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Abstract: This study compares the photogrammetric performance of three multi-camera systems—two
spherical cameras (INSTA 360 Pro2 and MG1) and one multi-camera rig (Ant3D)—to evaluate their accuracy
and precision in confined environments. These systems are particularly suited for indoor surveys, such as
narrow spaces, where traditional methods face limitations. The instruments were tested for the survey of a
narrow spiral staircase within Milan Cathedral and the results were analyzed based on different processing
strategies, including different relative constraints between sensors, various calibration sets for distortion
parameters, interior orientation (IO), and relative orientation (RO), as well as two different ground control
solutions. The study also included a repeatability test. The findings showed that, with appropriate ground
control, all systems achieved the target accuracy of 1 cm. In partially unconstrained scenarios, instead, the drift
errors ranged between 5 and 10 cm. Performance varied depending on the processing pipelines, but the results
suggest that imposing a multi-camera constraint between sensors and estimating both IO and RO parameters
during the Bundle Block Adjustment yields the best outcomes. In less stable environments, it might be
preferable to pre-calibrate and fix the IO parameters.

Keywords: multi-camera; spherical camera; 360° camera; Ant3D; Insta 360 Pro2; MGI,
photogrammetry; camera calibration

1. Introduction

Fisheye and spherical photogrammetry have become increasingly investigated topics in recent
years. Undoubtedly, technological progress has made it possible to have devices with good
performance, appreciable image quality, and resolutions sufficient for using such cameras in
precision applications, even at affordable costs.

The purpose of this work is to compare three different systems (two spherical cameras and one
multi-camera rig) with the aim of defining the levels of accuracy and precision achievable in
particularly confined environments, varying the strategies for processing the photogrammetric block.
Particular attention is given to the calibration of the multi-camera geometry and the interior
orientation and distortion parameters, as well as the subsequent ground control of the block.

Although some researchers [1] had already begun to investigate the possibility of using
panoramic photography in close-range photogrammetry in the 1980s, it is only since the late 1990s
that the topic has started to gain real interest. This interest has certainly been driven by the increasing
availability of the first consumer-grade digital cameras and the growing availability of software for
generating panoramic images, coupled with the increasing computing power of personal computers.
At the same time, it is important to note that, in those same years, the development and progressive
adoption of approaches based on projective geometry in photogrammetry and computer vision
provided the theoretical and mathematical foundations to generalize many geometric problems (e.g.,
coplanarity and collinearity equations, bundle adjustment, resection, etc.) and to apply the same
geometric-mathematical model to linear, frame, or spherical cameras [2-5].
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In those years, the main attempts to use spherical photogrammetry mostly consisted of stitching
frame images acquired using traditional cameras and optics, mounted on a tripod and moved
(rotated) in such a way as to keep fixed the position of the projection center [6-9]. As technology
advanced, dedicated 360-degree cameras began to emerge [10]. These cameras utilized multiple
lenses to capture the entire environment simultaneously. However, the real breakthrough occurred
just recently with the increased diffusion of virtual reality (VR) technologies [11]. The demand for
high-quality 360-degree content to deliver immersive VR experiences led to a surge in consumer-
friendly 360-degree cameras, making the technology accessible to a broader audience and lowering
the pricing of the hardware [12,13]. Generally, entry- and mid-level 360-degree cameras consist of
two opposite-facing fisheye lenses (like the Insta360 One X2 [14,15] or the Ricoh Theta Z1 [16,17]) that
capture the entire 360° field of view (FOV), while higher-end cameras incorporate more sensors. See
for instance the iSTAR Fusion 360 (4 cameras [18,19]), the Insta360 Titan (8 cameras [20]), or the
Panono 360° (36 cameras [21,22]).

As far as photogrammetric processing and 3D reconstruction are concerned, the use of 360-
degree cameras is particularly efficient for indoor environments and confined spaces: data collection
is much faster and simpler since fewer images are needed to achieve sufficient spatial coverage with
high overlap between consecutive images. At the same time, with a single shot, the floor, roof and
surrounding walls are captured simultaneously and do not require the camera’s poses to be changed
to capture the whole interior geometry of the object. This approach is increasingly popular and has
been tested in various acquisition scenarios as an alternative to terrestrial laser scanning and mobile
mapping systems [23-25].

Usually, processing is done on automatically stitched panoramas. Working with stitched images
(e.g., represented using equirectangular projection) has (apparently) several clear advantages: the
total number of images is reduced, and a single image can display the entire field of view visible from
a specific shooting position. The image is directly usable for visualization purposes (consider Google
Street View-like applications or VR environments), making it easy to identify and recognize the
various elements in the image. If properly created, the stitched image implicitly defines the geometric
constraints to which the different component images are subjected (coincidence of the principal
center and fixed relative orientation between the various sensors) and is free from geometric
distortions, as these are corrected and removed during the stitching process. It is important to stress,
however, that for a correct image stitching operation, the principal center of each individual frame
must coincide. This requirement becomes increasingly critical as the distance between the camera
and the object to be captured decreases. From this perspective, using a spherical head mount that
allows the image sensor to be moved, if properly calibrated, ensures optimal results. On the other
hand, systems with multiple sensors that capture the entire scene simultaneously, although more
practical and quicker in acquisition, and ensuring substantial synchronization of the various frames,
almost never meet this requirement. In [26], Barazzetti et al. investigated fisheye image calibration to
improve stitching and tested different stitching software. In the same work the use of the raw fisheye
images instead of the single equirectangular projection is hinted to be a viable approach to overcome
quite high residuals (between 3 and 8 pixels depending on the software used) in the stitching process.
The same approach can be found in [27] and in [28] where it is demonstrated that working with
stitched images, in general, gives lower performances in terms of the 3D positional accuracy, but
slightly better in terms of completeness and processing time. In [29] the use of equirectangular
stitched panoramas instead of using raw fisheye images resulted in considerable drift errors in the
image block orientation stage. As reported in [26], due to high reprojection errors from inaccurate
image stitching and inaccurate spherical image orientation, meshes and dense point clouds derived
from this data tend to be noisy and coarse.

If the generation of spherical/panoramic/equirectangular images is not a fundamental
requirement, an alternative approach, while still leveraging the potential of fisheye photogrammetry,
is the use of multi-camera rig systems. Even though the types of cameras previously described (from
now on called spherical cameras) can be considered multi-camera rig systems as well, in this work
we use the term “multi-camera rig” to refer specifically to those systems where, while attempting to
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capture a 360-degree (or at least 180-degree) view of the scene, the centers of projection of the various
sensors are not positioned as close together as possible. Consequently, there is no attempt to obtain a
unique spherical image through stitching. These systems are generally more oriented toward
professional users, although early iterations were developed with off-the-shelf low-cost action
cameras and custom camera rigs. More recently, custom devices have been proposed using
specialized hardware for precise synchronization and global shutter sensors. They typically feature
higher-quality cameras but inevitably they come with higher costs. In [30], Koehl et al. assembled
four GoPro cameras on a rigid bar; in [31] a multi-camera setup with five GitUp cameras is presented.
In [32] the authors designed a handheld device with two cameras for agile surveys in archaeological
and cultural heritage fields; in [33,34]a system named Ant3D, a handheld device with five cameras
for narrow space surveys, is presented; other relevant examples can be found in [35-37]. While the
inability to create panoramic images may seem a limitation of these systems—and indeed, using a
higher number of not stitched together images is often quite impractical for an operator —the fact that
the various image sensors have significant baseline distances (ranging from some tens of centimeters
to just over a meter) is actually one of their main strengths. In this case, capturing images from a
single position allows for a 3D reconstruction of the scene that can also be accurately scaled if the
lengths of the individual baselines between the sensors are known.

