knowledge informs decisions about conservation.
Construction pathology studies focus on identifying the underlying causes of deterioration
and damage, whether from design flaws, natural aging, or human intervention.

It is essential to recognize that each historical building is unique, requiring a tailored
approach based on its historical context, current condition, and conservation needs [23].
Professionals specializing in historical preservation, such as architects, structural engineers,
and conservators, typically use a combination of these protocols to ensure the proper
conservation of these invaluable structures. Among the key procedures for inspection and
subsequent conservation, monitoring and 3D scanning and modeling stand out, as these
techniques contribute significantly to the digitalization of cultural heritage [23].

2.2. iPad Pro LiDAR

Numerous studies have evaluated the use of Apple’s iPad Pro LiDAR in heritage conser-
vation and architectural documentation. While its cost-effectiveness and portability make it a
promising tool for rapid surveys, its accuracy is consistently found to be lower compared to
professional-grade devices like photogrammetry and terrestrial laser scanners (TLS).

Vacca [24] highlighted the sensor’s suitability for simpler geometries but noted limita-
tions in range (up to 5 m) and difficulty capturing fine details. Similarly, Labedz et al. [10]
found significant inaccuracies in small, complex objects, with up to 50% of points mis-
aligned, though the sensor performed well in simplifying larger architectural features like
walls and facades. Teppati Losé et al. [9] emphasized its usability for preliminary surveys
but underlined its reduced precision compared to TLS, making it better suited for broader
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heritage documentation tasks. Costantino et al. [24] identified challenges such as surface
splitting and inertial navigation drift, highlighting the need for improved calibration to
address movement-induced errors.

Diaz-Vilarifio et al. [25] pointed out that the reduced range and point density of the
iPad Pro’s LiDAR limit its suitability for detailed documentation, while Vogt et al. [26]
demonstrated its adequacy for basic applications but not for highly detailed scans.
Spreafico et al. [11] assessed its positional accuracy, finding it appropriate for mapping at a
scale of 1:200 but with noticeable noise in point clouds.

While these studies demonstrate the potential of Apple’s LIDAR sensor (Lumentum,
San Jose, CA, USA) in heritage documentation, they reveal several limitations:

e  Accuracy and Precision: The iPad Pro LiDAR sensor struggles with complex geome-
tries and fine details, particularly when compared to photogrammetry or professional
TLS. Calibration techniques specific to the sensor are limited, creating a need for more
sophisticated methods to enhance precision in scanning heritage structures.

e Limited Range and Data Density: The LiDAR’s range is restricted to 5 m, which limits
its usability in larger or taller heritage buildings. The reduced point density also affects
the quality of the 3D models produced.

e  Error Mitigation in Field Scans: Drift issues and surface splitting in mobile scans have
been identified, but robust solutions to mitigate these errors during fieldwork are
still lacking.

In addition, the 3D model development quality depends on a set of parameters to be
controlled during the capture process [27]. Following the 3D accuracy modeling analysis
developed by Atencio et al. [5] the main parameter for 3D modeling to be considered
is the distance to the object. Other parameters considered for the model developing
include: sensor angle, scanning time, number of passes, lighting, and scanning resolution.
These parameters are summarized in Table 1 with the addition of the type of material
of the scanned object and the software used for model processing in the main works in
the literature.

Table 1. Key parameters considered in the literature.

Reference Di(s)tli?:cet to Sensor Angle Scanning Time Nl;,‘::s: of Lighting Resolution
[28] 5m Varied Not specified Not specified Not specified 1-2cm
[10] 5m Multiple Not specified Several Standard conditions 2cm
[9] 5m Multiple Not specified Multiple Mixed lighting 2-3 cm
[24] <3m Varied Not specified Repeated Not discussed 1-3cm
[25] 300 mm-5m 65° Not specified Multiple Good in low light 2 cm
[26] 5m Varied Not specified Multiple Standard lighting 0.05 mm to 0.1 mm
[29] Not specified Not specified Not specified Not mentioned Not specified Not specified
0 am TR g e Oiesidorsd e oo b

The analysis of Table 1 shows that the distance to the object generally ranges from
1 to 5 m, which is the typical maximum range for these devices. Sensor angles present
a significant variation in the literature, but most studies adopt perpendicular or varied
angles to ensure better data capture. Scanning times fluctuate significantly, from a few
minutes (around 4 min for lower resolution) to up to 20 min for higher resolution scans with
multiple passes. Lighting is generally not a major limiting factor, with scans performed in
both natural outdoor and controlled indoor environments. Resolution varies from 1 cm for
high-detail settings to as low as 5.2 cm for less detailed scans, with most studies achieving
a precision of around 1-2 cm, suitable for applications like architectural surveys. The
common thread of the summarized works is the promise of portable, low-cost, and efficient
scanning with accuracy close to professional-grade tools in ideal conditions. To identify
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the key scanning parameters affecting the iPad Pro LiDAR scanning process, a design
for experiments methodology based on Taguchi’s orthogonal arrays, as introduced in the
following section, was utilized.

