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ABSTRACT

ARTICLE INFO

Small and start-up companies that need product quality control can usually
only afford low-cost systems. The main goal of this investigation was to esti-
mate the influence of high dynamic range images as input for the low-cost
photogrammetric structure from motion 3D digitization. Various industrial
products made of metal or polymer suffer from poor visual texture. To over-
come the lack of visual texture and ensure appropriate 3D reconstruction,
stochastic image in the form of the light pattern was projected on the product
surface. During stochastic pattern projection, a set of low dynamic range and
sets of high dynamic range images were captured and processed. In this in-
vestigation digital single lens reflex camera that supports five different tone-
mapping operators to create high dynamic range images were used. Also, high
precision measurements on a coordinate measuring machine are performed
in order to verify real product geometry. The obtained results showed that
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reconstructed polygonal 3D models generated from high dynamic range im-
ages in this case study don’t have a dominant influence on the accuracy when
compared to the polygonal 3D model generated from low dynamic range
images. In order to estimate 3D models dimensional accuracy, they were
compared using computer-aided inspection analysis. The best achieved
standard deviation distance was +0.025 mm for 3D model generated based on
high dynamic range images compared to the nominal CAD model.

© 2019 CPE, University of Maribor. All rights reserved.

1. Introduction

The need for improving methods for 3D (three dimensional) digitization has long been in the
focus of research circles [1-4]. That trend includes the image-based methods, such as SfM (struc-
ture from motion) and DMVS (dense multi view stereo) photogrammetry [5-8]. Because of an
initial small investment in hardware and software, SfM photogrammetry is very suitable for
small and start-up companies that need product quality control. Low-cost, contactless 3D digiti-
zation method such as SfM photogrammetry can be competitive with the expensive and demand-
ing contact 3D digitization systems, such as various CMMs (coordinate measuring machines).
SfM uses 2D (two dimensional) images captured by a digital camera, extracting 3D data from
them. Only minimum information about the about digital camera, such as sensor size, image res-
olution and focal length, are needed for solving bundle adjustment within the self-calibration
process [9, 10]. Different types of metals and polymers are dominant materials used in the mod-
ern product design [11]. Bearing in mind the crucial importance of their optical properties for
SfM photogrammetry (especially visual texture of the surface), this cheap and widely available
3D digitization method is used for products that demand less dimensional accuracy [12]. SfM 3D
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digitization requires images with rich visual textures (irregular lines, shapes, points, blobs, etc.),
while poorly textured surfaces may lead to unsuccessful 3D digitization. Furthermore, the di-
mensional accuracy may vary and is connected with product size and complexity, as well as the
overlap of images during the acquisition process used as input for 3D reconstruction [13-15].
Quality of visual texture can be improved by projecting light pattern.

During pattern projection, captured images of products with monotone visual texture often
exhibited under or overexposed areas. Feature detectors, such as SIFT (Scale Invariant Feature
Transform) and SURF (Speeded up Robust Feature), can detect key points in slightly different
light conditions [16], but they are not so efficient with projected patterns which renders recon-
struction impossible. The number of collected points depend on the capability of SfM software
algorithms to detect, match, and estimate the position of the 3D point from the physical surface
[17]. Lu et al. [18] presented a technique for reconstructing a high-quality HDR (high dynamic
range) image from a set of differently exposed and possibly blurred images taken with a hand-
held camera. The main advantage of HDR is in the elimination of shadowy or washed out areas
from the image. It combines detail from the brightest and darkest parts of a scene, without hav-
ing to sacrifice one for the other. Gomez-Gutierrez et al. [19] estimated geomorphic changes us-
ing comparison of the geometrical accuracy of rock glacier 3D models obtained using LDR (low
dynamic range) and HDR images in a three-year period. They concluded that there is no signifi-
cant improvement in observation using HDR pre-processing. Suma et al. [20] investigated the
influence of four different HDR tone-mapping operators used in CH (Cultural Heritage) applica-
tions. The evaluation criteria they used were the number of key-points, the number of valid
matches achieved, and the repeatability rate.