As previously mentioned, for both types of cameras (spherical and multi-camera rigs), the
primary application field —or rather, the field where the advantages of these systems over other types
of instruments are most evident—is indoor surveying. This is particularly true for confined spaces or
environments similar to them, such as the narrow streets of historical urban centers [15].

The variability of image scale is generally a problem for fisheye photogrammetry. With their
wide field of view, it is likely that elements at significantly different distances from the observation
point will appear in the frame. This variability is often exacerbated by greater image distortion,
especially at the edges of the lens's field of view. Such variability usually leads to greater difficulties
in identifying and correctly positioning tie points, which significantly affects the success of image
block orientation procedures and the subsequent 3D reconstruction of the object. However, in
confined indoor spaces, the problem is much less significant because the object tends to surround the
observation point.

Camera calibration and relative orientation constraints are essential for accurate results. The
topic is undoubtedly current and, although well-known and studied both theoretically and
practically for traditional frame cameras, it has been the subject of numerous studies by various
authors in recent years as far as spherical and fisheye cameras are concerned. For instance, Nocerino
et al. [38] proposed a methodology to calibrate the Interior Orientation (IO0) and Relative Orientation
of the camera sensors (RO) of a multi-camera system, while Perfetti and Fassi [39] used self-
calibration to compute IO parameters and baselines between cameras.

The challenge of establishing correct and stable ground control of the block is the most
significant practical issue when working in particularly confined and meandering environments, as
measuring Ground Control Points (GCPs) can be difficult and costly. Typically, image blocks are
constrained using well-distributed GCPs or Global Navigation Satellite System (GNSS) camera
positioning [40], which are not always feasible in such scenarios. Nevertheless, drift with few ground
constraints seems to be an underexplored topic.

As mentioned, the purpose of this work is to compare three different systems (two spherical
cameras and one multi-camera rig) with the aim of defining the levels of accuracy and precision
achievable in particularly confined environments. The three different instruments are treated as
multi-camera rigs, foregoing the possibility of using panoramic images for the first two systems. This
is because, given the camera-to-object distances involved, the assumption of coinciding projection
centers between the different sensors is not even approximately verified. However, as will be seen,
the different geometric configurations of the sensors in the three models require different operational
choices for image acquisition.

The paper is organized as follows: Section 2 outlines the case study, detailing the three different
systems and the methodologies employed for camera calibration and data processing. Section 3
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presents the results. Finally, Sections 4 and 5 offers a detailed discussion on the accuracy and preci-
sion levels achievable by each instrument along with practical recommendations for their optimal
use, particularly in terms of data processing strategies and calibration techniques.

2. Materials and Methods

The tests assessing the levels of accuracy and precision achievable with the three instruments
were conducted in a particularly challenging confined environment, specifically a spiral staircase
(section 2.1). This location was selected because such environments pose significant difficulties and
often prove to be prohibitive for traditional surveying techniques. Consequently, such scenarios are
ideal for the application of multi-camera systems, which can achieve fields of view ranging from 180°
to 360° for each shooting position.

The performance of the three systems (each described in section 2.2) was also evaluated using
various calibration sets for distortion parameters, interior orientation, and relative orientation (sec-
tion 2.3). Validation of the results was performed against a ground truth obtained from a previous
photogrammetric survey [23]. However, in these application contexts, providing a ground truth test
field is quite challenging, as all current surveying techniques exhibit similar weaknesses concerning
drift errors. For this reason, this study also included a repeatability test, comparing the results from
three different datasets collected with each instrument.

2.1. Case Study: The Minguzzi Spiral Staircase

The selected case study is a complex architectural environment, specifically the Minguzzi spiral
staircase within Milan (Italy) Cathedral (Figure 1). This marble spiral staircase is situated within the
right pylon of the cathedral's main facade and spans approximately 25 meters in height. It serves as
a connector between three distinct levels of the building: the lower level of the roofs at its upper end,
the central balcony of the facade in the middle, and the floor of the church at its base.

The staircase is characterized by extremely low luminance, with poor-quality artificial illumina-
tion and only sporadic exterior openings spaced at regular intervals. These openings, relatively large
(85 cm) and deep (approximately 2 m) from the interior due to the substantial wall thickness, narrow
noticeably towards the exterior, ending as small vertical embrasures (30 cm in width).

The core of the spire features a column made of marble blocks with a diameter of about 40 cm,
around which the ramp ascends. The passage left for traversal is extremely narrow, approximately
70 cm wide. This constrained space would pose a significant challenge for any kind of surveying
methodology, particularly due to the revolving nature of the staircase, which impedes imaging of the
staircase's top from a bottom viewpoint, resulting in limited visibility from any position along the
stair and propagating uncertainty. For these reasons the spiral staircase has been used as a test site in
previous experiments [27,29,41].

Traditional terrestrial scanner instrumentation proved impractical due to space constraints, and
other factors such as limited operational range, shadow areas from tripod legs, and the staircase's
spiraling geometry that further complicated data acquisition. While LiDAR-based mobile scanners
offer increased flexibility, the dynamic changes in geometric features along the acquisition track
would exponentially increase drift error, particularly without efficient loop closures.

Providing accurate GCPs along the staircase — for instance measuring their coordinates using a
Total Station — is rather unrealistic due to the limited and constrained space and the short-length
intervisibility of subsequent measuring stations. It is worth noting that, also using high precision
instruments, large drift errors should be expected in the (open) total station traverse.

Given these challenges, the case study presented an ideal environment to evaluate the multi-
camera fisheye photogrammetric systems.
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(a) (b)

Figure 1. (a) An internal view of the Minguzzi spiral staircase; (b) the location of the Minguzzi stair-
case inside the Milan Cathedral.

2.2. Equipment
2.2.1. INSTA 360 Pro 2 Spherical Camera

The INSTA 360 Pro2 is a professional-grade 360° camera characterized by its spherical shape,
measuring 143 mm in diameter. It is equipped with six cameras, each boasting a resolution of
4000x3000 pixels and F2.4 fisheye lenses with a fixed focal length of 1.88 mm, providing a wide 200°
field of view along the sensor's maximum dimension. The sensors are equidistantly posed around
the equator, with a relative rotation of 60°, as illustrated in Figure 2b. This arrangement makes the
centers of projection of the sensors non-coincident and spaced with relative shifts as reported in Table
1.