It is important to highlight that the iPad Pro’s “LiDAR Scanner” is often misunderstood
because, while it shares a name with traditional LIDAR systems, its function and capabilities
differ. Unlike full-scale LiDAR systems used in applications such as self-driving cars or
large-scale surveying, the iPad Pro’s LiDAR uses time-of-flight (ToF) technology, which
works by measuring the time it takes for a light pulse to travel to an object and return.
While this is a form of distance measurement that can be used in 3D scanning;, it lacks the
depth and range of professional LiDAR scanners, making it a less advanced and more
limited implementation. In professional LiDAR systems, lasers are typically used to emit
precise light pulses to generate highly detailed 3D models of large areas. These systems are
much more powerful, accurate, and capable of scanning over longer distances, whereas
the iPad’s LiDAR is optimized for short-range applications, mainly used for enhancing
augmented reality (AR) experiences, improving focus, and enabling precise measurements
within a limited range. Therefore, while Apple’s device is marketed as a “LiDAR Scanner”,
it technically does not match the traditional LiDAR technology in terms of its operational
scope or technical capacity, and its usage is more akin to a depth-sensing camera.

2.3. Experiments Design

The Design of Experiments (DoE) theory seeks to reduce the number of simulations
while maintaining statistical significance [30]. In the 1960s, Taguchi introduced a set of
tables (known as orthogonal arrays) to minimize experiments required for statistically
significant results [31]. This method helps researchers understand the relationship between
process factors and outcomes [13] and has been applied across various fields, including
agriculture, materials science, and civil engineering. Among the various applications in
civil engineering, it is important to highlight the use of Taguchi’s method to calibrate
the parameters of heuristic optimization tools in the analysis of the tensioning of cable-
stayed bridges [32], and for the calibration of the Unmanned Aerial Vehicles (UAV) flight
parameters for building fagades [4] and road potholes [5,27]

3. Research Method

The research outlined in this document follows the Design Science Research Methodol-
ogy (DSRM), which aims to develop an artifact that solves a specific problem within a partic-
ular context [33]. Examples of the application of this methodology can be found in [34-36]
where various problems have been addressed through the development of artifacts that
have been tested as both conceptual and practical solutions in real-world scenarios.

Figure 1 represents a step-by-step process based on the DSRM applied to the de-
velopment and evaluation of a 3D modeling workflow using an iPad Pro LiDAR sensor
for scanning structures. This figure includes the stages, objectives, activities, and tools
comprising the DSRM adaptation for the present research, aiming to calibrate the scanning
parameters for the 3D model using iPad Pro LiDAR sensors.

The analysis of Figure 1 illustrates that the process starts with Stage 1: Identification
of problems, where current applications and scanning parameters for the LiDAR sensor
are identified through a literature review. In Stage 2: Definition of the potential solution,
the parameters for scanning are calibrated, and the workflow is designed, including sensor
configurations and scanning methods. Stage 3: Design and development involves refining
the scanning setup and determining software for image data processing. Stage 4: Demon-
stration applies the proposed workflow, capturing data using the iPad Pro LiDAR and
generating 3D models, while extracting geometric properties of selected objects. Finally,
Stage 5: Evaluation uses statistical analysis to compare the accuracy of the experimental
results, applying an Analysis of Variance (ANOVA) to assess the significance of errors and
refine the process based on these findings. Each stage is associated with specific tools and
activities to ensure the development of an effective 3D modeling solution.
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Figure 1. Research method.

Finally, a case study will be conducted to apply the optimal parameters identified in a
real-world scenario and evaluate the model’s performance. This evaluation will compare
the model (using these optimal parameters) against other models developed with randomly
assigned parameters. The comparison will be based on error analysis.

