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Abstract

3D digitization of museum artifacts is essential for both their virtual presentation and
re-exhibition in the event of damage or loss. Given the number of artifacts that can be
exhibited in a museum, the effectiveness of single-digitization practices under designed
conditions is limited in terms of realism. In this study, a highly detailed sine quadrant
object was digitized in a museum environment using photogrammetry and structured-
light scanning (SLS) techniques. 3D models were generated from point clouds derived
in photogrammetry and directly obtained from SLS. In the qualitative assessment based
on the distinguishability of linear and edge details, the photogrammetric technique was
found to be better; in the quantitative assessment based on the reference length values
on the artifact, SLS was better, while photogrammetry was also found to be adequate.
The maximum difference values for photogrammetry and SLS were 0.40 and 0.27 cm,
respectively, while the average difference values were 0.24 cm and 0.10 cm. Additionally,
cloud-to-cloud distance analysis revealed that two-point clouds overlapped quite well
geometrically. Point clouds were also compared in terms of homogeneity using outlier
detection analysis. This analysis showed that noise in the photogrammetric point cloud
had a wider distribution over the artifact. In terms of data acquisition and processing time,
SLS was found to be better, while the cost was comparable. After evaluating the techniques
from various perspectives, photogrammetry was found to be preferable for modeling in a
museum environment due to the priority need for high texture quality from the end-user’s
perspective. In this respect, SLS is highly dependent on hardware capability for both data
acquisition and processing.

Keywords: cultural heritage; museum; photogrammetry; point cloud; structured-light
scanning; sine quadrant

1. Introduction

Ownership of cultural heritage (CH) has constantly changed due to social, political,
and commercial relations among various civilizations. Therefore, CH is not only a value
of its location but also a common value shared by all humanity and is considered a tangi-
ble reflection of history [1]. Historical artifacts (HAs), which are the physical equivalent
of CH, are preserved in museums. It is necessary to preserve and pass on HAs, which
bear the traces of the past, to future generations. This is essential for the continuous and
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sustainable transmission of cultural tradition. However, during museum preservation,
artifacts can be damaged or destroyed due to deformation over time and external fac-
tors such as earthquakes [2,3]. For this reason, virtual museums (VMs) are created to
ensure accessibility from anywhere at any time and to ensure the sustainability of the
exhibition [4,5]. In VM, artifacts can be examined through virtual tours. In this context,
the digital documentation and recording of HAs is necessary for repair and, if required, re-
presentation. Although 360° cameras are frequently preferred in creating VMs due to their
ability to view wide areas from a limited point, low cost, and quick and easy integration
into web environments, the scale problem, the flexibility of examining the artifact, and the
limited level of detail for small objects constitute significant disadvantages in remote access
for research purposes [6,7]. To minimize these disadvantages, high-accuracy 3D models of
the HAs are required [8,9].

Point cloud data is generally used to produce 3D models of HAs [10]. Each point in
the point cloud generally contains thematic and metric information. Thematic information
consists of the reflectance values in the visible region of the electromagnetic spectrum of the
point. Metric information represents the 3D positional value of the point. Depending on the
quality of thematic and metric information, the techniques used in point cloud production
have advantages and disadvantages relative to one another. If the object to be digitized is
a HA in a museum, photogrammetry and structured-light scanning (SLS) are prominent
approaches. In photogrammetry, photographs of the object to be modeled can be taken
from different angles using relatively lower-cost sensors. Point clouds are generated from
high-resolution images captured by non-metric cameras using image-matching algorithms.
The variability of algorithm performance with respect to object structure when deriving
the point cloud, and the gaps in complex regions that are not sufficiently covered by the
photographs, are among the best-known disadvantages of photogrammetry. In SLS, on the
other hand, the direct acquisition of the point cloud enables faster modeling. Although
metric information has high spatial accuracy, the low resolution of integrated cameras is a
disadvantage for thematic information. The irregularity of possible linearity in edge details
and the brightness generated on the model due to reflection are other known disadvantages
of SLS [11-14]. SLS differs from the well-known laser scanning technique in terms of the
equipment and methodology used. SLS uses a structured-light 3D scanner, and it is a
handheld device. This device does not emit a laser beam to the target surface. Instead,
projected light is utilized, but the resulting data is still a point cloud.