FOV
200¢,

180°

(a) (b)
Figure 2. (a) the INSTA 360 Pro2 camera; (b) Schematics of the INSTA 360 Pro2 camera system.

Table 1. Nominal relative positions of the cameras’ centers of projection in the INSTA Pro2.

Camera X [mm] Y [mm] Z [mm]
Sensor 1 0 0 0
Sensor 2 0 60 -35
Sensor 3 0 60 -104
Sensor 4 0 0 -138
Sensor 5 0 -60 -104
Sensor 6 0 -60 -35
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The camera simultaneously records raw fisheye images acquired by each sensor (see Figure 5a)
and, if enabled, equirectangular images with a resolution of 7680 x 3840 pixels achieved through real-
time stitching. Stitched images can also be produced in post-processing using dedicated software like
Insta360stitcher, other open-source or commercial software such as PTGui [42] and Autopano [43],
or proprietary codes for enhanced distortion correction control. However, from Table 1, it should be
noted that the base-length between two consecutive sensors is ca. 70 mm and is ca. 120 mm between
every second consecutive sensors (which share 60° FOV). Considering an average distance from the
object along the spiral staircase of approximately 800 mm, the hypothesis of center of projection co-
incidence is far from being realistic and using stitched spherical images would imply strong image
coordinate residuals.

The camera offers various shooting modes, enabling the capture of 360° still images, videos, and
timelapses, making it suitable for various applications, including dynamic scene documentation.
Equirectangular images can be stabilized using a 9-axis gyroscope to ensure consistent orientation,
and the camera comes equipped with a built-in GNSS module. Users can adjust acquisition parame-
ters such as ISO, shutter speed, and white balance.

2.2.2. MGI1 Spherical Camera

The MGI1 spherical camera is a hardware component of the backpack mounted mobile mapping
system Heron MS Twin Color, developed by Gexcel S.r.l. [44]. It is adapted from the commercial
camera Labpano Pilot Insight. It is equipped with four 1/2.3" Sony IMX577 CMOS sensors placed in
a square configuration with a maximum baseline between opposing cameras of around 6 cm (Figure
3b and Table 2). Each sensor boast a native resolution of 3032x4048 pixels, reduced to 2530x4048 via
software. The sensors’ detector pitch is 1.55 um. Each camera is equipped with a 2.2 mm fisheye optic
with a maximum field of view coverage of 185°. The MG1 camera is normally integrated in the Heron
mobile mapping system and therefore does not feature an interface for stand-alone use. The specific
model used in this investigation is a test model that can be operated by means of a web UI (User
Interface) through an ethernet cable connecting the camera to a tablet device. The web UI allows for
both video and single shots capture. For the single shots capture mode, at each triggering event, two
files are automatically generated, a stitched equirectangular panorama shot and a mosaic of the four
raw images placed side by side. Individual raw images are retrieved by segmenting the mosaic raw
image (see Figure 5b). The web Ul allows adjusting ISO, shutter speed and white balance. However,
during this investigation, automatic mode was used with the camera rigidly mounted on a photo-
graphic tripod.

(a) (b)

Figure 3. (a) the MG1 camera; (b) Schematics of the MG1 camera system.


https://doi.org/10.20944/preprints202410.0939.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2024 d0i:10.20944/preprints202410.0939.v1

Table 2. Nominal relative positions of the cameras’ centers of projection in the MG1.

Camera X [mm] Y [mm] Z [mm]
Sensor 1 0 0 0
Sensor 2 33 -5 -33
Sensor 3 0 -10 -66
Sensor 4 -33 -5 -33

2.2.3. ANT 3D Multi-Camera Rig

The Ant3D multi-camera system is engineered for dynamic acquisitions, offering handheld op-
eration to capture sequences of synchronized images. Comprising five global shutter cameras, each
boasting a resolution of 2448x2048 pixels and equipped with fisheye lenses featuring a focal length
of 2.7mm, the device is optimized for versatility and adaptability in various environments. The ar-
rangement of the cameras is designed to be ideal in narrow space acquisition scenarios, prioritizing
factors such as agility, transportation efficiency, maneuverability, FOV, and the baseline length be-
tween cameras [32].

The multi-camera is operated hand-held on the movement by an operator walking through the
environment to be scanned. Positioned roughly on a plane and directed outward along a shared sym-
metry axis (Figure 4 and Table 3), the cameras collectively offer an expansive FOV covering the entire
frontal hemisphere. Notably, the system is engineered to omit imaging of the rear hemisphere to
avoid inadvertently capturing the operator in the frame.

The multi-camera setup incorporates three illuminators, facilitating the acquisition of imagery
in low-light or dark environments. The device is tethered to a backpack, housing a dedicated control
computer unit and a rechargeable battery pack, ensuring extended operational endurance and au-
tonomy during field deployments [39].

The user interface is placed on the hand-held device itself together with the cameras and the
illuminators. Through the touchscreen the operator can control capture parameters such as shutter
speed, gain and capture interval. At each capture event, the five cameras acquire simultaneously,
triggered by a hardware synchronization connection and individual fisheye images are saved (Figure
5¢).

60°

(a) (b)

Figure 4. (a) the ANT3D multi-camera; (b) Schematics of the ANT3D multi-camera.

Table 3. Nominal relative positions of the cameras’ centers of projection in the ANT3D.

Camera X [mm] Y [mm] Z [mm]
Sensor 1 0 0 0
Sensor 2 103 23 -22
Sensor 3 113 -48 -218

Sensor 4 -113 -48 -218
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Sensor 5 -103 23 -22

Figure 5. Fisheye images acquired by the three camera systems: (a) INSTA 360; (b) MG1; (c) ANT3D.

Table 4. Summary of the technical characteristics of the three cameras.

Camera system # sensors HFOV Sensor FOV Imag.e
resolution
INSTA 360 Pro 2 6 360° 200° 4000x3000
MG1 4 360° 185° 2530x4048
ANT3D 5 270° 190° 2448x2048

2.3. Camera Calibration

Camera calibration is critical in multi-camera systems based on fisheye lenses. While the wide
FOV of fisheye lenses introduces significant distortion that need to be accurately corrected, it is also
crucial to accurately estimate the spatial relationships (including relative shifts and angles) between
the individual sensors in the system. This estimation helps better constrain the geometry of the cam-
era network and reduces the degrees of freedom in the photogrammetric block.

In this study all the cameras were initially pre-calibrated to derive the IO and distortion param-
eters that characterize each camera and the relative shifts and angles between the cameras RO.