4. Results

This section seeks to address stages three, four and five of DSRM presented in Figure 1.
To select the optimal levels for the iPad Pro LiDAR scanning parameters, three objects
with different geometries were chosen as calibration targets. These objects are as follows:

1.  Parallelepiped Game Box (featuring a simple geometry): This object is a rectangular
parallelepiped with six rectangular faces and right angles, representing one of the
simplest scanned geometries. It was selected to provide reference measurements in
a clear and straightforward manner. In addition, it is important to highlight that
this object has no significant color variations across its faces, as all are uniformly
white. The dimensions of this object are: Length (a) = 35.4 cm, Depth (b) = 25 cm,
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Height (c) =5.7 cm. These dimensions were used to calculate the object volume
resulting in a value of Volume (V) = 5044.50 cm?. Figure 2a shows an image of
this object with its corresponding dimensions.

Block of Cubes (featuring different colors in simple geometries): This object consists of
three Rubik’s cubes assembled in a block, each with a different size (1) and volume (V).
Its dimensions are as follows: Cube 1: 1; =5.2 cm, V; = 140.61 cm®; Cube 2: 1, = 5.6 cm,
V, =175.62 cm3; and Cube 3: 13 = 5 cm, V3 = 125.00 cm3. The total volume (Vo) is
5845.72 cm®. This object was selected to examine the effects of different colors on the
performance of the scanning device. It is important to highlight that this feature could
be beneficial for scanning or measurement techniques that rely on light reflection,
such as LiDAR, as the variety of surfaces generates richer and more varied data. A
picture of the object is presented in Figure 2b.

Sculpture (featuring complex geometries): This object is a Buddha sculpture
(Figure 2c), selected for its complexity, as unlike the previous two objects, it does not
have flat faces. For measurements, the height of the sculpture and two additional
reference dimensions marked by specific points were considered. Additionally, its
volume was measured using Archimedes’ principle by observing the volume of water
displaced by the object. The dimensions are as follows: Height (h) = 19.8 cm, Measure-
ment 1 (m;) = 12.6 cm, Measurement 2 (m;) = 2.1 cm, and Volume (V) = 360 cm>. A
photo of this object is shown in Figure 2 together with its considered measurements.

(b) - ()

Figure 2. Studied objects: (a) Parallelepiped Game Box, (b) Block of Kubik’s cubes, and (c) Buddha
shape sculpture.

For the experimental design, five modeling parameters were considered for each of

the three objects. Based on parameter values from related studies (summarized in Table 1),
three levels were defined for each parameter:

Distance to Object: 0.5 m, 1.0 m, and 4.0 m.

Scanning Speed: slow (0.38 m/s), medium (0.7 m/s), and fast (1.26 m/s).
Sensor Angle: 0°, 30°, and variable (greater than 30°).

Environmental Lighting:

©) Natural: ambient daylight.

O Artificial with Low Light: four 35 W light bulbs placed 2.5 m away (Figure 3a).

O Artificial with High Light: four 35 W light bulbs at 3 m, plus a 15 W bulb
positioned 60 cm from the object (Figure 3b).

Number of Scanning Passes: 1, 2, and 4.
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Figure 3. Artificial light with low (a) and high light (b).

The combination of each parameter and their levels results in 3° (243) experiments. To
reduce this number, Taguchi’s orthogonal arrays were employed. Specifically, we used the
L18 array, which allows for the analysis of up to one parameter at two levels and seven
parameters at three levels, requiring only 18 tests. The application of the L18 array to
the study of the scanning parameters for the analysis of the three objects is summarized
in Table 2.

Table 2. Application of the L18 array to the study of the scanning parameters.

Experiment Number Distance [m] Speed Sensor Angle [deg] Lighting Number of Passes
1 0.5 Slow 0 Natural 1
2 0.5 Medium 30 Artificial Low 2
3 0.5 Fast Variable Artificial High 4
4 1 Slow 0 Artificial Low 2
5 1 Medium 30 Artificial High 4
6 1 Fast Variable Natural 1
7 4 Slow 30 Natural 4
8 4 Medium Variable Artificial Low 1
9 4 Fast 0 Artificial High 2
10 0.5 Slow Variable Artificial High 2
11 0.5 Medium 0 Natural 4
12 0.5 Fast 30 Artificial Low 1
13 1 Slow 30 Artificial 2 1
14 1 Medium Variable Natural 2
15 1 Fast 0 Artificial 1 4
16 4 Slow Variable Artificial 1 4
17 4 Medium 0 Artificial 2 1
18 4 Fast 30 Natural 2

