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INTRODUCTION

It can be assumed that advances in compu-
tational power and programs have the potential 
to facilitate changes in the way the built envi-
ronment is designed, constructed and managed 
today. Computational intelligence is being used 
in a variety of contexts, from urban design to 
architectural design and even industrial de-
sign. A number of computational methods have 
been developed for both generating new [1–3] 
and evaluating existing [4, 5] urban develop-
ments. It would be remiss of us not to mention 
the relatively new studies on crowd simulations, 
which have been used to great effect for safety 
& comfort [6, 7] in both architectural and urban 

environments, as well as for the layout optimi-
zation [8]. It has been suggested that modern 
means of modular systems and automation could 
be beneficial in a number of areas related to ur-
ban and architectural environments. There is a 
view that they could contribute to improvements 
in the safety of pedestrians [9] and creating 
barrier-free environment [10]. Moreover, some 
unusual computational concepts that emerged 
from pure mathematics and informatics, e.g.: 
CA (cellular automata), have been implemented 
in many aspects of the built environment such as 
buildings, infrastructure or transportation. CAs 
have been used for architectural design [11, 12], 
e.g.: as a form-generator in highly populated
residential buildings [13], and for both shading
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purposes and aesthetics on building façades [14, 
15]. Nevertheless, in order to use computational 
tools, it is often necessary to digitize the infor-
mation from the physical world. There is an 
increasing number of ways to utilize new and 
continuously improved techniques for digitizing 
real objects. Various 3D scanners, such as laser 
or structured light scanners, are at the forefront 
in this field. Depending on the device, they allow 
reproducing object geometries with accuracy up 
to 0.1mm [16] or higher [17], and in the case 
of structured light scanners, also gathering in-
formation about the color of the scanned object. 
They find applications in areas such as quality 
control [18] or reverse engineering [19]. An im-
portant advantage of optical methods is that they 
are non-destructive methods, even when used 
for strength testing [20].

Another popular digitization technique is 
photogrammetry. It allows reproducing object 
geometry with satisfactory accuracy (some-
times comparable to the accuracy achieved by 
structured light 3D scanners), but its greatest 
advantage is the excellent reproduction of object 
colors. Initiating photogrammetric endeavors 
necessitates no more than a proficient camera, a 
modicum of photographic skills, and appropri-
ate software, abundantly available on the market, 
including some freely accessible options. Con-
sequently, photogrammetry finds wide applica-
tion in diverse fields, such as the development 
of computer games [21], the reconstruction and 
visualization of architectural structures and mu-
seum artifacts [22], medical contexts, and even 
experimatal testing and [23] forensic analysis of 
traffic accidents [24, 25]. An advanced scanning 
technique is also computer tomography. It not 
only enables the acquisition of highly accurate 
data (with a manufacturer-declared minimum 
pixel size of 3 µm [26]) regarding the geometry 
of the scanned object but, unlike the previously 
mentioned technologies, tomography also allows 
for exploration of the object’s interior. The most 
widespread domain where computer tomogra-
phy is applied is medicine. On combining the 
fields of mechanics and medicine, it can reduce 
the complicated and time-consuming modeling 
of body parts [27]. However, it finds its utility 
in quality control as well as in the examination 
of remains and cultural heritage objects [28].
The mentioned techniques can also be utilized to 
transfer real-world objects into the virtual real-
ity environment, such as the metaverse. Another 

application could be the digitization of museum 
collections [29, 30]. Due to the high cultural and 
historical value of such collections, it is impos-
sible to touch them during visits, which signifi-
cantly hinders the perception of culture by visu-
ally impaired or blind people, for whom the only 
current solution is a verbal description of the ob-
jects in front of them. Digitized collections can 
be properly processed and then reproduced using 
3D printing techniques. Printed replicas of origi-
nals can greatly facilitate cultural appreciation 
for people with visual impairments. Comparison 
of different 3D scanning techniques has been 
performed multiple times [31–33]. The results 
are consistent, indicating that, in comparison 
between photogrammetry, structured light scan-
ning, and tomography, structured light scanning 
is considered the most favorable technique due 
to its accuracy in reproducing object surfaces, 
basic textures, time efficiency, and costs. How-
ever, satisfactory results were achievable with all 
tested technologies. It is important to note that 
the comparisons were based on scans of a small 
number of objects (from 1 to 4), and furthermore, 
the scanned objects had very few features that 
could hinder the scanning process.