To assess how much the final accuracy of the photogrammetric block is influenced by the cali-
bration procedures, two different calibration sets were examined. These sets were obtained in two
distinct environments, primarily differing in dimensions, both of which are representative of indoor
settings where the use of spherical cameras is particularly suitable. The first environment (hereinafter
Calibration Room 1 — CR1, Figure 6) is a small, indoor room comparable in size to the Minguzzi
staircase (1.8 x 0.8 x 2 m). Conversely, the second environment (hereinafter Calibration Room 2 - CR2,
Figure 7) is a larger (8 x 8 x 4 m) outdoor area enclosed on all four perimeter sides.
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The choice to use environments of diverse dimensions stems from the intention of evaluate if
the distance of objects from the shooting point affects the accurate estimation of calibration parame-
ters. Although the Minguzzi staircase is a narrow environment with consistent dimensions through-
out its length, the surveyed path for this study encompasses areas adjacent to both the upper and
lower accesses of the staircase. Thus, the path can be divided into three portions: a brief section touch-
ing the lower level of the Cathedral's roofs, a longer stretch along the staircase itself, and a portion of
the Cathedral's nave. These segments exhibit considerable variability in size, with the staircase por-
tion averaging about 70 cm in width, the nave section reaching heights of 20 m, and the roof section
forming an almost square-shaped area of 8 x 8 m with no ceiling.

Additionally, in multi-camera systems, particularly those with spherical configurations, the is-
sue of object distance variability from the camera is significantly amplified. The wide FOV (up to
360°) means that each shot captures elements both nearby and far away simultaneously, resulting in
significant fluctuations in image scale unless operating within highly confined spaces.

(a) (b) (c)

Figure 7. (a) Calibration room 2; (b) INSTA 360 during calibration; (¢) ANT3D during calibration.

2.3.1. Calibration Images” Acquisition

Both calibration environments are situated within the Milan Cathedral and are constructed from
blocks of pink marble, providing a distinct and well-defined texture. In addition, photogrammetric
circular coded targets were used to mark GCPs and Check Points (CPs). In CR1, the targets were
strategically placed on all walls, the floor, and the ceiling, while in CR2, they were placed solely on
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the side walls. The target coordinates were fully surveyed using a total station in CR2, while, in CR1,
due to spatial constraints that inhibited comprehensive topographic surveying, some targets were
measured with a total station, while the coordinates of the others were estimated with an accuracy of
0.5 mm through a redundant photogrammetric acquisition performed using a DSLR Nikon D810
equipped with 24 mm lenses.

Very redundant photogrammetric blocks were acquired with all three multi-cameras. Due to
differences in instrument configurations and acquisition characteristics, it was not possible to follow
the same capture scheme and ensure the same number of images. ANT 3D, for example, is designed
to continuously acquire data while handheld and requires a round trip. In contrast, INSTA Pro2 and
MGT1 can be tripod-mounted for static acquisitions and, with their 360° coverage, do not require a
return acquisition. Nevertheless, a uniform acquisition schema was maintained throughout. In CR1,
images were captured along parallel strips at varying elevations relative to the ground, whereas in
CR?2, they were acquired following a predominantly regular checkerboard pattern.

To improve parameter decoupling, each camera was rotated in different poses for every shoot-
ing position. The following table provides a summary of the acquired images. The following table
(Table 5) summarizes details of the different calibration acquisitions.

Table 5. Summary of the number of images acquired for each camera and calibration room, along
with information regarding the shooting points and acquisition time.

Camera Dataset N Img. N ;l:i)z:ing Time
CR1 1865 373 6’
ANT 3D CR2 2555 511 9
R1 2 2 !
I -

2.3.2. Image Processing (Calibration)

Image processing was performed on raw fisheye images using Agisoft Metashape v2.1 [45]. Each
dataset underwent processing through two distinct pipelines.

In the first calibration pipeline (P1), the images captured by individual sensors were treated as
standalone images, devoiding of any relative constraints with respect to the other sensors. Con-
versely, the second pipeline calibration (P2) imposed constraints on the images, treating them as com-
ponents of a multi-camera system and establishing relative positions and rotations between the sen-
SOTS.

Structure from motion was initiated after automatic target detection, with initialization of IO
and RO parameters based on technical sheet specifications. In P1, the focal length underwent precal-
ibration, while in P2, precalibration encompassed both the focal length and the relative orientation
among sensors. The initial estimate of the slave sensors' RO was defined with a weight corresponding
to pseudo-observations of 5 mm for translations and 1 degree for rotations.

The targets' reference coordinates were imported and treated as GCPs to enhance orientation
robustness. Subsequently, tie points were subject to two rounds of filtering, resulting in the elimina-
tion of tie points with high collinearity residuals. Approximately 10% of all tie points were discarded
at each filtering stage, after which a new bundle adjustment was computed.

Finally, the computed IO parameters and, in P2 only, the adjusted RO parameters, were ex-
ported. Figure 8 summarizes the calibration process, which outputs 4 calibration sets for each camera:
CR1-P1, CR1-P2, CR2-P1 and CR2-P2.
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Calibration room 1 Calibration room 2
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n 10 parameters 10 parameters
o RO parameters

Figure 8. Calibration pipelines.

2.4. Image Acquisition

Images were acquired with all three cameras following the same acquisition schema. The acqui-
sition started from the top of the staircase, including an outdoor portion of the Cathedral's lower-
level roofs, continued along the entire development of the staircase, and ended in the first bay of the
Cathedral's nave. For each instrument, three different acquisitions were performed to assess process
repeatability. The cameras’ setup remained consistent throughout the entire path, with slight varia-
tions between the instruments based on their specific characteristics.

As for the calibration, INSTA 360 Pro2 and MG1 were employed in single-shot mode and
mounted on a tripod to prevent capturing the operator in the frame and to avoid motion blur due to
significantly reduced lighting conditions. To guarantee sufficient illumination, three light sources
were fixed to the tripod legs and dimmed to achieve the ideal exposure, striking a balance between
the necessity for optimal illumination and the potential for overexposure due to the proximity of the
illuminators to the staircase walls. The exposure settings of the INSTA varied across the acquisitions.
During the first acquisition, the auto exposure mode was employed, allowing the camera to automat-
ically adjust to the prevailing environmental conditions . In the subsequent two acquisitions, instead,
the ISO speed was prioritized, by setting it to a fix value of 100 ISO, with the objective of achieving
the highest image quality. The use of a tripod was instrumental in these processes, enabling long
exposure times without the risk of motion blur.

The MGI1 acquisition was instead performed always with automatic settings.

Images were taken at each step of the staircase, maintaining an average base length of 30 cm
between subsequent shots. Given the 360° FOV of the two cameras, the entire imaging procedure was
conducted in a single direction, descending the staircase, and was completed in about one hour.

The acquisition using ANT 3D was instead performed on the move, handholding the instru-
ment. The imaging process was conducted in both downward and upward directions, since the in-
strument does not acquire backwards. [llumination was supplied by three lights integrated directly
in the device. The images were captured at a frame rate of 1 frame per second, resulting in a base-
length between consecutive images averaging between 15-20 cm. The entire acquisition process was
finished in approximately 20 minutes.