Table 3 presents a comparative analysis of the main characteristics of three free state-
of-the-art LIDAR applications: Polycam (https:/ /poly.cam/, accessed on 3 December 2024),
Scaniverse (https:/ /scaniverse.com/, accessed on 3 December 2024), and 3D Scanner App
(https:/ /3dscannerapp.com/, accessed on 3 December 2024). The table outlines their pros,
cons, suitable use cases, and supported platforms, based on authors’ experience.


https://poly.cam/
https://scaniverse.com/
https://3dscannerapp.com/
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Table 3. Comparative analysis of LIDAR applications.

Tool Pros Cons Best Use Case Platform
Polycam High-quality 3D scans with Heavier on device Professional use: i0S, Android, and Web.
» detailed textures. processing power. architecture,

‘ Supports both LiDAR and engineering, and
\ photogrammetry modes. design fields.

Cloud processing for advanced
editing and sharing

Scaniverse

©

User-friendly interface, great Lacks some advanced Beginners or casual iOS only.
for beginners. editing features. users needing quick,

Produces high-quality No direct cloud decent-quality scans.

3D models. processing for

large models.

3D Scanner App

Compatible with LiDAR and Interface can feel less Ideal for detailed iOS only.
ARKit-enabled devices. intuitive compared LiDAR scans for

High precision and to Scaniverse. technical and

reliable outputs. Requires a strong creative projects.

Allows for easy export in learning curve

various formats for advanced

(e.g., OBJ, STL). functionalities.

Polycam was selected over Scaniverse and 3D Scanner App due to its versatility,
high-quality output, and suitability for professional applications [37]. It offers both LIDAR
scanning and photogrammetry, providing a broader range of scanning options and ensuring
high-resolution 3D models with detailed textures, which are essential for architectural and
engineering studies. Polycam’s advanced editing and cloud processing features allow
for efficient model sharing and collaboration, a crucial aspect for research workflows.
Additionally, it is compatible with iOS, Android, and web platforms, offering greater
flexibility compared to the iOS-only Scaniverse and 3D Scanner App. While Scaniverse is
user-friendly and free, it lacks the advanced features required for the study, and 3D Scanner
App, although precise, has a steeper learning curve and is limited to LiDAR functionality.
Thus, Polycam’s comprehensive feature set and proven performance in professional settings
made it the most suitable choice for this research.

Each of the three objects was scanned using the 18 parameter configurations defined
in Table 2. In each experiment, a mesh of the scanned object was generated to measure both
its targeted dimensions and its volume as a solid. The chosen software for this purpose
was iTwin Capture Modeler Master [38], and the scanned objects were exported in the
*PLY’ format.

To measure the dimensions and the volume of the scanned objects, the scanned mesh
was first converted into a solid. This involved importing the mesh into a block that could
be imported into the iTwin Capture Desktop Viewer for measurement. An example of the
use of this software for the measurement of the length, and the volume in the analyzed
objects is presented in Figures 4a and 4b, respectively.

Issues arose during the volume measurement of the mesh, leading to concerns about
the accuracy of the data. The measurement process was not conducted in a well-defined
manner, making the resulting data unrepresentative. As a result, it was decided to work
exclusively with the length data. Accordingly, measurements for each of the three objects
were obtained across the 18 experiments defined in Table 2. After that, the relative error
of each of these measurements was calculated, and an average of the errors for each
experiment was computed.
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23 i¥win Capture Desktop Viewer [point,_cloud.ply] op Viewer [Production_2.3mx]

File

Fil Tools Help

L el NEL NN
ents

e o e

S AR,

Coordnate  Distnce  Surface  Volume
Distance: 0352 units .
Heght dfference: 0.001 units Giick on the model to define the base surface.

"Doubie dick to close the polygon. Backspace to delete the last point.

Sampling distance: |0.00317819 meters

Perimeter: 27.294 cm
Area: 51.560 cm2

Cut volume: 305.718 cm3
Fil volume: 0137 cm3

Figure 4. Measurement of length (a) and volume (b) in the objects imported into iTwin Capture Desktop
software (https:/ /www.bentley.com/software/itwin-platform/, accessed on 3 November 2024).