In contrast to previous investigations, this study focuses on the influence of HDR tone-
mapping operators on the geometrical accuracy of generated 3D models by SfM photogramme-
try. For that purposes five different HDR tone-mapping operators was chosen. The geometrical
accuracy of generated 3D models is investigated on real industrial parts, using DSLR camera,
Canon 5D Mark III series. The results are compared with those obtained with LDR images. As a
reference values, measurement results obtained on high accuracy CMM Carl Zeiss Contura G2
are used.

2. Materials and methods

Image-based 3D digitization represents an approach for collecting information about the physi-
cal shape in the form of Cartesian coordinates (x, y, z) from 2D digital images. It can also be con-
templated as an inevitable part of RE (reverse engineering) as well [21]. The proposed method-
ology for estimating the influence of different input images for SfM photogrammetric 3D recon-
struction is shown in Fig. 1. Methodology consists of three general parts:

e thelaboratory work,
e data processing, and
e CAI (computer-aided inspection).

The 3D CAD (computer-aided design) model is the initial feature for the fabrication of the
physical product. When fabrication is finished, under laboratory work, there are two directions.
One direction is image acquisition and second is the measurement on CMM. Regarding image
acquisition, the most important design decision is the selection of the camera and its optics. In-
dependently of the optics quality, the main characteristic of an optic is the focal length that, in
combination with distance to the target, determines the caption area of the image [22]. In this
methodology, besides HDR images, one set of LDR images, also known as normally exposed im-
ages, will be captured as well. Every set of captured images will have the same number of cap-
tured photos, taken from the same view position and the same resolution. Since HDR image pre-
sents a fusion of multiple images of the same scene that is captured under different exposure
(which in return allows obtaining greater dynamic range than a camera could achieve in a single
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shot), the difference in exposure is set to maximum dynamic range for the used camera. Each of
the proposed HDR tone-mapping operators provides a different output image [23]:

e natural - produces a flat effect, but with greater detail,

e artstandard - slightly more stylised than natural, with more aggressive toning to tease out
detail in the highlights and shadows,

e artvivid - the contrast and detail are similar to art standard,

e artbold - applies greater contrast and pushes the detail further than art vivid or art stand-
ard, but can lead to unattractive haloes along edges, particularly in busy scenes like this,

e art embossed- reduces colour saturation so that midtones appear greyed out, while edge
details are enhanced.

Measurements on high accuracy CMM in this methodology provide credibility apropos pro-
vide reference to perceive the ability of one low-cost system such as SfM photogrammetry.

Data processing, as a second phase, is referred to an image processing which includes in
rough steps building of sparse point cloud, building dense point cloud and building polygonal
mesh model [24-26], while obtained measurement results from CMM (point cloud) go directly to
building the polygonal mesh model [27, 28].

Afterward, to estimate the influence of high dynamic range images on the results of 3D digiti-
zation, CAl is used as a final part of the methodology. CAl is a fast and easy technique for estima-
tion of the geometrical accuracy of generated polygonal 3D models. Here all obtained polygonal
3D models are compared with 3D CAD model of the product. Overlapping 3D CAD model and
polygonal 3D model was performed using “best-fit” registration method where, as a result, quan-
titative values such as maximum, minimum, mean, and standard deviation distances are ob-
tained.
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3. Experimental work and obtained results

Cover plate internet socket (Fig. 2a) was selected as a physical product to estimate the influence
of HDR images in the process of 3D model digitization. Dimensions of cover plate internet socket
are 52x52x19mm and it was made from a polymer based on its 3D CAD model (Fig. 2b). Because
of poor visual texture, this product is unsuitable for the application of SfM photogrammetry, and
it must undergo enhancement in order to provide a visual texture that will enhance the detec-
tion of points on the product surfaces. The surface of interest (top surface) for this investigation
is marked on the CAD model (Fig. 2b). It was selected because of its size and easy accessibility.
To ensure appropriate visual texture, Epson video projector was mounted on a tripod and it was
used from minimal distance that provides sharp and clear texture on the product surface. In this
way image with stochastic texture was projected. Nearly orthogonally texture projection was
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—— Top surface