In the literature, various studies have been conducted on the 3D digitization of HAs
in museums using photogrammetry and SLS [15-17]. Artifacts exhibited in museum en-
vironments are generally smaller than those found outdoors. Among those exhibited in
museums, sculptures and tombs are larger than others. Those kept in showcases are mostly
compact. These can be very small artifacts, such as coins, as well as artifacts containing let-
ters, writing, symbols, and motifs. While non-metric cameras are used for photogrammetric
modeling of museum works [18], structured-light 3D scanners are used for SLS [19]. Among
studies in the literature, the 3D modeling of the world’s first known length-measuring
instrument using photogrammetry and SLS is an important reference source [20]. Although
SLS model better reflected the object due to the higher number of points per unit, no
significant difference was found in terms of qualitative and quantitative aspects. Similar
results were obtained when comparing the 3D models of the female figure produced using
both techniques [21]. In the study conducted by [22], four different small-sized objects were
modeled with photogrammetry and SLS. As a result of the detailed analyses, it was stated
that the object’s structure and texture are important factors in choosing which technique to
apply, and no significant difference was observed between the methods in metric accuracy.
In a study in which various museum objects were 3D digitized [23], it was revealed that
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photogrammetry is a reliable and effective technique for handling complex textures and
structural features. In a study in which photogrammetric photography was implemented
intensively, similar to SLS data acquisition, a sharp, saturated texture was achieved in the
3D modeling of small artifacts [24]. In a study in which museum-exhibited skulls were
digitized using a structured-light 3D scanner, it was noted that the time required for data
collection was a disadvantage, and the accuracy assessment was uncertain [25].

Photogrammetry and SLS techniques were compared by [26] to obtain digital copies
of HAs at the British Museum. A turntable was used to collect data on small objects,
and relatively large objects, such as sarcophagi with details like writing and motifs, were
also 3D-modeled. Although SLS produced denser point clouds, no significant difference
was observed in the discrepancy analysis between the two techniques. SLS produced
much better results for the distinguishability of details on sarcophagi, and they stated that
the photo shooting distance should be closer to achieve results comparable. However,
it was noted that radiometric properties are also an important factor in HA restoration,
and that photogrammetry is more useful in this respect. Ref. [27] emphasized that the
software used in the production of 3D models of small-sized HAs is important in terms
of accessibility, model quality and time. In another study in which small archeological
artifacts were documented, although photogrammetry was generally found to be more
flexible, the quantitative results showed similar performance [28].

In the study conducted by [29], 3D modeling applications were carried out on a
cuneiform tablet fragment using a Digital Single Lens Reflex (DSLR) camera, a phone
camera, and a structured-light 3D scanner. It was stated that both photo-based models
were positively comparable to the model from SLS, which is much more expensive in terms
of hardware. It was stated that photographing small objects on a turntable contributed to
achieving high performance at low cost. In the study conducted by [30], it was stated that
an artificial lighting system that provides equal lighting for objects around the turntable
produced better 3D models than those previously reported in the literature. Ref. [31]
stated that smartphone cameras can be used in the production of accurate and low-cost
3D models in a short time and will benefit the preservation of small and medium-sized
artifacts. The contributions of photogrammetric 3D models to VM creation were discussed
in detail by [32]. Ref. [33] 3D modeled various historical measuring instruments using
photogrammetry and SLS for usability in a VM. While the accuracy in quantity varies from
object to object, no significant difference was found between the techniques. Visual quality
also varies depending on the techniques for different objects.

Given studies in the literature on the digitization of HAs in museums, it is evident that
some aspects have not been sufficiently addressed. As stated by [15], photogrammetry is
mostly preferred in the production of 3D models created for display in VMs. However, there
is not enough guiding research on what the preference should be when the required data
for 3D digitization is collected in the museum environment. Photographing or scanning
of artifacts was generally carried out in external areas with special lighting conditions.
Museums have strict rules for preserving artifacts. Although artifacts can be taken outside
with the required permissions for individual applications, the number of artifacts exhibited
in a museum can run into the hundreds. If 3D modeling of all artifacts for presentation in a
VM is considered, it is not realistic to remove and digitize each artifact individually from its
preservation area. Given that not all objects can be moved, study number [34] stands out
as an examination of generating the 3D models of HAs in a museum environment under
uncontrolled lighting conditions. However, textured versions of both photogrammetry and
SLS-based models were not been presented. In this context, the answer to the question
of which technique would be more effective for 3D modeling under museum conditions
remains unclear.

https:/ /doi.org/10.3390/ electronics15071373


https://doi.org/10.3390/electronics15071373

Electronics 2026, 15, 1373

4 of 20

Another issue is the structure and content of the artifact to be 3D digitized and
modeled. The artifacts investigated in the literature are not excessively complex in terms of
detail level [20-24]. The 3D modeling of complex objects, including writing, motifs, and
linear details, has not been sufficiently addressed. In this study, photogrammetry and SLS
techniques were applied to a sine quadrant object under museum conditions to address the
identified shortcomings in the literature. The efficiency of the methods was demonstrated
by modeling a small sine-quadrant object containing numerous textual, point, and linear
details, primarily under yellow light on a reflective surface in the museum. In addition
to qualitative and quantitative comparisons, a comprehensive evaluation of time and
cost was conducted, creating a guiding resource for modeling a large number of HAs for
VM creation.