To illustrate this process, its application to Experiment 1 using the parallelepiped
game box is presented. The sides of this structure, labeled as a, b, and c in Figure 3a,
have real measurements of 35.4 cm, 25.0 cm, and 5.7 cm, respectively. For each of these
measurements, the relative error, E;, was calculated using the following equation:

_ Mg — My

E; My M

in which MR represents the real measurement and My, the measured value.

The values of the obtained My, for each of the sides of the structure and the obtained
errors for the Experiment 1 are summarized in Table 4. Analysis of this table shows that
the errors for this experiment range from 1.6% on side b to 6.2% on side a.

Table 4. Calculation of relative errors in Experiment 1.

Experiment 1 a b C
Mg 354 cm 25.0 cm 5.7 cm
Mm 33.2cm 24.6 cm 6.0 cm
E; 6.2% 1.6% 5.3%

Therefore, it can be noted that the observed measurement error between the game box
and its models is 6.2%, 1.6% and 5.3%, respectively.

In order to summarize these found errors in an overall error, the term E, (representing
the overall error) has been defined. This value was calculated by averaging the absolute
values of errors (E,, from Table 3) as shown in the following equation:

+ |Erp|+|ER,c
-7/ 4 2
3 ()

E
Eo _ | R,a

in which, ER ,, Erp, and Eg . represent the relative errors in sides a, b, and c, respectively.
Therefore, considering the example presented above, the value of E, for the Experiment 1
was 6.4%.

The E, for the three objects described in Figure 3 is summarized in Table 5.

To analyze the variance of the errors, the obtained E, values for each experiment
described in Table 4 were introduced into the MINITAB program (https://www.minitab.
com/es-mx/, accessed on 3 November 2024) [39], and an ANOVA analysis was conducted.
The p-value obtained by this analysis enabled the identification of the scanning parameters
with statistical significance. Finally, the optimal level of statistical significance for the scan-
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ning parameters was identified by analyzing the effects of the different mean standardized
values of each parameter level on E,.

Table 5. Obtained Overall Errors, E,.

Eoy Object 1 Object 2 Object 3
1 0.063593 0.385156 0.05291
2 0.043593 0.54815 0.096861
3 0.05896 0.465305 0.092714
4 0.011339 0.081612 0.594757
5 0.075553 1.377292 0.123377
6 0.08775 0.909122 0.212843
7 0.187202 0.308509 0.431883
8 0.235664 0.411172 0.549062
9 0.455563 0.299927 0.893216
10 0.063043 0.121557 0.121212
11 0.017676 0.061612 0.01612
12 0.075131 1.104652 0.210197
13 0.105109 0.263645 0.143338
14 0.017029 0.02544 0.147427
15 0.044463 0.220916 0.135883
16 0.255236 0.411172 0.367484
17 0.333517 0.444412 0.249154
18 0.394528 0.546468 0.243146

The ANOVA analysis of the parallelepiped game box is summarized in Table 6. This
table includes the number of degrees of freedom, DF, the adjusted sum of squares, Adj SS,
the adjusted mean squared, Adj MS, the ratio of the variance between the groups to the
variance within the groups, F-value, and the probability of observing the data, or something
more extreme, assuming that the null hypothesis (all means are equal) is true in accordance
with the p-value. The analysis of this table shows that in this object the distance to the object,
the speed, and the lighting conditions are statistically significant as their p-values are lower
than the reference value of 0.05. On the contrary, both the sensor angle and the number of
passes do not have a statistically significant impact on the means of the experiments; in
other words, they are not statistically representative.

Table 6. Results of the ANOVA for the parallelepiped game box.

DF Adj SS Adj MS F-Value p-Value
Distance 2 0.26367 0.13183 85.22 0.000
Speed 2 0.02007 0.01003 6.49 0.025
Sensor angle 2 0.00349 0.00174 1.13 0.376
Lighting 2 0.01704 0.00852 5.51 0.037
Number of passes 2 0.01050 0.00525 3.39 0.093

To identify the optimal levels among the three analyzed scanning parameters that are
statistically significant, a Taguchi analysis was conducted, focusing on the lowest error for
each significant parameter level. For the parallelepiped game box, the distance with the
lowest error corresponds to level 1, which is 0.5 m. The sensor speed that yielded the lowest
error is level 3, which represents the slow speed. Finally, the optimal lighting condition is
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level 1, which is artificial low lighting. The effects of the different levels of the statistically
significant scanning parameters in the errors are summarized in Table 7.

Table 7. Analysis of the levels of the parameters in the parallelepiped game box.