Table 6 summarizes the number of images acquired for each camera and information regarding
the shooting points and acquisition time.
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Table 6. Summary of image acquisition information for each camera in the Minguzzi staircase.
N shootin . Avg. e s
Camera Dataset N Img. Points & Time base-len:th [em] Multiplicity*
D1 4125 825 14 20 4.06
ANT D2 6025 1205 20 15 533
D3 6965 1393 23 18 5.63
D1 978 163 75 30 2.98
INSTA D2 1038 173 60’ 33 3.38
D3 984 164 65 33 3.17
D1 764 191 34’ 28 2.89
MG1 D2 696 174 47’ 28 2.67
D3 764 191 35’ 30 2.79
* Obtained as the ratio between the total number of projections and the number of valid tie-points used for

matching.

Figure 9. Structure from motion processing result and picture of the camera system during data ac-
quisition: (a) INSTA 360; (b) MG1; (c) ANT3D.

2.5. Image Processing and Evaluation Methodology

To evaluate the behavior of the three multi-camera systems and optimize the processing strate-
gies, different pipelines were tested, considering different bundle adjustment setup changing the rel-
ative constraints between the sensors (RO) and interior orientation parameters calibration strategy.
It should be noted that although the INSTA 360 Pro 2 and the MG cameras can output
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equirectangular images by stitching the fisheye images captured by individual sensors, stitched im-

ages were not considered in this study. Previous research [29] has shown a significant reduction in

the accuracy of models derived from equirectangular images. Further investigations into optimizing
the stitching process would be required but are beyond the scope of this article. Therefore, all pro-

cessing was conducted directly on the fisheye images captured by individual sensors, utilizing a

fisheye camera model and following the processing strategies detailed below.

1. Free images — 10 not fixed: in this pipeline, each image was processed without any relative con-
straints with the other images acquired from the same position. In other words, all the images
were considered to be independent from each other, as they were not acquired using a multi-
camera system. As for the IO parameters, they were adjusted on the job while only the focal
length was initialized according to its value from technical specification.

2. Free images — 10 pre-calibrated and fixed: similar to the previous pipeline, the relative constraints
between images captured from the same position were not considered. The IO parameters were,
instead, set to the values obtained from pre-calibrations. All the IO parameters estimated in the
various calibration sets, described in Section 2.3.2 (CR1-P1, CR1-P2, CR2-P1 and CR2-P2), were
employed in the subsequent analysis. Contrary to what could be expected, in this pipeline, not
only the IO parameters obtained from independent sensor calibration (P1) were considered, but
also those derived from the multi-camera constrained calibration (P2). This approach was taken
because the IO and RO parameters are correlated. The aim was to assess how constraining or
freeing the RO parameters influences the estimation of the IO parameters.

3. Multi-camera—10 and RO not fixed: the third pipeline involved the processing of images, applying
a multi-camera constraint (RO) between images acquired from the same position. In other
words, this means that the relative orientation parameters between the cameras, once estimated,
remain constant across all shooting positions. The Structure from Motion (SfM) was initialized
by setting the focal length according to the technical specifications. All other IO parameters and
the RO among sensors were adjusted during the Bundle Block Adjustment (BBA).

4. Multi-camera — fixed: finally, in this pipeline, the multi-camera constraint was imposed on images
acquired from the same position, and both IO and RO were fixed according to different config-
urations:

a. IO parameters were fixed to values estimated in the precalibrations, while RO were ad-
justed during the BBA;

b. Both IO and RO parameters were kept fixed;

¢. RO parameters were pre-calibrated, while IO parameters were estimated in the BBA.

For all the configurations, the pre-calibrated values of the parameters refer to those estimated in
calibration sets CR1-P2 and CR2-P2.

All the tests were conducted using an equidistant fisheye camera model combined with the
Brown distortion model (£, cx, cy, k1, k2, k3, p1, p2). Image orientation was initially performed with-
out GCPs in the SfM process. Then, a BBA was carried out, treating control points as tie points. Fi-
nally, the reference system was established by inputting the ground coordinates of the points and
setting up GCPs and CPs according to two different constraint scenarios (Figure 10):

A. 6 GCPs were used, 2 placed at the top of the staircase and 4 at the base, to constrain the block at
both the start and end of the path, in order to assess the performance of the cameras under a
stable ground control solution.

B. To assess, instead, the global drift of the photogrammetric block along the staircase in the worst-
case scenario, only the 4 GCPs placed at the base of the staircase were used, while the rest of the
path was left unconstrained.


https://doi.org/10.20944/preprints202410.0939.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2024 d0i:10.20944/preprints202410.0939.v1

14

26m

ST

ground control solution A ground control solution B

Figure 10. Scheme of the reference points distribution and of the two ground control solutions. CPs
in yellow and GCPs in red.

Both GCPs and CPs were identified on easily recognizable architectural features, with their co-
ordinates derived from a previous photogrammetric survey [23]. It is worth noting that the accuracy
of GCPs and CPs is approximately 1 cm. Typically, it is recommended to use a ground truth dataset
obtained with instruments that are three to four times more precise [46] than those being assessed. In
this particular case, however, it is quite challenging to provide a ground truth with such characteris-
tics, since all current surveying techniques exhibit the same weakness in terms of drift-errors. There-
fore, the target accuracy will be considered achieved when the residuals Root Mean Squared Error
(RMSE) on the CPs are close to 1 cm, without considering fluctuations below 0.5 cm as significant.
Moreover, the repeatability test conducted on the three datasets will serve as the main output to as-
sess the precision of the three cameras.

3. Results
3.1. INSTA 360 Pro 2

Table 7 shows the residuals on CPs across different pipelines and ground control solutions using
INSTA 360 Pro2.

Table 7. Stats of RMSE on CPs in all the processing configurations for INSTA 360 Pro2.

Processing CPs RMSE [mm] CPs RMSE [mm]

.. . ) Ground control Ground control
Pipeline and Dataset  Tie points . .

calibration set solution A solution B
XYZ Max XYZ XYZ Max XYZ

. D1 879633 44 69 336 499

Oﬁ:ﬂs r]f’b D2 813157 8 13 71 9%

D3 818508 11 18 77 105

D1 893652 52 82 349 521

2 CR1-P1 D2 818762 13 24 67 94

D3 824431 13 27 44 62
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D1 892653 19 30 162 236
CR2-P1 D2 817454 9 14 38 56
D3 822887 10 20 35 59
D1 891499 57 89 356 533
CR1-P2 D2 817716 13 23 78 107
D3 822333 13 23 70 93
D1 891890 16 27 150 218
CR2-P2 D2 816158 9 14 34 51
D3 821924 10 19 33 55
, D1 879464 12 20 150 199
3 Or;;ﬂg r]Ob D2 812502 9 17 104 139
' D3 817664 12 2 67 91
D1 892815 12 21 39 59
CR1-P2 D2 817528 15 26 87 120
" D3 822653 13 26 66 88
D1 891965 13 2 62 87
CR2-P2 D2 811383 12 21 61 84
D3 820830 14 27 84 114
D1 905495 14 20 40 61
CR1-P2 D2 820668 9 18 61 83
- D3 828802 13 21 41 59
D1 885943 49 68 84 112
CR2-P2 D2 809392 53 74 104 140
D3 819930 47 64 93 123
D1 877463 67 101 134 186
CR1-P2 D2 811230 52 78 108 148
i D3 817036 50 75 101 139
D1 876400 55 82 111 155
CR2-P2 D2 810635 78 114 149 205
D3 816889 75 111 146 199

Analyzing ground control solution A, which involves 6 GCPs (4 at the base and 2 at the top of
the staircase) and is the recommended minimal control solution, it can be observed that the camera
achieves excellent accuracy. The RMSE on the CPs is approximately 1 cm, which aligns with the target
accuracy.