MATERIALS AND METHODS

During the research, three 3D scanning tech-
nologies were compared. These were: photogram-
metry, handheld structured light 3D scanning, and 
computer tomography. The choice of these meth-
ods was dictated by their popularity and the avail-
ability of equipment. The devices used to obtain 
scans for each of these technologies were as fol-
lows: a Canon EOS 5D Mark IV camera with a 
resolution of 30.4 megapixels for photogrammetry, 
a handheld structured light 3D scanner Artec Eva 
with a manufacturer-declared accuracy of up to 0.1 
mm and a resolution of up to 0.5 mm, and a com-
puter tomography scanner Nikon XT H 225 char-
acterized by a maximum beam energy of 225 kV, 
power of 450 W, a minimum pixel size of 3 µm, 
and a working area of 432×432 mm.

Selection of objects for research

During the selection of research objects for 
scanning, attention was paid to ensuring that 
they posed challenges for the aforementioned 
technologies by possessing various features that 
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hinder scanning. These challenges included the 
presence of glossy surfaces, which pose diffi-
culties for photogrammetry and structured light 
scanners due to significant light scattering, or 
porous surfaces, which may introduce unwant-
ed noise. Another challenge was the presence 
of easily deformable objects, as scanning them 
may require changing their position, potentially 
leading to inconsistent relative alignments of 
their elements, resulting in layered results. Ad-
ditionally, fuzzy surfaces such as hair or fiber 
materials were included, as they reflect light 
chaotically, causing noise. Thin-walled objects 
also present a challenge, as aligning and merg-
ing scans of their main surfaces can be problem-
atic due to the limited information about the area 
between them. The selected objects were also 
made of various materials such as metal, wood, 
or plastics. The difference in material density or 
the presence of highly dense or very low-density 
fragments within the object may pose challenges 
for computer tomography. Taking into account 
all these features and types of objects, a compre-
hensive set of research objects was assembled, 
as presented in Table 1. Certainly, the selection 
of materials could be extended to include others 
that might pose challenges during digitization 
attempts using various methods, such as porce-
lain or stone. However, these materials would 
replicate the characteristics already identified as 

problematic for the digitization process. There-
fore, it was decided not to expand the list of ex-
amined objects.

Measurement and data capturing

Photogrammetry

In order to obtain 3D models of selected ob-
jects using the photogrammetry method, the first 
step involved preparing a properly illuminated 
setup that allowed the operator to walk around 
the object freely and capture it from every angle. 
Sometimes, to create a complete model, it was 
necessary to capture two series of photos with 
changes in the object’s orientation between them 
(e.g., in the case of cubes). Care had to be taken 
to ensure that the relative positions of elements 
within the frame did not change during the series 
of photos, as this could lead to inaccurate or er-
roneous matching, resulting in blurry or entirely 
flawed models. A crucial aspect of taking photos 
was ensuring that all images of the photographed 
object were sharp and steady. The more complex 
the object, the more photos needed to be taken.

For the selected research objects, the number 
of photos taken per object ranged from 218 for 
the “lady with bike” figurine to 550 for cube1. 
To reconstruct the flowers, 331 photos and 779 
frames extracted from a short film were utilized. 

Table 1. Selected objects and their features
Name Cube1 Cube2 Axe Reindeer Flowers Lady with bike 

Real life photo 

  

 

 
 

 

Feature  

Type of 
surface 

Detailed X X X X X X 

Glossy X X    X 

Matte   X X X  

Porous   X  X X 

Fuzzy    X X  

Material 

Wood   X    

Metal   X   X 

Plastic X X  X X  

Other 

Thin-walled     X X 
Easily 

deformable X X   X  

Hard to 
reach 

fragments 
X X X X X X 
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The decision to combine classical photogram-
metry relying solely on photos with extracting 
individual frames from the film was dictated by 
the ability to better approach the object’s nooks 
and crannies and capture many irregular surfac-
es of the object. The photographed objects were 
placed on a colored background, and small ele-
ments were arranged next to them to facilitate 
the software’s matching of photos. Additionally, 
a specially designed and printed scale bar was 
used to introduce the actual scale, ensuring that 
the resulting models possessed appropriate di-
mensions. An example of the object arrangement 
during measurements and the use of a scale bar is 
shown in Figure 1.