2. Materials and Methods
2.1. Study Object

The object used to assess the effectiveness of 3D digitization techniques is the sine
quadrant exhibited at the Tokat Museum, Ttiirkiye. The sine quadrant, inventory number
241, was brought to the museum in 1930 and is kept in a glass showcase, as shown in
Figure 1. According to ethnographic artifact inventory records, the artifact consists of
two parts. The wooden part was made of boxwood. The quarter-circle-shaped piece was
painted yellow on both sides and red on the edges. The lines were spaced 1 cm apart and
the curves intersecting these lines at different angles were used to calculate the altitudes of
the stars and determine spatial information. The following statements were included in
the special section where the artwork is displayed: “This gadget, named as “Rubu Tahta”, is
used for determining time (clock). There are divisions, markings and numbers on gradient boards
made of wood in a quarter circle. By placing a bronze plummet over a gradient board, time is
estimated.” Therefore, when evaluated together with the information in the ethnographic
artifact inventory, it was understood that the artifact has various names and was used for
different purposes.

Figure 1. Sine quadrant object displayed in Tokat Museum.

Apart from the information obtained from the Tokat Museum, the quadrant is a
multifunctional measuring instrument developed in the Islamic world during the Middle
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Ages, used for astronomy, geography, and measurement. It is fundamentally based on
trigonometric calculations [35]. Its features, including a circular arc, two reference axes (one
horizontal and one vertical), sine and cosine scales, sighting holes for the sun and stars, and
secant components, demonstrate that it is theoretically the ancestor of photogrammetry
and theodolite measurements. Its survival to the present day is concrete evidence of the
Islamic mathematical-astronomical tradition in the history of science.

The reason for choosing the sine quadrant, also called an astrolabe or altitude board, is
due to the object’s dimensions and structural content. The artifact has compact dimensions
among those exhibited in the Tokat Museum. Given the 13.5 cm radius of the quarter circle,
it is a small object for 3D modeling. In terms of content, the color variation on the artifact
is limited. Furthermore, there are numerous points and line details and inscriptions on
a yellow background. All these features can serve as a reference for determining which
technique is most suitable for 3D modeling other objects in museum conditions. It is also
significant that, to our knowledge, it has not yet been analyzed using photogrammetry and
SLS techniques.

2.2. Data Collection: Photogrammetry

In photogrammetry, 3D objects are measured and modeled from 2D photographs. In
this context, overlapping photographs are taken during the data collection phase. Today,
photogrammetric applications are performed using Structure-from-Motion (SfM) technol-
ogy. In SfM, the exposure center, rotations, and 3D point cloud are automatically estimated
from overlapping photographs. Common features in photographs of the same scene ob-
tained from different perspectives are identified, and a point cloud is generated by matching
the images. The point cloud is a derived dataset in photogrammetric technique. A solid
model is produced by connecting the points from this dataset. The solid model is then
converted into a textured model using the captured photographs. If control points are used
for scaling, the resulting 3D model is also metrically accurate and precise.

A 3D test area was designed before the photo shooting. This test area has an octagonal
structure with columns of varying heights at each corner. The test area was produced
using a Creality K1 Max 3D printer, and the accuracy of the dimensions specified in the
design was verified with a precision caliper. Each column was painted in a different color.
Because image matching algorithms cannot achieve the desired performance with low-
color-variability objects, additional color variation was introduced during the photographic
process. The upper midpoint of each column was marked in red as a ground control point
(GCP). GCPs were also marked on the skeleton between each pair of columns. Marking
GCPs on the HA by gluing or fixing is not feasible according to the artifact’s preservation
procedures. Furthermore, such a procedure would require a total station to scale the
artifact’s 3D model, which is inefficient in a museum environment. Therefore, the designed
test area was coordinated by placing it on a measuring mat as presented in Figure 2. To
improve clarity of the test area, the column heights are presented in Table 1. Horizontal
coordinates were calculated using both axes. Vertical coordinates were calculated using
the dimensions of the columns and the width of the octagonal skeleton. The thickness
of the octagonal structure is 1 cm. The heights of the columns range from 4 cm to 20 cm.
The height of the points on the octagonal frame was calculated directly as 1 cm, while the
heights of the points on the columns were calculated as column height + 1 cm. This made it
possible to scale the photogrammetric 3D model during the data processing phase after the
photograph was taken.
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Figure 2. Scaling the test area on the mat and validation with precise caliper, including frame thickness.

Table 1. Information regarding 3D test area.

Column Color Column Height (cm)
Brown 4
Purple 6
Pink 9
Dark Blue 10
Green 11
Yellow 12
Black 16
Red 20

The photo shooting was performed as shown in Figure 3. At each camera position,
3 photos were taken with the camera facing left, directly in front, and to the right. Normally,
the photo-shooting principle for an SfM application is as described in [36]. The basic princi-
ple is that there should be an overlap between photographs taken in succession. However,
in this study, three photos were taken at each shooting point with an overlap between them.
Depending on the direction of movement, the photo obtained at any shooting center with
the camera facing directly in front of the object and to the right overlapped with the photo
obtained at the next shooting center with the camera facing left. Thus, a better match was
aimed for by increasing the standard overlap ratios. These photographs were oblique type.
In addition, to minimize areas not visible in the photographs, the photo-shooting approach
described in [36] was used, with the camera positioned higher. These photographs were
vertical. Examples of the photographs taken are presented in Figure 4.