Using on-the-job calibration (pipelines 1 and 3) yields the best accuracy results, with RMSE rang-
ing between 0.8 cm and 1.2 cm. The only exception is D1 in pipeline 1, which shows an RMSE of 4.4
cm. This discrepancy may be related to the different exposure settings used for the camera in this
specific acquisition. Here, auto exposure mode was used, resulting in ISO speed values varying be-
tween 100 and 400, with most images at ISO 400. In contrast, datasets D2 and D3 were acquired with
a fixed ISO value of 100. This, along with slight variations in the capture geometry in the nave at the
base of the staircase, may have resulted in less stability in the block. This instability is not compen-
sated for, when processing images without relative position constraints between sensors (pipeline 1).
However, the multi-camera constraint (pipeline 3) seems to better manage the (likely) weakness of
D1, resulting in identical outcomes for all three datasets.

Using pre-calibrated IO parameters (Pipeline 2) slightly degrades the results, with RMSE rang-
ing from 0.9 cm to 1.3 cm for datasets D2 and D3. As already pointed out, D1 shows discrepancies
compared to the other two datasets. D1 shows RMSE values of 5.2 cm and 5.7 cm when using pre-
calibrated parameters in RC1, while using the parameters estimated in RC2 yields better results, with
RMSE values of 1.6 cm and 1.9 cm.

In consideration of processing pipeline 4, the results suggest that using pre-calibrated parame-
ters is not recommended when coupled with the multi-camera constraint. More specifically, pre-

d0i:10.20944/preprints202410.0939.v1
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calibrating only the IO parameters (pipeline 4a) results in a slight deterioration in performance com-
pared to pipeline 3, with RMSE values ranging from 1.2 to 1.5 cm. However, pre-calibrating the RO
parameters results in considerable inaccuracy in the estimation of camera orientations, with RMSE
values reaching up to 7.8 cm.

In ground control solution B (only 4 GCPs at the base of the staircase), high drift errors are evi-
dent at the top, as expected. The observed drift can be primarily attributed to the inaccurate estima-
tion of the base lengths along the trajectory in the absence of ground constraints, which exhibits a
progressive increase from the base to the summit of the staircase, with a predominant influence in
the Z direction. This issue also appears to be dataset-specific. As previously observed, datasets D2
and D3 generally outperform D1 and demonstrate more consistent behavior. Overall, the multi-cam-
era constraint (pipelines 2 and 4) provides greater stability to the block in comparison to the use of
images without relative constraints, effectively mitigating the occurrence of drift errors in D1. More-
over, the pre-calibration of the IO parameters represents an effective method for enhancing the results
(pipeline 4a).

3.2. MG1

Table 8 reports the results obtained with the MG1 camera. Both solution A and B exhibit the
same residuals patterns across the various tests, with solution B resulting in residuals averaging in
the order of a tens of centimetres and solution A averaging in the order of few centimetres and reach-
ing the 1 cm target accuracy. Concentrating on solution A, we can notice as the multi-camera ap-
proach results in more stable and predicting outcomes: comparing pipeline 1 with pipeline 3, the
latter (multi-camera approach) not only produced lower RMSE but also significantly reduced the
variability across the three datasets. Pipeline 1 resulted in CPs RMSE ranging from 2.5 cm up to 6.6
cm, while with pipeline 3 all three datasets aligned on almost identical results with a CPs RMSE of
1.4 cm. Pipeline 2, where different pre-calibrated IO were considered, does not significantly and con-
sistently improve the results compared to the un-constrained solution (pipeline 1). For dataset D1
pre-calicabrated IO resulted in better results RMSE ranging between 1.1 cm and 4.7 cm compared to
the 6.6 cm RMSE of pipeline 1. However, for datasets D2 and D3 the opposite is true, with pipeline 1
producing almost consistently the better results than pipeline 2. Ultimately, using pre-calibrated 10
had the effect of reducing the high variability observed with pipeline 1, but on average also resulted
in a slight worsening of the results. On the other hand, when pre-calibrated IO are used within the
multi-camera approach (pipeline 4a), nearly identical results to the unconstrained pipeline 3 through-
out all datasets can be observed. No significant difference can be observed between the CR1 and CR2
tests suggesting that the variations between the two calibrations are compensated by the estimated
RO constraint. From the fully constrained pipeline (pipeline 4b), we can observe an average worsen-
ing of the RMSE and an increase in the variance of the results across the three datasets. Moreover, a
significant difference can be observed between the CR1 and CR2 calibrations, with the latter perform-
ing better on average and the D2 dataset specifically producing the best results of all MG tests (0.9
cm RMSE and 1.7 cm max error). However, it is the authors opinion that the increased variance ob-
served with pipeline 4b including the best performing result, testify for the fully constrained ap-
proach being very sensitive to the specific dataset characteristics rather than being effective in forcing
an ideal solution. From pipeline 4c we observe a rather small variance between the three datasets,
however, with respect to the un-constrained multi-camera approach (pipeline 3), the results are con-
stantly slightly worse averaging in 2.2 cm RMSE. Ultimately, the multi-camera approach resulted in
better and more consistent result than the single camera approach. The most consistent results are
produced by pipeline 3 and pipeline 4a among which pipeline 3 should be preferred since it does not
require the pre-calibration and cannot be negatively affected by incorrect or outdated precalibration.
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Table 8. Stats of RMSE on CPs in all the processing configurations for MG1.

. CPs RMSE [mm] CPs RMSE [mm]
Processing
Pipeline and Dataset  Tie points Ground. control Ground' control
calibration set solution A solution B
XYZ Max XYZ XYZ Max XYZ

. D1 619258 66 107 293 452

p On tf_‘s by 702890 25 0 69 91
catvr. D3 687807 31 54 95 155

D1 619386 47 78 149 232

CR1-P1 D2 710869 31 54 235 334

D3 690609 47 78 342 494

D1 616305 15 26 140 190

CR2-P1 D2 706245 32 54 208 303

5 D3 687467 42 71 288 416
D1 618706 37 59 152 235
CR1-P2 D2 713849 33 57 244 347

D3 691981 49 82 344 499

D1 616239 11 19 115 153

CR2-P2 D2 707600 14 25 118 165

D3 688606 36 62 249 358

. D1 612744 14 24 42 62

3 Onthejob ) 695731 14 21 47 75

calibr.