Level Distance Speed Lighting
1 0.0503 0.1860 0.1109
2 0.0568 0.1205 0.1819
3 0.3102 0.1109 0.1246

The ANOVA analysis of the Rubik’s cube block is summarized in Table 8. This analysis
reveals that, unlike the parallelepiped game box, none of the scanning parameters were
statistically significant, as all p-values exceeded 0.05. Table 9 provides a summary of how
the various levels of the different scanning parameters impact the errors in the analysis of
this object.

Table 8. Results of the ANOVA for the Rubik’s cubes block.

DF Adj SS Adj MS F-Value p-Value
Distance to object 2 0.01751 0.00875 0.07 0.935
Speed 2 0.33558 0.16779 1.29 0.332
Sensor angle 2 0.61278 0.30638 2.36 0.164
Lighting 2 0.04846 0.02423 0.19 0.834
Number of passes 2 0.30761 0.15380 1.19 0.361

Table 9. Analysis of the levels of the parameters in the Rubik’s cubes block.

Level Distance Speed Sensor Angle Lighting Passes
1 0.4477 0.5911 0.2489 0.4629 0.5864
2 0.4797 0.4781 0.6915 0.4954 0.2705
3 0.4036 0.2619 0.3906 0.3727 0.4741

Finally, the results of the ANOVA analysis for the Buddha figure are summarized in
Table 10. This analysis indicates that the only statistically significant scanning parameter
for this object was the distance to the object, with a p-value of 0.043, which is less than
0.05. This parameter is highlighted in bold in the table. This parameter is highlighted in
bold in the table. Additionally, Table 11 provides a summary of how the different distance
levels affect measurement errors for this object. The analysis shows that, similar to the
parallelepiped game box, the optimal distance level is the first one, 0.5 m.

Table 10. Results of the ANOVA for the Buddha figure.

DF Adj SS Adj MS F-Value p-Value
Distance 2 0.3933 0.1966 5.09 0.043
Speed 2 0.0363 0.0181 0.47 0.643
Sensor angle 2 0.0412 0.0206 0.53 0.608
Lighting 2 0.0611 0.0305 0.79 0.49
Number of passes 2 0.0770 0.0385 1.00 0.416
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Table 11. Analysis of the levels of the parameters in the Buddha figure.

Level Distance Speed Sensor Angle Lighting Passes
1 0.0983 0.2981 0.3236 0.3257 0.2362
2 0.2262 0.1972 0.2081 0.2705 0.3494
3 0.4556 0.2852 0.2485 0.1841 0.1945

The analysis of the results of the three objects enabled the definition of the following
scanning parameter levels:

- Distance: Level 1 (0.5 m),

- Scanning speed: Level 3 (approximately 1.26 m/s)

- Sensor angle: No statistical significance was found for this parameter. It was fixed as
Level 3 (variable).

- Lightning: Level 1 (natural lighting)

- Passes: No statistical significance was found for this parameter. It was fixed as Level 1
(one pass).

To verify the adequacy of the selected scanning parameters, a new scan of the three
objects was conducted. The results of the scanned objects for the selected scanning parame-
ters are illustrated in Figure 5. For each of these objects, the distance measurements were
taken and the overall errors E, were calculated. The obtained values of the three objects
were 1.04%, 1.85%, and 0.96, respectively. The values of the obtained measurements in the
digital models are summarized in Table 12.

Figure 5. Scanned objects with the selected scanning parameters: (a) Parallelepiped Game Box,
(b) Block of Kubik’s cubes, and (c¢) Buddha shape sculpture.

Table 12. Dimensions measured in the objects scanned with the selected scanning parameters.

Object Dimension 1 Dimension 2 Dimension 3
a b c
Parallelepiped Game box
35.0 245 5.7
Ly I I3
Rubik’ lock
ubik’s cube bloc 52 54 19
h mg myp
Buddha figure
19.7 12.3 21

Figure 6 presents the E, values from the 18 experiments (numbered from 1 to 18),
along with the results from the scan using the selected scanning parameters (plotted as
experiment number 19). Analysis of this figure shows that the resulting errors (1.043% for
the Game box, 1.857% for the Rubik’s cube, and 0.962% for the Buddha figure) were smaller
than those observed in the other experiments analyzed.



Appl. Sci. 2024, 14, 11814 14 of 20

100
90 ‘ —aA— Game box
80 L —@— Rubik's cubes
—6—Human figure

Eo %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 |19

Figure 6. E, values for the different experiments from the L18 and the scan with the selected scanning
parameters (experiment 19 framed).