Figure 3. Oblique photo-shooting: The red arrow represents the camera focusing to the left, the blue
arrow represents focusing directly in front, and the purple arrow represents focusing to the right.
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(b)

Figure 4. (a) Oblique photographs; (b) Vertical photographs.

The camera used for the photo-shooting was Canon EOS 5D Mark III, belonging to the
Department of Geomatics Engineering at Tokat Gaziosmanpasa University. This is a DSLR
camera and was equipped with a fixed 50 mm focal length lens. This combination was
chosen because having a single focal length reduces the amount of movement in the camera
mechanism, thereby improving clarity and sharpness in the photographs. Although it was
possible to perform pre-calibration with the software’s calibration pattern, factors such as
the number of photos taken, the photo-shooting distance, and the photo angle can lead to
different parameters being obtained in repeated pre-calibrations. For this reason, camera
calibration was performed along with block adjustment by using points on the test area.
The parameters calculated through calibration are presented in Table 2. The photo shooting
distance for 3D model production was approximately 80 cm. The overlap rate between the
photos was also approximately 80%. The photogrammetric photography process produced
a total of 67 photographs: 48 oblique and 19 verticals.

Table 2. Camera calibration parameters.

Parameter Value

f 8257.43 pix (equivalent of 51.61 mm)
Cx —10.3761

Cy —12.0239

ky —0.115619

ko 0.101342

Py —0.000242296

Py —0.000313954

2.3. Data Collection: SLS

In SLS, the data acquisition phase was completed much more quickly than in pho-
togrammetry. The 3D scanner used was the Scantech iReal 2E, belonging to the Department
of Geomatics Engineering at Istanbul Technical University. This 3D scanner, which belongs
to the structured-light scanner category, is also a handheld device. Thanks to its mobility,
it is a device that can be easily used in the documentation of HAs. The disadvantage of

https://doi.org/10.3390/electronics15071373


https://doi.org/10.3390/electronics15071373

Electronics 2026, 15, 1373

8 of 20

this device, which has high geometric accuracy, is that it cannot collect data as desired on
reflective surfaces. The scanner used in the study collects data in an integrated manner
with iReal 3D software v3.0.0.

Before data acquisition with the Scantech iReal 2E, the device was calibrated. The
calibration process was completed by the scanner detecting coded points from different
angles on a calibration object with a specific pattern. Afterwards, the scanning process
was carried out by rotating around the object as illustrated in Figure 5. At this point, the
fundamental difference between SLS and photogrammetric techniques in data acquisition
is that a point cloud is obtained directly. Therefore, because it contains no derivation errors,
data with high metric accuracy are collected. Furthermore, no object, such as a test area, is
needed to scale the 3D model. The parameters set before the scan are presented in Table 3.
With the Scantech iReal 2E, it was possible to produce data at higher resolutions (e.g.,
0.2 mm or 0.5 mm). However, since data collection is integrated with the software on the
computer, the feasibility of the resolution value also depends on the computer’s capacity.
Because interruptions/discontinuities occurred when acquiring data at higher resolutions,
the highest feasible resolution of 0.7 mm were implemented.

uninterrupted scanning

uninterrupted scanning

Figure 5. Continuous scanning around the artifact.

Table 3. SLS parameters.

Parameter Value
Color Mode Multicolor
Full Light Open
Splicing Mode Feature
Scenes Object
Object Size Small
Resolution 0.7 mm

3. Results and Discussion

Data collected using photogrammetric techniques were evaluated in Agisoft Photoscan
2.3.0, which is the software most often preferred for producing 3D models in VMs [15]. Data
collected using SLS were evaluated in iReal 3D software. Point clouds obtained with both
techniques were also evaluated in the analyses using Cloud Compare 2.13.2 and Python
3.9.21. In photogrammetry, a point cloud was derived from the photographs. Solid and
texture models were then generated from the derived point cloud and scaled using a 3D
test area. The processes performed on the point cloud in SLS were the same. However,
the basic point cloud is obtained directly, not derived. Furthermore, there is no need for
external scaling because the point cloud obtained by SLS had accurate and precise metric
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‘Weak Point Cloud

information. The 3D models obtained using both techniques were compared in terms
of quality and quantity. Additionally, the efficiency of the techniques was evaluated in
terms of time and cost. These evaluations were conducted in the context of applications
performed in a museum environment and those likely to be carried out under similar
conditions, rather than specifically for the planned workspace. The pipeline for both
techniques is visually presented in Figure 6.

Textured Model

Dense Point Cloud

Textured Model

Dense Point Cloud Mesh Model

(b)
Figure 6. Data processing steps: (a) Photogrammetry; (b) SLS.

3.1. Qualitative Assessment

Qualitative comparisons of 3D sine quadrant models obtained using photogrammetry
and SLS techniques are based on visual interpretation. The modeled object contains
numerous textual motifs, as well as dense linear and point details. The secant segment
on the artifact also contains various inscriptions. The data acquisition equipment used
was taken into consideration in the visual comparison of the products. Furthermore, the
potential variability of 3D models obtained using both techniques in cases of repeated data
collection was examined. Similarities and differences with the literature were discussed
depending on the environmental conditions in which the required data was collected. 3D
artifact models produced by both techniques are presented side-by-side in Figure 7.