D3 677700 13 23 62 84

D1 621133 20 29 74 99

CR1-P2 D2 706307 11 18 53 72

4a D3 681742 13 22 78 108
D1 618363 13 20 48 72

CR2-P2 D2 699732 11 21 69 96

D3 679098 16 27 65 93

D1 608574 59 91 155 223

CR1-P2 D2 717572 40 64 116 161

b D3 694560 29 50 51 74
D1 616949 18 31 39 57

CR2-P2 D2 701885 9 17 15 20

D3 676474 52 77 29 184

D1 613096 25 36 72 106

CR1-P2 D2 696110 24 31 64 89

dc D3 677904 17 24 49 65
D1 613054 22 27 61 85

CR2-P2 D2 693585 20 26 49 73

D3 678032 23 30 56 78

3.3. ANT 3D

Table 9 reports the CPs results of all ANT3D tests. Across the tests, especially focusing on solu-
tion B, one can notice the worse performance of D3 with respect to the other two datasets that almost
constantly perform significantly worse. Considering that all three datasets were acquired in the same
fashion, the significant outlier could be appointed to a difference in the capturing parameters, partic-
ularly the ISO, due to a different dimmer setting of the illuminators.
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Table 9. Stats of RMSE on CPs in all the processing configurations for ANT3D.

) CPs RMSE [mm] CPs RMSE [mm]
Processing
Pipeline and Dataset Tie points Ground. control Ground' control
calibration set solution A solution B
XYZ Max XYZ XYZ Max XYZ
. D1 1739473 13 23 85 131
p O tlt,‘s job 2106220 26 44 119 174
canbr: D3 2694585 26 46 179 256
D1 1747416 47 77 273 434
CR1-P1 D2 2112804 37 63 186 272
D3 2695973 26 46 175 250
D1 - - - - -
CR2-P1 D2 2120274 48 78 206 304
) D3 2695412 27 47 179 256
D1 1746528 50 79 276 441
CR1-P2 D2 2109952 38 64 174 255
D3 2695820 26 46 176 251
D1 - - ; - -
CR2-P2 D2 2121102 44 70 186 274
D3 2694728 27 48 181 259
, D1 1710564 12 22 44 67
3 O tll_‘g job 2042197 12 24 71 98
canbr D3 2366771 30 46 227 307
D1 1710258 13 26 42 63
CR1-P2 D2 2046646 17 31 73 106
D3 2371298 31 46 211 285
4a
D1 - - - - -
CR2-P2 D2 2061375 15 27 87 125
D3 2380192 29 49 107 146
D1 1709358 14 27 39 59
CR1-P2 D2 2064097 26 40 39 63
D3 2378591 39 54 299 401
4b
D1 - - ; - -
CR2-P2 D2 2009176 53 81 109 156
D3 2311030 60 71 139 190
D1 1680383 16 22 45 70
CR1-P2 D2 1869994 16 26 59 87
D3 2366071 32 46 21 298
4c
D1 - - - - -
CR2-P2 D2 1836873 61 101 130 194
D3 2336029 64 83 109 149

Focusing on solution A, it is observed that both pipeline 1 and pipeline 3 produced good results
both in the low RMSE and in the low variance between datasets. Pipeline 3 performed slightly better
with a CPs RMSE of 1.2 cm for D1 and D2, improving from an average RMSE of 2 cm for the same
datasets in pipeline 1. Comparing pipeline 2 with pipeline 1 results, it can be noticed that the 10 pre-
calibration never led to an improvement of the RMSE. Rather, it resulted in worsening the perfor-
mance of D1 and D2, specifically from an average of 2 cm in pipeline 1 to an average of 4.4 cm in
pipeline 2, with no significant difference observable between CR1 and CR2 calibration. A different
behavior can be observed comparing pipeline 4a to pipeline 3. In this case no significant change can
be detected by implementing IO pre-calibration. Looking at pipelines 4b and 4c, a difference emerges
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between the performance of CR1 and CR2 favoring the latter, which resulted from a calibration da-
taset more similar to the staircase environment. Both pipelines 4b-CR1 and 4c-CR1 produced good
results, averaging 2 cm and 1.6 cm respectively (considering D1 and D2 only) even if slightly worse
than the un-constrained pipeline 3, averaging 1.2 cm. These approaches, however, have the ad-
vantages of providing reconstruction scaling from the RO constraints. Finally, it is worth noting so-
lution B performance of pipeline 4b-CR2, discarding again the faulty D3 dataset, the average RMSE
is 3.9 cm, which is to be considered very positively considering the weak GCPs constrain of solution
B. These latter results suggest that pipeline 4b is favorable in those scenarios where good GCPs dis-
tribution is inhibited. The significant difference between CR1 and CR2 in this case: 3.9 cm against 10.9
cm, and similarly in all others pipeline 4 tests, also suggests that the small room calibration (CR1)
yields the more effective values. In ideal scenarios, i.e. with proper GCPs, pipeline 3 yields the best
results and pre-calibration worsens the outcomes. On the other hand, in challenging scenarios (open-
handed unconstrained path), pre-calibration of both IO and RO significantly improves the results
over the un-constrained approach (pipeline 3).

4. Discussion

The results presented in Section 3 reveal variable behavior across different cameras and datasets.
This variability highlights the complexity of the phenomena under investigation. However, cross-
cutting conclusions can be drawn that are broadly applicable. These insights are intended to serve as
operational guidelines to facilitate a more consistent approach for the effective utilization of these
systems. With this aim, in addition to the absolute RMSE, the discussions will heavily consider the
reliability of results concerning their repeatability.

Table 10 and the scatter plots in Figure 11 show the level of accuracy achieved by the different
systems using ground control solution A. The results are organized by processing pipeline, Table 10
aggregates the results from all datasets (D1, D2, D3) and from both calibration parameters (CR1 and
CR?2), while Figure 11 depicts all individual results therefore highlighting consistency and variability
across the different processing pipelines. In Figure 11, the colored horizontal marks depict the RMSE
values obtained for each dataset. The scatter plot is used to illustrate the variability of results across
each processing pipeline. Meanwhile, the black lines represent the average RMSE values for each
pipeline and for the two different calibrations.

Table 10. Summary of results obtained with ground control solution A. For each pipeline and camera,
the average, the minimum and the maximum values of RMSE are reported.

Ground control solution A - RMSE [mm]
INSTA MG1 ANT 3D
Pipeline  Avg. Min. Max. Avg. Min. Max. Avg. Min. Max.