The acquired images can undergo basic 
graphic processing to adjust exposure, bright-
ness, or contrast, aiming to achieve a more pre-
cise model or improved textures. Subsequently, 
the next step involves importing the images into 
appropriate software (in the case of the present 
study, Bentley’s ContextCapture was utilized), 
followed by initiating procedures for image 
matching and 3D model creation in the form of 
a triangle mesh. Results obtained through photo-
grammetry may vary depending on factors such 
as the number of captured images, camera qual-
ity, time devoted to image processing, and the 
specific software employed.

Structural-light 3D scanner

The first step in scanning objects with a 
structured light scanner is to prepare the appro-
priate scene and location. In contrast to photo-
grammetry, dimly lit or even dark environments 
are preferable in this case, as they provide greater 
contrast between the pattern projected by the 3D 

scanner and the object surface, thereby facilitat-
ing the collection of necessary data by the 3D 
scanner’s detector. During scanning, the object 
can be repositioned to capture various fragments, 
but it is essential to ensure an adequate number 
of common points between scans for manual 
alignment. Additionally, other environmental el-
ements can be utilized to facilitate the alignment 
of multiple scans. After acquiring and aligning 
the scans, unnecessary elements are removed, 
and global registration and fusion are performed 
to generate a final model. During the scanning of 
a cube, the glossy surface posed numerous chal-
lenges. The scanner could only collect data when 
positioned perpendicular to the cube’s faces. Any 
other orientation rendered the cube invisible to 
the scanner, leading to tracking loss and the in-
ability to capture more than one side of the cube. 
This issue was addressed by placing several 
background elements behind the scanned cube 
to diversify the background and introduce more 
tracking points (Figure 2). These points served 
as anchors for algorithms to match recorded 
data when the cube became invisible to the 3D 
scanner’s detector. To capture the entire cube, 
the background elements had to be rearranged 
multiple times, and then all measurements were 
merged together.

Computer tomography

Working with a computer tomograph requires 
minimal operator attention but demands signifi-
cant knowledge regarding parameter selection for 
scanning and subsequent result processing. After 
placing the object in the chamber (Figure 3), set-
ting scan parameters such as beam energy, power, 
and the number of measurements is necessary. 

Figure 1. Exemplary arrangement of objects for photogrammetry: lady with bike (a), reindeer (b) and cube2 (c) 

a) b) c)
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The choice of these parameters can yield results 
of varying quality. Once the settings are approved, 
the tomograph performs the specified number of 
measurements, and then, from the collected data, 
the desired parts need to be separated using appro-
priate software. Depending on the scanned part, 
these could be external or internal elements.

RESULTS

Due to the project’s primary focus on geo-
metric fidelity rather than textural accuracy, only 
the discussion concerning the acquired geometric 
models will be conducted. The most significant 
challenge in photogrammetry arises with ob-
jects having glossy and reflective surfaces. Due 
to light reflections during image capture on these 
surfaces, the final result is far from satisfactory. 
This is evident in the model of the lady with a 
bike, where mirrored elements have a very po-
rous surface instead of a smooth one, and details 
are either heavily blurred or entirely invisible. 
The issue with glossy surfaces is also apparent in 

both cubes, where minor shadows during image 
capture caused flat surfaces to become wavy or 
distorted. Thin-walled elements and surfaces that 
are difficult to access due to the object’s complex 
geometry also present problems. The flowers are 
a prime example, where the resulting model had 
many holes, and after digital patching, the ob-
tained geometry may differ from reality. Some 
of the described problems are illustrated in the 
Figure 4. Similarly to photogrammetry, mirrored 
surfaces pose significant challenges for structured 
light scanners. It becomes exceedingly difficult 
to scan objects with mirrored surfaces unless 
they are planar (e.g., as in the case of ‘cube2’). 
However, even in such cases, extensive effort is 
required to successfully scan the object, and the 
resulting scans often contain considerable noise 
that necessitates manual removal, as depicted in 
Figure 5. Despite numerous attempts, we were 
unable to obtain any model of the ‘lady with 
bike’ (Figure 6) because this object was com-
pletely unregistered by the 3D scanner. Addition-
ally, during scanning, it was evident that there 
were issues with thin elements such as bicycle 

Figure 2. Scenery for scanning cube2 and the view from the scanner

Figure 3. Sample items in the tomograph chamber: cube2 (a), axe (b) and flowers (c)

a) b) c)
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Figure 4. Example of problems with photogrammetry: lady with bike (a) and cube2 (b)

Figure 5. ‚Disappearing’ cube2 (a) and noises around it (b)

Figure 6. Trying to scan lady with bike
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spokes, as these would also disappear from view. 
For the computer tomograph, shiny surfaces 
posed no problem. However, poor results were 
obtained when scanning an axe, as its dense, met-
al head proved too thick to scan, resulting in a 
significant amount of noise and disturbances that 
hindered model extraction. Attention should also 
be drawn to objects with flat surfaces, as position-
ing them parallel to the radiation beam in the to-
mograph chamber may result in significant noise, 
as depicted in Figure 7.

