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Abstract. Development and improvement of 3D digitizing systems provide for the ability
to digitize a growing number of materials and geometrical forms of greater complexity.
This paper presents the application of 3D digitizing system using close range
photogrammetry on the upper jaw cast in plaster in order to obtain its 3D model. Because
of the low visual characteristics of gypsum, such as color and texture, many questions
arise about the possibility of applying this particular method to this type of physical
models. In order to overcome bad visual properties of gypsum, this paper analyzes the
possibility of the photogrammetry method application supported by the projected light
texture which is based on patterns in the form of noise-obtained mathematically modeled
functions. In order to determine the selected image for light texture which gives the better
results, an experiment was designed and carried out. Only two images were tested. One
image is selected based on previous research and the other one was generated by the
Matlab function for uniformly distributed random numbers. For validation and a
comparative analysis of the results, an object of 3D digitization was generated with and
without projected light texture. CAD inspection was applied for the analysis of the
obtained 3D digitizing results. 3D model obtained by approved professional optical 3D
scanner as a reference was used. The results in this paper confirm better accuracy of 3D
models obtained with the use of light textures, but this approach requires additional
hardware and setup adjustment for images acquisition.
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1. INTRODUCTION

3D technologies, new approaches and applications of innovative methods in the context
of Reverse Engineering (RE) and 3D digitizing, lead away mechanical engineering from the
conventional product design and toward its increasing search for another role and
importance in other fields such as biomedical engineering, protection of cultural heritage,
animation, criminal investigation, forensic science, etc. [1-6]. The dentists need the
necessary technical resources and advancements that will facilitate their work with patients,
and, therefore, provide their patients with a better treatment and healthcare service [7]. A high
level of cooperation is especially required in the fields of dental prosthetics for dentures as well
as in oral surgery for bone grafts [8-10]. The main task of all dental restorations is to meet
both functional and aesthetic requirements. A conventional approach to making dental
restoration usually requires a couple of visits to the dentist that can be stressful for the patient,
and the dental restorations are produced with less precision when compared to the modern
CAD/CAM manufacturing. Application of RE in dentistry greatly facilitates the modeling and
designing process of dental restorations, as well as procedure planning and their successful
implementation. In the field of RE several 3D digitizing methods are developed and/or
adapted for acquisition of virtual 3D models in dental prosthetics, such as optical 3D
digitizing methods based on structured light, laser triangulation or photogrammetric
stereovision. In addition to the transmission methods (computed tomography - CT) that are
suitable for obtaining a complete 3D model of the human anatomy, optical methods are also
developed which, because of their simplicity and accessibility, provide good accuracy during
3D scanning of dental impressions. On the basis of optical 3D digitizing methods, different
types of extraoral and intraoral digitizing scanners [10-12] are developed.

This paper shows application of the advanced mechanical engineering techniques,
from the RE and CAIl (Computer-Aided Inspection) fields, to dentistry for the purposes of
performing a sophisticated 3D geometrical analysis. Its aim is to test two different images
used for projection of light texture and their influence on the 3D digitization results.
Section 2 describes materials and methods used in this paper, where subsection 2.1 briefly
describes the working principle of close range photogrammetry while subsection 2.2
shows the used images for projection of light texture. In section 3 experimental workflow
and used equipment are described. Results and discussion are shown in the Section 4 and
so are the conclusions in Section 5.

2. MATERIALS AND METHODS

2.1. Close range photogrammetry

Close range photogrammetry has found its place in the group of non-contact optical
3D digitizing methods [4]. It is based on the Structure from Motion (SfM) approach [13,
14], that enables reconstruction of physical 3D models on the basis of 2D digital photos
that are taken arbitrarily, so that specific points on the objects surface are visible on at
least two common photos. This method is based on the principles of multi-view
stereovision (Fig 1.), where the position of object’s characteristic points in the three-
dimensional space and the positions of photos are determined simultaneously, with or
without previous calibration (auto calibration) [4].
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Fig. 1 Multi-view stereovision approach, 3D net configuration of rays [4]