1 21 8 44 41 25 66 21 13 26
2 19 9 57 33 11 49 37 26 50
3 11 9 12 14 13 14 18 12 30
4a 13 12 15 14 11 20 21 13 31
4b 31 9 53 35 9 59 38 14 60

4c 63 50 78 22 17 25 38 16 64
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Figure 11. Scatter plots showing the RMSE distribution for each dataset and processing pipeline in
solution A. The black lines represent the average RMSE values for each pipeline and for the two dif-
ferent calibration sets (CR1 and CR2).

The graphs indicate that pipeline 3, which applies a multi-camera constraint between sensors
while estimating IO and RO parameters during the BBA, provides the lowest average RMSE values
and ensures the greatest stability in the results. The ANT3D data should be interpreted excluding
dataset D3, since, as described in Section 3.3, this dataset behaves differently from the others and
results in significantly lower accuracy (30 mm for D3 compared to 12 mm for D1 and D2). Conse-
quently, it influences the behavior of the aggregated data.

Implementing a multi-camera constraint between sensors enhances the consistency of results
and mitigates dataset-dependent behaviors, which may occur in pipeline 1 where each image is pro-
cessed independently. While pipeline 1 can occasionally deliver excellent results, such as 8 mm for
D2 with the INSTA 360 Pro 2, it does not consistently achieve this performance across all datasets.
The multi-camera constraint adds stability to the block orientation and helps prevent potential drift
effects.

In terms of interior orientation, fixing the IO parameters without the multi-camera constraint
(pipeline 2) typically does not yield significant improvements compared to pipeline 1. For the INSTA
360 Pro2, both the average and minimum RMSE values remain fairly consistent, although the varia-
bility of the results increases. In the case of MG, significant improvements are observed in specific
cases (e.g., D1), yet the variability remains notably high, with RMSE values reaching up to 49 mm.
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For both the two spherical cameras, this behavior seems to be affected by the two different calibration
sets. Analyzing the distinct average values for each calibration reveals that they display differing
behaviors, with better performance achieved using the parameters derived from CR2.

In contrast, for ANT3D, the behavior is the opposite: fixing the IO parameters results in a sub-
stantial reduction in accuracy and the performance of the two calibration sets is the same.

When considering pipelines 4, which apply the multi-camera constraint among the sensors, fix-
ing the IO parameters (pipeline 4a) can be beneficial. Overall, it is observed that for all cameras, the
results remain closely aligned with those achieved using pipeline 3, and the variability is kept to a
minimum. In some instances, especially with MG1, even higher accuracy can be attained compared
to those possible with pipeline 3. It is worth noting that this pipeline seems to be largely unaffected
by the use of different calibration sets (CR1 or CR2), thereby maintaining robustness without neces-
sitating perfect estimates of the IO parameters.

Different considerations need to be made when addressing the pre-calibration of RO parameters.
When only the pre-calibrated RO parameters are fixed (pipeline 4c), the performance varies across
instruments. For the INSTA, the behavior generally remains fairly consistent among the datasets,
while a slight deviation is observable varying the calibration sets, with higher accuracy provided by
CR1. Nevertheless, this pipeline produces the worst overall results. For MG1, pipeline 4c results in
slightly lower accuracy than pipeline 3, but performs better than pipelines 1 and 2, with consistent
results among datasets and calibration sets. With ANT 3D, the behavior is significantly affected by
the calibration parameters. While CR1 generates results that align closely with those obtained from
pipelines 1, 3, and 4a, CR2 delivers the poorest outcomes overall.

Finally, when both the IO parameters and the RO parameters are fixed (pipeline 4b), the results
are found to be heavily influenced by the calibration set. This is not surprising, as constraining all
parameters limits the degrees of freedom in the orientation solution. The correctness of the parameter
estimation is then crucial, since any inaccuracies impact directly the object point coordinates. For both
the INSTA and ANT 3D cameras, CR1 produces the best results, which are generally consistent with
those from the top-performing pipelines (3 and 4a). The RMSE values obtained with CR2 are, on
average, 104% higher for ANT3D and as much as 307% higher for the INSTA. This raises the consid-
eration that the size of the calibration environment may play a role, suggesting that instruments
should be calibrated in environments of comparable size to the most part of the object being surveyed,
such as the R1 room. Further analysis should be conducted on this specific point focusing on the
variability of the estimated calibration parameter values. However, this lies beyond the scope of the
current work.

Conversely, for the MG1, the behavior appears to be the opposite, with CR2 outperforming CR1.
However, this camera shows the highest variability in results with this pipeline, preventing any reli-
able conclusions from being drawn.

Looking at the aggregated results in Table 10, pipeline 3 clearly stands out for all camera systems
as the processing approach that overall resulted in the best and most consistent results with pipeline
4a performing similarly, only slightly worse on average. The other approaches were able to produce
some of the best results in specific datasets, as indicated by the minimum RMSE, however, they also
produces the worst results, as indicated by the maximum RMSE.

Some final remarks will follow about reliability in particularly challenging scenarios where a
proper ground constraint cannot be guaranteed (i.e., ground solution B) will follow. In these chal-
lenging environments, such systems have proven to be capable of achieving accuracies worse than
10 cm. In the absence of external constraints provided by GCPs, it is necessary to leverage the rigidity
of the multi-camera system as a constraint. Therefore, applying a processing pipeline that incorpo-
rates the multi-camera constraint among the sensors (pipelines 3 and 4) is crucial for fixing relative
baselines and mitigating drift. Additionally, using pre-calibrated IO parameters (pipeline 4a) signif-
icantly enhances the stability of the block and allows for achieving accuracies equal to 5 cm. For the
MGI, even the constraint of only RO parameters (pipeline 4c) is beneficial, with an RMSE of 5 cm.
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5. Conclusions

The paper described the results of a test designed to evaluate accuracy and precision among
three different multi-camera systems: the INSTA 360 Pro2, MG1, and ANT3D, specifically for sur-
veying narrow and complex spaces. The tests were conducted by processing the raw fisheye images
captured by these three instruments, employing various strategies for processing the photogrammet-
ric block. The processing pipelines considered different relative constraints between the sensors (in-
cluding no constraints and multi-camera constraints), as well as varying calibrations of IO and RO
parameters and ground control solutions.

The test demonstrated the reliability of these instruments for surveying environments with par-
ticularly challenging and even prohibitive characteristics for other established surveying techniques.
With proper ground support, i.e. GCPs at both the beginning and end of the path, all instruments
achieved the target accuracy of 1 cm. However, when ground support is provided only at the begin-
ning of the path, the accuracy drops to values between 5 and 10 cm.

Regarding the various processing pipelines, the results were quite variable depending on the
instrument and the dataset. Nevertheless, from an operational standpoint, it can be concluded that it
is better to apply a multi-camera constraint but estimate both the IO and RO parameters during the
BBA (pipeline 3). On the other hand, in scenarios with less redundant block geometry, not stable
ground control, or if challenges arise in orienting specific images, it might be preferable to lock only
the IO parameters.

6. Patents

The ANT3D multi-camera involved in this study resulted in the patent proposal n°
102021000000812. The patent was licensed on 24 January 2023.
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