When the 3D models are examined as a whole, the model produced using the pho-
togrammetric technique is seen to have better clarity. The photogrammetric model is
significantly higher quality in terms of color saturation and the distinguishability of details.

Figure 8 focused on a section with a high concentration of fine details of different
types, as well as the secant and its surroundings. The left side of the image represents a
single photograph, while the right side represents a 3D model. Point and linear details on
the artifact were much more pronounced in the photogrammetric model. This clarity made
the cells of the sine quadrant more distinct.
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Photogrammetry

Figure 7. 3D models of the sine quadrant.

(b)

Figure 8. Detailed examination of the edge and writing details: (a) Photogrammetry; (b) SLS.
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When the secant segment is considered alone, it was evident that the photogrammetric
model reflects edge details considerably better. It should be noted at this point that the
secant was closed in the photogrammetric model, while it was open in the SLS-based model.
This situation is not thought to affect the objectivity of the comparison. Because in the
SLS-based model, the linearity in the remaining part after the secant is open was not as
straight as in photogrammetry. In fact, the visual evaluation of the SLS-based model was
performed with a photograph showing the secant in the open position as demonstrated in
Figure 8b. Given the inscriptions on the small circle on the secant, it was evident that the
photogrammetric model offers better interpretability.

The results of the qualitative evaluation contradict study [20], which stated that SLS
qualitatively reflected the object better due to the number of points per unit, and study [24],
which stated that there was no significant difference between the methods in the visual
quality of small objects. However, the superiority of the photogrammetry-based model
over SLS in terms of visual quality is evident in studies [37,38] as in this study.

There are several possible reasons for these similarities and differences. One of these
is the data acquisition hardware used in the photogrammetric workflow. Using a 50 mm
focal length lens allowed the sine quadrant to occupy the majority of the frame within the
photographic distance. As the focal length decreases, the area covered in the photograph
increases. Low-budget cameras often have short focal lengths, which makes it difficult
for the target object to be the primary focus area in the photograph. However, a 50 mm
focal length allows for closer shooting than shorter focal lengths, which has improved the
aforementioned visual quality. This point is highlighted in study number [26], which is
stated that for photogrammetry to compete with SLS in terms of detail distinguishability,
the photo acquisition distance must be short.

One reason for the difference in detail representation between the methods is
that the data was collected in a museum environment. Unlike almost all of the
literature [15,24], the data required for modeling was collected in an environment where
lighting was not controlled. The responses of data acquisition equipment to the available
conditions may therefore have differed from those in previous studies. When it comes
to modeling hundreds of objects in a museum, it is impossible to completely transfer the
HAs to a specific modeling area. Therefore, data collection under museum conditions is
necessary. Study number [34], which is one of the rare studies in terms of data collection
under museum conditions, found the SLS-based model to be more suitable in terms of
quality, but textured models obtained with both techniques are not presented. In this
context, this study provides more reliable results for realistic evaluation.

Another possible reason for the lower visual quality in SLS was the use of an integrated
camera. While DSLR cameras used in photogrammetry have very high resolutions, the
resolutions of cameras integrated into structured-light 3D scanners are generally low.
Since high-resolution photographs captured in photogrammetry were used during the
production of a textured model from the solid one, SLS may be insufficient at this point,
a situation also mentioned by [33]. This is why a photogrammetric approach was used
to convert a mesh model produced with SLS into a textured form [39,40]. Furthermore,
research in [33] states that there may be deficiencies in the model’s appearance due to
the reflection effect in SLS, which is evident in Figures 7 and 8b. The object examined in
this study was also quite different from those discussed in the aforementioned studies
in terms of content and level of detail. Since a similar object was not 3D-modeled under
museum conditions, it was quite normal and expected for the results to differ from those
reported in the literature. Generally speaking, apart from the environment in which the
data was collected, data acquisition equipment and the type of object were factors affecting
the qualitative quality of the final product, as demonstrated by [22,33].
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In terms of the equipment used, a separate evaluation is necessary for this specific
study in order to maintain objectivity. Scantech iReal 2E is a budget-friendly device among
structured-light 3D scanners on the market today. Its current scanning capability is lower
than that of current 3D scanners. Besides its accuracy, its detail resolution is lower than
that of newer generation devices [39-41]. Furthermore, while newer devices produce much
sharper geometry using advanced scanning technologies, the infrared structured light in
the iReal 2E provides limited data. Considering previous studies, the qualitative quality
of the model obtained with SLS in this study is not surprising. Similar quality 3D models
have been produced in studies using iReal 2E or equivalent devices [33,37,38]. Considering
these factors, it is clear that a sine quadrant model to be produced with a newer generation
device would reveal more distinct linear details in SLS.