() (b)
Fig. 2 Cover plate internet socket: (a) physical product, (b) CAD model

achieved with this setup. In laboratory condition (Fig. 3a) photo acquisition setup was set. For
image acquisition was used Canon 5D Mark III DSLR camera with full frame CMOS (complemen-
tary metal-oxide-semiconductor) sensor and Canon EF 50mm f/1.2L USM lens, which was also
mounted on a tripod and connected to a laptop.

Total of twelve images were captured for each set. Images were distributed in the top, middle
and bottom positions with three (1-3), four (4-7), and five (8-12) images, respectively (Fig. 3b).
In the top position, the camera optical axis, relative to the optical axis of the video projector, has
the smallest angle (approximately 20°), while in the bottom level that angle was around 70°.
During image acquisition, product, video projector, and the camera were fixed until LDR and all
HDR images were captured. After that the camera was moved in a new position and process was
repeated. All photogrammetric measurements are dimensionless. To determine the proper scale,
a coded target generated by Agisoft Methashape software [29] was used. Four coded targets
were previously printed on the white paper with a known distance between them and captured
together with the physical product. Fig. 4 shows examples of a single image from each set of im-
ages.

When image acquisition is finished, the product was prepared for measurement on CMM (Fig.
5). It was mounted on an assembled modular fixture which was specially designed and adapted
for this product. The measurements were performed using CMM Contura G2 by CARL ZEISS
(maximum permissible error MPEg=(1.8 + L/300) pm, where L is the measured length expressed
in mm).

Measurement of the top surface of cover plate internet socket was realized in a total of 8432
measured points. The number of measured points is defined within measuring strategy, and it is
calculated on the basis of point step and length of the touch probe styli trajectory. Touch probe
styli with 1Tmm sphere diameter was selected for this measuring task, and as a result, the point
cloud was obtained.

Fig. 3 Laboratory work: (a) photo acquisition setup, (b) image acquisition positions
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(b

(d) (e) 4]
Fig. 4 Image examples: (a) LDR normal, (b) Natural, (c) Art standard, (d) Art vivid, (e) Art bold, (f) Art embossed

Fig. 5 Laboratory work - Measurements on CMM

Within data processing, polygonal 3D models were generated. The complete photogrammet-
ric 3D reconstruction, from sparse point cloud to polygonal 3D model, was performed using
Agisoft Methashape software, while GOM Inspect software [30] was used to generate a polygonal
3D model from point cloud obtained from CMM. In Table 1 are shown the results of the first pho-
togrammetric phase “Build sparse point cloud”. The results present numbers of tie points and
RMSE (root mean square error). According to [31] RMSE reprojection error is defined as the
distance between the point on the image at which a reconstructed 3D point can be projected and
the original projection of that 3D point detected on the image.

Next two phases in data processing present building dense point cloud and the polygonal 3D
model. AgiSoft Metashape software offers five different levels of quality for building dense point
cloud (lowest, low, medium, high and highest). For this study high quality level was selected,
based on previous research [32, 33].

Table 1 Results of obtained sparse point cloud

Image type Tie points RMSE
LDR normal 16170 0.141
Natural 14441 0.154
Art standard 15734 0.151
Art vivid 15541 0.155
Art bold 15115 0.153
Art embossed 14438 0.153
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In order to quantify the geometric deviation of the real geometry, in relation to its ideal ge-
ometry, CAI analysis was carried out. CAI was performed using GOM Inspect software [30] and
results are shown on Fig. 6 and Table 2. Within CAI, maximum, minimum, mean and standard
deviation distances were calculated for each obtained polygonal 3D model.