5. Case Study

The case study focuses on the Miguel Marafia gate of Santa Ana Church in Seville,
Spain, presented in Figure 7. This door has a rich history and has undergone stratigraphic,
typological, and construction analyses, as presented in [40]. This work explains that the
wall’s foundation dates back to the 12th century, the brick cladding to the 20th century,
and the marble column to the 16th century. Throughout the door, several areas of damage
were evident. Notably, there were long and narrow vertical openings resulting from the
separation of the bricks.

Figure 7. Picture of the Miguel Marafia gate of Santa Ana Church.

This structure was scanned with the LiDAR of the iPad Pro fixing the scanning
parameters with those levels defined in the preceding section—a distance of 0.5 m, scanning
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speed of approximately 1.26 m/s, variable sensor angle, natural lighting, and one pass. The
scanning was conducted on a sunny day, 26 June 2024, at 7:30 PM.

In order to validate the geometry of the model, the following reference distances (D)
were defined: Dy: Horizontal measurement of a stone brick, D,: Vertical measurement of
a stone brick, D3, Horizontal measurement of clay brick, Dy: Vertical distance of a first
crack opening, and Ds: Vertical distance of a second crack opening. The values of these
distances measured on site were: D1 = 51.0 cm, D, =29.0 cm, D3 = 17.0 cm, Dy = 58.4 cm,
and D5 = 38.2 cm, respectively. A picture of these considered distances in the model is
presented in Figure 8.

Figure 8. Considered referenced distances D in the case study.

The dimensions of the bricks were averaged across 10 different measurement points,
using a steel tape measure with an accuracy of 1 mm. It is important to highlight the
targeted measurement points were selected on those bricks that presented the most
uniform dimensions.

Scans of two different areas of the door were performed. The digital models generated
by the Polycam app are presented in Figures 9 and 10, respectively. The obtained values of
Dy, Dy, D3, Dy., and Ds in these scanned walls are summarized in Table 12. This table also
includes overall error (E,) adapting equation 1 to five measurements. The obtained value
of this parameter of 3.59% indicates a high level of accuracy in the scanned geometry.

Figure 9. Scan 1: first area of the case study.
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Figure 10. Scan of the second area of the case study.

To validate the positive impact of the selected scanning parameters, the case study
was scanned using three alternative sets of parameters randomly chosen from the various
levels studied. The values of the obtained measurements and the overall error (E,) for these
additional models are summarized in Table 13.

Table 13. Comparison of the values of the targeted measurements D and the Eo for the optimal
scanning parameters and three random cases.

Dq (cm) D, (cm) D3 (cm) D4 (cm) Ds (cm) Eo %

Optimal parameters 47.5 28.5 16.0 57.6 39.1 3.6
448 26.6 11.2 64.6 39.5 13.7

Random parameters 47.1 20.6 12.8 63.7 33.3 16.6
49.6 21.8 18.9 64.6 46.9 14.4

To illustrate the variability in the five targeted measurements (D), a box-and-whisker
diagram was created based on the measurements from the four scanners used for the
structure. This diagram is presented in Figure 11. This diagram shows the variability in all
the five targeted parameters due to the scanning parameters.

70
60
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Figure 11. Box-and-whisker diagram of the targeted measurements D.
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6. Discussion

For the case study;, initially, a three-dimensional, full-scale sculpture with no straight
lines was considered as the validation example. This choice posed challenges in measur-
ing reference distances and underscored the importance of using volume as a reference.
However, the sculpture was ultimately not selected, and a brick wall was chosen instead
as the case study to more effectively demonstrate the connection between the proposed
methodology and architectural applications. In this scenario, estimating the volume was
not practical since the bricks were partially embedded within the wall, making reference
distances a more suitable approach. For this reason, distances were ultimately selected over
volume for the analysis.

This study addresses the limitations of iPad LiDAR for small, intricate cultural heritage
artifacts, consistent with findings by Labedz et al. [10], who highlighted its strength in
capturing larger, simpler architectural features. The challenges stem from the sensor’s
resolution and the difficulty of maintaining optimal positioning during scans, as also noted
by Teo and Yang (2023) [41], who recommend maintaining a consistent scanning distance
and angle for improved accuracy. While initial tests used everyday objects for accessibility,
future research will focus on cultural heritage specific artifacts, such as columns and
facades, to refine the methodology. These adjustments aim to enhance the reliability and
applicability of LIDAR-based documentation for heritage structures conservation.