Comparison of results

Table 2 presents a graphical comparison of 
results obtained by different scanning methods 
along with images of the actual scanned objects. 
The analysis of this table allows for selecting ele-
ments that most closely resemble the original ob-
ject, which may not always be adequately reflect-
ed in parameters such as accuracy. Analysis of the 
resulting triangle meshes allows for an evaluation 
of surface continuity and the level of detail repre-
sentation. Table 3 provides a comparison of two 
important scanning parameters. 

The first parameter is the size of the trian-
gle meshes obtained as the final result of each 
method. The second parameter is the total time 
required to complete the measurement process 
and generate the 3D model. Another important 
parameter is the accuracy of reproducing physi-
cal sizes. Measurements taken by computer to-
mography were considered as reference due to 
its highest accuracy among the selected scanning 
methods [34]. To verify discrepancies between 

the obtained 3D models, they were overlaid, and 
a discrepancy map between the examined models 
was generated, where the reference model was 
always the one obtained using computer tomog-
raphy (see Figure 8–10). Discrepancies were ex-
amined within a range of up to 3 mm, and the tol-
erance at which the model is presented in green 
on the graphical drawing was set at 0.2 mm. 
Each of the drawings also presents a series of 
measurements showing discrepancies at a given 
point (see Figures from 11 to 14). Some param-
eters considered during the comparison of mod-
els are presented in Table 4. The results obtained 
indicate a slight advantage of 3D scanning over 
photogrammetry in terms of geometric accuracy, 
however, for the examined objects, these differ-
ences are minimal and may be imperceptible in 
many applications.

Gray color indicates scans from computed to-
mography. Blue color represents results obtained 
from photogrammetry, and green color denotes 
scans from structured light 3D scanner. a) cube1 
photogrammetry results overlaid on computed to-
mography results, b) cube2 photogrammetry re-
sults overlaid on computed tomography results, 
c) cube1 structured light 3D scanner results over-
laid on computed tomography results, d) cube2 
structured light 3D scanner results overlaid on 
computed tomography results.

An interesting phenomenon can be observed 
when comparing the model of a reindeer obtained 
using computer tomography, both with the mod-
el obtained using photogrammetry and with the 
model obtained using a 3D scanner. Large discrep-
ancies in one direction (models from computer 

Figure 7. Problems with scanning cube2 (a) and axe (b) using a CT scanner
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Table 2. Comparison of results
Real object Photogrammetry Structural light scanner Ct scan
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Table 3. Parameters of scanned models
Parameter Photogrammetry Structured light CT scan

Reindeer
Number of triangles [k] 58.1 345.8 2950

Working time [h:min] 01:15 00:25 01:40

Cube2
Number of triangles [k] 29 54.5 5685.3

Working time [h:min] 01:35 00:35 01:50

Lady with bike
Number of triangles [k] 63.2 - 428.3

Working time [h:min] 01:15 - 01:35

Table 4. Results of 3D model comparisons
Parameter Photogrammetry Structured light

Cube

Absolute distance [mm] 1.0954 1.0691

Absolute deviation [mm] 0.9628 0.9456

Signed distance [mm] -0.495 -0.4724

Root mean square [mm] 1.269 1.261

Cube2

Absolute distance [mm] 0.83 0.77

Absolute deviation [mm] 0.841 0.776

Signed distance [mm] -0.2987 -0.313

Root mean square [mm] 1.067 1.012

Reindeer

Absolute distance [mm] 1.1838 1.3832

Absolute deviation [mm] 0.8442 0.73

Signed distance [mm] 0.62 0.898

Root mean square [mm] 1.222 1.205

Figure 8. View of overlaid triangular meshes
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Figure 9. 3D distance map between computed tomography scan and photogrammetry for cube1

Figure 10. 3D distance map between computed tomography scan and structured light 3D scanner for cube1

Figure 11. 3D distance map between computed tomography scan and photogrammetry for cube2

tomography appear to be smaller than the others) 
prompted further analysis. Comparing the models 
from photogrammetry and the 3D scanner reveals 
smaller discrepancies (see Figure 15).