In the qualitative analysis, visual interpretations were supported by edge detection.
For this purpose, the Canny algorithm [42] was used. Although Canny is an older algorithm,
it remains a fundamental algorithm with improved versions being proposed today [43].
Canny was chosen because of its ease of application and its suitability for the purpose
of this study. It was thought that more distinct edge detection could be achieved with a
higher-quality model. For images converted to grayscale, a value of 75 was used for a low
threshold and 100 for a high threshold.

When the comparative results are examined in Figure 9, it is seen that more distinct
edges were achieved on the model obtained with the photogrammetric technique. For
the model obtained with SLS, combinations performed with different parameters did not
yield significantly different results. This situation reveals that better texture information
improves to the detection of linear details in the final product. Additionally, the areas
where the reflection effect is prominent in the model obtained by SLS are the same areas
that appear complex in edge detection. Therefore, the reflection effect stands out as a
significant negative factor not only for the visual assessment but also for the user who will
be extracting details from the artifact.

(b)
Figure 9. Canny results: (a) Photogrammetry; (b) SLS.
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3.2. Quantitative Assessment

Quantitative evaluation of 3D sine quadrant models produced using photogrammetric
and SLS techniques was performed by comparing length measurements taken on the
object with the values in the model. Comparing physical measurements of an object with
values measured on a 3D model is a routinely used approach in researching digitization
techniques [41]. Reference distance values were obtained from the regions presented
in Figure 10 using a ruler during the data collection phase. Since a small number of
measurements in a limited area would not adequately reflect the accuracy of the entire
surface, values of varying lengths were considered from different regions.

Ref-1

Ref-2

Ref-3

Ref-4

Figure 10. Length measurements on the artifact for metric comparison.

Reference distance values were compared with the values measured on the models.
The difference values calculated based on the reference values are presented in Table 4.
Distance values obtained by SLS were closer to reference values than those obtained by
photogrammetry. These results were similar to studies in the literature [15,17,33], indicating
that SLS provides higher spatial accuracy. The maximum distance difference in SLS was
0.27 cm, while this value was 0.40 cm in photogrammetry. For the differences obtained
depending on 10 length values, the average value was 0.10 cm in SLS and 0.24 cm in
photogrammetry. Based on these values, the root mean squared error was calculated
as 0.26 cm and 0.13 cm for photogrammetry and SLS, respectively. These differences
were consistent with the results obtained [33]. However, the distance differences between
photogrammetry and SLS on the same reference lines were not significant [20-22,26,28].

Table 4. Length measurements and difference values (cm).

Error in Pho-

Ref. Line Ref. Value Photogrammetry SLS Error in SLS
togrammetry
1 3.00 2.87 2.96 0.13 0.04
2 9.50 9.70 9.77 —0.20 —-0.27
3 3.50 3.11 3.32 0.39 0.18
4 14.50 14.10 14.32 0.40 0.18
5 13.50 13.20 13.44 0.30 0.06
6 13.50 13.31 13.46 0.19 0.04
7 13.50 13.42 13.45 0.08 0.05
8 13.50 13.28 13.56 0.22 —0.06
9 13.50 13.25 13.53 0.25 —0.03
10 17.00 16.72 17.10 0.28 —0.10
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In this context, it can be said that the 3D models of the sine quadrant obtained with
both techniques are sufficient in terms of metric accuracy. When evaluated in the context of
exhibition in a VM, the metric differences between the two techniques are too small to be
significant for the user.

Another method used to compare point clouds produced with different techniques
is cloud-to-cloud distance (C2C) analysis. This analysis provides a comprehensive com-
parison between all points representing the surface. In this context, the SLS-based point
cloud was accepted as a reference. The photogrammetric point cloud was registered using
3 common control points according to this dataset. In this step, a rough geometric fit was
achieved between the two datasets. To increase the accuracy of the alignment and ensure
a high degree of overlap, the Iterative Closest Point (ICP) algorithm was applied to the
registered point clouds. Thus, the closest points between the two-point clouds were itera-
tively matched. A high-accuracy overlap was achieved by minimizing the transformation
parameters. After ICP, C2C analysis was applied to quantitatively evaluate the geometric
differences between the two-point clouds. In this analysis, the closest distance of each point
in the photogrammetric point cloud to the reference SLS-based point cloud was calculated,
and the consistency and accuracy level between the two datasets were statistically analyzed
using the obtained distance values. The surface difference map and histogram obtained
based on C2C were presented in Figure 11.

Count

0.01 mm 4.57 mm C2C absolute distances

Figure 11. Surface difference map and histogram of C2C values.