The analysis of the models was intentionally kept as simple as possible to highlight
the method’s applicability and to encourage its use. As a result, the effects of convert-
ing the scan to a mesh, noise reduction algorithms, and potential data loss during the
export/import process were not explored in this study. However, in future work, the pro-
posed methodology will be extended to examine the potential effects of these parameters
to enhance the robustness of the methodology and further explore its potential.

It is important to emphasize that the primary objective of this work is not to identify
the software but rather to propose a methodology for analyzing the effects of scanning
parameters across any given tools. Future research could build on this approach by in-
corporating the influence of software. This would involve introducing new parameters,
such as LiDAR application and mesh generation software, with various levels (e.g., Agisoft
Photoscan or Reality Capture) for each, within the Taguchi analysis framework. Such an
analysis would extend the proposed methodology, not only to identify the optimal scanning
parameters but also to determine the best combination of LiDAR and mesh generation
software for each specific case study. Moreover, the proposed methodology is not limited to
the iPad Pro LiDAR and can also be applied to other LiDAR devices and to alternative scan-
ning technologies, such as photogrammetry or terrestrial laser scanners. The application of
this methodology to these other techniques will be explored in future research.

Finally, the choice of measurement parameter does not affect the primary objective
of the paper, which is to identify the optimal scanning parameters for a given tool and a
specific parameter. In fact, the proposed methodology is highly versatile and can be directly
applied to other scanning parameters, such as volumes and areas, allowing for broader
applications across different measurement types. The analysis of other measurement types
will be studied in future works.

7. Conclusions

This work illustrates the significant role that scanning parameters—such as scanning
distance, speed, angle, number of passes, and lighting—play in the accuracy of scans
conducted with the iPad Pro’s LIDAR. Despite this importance, no systematic methodology
for defining the optimal levels of these scanning parameters is presented in the literature.
To address this gap, this study proposes the application of Taguchi’s orthogonal arrays to
identify the critical scanning parameters and their optimal levels.

The analysis of three objects with varying complexities revealed that the most impor-
tant scanning parameters are a short distance from the object, have a fast scanning speed,
and natural lighting. The selected optimal levels were then used to scan a heritage structure
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featuring different structural elements and cracks. The results obtained from scanning
this structure demonstrate how the chosen optimal levels for the scanning parameters
significantly reduce measurement errors in the geometry of the scanned model compared
to randomly defined parameters.

In terms of practical applications, the findings hold significant promise for conserva-
tion professionals and researchers who often face financial constraints. The use of easily
accessible devices, such as the LiDAR of the iPad Pro, opens up new possibilities for
institutions with limited resources to engage in high-quality documentation efforts.

However, the study is not without limitations. One major constraint is the iPad
Pro’s limited range and reduced accuracy when capturing complex geometries or finer
details in intricate heritage structures. The LiIDAR sensor’s 5-m range and relatively low
point density, especially compared to professional-grade terrestrial laser scanners, remain
limitations that affect its ability to capture highly detailed or large-scale heritage elements.
Additionally, environmental factors, such as lighting conditions and surface reflections,
still pose challenges, which were controlled to some extent in this study but may not be
easily manageable in all field conditions.

Future research should address these limitations by exploring improvements in both
the hardware and software associated with mobile LiDAR technologies. Specifically, further
studies could investigate enhanced calibration methods to optimize accuracy when scan-
ning complex geometries and under varying environmental conditions. The integration
of multi-sensor data fusion, combining LiDAR with photogrammetry or other technolo-
gies, could help overcome some of the inherent limitations of using a single scanning
technique. Moreover, future studies could extend the scope of preliminary tests to include
objects directly related to cultural heritage, such as architectural elements (e.g., columns,
beams) and decorative artifacts. Focusing on these specific targets, the methodology
will be better aligned with its intended applications in heritage conservation. In addi-
tion, future studies could extend this approach by incorporating the influence of different
mesh generation software, introducing a new parameter (mesh software). This influence
could potentially introduce data loss or distortions affecting the models” performance.
Finally, testing the applicability of this technique in interdisciplinary contexts—such as
archaeology or environmental monitoring—would expand the utility of mobile LiDAR
scanning, offering further contributions to diverse fields that require affordable, accurate
3D documentation solutions.
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