The main precondition for the application of this method, in addition to the previously
mentioned multi-view stereovision approach, is that the surface of the object has a unique
and pronounced visual texture. The object’s photos are so captured that the object is
covered from all sides. Since all photogrammetric measurements are dimensionless, it is
necessary to use reference markers in order to properly scale generated 3D models.
Regarding the errors, they can occur during the scaling of the 3D model. Also, errors can
occur due to excessive distortions caused by imperfection of optical acquisition system, to
an insufficient number of characteristic points, as well as an insufficient or excessive
distance between two common images that form a stereopair. The consequence of these
errors is incorrect calculation of the characteristic points' positions in the three-dimensional
space. With an increasing number of the characteristic points on the object's surface, the
captured images carry a lot more information which greatly reduces errors related to
calculation of reconstructed photos as well as points to the positions in the three-dimensional
space. Also, with a great number of detected points it can easily overcome the difference in
the baselines distances between images, and in this way, minimize the error. This method
provides flexible and fast image acquisition which enables easy coverage of the whole
object.

2.2. Noise based patterns

In order to perform 3D digitization of the object that has no characteristic visual
texture, the techniques for improvement of visual characteristics of digitized surface must
be applied. In practice, two techniques are applied in order to enhance the visual
characteristics of the digitized objects surface. The first is based on physical application
of paint or powder on the object, while the second includes projection of light textures
[15, 16]. Physical application of paint or powder on the objects surface impairs the geometric
accuracy to a small degree due to the fact that a thin layer of the filler material is applied
to the object. Still, it is cheaper and it does not require the use of any additional hardware.
On the other hand, for the projection of light texture, additional hardware in the form of a
light projector is needed, but there is no influence on accuracy [4]. The type of light
texture that is projected onto a 3D object depends on how well digitization will improve.
Noise-based patterns are visual interpretations of mathematical models or functions,
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where each calculated value represents the intensity of a given pixel on the image, which
is arranged in a m x n array. This paper will discuss the application of two different
patterns, which are:

= uniform random pattern [17], and,

= wavelet pattern [18].

The uniform random pattern is selected because of its greatest histogram uniformity
and random distribution of pixels, while the wavelet pattern has given the best results in
recent research [15]. Fig. 2 shows the images of the used patterns and their histograms, on
which intensity distribution can be seen. In Table 1 calculated statistics such as standard
deviation, entropy, pixels minimum and maximum intensity values, pixel median, mode,
range and number of colors are given.
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Fig. 2 Images of the a) used patterns: random pattern (left),
wavelet pattern (right); b) their respective histograms
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Table 1 Pattern images' statistical parameters

Pattern Standard Entropy Min Max Median Mode Range  Number

deviation value value of colors
Random 73.9890 7.9623 0 255 127 / 255 255
Wavelet 44.8413 7.4508 3 245 126 81 242 238

In the recent research Koutsoudis et al. [15] conducted an analysis of the group of
patterns based on mathematical functions and found that the wavelet pattern gives the best
results in the case of a case of 3D digitization of a cultural heritage object.
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3. 3D DIGITIZATION OF FEATURELESS DENTAL MODELS
USING THE CLOSE RANGE PHOTOGRAMMETRY APPROACH

As an object for 3D digitizing a working model of the upper jaw cast in plaster is chosen
with its dimension 90x80x30mm. Based on visual inspection it is assumed that the visual
characteristics of this object are not suitable for applying photogrammetry based on the SfM
approach because of its simple visual texture. Hence, it is considered as appropriate for
testing of the generated patterns. The experiment was designed by using a video projector
that projects a light texture pattern, generated on the basis of mathematical functions, onto
the object. The whole setup is adopted according to the available equipment, but also due to
the shape and size of the object. Images are captured and used to reconstruct and generate
3D models. On the basis of both projected light texture patterns an independent 3D model is
created. CAD inspection is applied in order to determine which 3D model is better in terms
of its geometrical accuracy. The reference 3D model of the plaster jaw was earlier obtained
using an optical system for 3D scanning Atos Il Triple Scan from GOM with scanning
resolution from 0.02 to 0.79 mm. This type of system is considered amongst the most used
optical measuring devices for 3D scanning, and it is based on a combination of structured
light and stereovision. The workflow of the experiment is illustrated in Fig. 3.
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The photo acquisition for the realization of this experiment is performed by means of
a Canon 1200d DSLR camera equipped with 18-55 mm lens, set at the maximum value of
55 mm. Maximum focal length value provides a better field of view of object to camera
distance ratio than minimum focal length. Photos are captured within distance of 50cm (=
5cm), the aperture size is set to F18, and those settings give approximately 5 cm depth of
field. The video projector is set up at a distance of 75cm and at an angle of 50°
approximately, compared to the plane of the table. In this setting the GSD (ground sample
distance) is between 0.5 and 0.6 mm at a resolution of 1024x768 pixels of the video
projector, while the GSD of the captured photos ranges between 0.06 and 0.07 mm.
Experimental setup is shown on Fig. 4a.
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Fig. 4 a) The experimental setup; b) 3D digitization object