Overlaying the models and then examin-
ing them (see Figure 16) allowed for the fol-
lowing conclusions. Optical methods, such as 
3D scanning and photogrammetry, completely 
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Figure 12. 3D distance map between computed tomography scan and structured light 3D scanner for cube2

Figure 13. 3D distance map between computed tomography scan and photogrammetry for reindeer

captured the external surface of the model, ap-
proximating its fur to a continuous surface. In 
the case of computer tomography, due to large 
differences in material density, only the internal 
structure of the material was captured, resulting 
in an effect as if the first layer of the model, 

approximately 1 mm thick, had been removed. 
The results obtained using computer tomogra-
phy exhibit a very high level of detail. For the 
selected objects examined, the least detailed 
models were obtained using photogrammetry. 
According to Table 3, both of these methods are 
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Figure 14. 3D distance map between computed tomography scan and structured light 3D scanner for reindeer

Figure 15. 3D distance map between computed structured light 3D scanner and photogrammetry for reindeer

characterized by significantly longer working 
times compared to structured light scanning. 
This is due to the need to process a large amount 
of data obtained during scanning or from cap-
tured photographs, as well as the complexity of 
the triangulation and image matching process 
in photogrammetry, or the time required to scan 

the object itself using tomography. Nearly half 
of the time required to obtain a model of the 
real object using computer tomography may be 
attributed to the time spent exporting the mod-
el, during which a mesh of many thousands of 
triangles is created to ensure such precise ge-
ometry representation.
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Figure 16. View of overlaid computed tomography scan and results from structured light 3D scanner 
in X-ray view

CONCLUSIONS

All the tested 3D scanning techniques have 
their advantages and disadvantages. When digi-
tizing small objects commonly found in muse-
ums, computer tomography typically requires the 
most time. Achieving optimal results with this 
method demands the highest level of knowledge 
and experience from the operator. Larger objects 
may sometimes not fit into the Tomograph cham-
ber, which constitutes a serious limitation of this 
method. Additionally, the device itself is not very 
portable and incurs significant costs (on the order 
of hundreds of thousands of dollars). However, 
the advantage of computer tomography lies in its 
ability to produce nearly flawless models of the 
vast majority of scanned objects.

Photogrammetry also has many advantages. 
It is the cheapest technique among those com-
pared, allowing for the scanning of objects of 
any size and enabling the capture of highly de-
tailed textures. The cost of obtaining models us-
ing this technique depends on the equipment and 
software used, but basic results can be achieved 
using a smartphone camera and free software. 
Like computer tomography, photogrammetry also 
requires knowledge and skills from the operator, 
as the final result largely depends on the quality 
of the captured images, making it highly sensi-
tive to lighting conditions. Results obtained using 
photogrammetry were usually the least accurate in 
terms of reproducing the geometry of the scanned 
object. To improve the final result, it is possible to 
use specialized photogrammetric chambers, better 
lighting, highly specialized cameras, or, in the case 
of shiny elements, cross-polarization techniques. 
Due to the large amount of data to process, image 

processing and obtaining a 3D model can take a 
long time, and sometimes, with certain types of 
surfaces, the final result may still be unusable.

The simplest and fastest scanning method 
among those tested turned out to be the use of 
structured light scanning. This method also al-
lows for scanning objects of any size (although 
it may be necessary to use different scanners) and 
obtaining basic textures. The results obtained in 
most cases were characterized by very good re-
production of the geometry of real objects, with 
serious problems only appearing on highly re-
flective surfaces. However, if intervention in the 
scanned object is possible, such as using a matte 
spray, this obstacle can be overcome. Combining 
all the aforementioned advantages of scanning 
using structured light scanners with the draw-
backs, the impact of which can sometimes be sig-
nificantly reduced, and the price of a good qual-
ity device (from $10,000 to $50,000), makes this 
method optimal for digitizing real objects.

The results obtained largely coincide with those 
presented in earlier studies comparing the mentioned 
3D scanning methods. Structured light scanning can 
again be considered the optimal method; however, 
special attention should be paid to the presence of 
features that make scanning difficult (such as reflec-
tive surfaces), as in some cases, the use of another 
discussed technique may be more favorable.

It is worth mentioning the possibility of com-
bining several scanning methods and leveraging 
the greatest advantages of each [35]. A model ob-
tained in this way could, for example, have precise 
geometry obtained using structured light scan-
ning or computer tomography, along with texture 
overlaid on it collected using photogrammetry.
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