[mm] [mm]

0.100 0.100
0.060 0.060
0.040 0.040
0.020 0.020
0.000 0.000
-0.020 -0.020
-0.040 -0.040
-0.060 -0.060
-0.100 -0.100
0.100 0.100
0.060 0.060
0.040 0.040
0.020 0.020
0.000 0.000
-0.020 — -0.020
-0.040 l SSEEESSEE -0.040
-0.060 %:.-—... N é 0.060
-0.100 B s, -0.100
0.100 0.100
0.060 0.060
0.040 0.040
0.020 0.020
0.000 0.000
-0.020 -0.020
-0.040 -0.040
-0.060 -0.060
-0.100 -0.100

(8)

Fig. 6 Results of comparison between 3D CAD model and generated polygonal 3D models by CAI: (a) LDR normal,
(b) Natural, (c) Art standard, (d) Art vivid, (e) Art bold, (f) Art embossed, (g) CMM
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Table 2 CAI accuracy estimation of photogrammetric and CMM polygonal 3D models

Polygonal 3D model Mean distance Min. distance Max. distance Std. deviation

LDR normal +0.002 -0.073 +0.083 +0.023
Natural +0.002 -0.076 +0.100 +0.025

Art Standard +0.003 -0.080 +0.095 +0.026
Art Vivid +0.004 -0.070 +0.103 +0.025

Art Bold +0.003 -0.075 +0.098 +0.025

Art Embossed +0.006 -0.066 +0.106 +0.025
CMM +0.001 -0.051 +0.083 +0.017

4. Discussion

The main objective of this investigation is to estimate the influence of HDR images as input for
the SFM photogrammetric 3D digitization. According to the sparse point cloud results that are
shown in Table 1, LDR images give the lowest RMSE value of 0.141, calculated on 16170 extract-
ed points, while for the best HDR tone-mapped images Art Standard gave RMSE of 0.151 based
on 15734 extracted points. These results indicate slightly better results in 3D digitization with
the LDR images. The reason for obtaining these results can be explained by data loses that can
occur during HDR image processing.

Based on Fig. 6 and Table 2, it can be noticed that the highest accuracy of the photogrammet-
ric polygonal 3D models has LDR normal polygonal 3D model with mean and std. deviation dis-
tances of +0.002 and +0.023 mm, respectively. In the other hand, when observing all polygonal
3D models (including polygonal 3D model obtained by CMM), as expected CMM polygonal 3D
model has better accuracy than all photogrammetric 3D models with a mean distance of +0.001
mm and std. deviation distance of +0.017 mm.

Distribution of deviations in all generated polygonal 3D models is similar and indicates that
during the production of physical product some errors have appeared. The largest positive devi-
ations are in outer corners on the top surface, while the highest deviation is located in the bot-
tom left outer corner. The largest negative deviations are also manifested in all 3D models on the
same place and that was the inner left side of the top surface. This distribution of deviations is a
consequence of the technology of product manufacturing. After molding the product, the ejec-
tors placed in the outer corners acted on the underside by pushing the product out of the mold.
Due to the ejector force action, some deformations of the product have occurred.

5. Conclusion

In this paper, the influence of HDR images on photogrammetric 3D digitization results was pre-
sented. The presented results in this case study showed that there was no improvement in accu-
racy when HDR images were used as input images for 3D digitization. On the contrary, the accu-
racy is slightly decreased. Moreover, some significant data are lost during the creation of HDR
image using Canon tone-mapping operators. However, generalization of this assertion is partial-
ly possible, because different products have different visual textures.

Since the selected product has unsuitable visual texture (monotone visual texture), the
achieved accuracy of the LDR polygonal 3D model is very significant. Low-cost contact-less 3D
digitization methods such as photogrammetry can be concurrent to expensive and demanding
contact 3D digitization systems (CMMs).

The directions of further researches will be oriented towards investigations of the influence
of different input images on the results of 3D digitization using SFM photogrammetric method.
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