Because of the specific shape of the plaster jaw (Fig. 4b) it is not possible to obtain a
complete 3D model from a single set of photographs. Therefore, four groups with 8
photographs are made. During the acquisition of each group of 8 photos, projector and 3D
digitization object are not moved. During that time the DSLR camera acquires stereopair
from left and right sides of the projector on two levels. From each camera's position, three
photos are captured: one with a random pattern, one with a wavelet pattern and the third
one without projected light textured pattern. Once the first three groups are captured, each
with 8 photos, the object is rotated by 90° in relation to the projector; thus the capturing
process continues using the same procedure.

Alignment of the corresponding groups is carried out using 12 equally distanced
reference markers printed on an A4 paper sheet, arranged in a circle with diameter of 160
mm, and placed at the center where the object will be digitized. Based on the known
distance between the markers, the actual size of the 3D model is determined. After the
acquisition of photos, they are processed using Agisoft PhotoScan software based on SfM
approach, and all three digitized 3D models of the object are obtained.
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4. RESULTS AND DISCUSSION

Using the CAD inspection it is possible to make a comparative analysis between the
nominal geometry, which in this case is a 3D model obtained by the Atos Il Triple Scan
3D scanner, and 3D models obtained by using photogrammetry. CAD inspection is
carried out using GOM Inspect software and results are shown in Fig. 5. Once the models
are aligned using the best fit method for alignment, the limit is set to search and display
tolerances within £1mm.
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Fig. 5 Result of CAD inspection: without pattern (upper left),
random pattern (upper right) and wavelet pattern (down)

The advantage of the CAD inspection, in relation to other inspection methods, is in its
visual interpretation and easiness of perception of critical areas. Based on Fig. 5, and the
results shown in Table 2, it can be seen that there is a very small difference in the results
achieved using random and wavelet light projected patterns, while the results achieved
without the use of any pattern showed the least accurate results.

The advantage of the random and wavelet patterns is in unique textures which allow
the photo editing software, which is based on the SfM approach, to easily detect
characteristic points on the surface of a 3D object. Between the 3D model obtained using
the textured light patterns there are small variations in accuracy, while compared to the
3D model generated without a textured light pattern, increasing accuracy is noticed. The
reason for the slight variations in the 3D models obtained using the projected pattern can
be seen from their histogram in Fig. 1, and the statistics in Table 1. A high quality pattern
must have high randomness and disorder. Due to a smaller depth of the projector field
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with respect to the object size, when projecting the image, a slight blur occurs in the
pattern that increases GSD of the projector. In the case of the pattern with a large number
of intensities, as a result a reduced number of detected points is achieved, even though the
subject is within the cameras' depth of field.

Table 2 Results of CAD inspection

3D model Prealignment Max Min Mean Distance
best fit standard distance distance distance standard
deviation [mm] [mm] [mm] [mm] deviation [mm]
Without pattern +0.096 +4.211 -9.875 -0.049 +0.184
Random pattern +0.081 +4.521 -6.201 -0.036 +0.115
Wavelet pattern +0.074 +4.454 -3.897 -0.038 +0.109

5. CONCLUSIONS

Methodology based on the textured light pattern projection upon the object with
reduced visual characteristics proved to be successful. Based on the assumptions and
results related to the application of close range photogrammetry to the physical model of
the plaster cast used in dental prosthetics, several conclusions come up:

= gypsum as the material does not belong to the group of preferred materials for 3D

scanning using the close range photogrammetry based on SfM due to its simple
and monotonous visual texture,

= due to their visual characteristics, objects made of plaster are necessary to undergo

additional treatments in order to obtain a unique texture that is the key factor for
obtaining high-quality 3D models using the close range photogrammetry,

= 3D digitizing of plaster models with the close range photogrammetry assisted with

the textured light patterns, yields in better results compared to 3D digitizing
without the textured light pattern.

Further research will focus on developing a new pattern designs for application in the
close range photogrammetry to the materials with different surfaces and visual qualities.
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