Considering the C2C values, the minimum value was calculated as 0.012 mm, while
the maximum value was 4.566 mm. The average distance between the two-point clouds
was calculated as 0.442 mm, and the standard deviation as 0.399 mm. These values are
consistent with the studies [34,37,38], which conducted similar comparisons. Although
Cloud Compare allows for scale adjustment both during the initial registration and the sub-
sequent ICP step, these values demonstrate the suitability of the scaling approach applied
in the photogrammetric technique. When the surface difference map is examined, it was
seen that the differences were concentrated in the outer edge parts and secant boundaries
of the object. At this point, the histogram obtained based on the C2C values is decisive
in terms of quantitative evaluation. When the results of the C2C distance analysis are
evaluated under the assumption of Gaussian Distribution, the calculated average and
standard deviation values quantitatively express the geometric agreement between the
two-point clouds. The average value (0.442113) shows the average distance of the points in
the photogrammetric point cloud to the reference SLS point cloud. This value indicates
that the systematic difference or mean deviation between the datasets was approximately
0.44 mm. While a mean value close to zero represents an ideal match, a value of 0.44
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indicates a certain level of, but negligible, geometric difference between the two datasets.
The standard deviation (0.399072) represents the spread of the distance values around
the mean. A standard deviation of approximately 0.40 mm revealed that a significant
portion of the points show a relatively limited distribution around the mean, indicating
that the error distribution was not very wide. This suggests that the applied ICP-based
process provided a reasonable agreement between the two datasets, and that certain differ-
ences arising from the measurement method, data density, or surface characteristics were
not significant.

3.3. Outlier Detection Analysis

Statistical Outlier Removal (SOR) is a technique that enables the statistical identifi-
cation of points in a point cloud that are noisy or anomalous [44]. It is independent of
the technique used to obtain the point cloud and is used to obtain a cleaner dataset. Its
basic principle is based on the distance of a point from its surroundings. A point with
an anomalous distance from its surroundings is considered an outlier. For each point in
the point cloud, the average distance to the nearest neighbor is calculated. The statistical
distribution of these calculated distance values is then derived. Points at the extremes of
the distribution are categorized as outliers and eliminated, resulting in a clearer dataset [45].
It can be used with datasets containing numerous points across large areas, such as aerial
lidar [46], as well as for the small objects included in this study.

The Open3D library in Python was used for SOR. For each point cloud obtained
using each technique, the number of neighbors parameter was set to 20 and the standard
deviation multiplier to 2. The distributions on the object were examined by overlaying the
outliers with the remaining clean point cloud. The red dots represent the outliers, their
distributions are presented in Figure 12, and the statistical values are shown in Table 5.
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Figure 12. Outliers on the point cloud: (a) Photogrammetry; (b) SLS.
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Table 5. Number of points which are outlier and clean.

Ref. Line Photogrammetry SLS

Outlier 1497 1129
Clean 349,035.00 31,355.00
Total 350,532.00 32,484.00

Figure 12 shows that outliers exhibit a general distribution across the photogrammetric
point cloud. Except for the outer edges of the artifact, outliers are found on the secant and
top surface. Although the total number of outliers is similar to that in SLS, their visual
prominence is greater. This indicates that the smooth top surface, without any removal,
appears rougher in the photogrammetric model compared to SLS.

In SLS, no outliers are detected on the artifact’s upper surface. As with the photogram-
metric point cloud, outliers are present on the outer edge of the artifact. Although outliers
are found on the secant, this may be due to the secant being in an open position during SLS.
Since the outlier character becomes more pronounced as the distance of a point from its
neighbors increases, points on the upper part of the secant may have remained at the edges
of the distribution due to their distance from those on the ground. Therefore, the number
of outliers in SLS is likely lower than indicated in Table 3. Considering these evaluations, it
is clear that SLS, being a more user-independent technique than photogrammetry, provides
a more homogeneous dataset.

Table 5 shows an approximately tenfold difference in the number of points across the
point clouds. In this table, the photogrammetric point cloud is a dense point cloud obtained
by densifying the weak point cloud. Although the literature states that SLS provides more
points per unit, the opposite is true in this study. One possible reason for this is the use
of both oblique and vertical photographs in photogrammetric data acquisition and the
fact that data processing is performed at ultra settings. In terms of SLS, in addition to the
adjustable distance limitation in the museum environment and resolution restriction due
to hardware capability during scanning, the software loses its ability to produce a much
more detailed point cloud. As previously mentioned, if it were possible to scan at a higher
resolution (such as 0.2 mm) with a 3D scanner, the numerical values listed for SLS in Table 5
could be in the millions. However, it is not thought that a much denser point cloud in SLS
will easily eliminate the disadvantage stemming from the camera resolution integrated into
the scanner.

A significant factor influencing the number of points is the amount of data collected.
It is evident that some studies with similar objectives obtained data containing millions of
points. Photogrammetric methods, with hundreds of photographs, and SLS, with dozens
of scans, offer the possibility of highly detailed data [24,26,41,47]. The important nuance
here is the purpose for which the 3D model is produced. When it comes to presenting a
HA in a VM via a 3D model, examining models containing a large number of polygons
on online platforms with portable devices is not efficient [15]. For this reason, it may be
necessary to achieve the goal with a more limited dataset, similar to this study [15,40]. In
addition, regardless of the technique, it is seen that data collection time takes hours and
data processing time takes days in studies using very high number of points [41], which
is not preferable when it comes to 3D documentation of all objects in a museum to create
a VM. Additionally, the dimensions of the digitized object are also a factor affecting the
number of points [48]. A larger object will naturally contain many more points, depending
on the number of photographs or scans taken. From this perspective, the data density
obtained for the sine quadrant is consistent with reference number [49], where a better 3D
scanner was used in an external environment where lighting is controlled for the HA in
the museum.
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3.4. Time and Cost Analysis

The evaluation of techniques in terms of time and cost was carried out considering
the possibility of modeling other HAs objects in the museum environment within the
scope of creating a VM. The entire process of obtaining a 3D model primarily involves
data collection and data processing stages. In photogrammetric techniques, data collection
was performed with a DSLR camera, while in SLS, it was performed with a handheld 3D
scanner. Considering the sine quadrant object, taking photographs took longer than SLS.
The need to take photographs from different angles, the necessity of a certain degree of
overlap between successive photographs, and the need to maintain a constant distance
between the object and the camera during each photograph required more movement
from the user. This increased the data collection time compared to SLS. Although SLS is
said to be less efficient in terms of time for data acquisition [25], collecting data for the
sine quadrant in SLS took a maximum of 15-20 s. However, considering the qualitative
assessment of the 3D models, the longer time required for the data collection stage is not
considered a reason to avoid the photogrammetric technique.

In SLS, the scanner was handheld and rotated around the object during the scanning
process. The cable connections between the scanner and the computer, and the museum
environment’s unsuitable conditions for moving equipment freely, made data collection in
SLS difficult. If the object to be modeled is on a rotating turntable, the scanner will remain
fixed, and scanning can be performed while the object rotates at a slow speed. This is
because moving the object at a constant speed using a rotary table yields much better results
than moving the data acquisition equipment [26,29,30]. In this case, the visual quality of
the model obtained with SLS is highly likely to be better than what was achieved. If this
equipment is used, the scanner’s time advantage will be significant when modeling a large
number of objects in the museum environment. However, not every HAs in the museum is
suitable for placement on a turntable. Therefore, under the current lighting conditions, it is
still possible for texture loss due to reflection effects to occur in the SLS.

Another time-related issue is data processing. As with data collection, evaluating data
obtained using photogrammetric techniques in Agisoft Photoscan software took much
longer than with SLS. In 3D model production from photographs, unlike SLS, there is a
process of matching the photographs to generate a weak point cloud, and then densifying
this weak point cloud to produce a dense point cloud. While these processes are not present
in SLS, photogrammetric techniques require operating at ultra-high settings to produce
high-quality models in both quantitative and qualitative terms. This situation causes the
model production process, which takes approximately 5 min from start to finish with SLS,
to take at least 2 h with photogrammetric techniques. Given the large number of HAs
in the museum, longer data processing times of photogrammetry are a drawback as in
the [41]. This disadvantage of SLS will become apparent with large objects. The iReal3D
software, which evaluates the data obtained with SLS, uses a very high amount of RAM on
the computer. For example, when evaluating data obtained by scanning a sine quadrant
at a closer distance and high resolution, the software crashes due to insufficient RAM.
Considering other objects to be included in the VM, especially large objects, high-quality
model production with SLS requires a computer with ultra-high capacity.

From a cost perspective, there are hardware and software costs involved. In terms of
hardware, the handheld 3D scanner used in the project costs approximately twice as much as
the camera used. However, for a more up-to-date scanner that will yield better results, this
range is much wider. Many cameras which can be used in photogrammetric applications are
available at much lower cost and can achieve similar results. From a software perspective, the
Scantech iReal 2E hardware comes bundled with iReal3D software while in photogrammetry,
hardware and software are independent of each other in this sense.
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4. Conclusions

To our knowledge, a similar study of a sine quadrant object, not previously addressed
in the literature, was conducted using photogrammetry and SLS techniques to create a 3D
model. Furthermore, unlike previous studies, data collection for modeling purposes was
conducted in a museum environment. The 3D models produced using both techniques
serve as a reference for future VM creation projects that require modeling numerous objects
in a museum environment. The resulting models were compared in detail with respect to
quality, quantity, time, and cost. No significant quantitative difference was found between
the techniques. Qualitatively, the photogrammetric approach yielded significantly higher
quality results from a user perspective. In SLS, the insufficient resolution of the camera
integrated into the scanner, along with reflection effects, was a factor that reduced the visual
quality of the model. In photogrammetry, the significantly longer data acquisition time
compared to SLS was the most significant disadvantage. A common solution to overcome
these negative effects in both techniques is to position the HA on a turntable. Photographing
the object, which moves at a low and constant speed, with a camera positioned at a fixed
location will significantly reduce the time required for data acquisition. In SLS, this situation
can reduce reflective effects to some extent. Generally speaking, the sine quadrant object,
due to its detailed content, can serve as a reference in selecting techniques for 3D modeling
other objects in museum conditions. Considering its user-friendly design in a VM, inability
to efficiently handle high volumes of data, and the priority given to textural quality from
the user’s perspective, the photogrammetric technique appears more appealing.
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SIM Structure from Motion
SLS Structured-Light Scanning
SOR Statistical Outlier Removal
VM Virtual Museum
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