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Abstract
Wepresent a feature-selective segmentation andmerging technique to achieve spatially resolved
surface profiles of the parts by 3D stereoscopy and strobo-stereoscopy. A pair of vision cameras
capture images of the parts at different angles, and 3D stereoscopic images can be reconstructed.
Conventional filtering processes of the 3D images involve data loss and lower the spatial resolution of
the image. In this study, the 3D reconstructed imagewas spatially resolved by automatically
recognizing and segmenting the features on the raw images, locally and adaptively applying super-
resolution algorithm to the segmented images based on the classified features, and thenmerging those
filtered segments. Here, the features are transformed intomasks that selectively separate the features
and background images for segmentation. The experimental results were comparedwith those of
conventionalfilteringmethods by usingGaussianfilters and bandpass filters in terms of spatial
frequency and profile accuracy. As a result, the selective feature segmentation techniquewas capable
of spatially resolved 3D stereoscopic imagingwhile preserving imaging features.

Introduction

3D imaging process is to create the depth map in an
image by manipulating 2D image data into 3D image
data. In many industrial applications, 3D imaging
techniques aid to identify the structures and patterns.
Since 1832, when English physicist Sir CharlesWheat-
stone invented stereoscopy, several investigations on
3D imaging techniques such as interferometry, stereo-
scopy, time of flight (TOF), and structured light
scanning have been performed [1]. While interfero-
metry is typically used to scan smooth surfaces at a
fraction of a wavelength [2], other techniques, such as
single or dual cameras, are also available to provide
millimeter-micrometer-resolution surface geometry
[3]. Sheppard invented confocal scanning optical
microscopy [4]. Guo estimated the geometry of
rotating parts using stereoscopy and stroboscopy [5].
Kassamakov demonstrated a three-dimensional ima-
ging approach based on Mirau interferometry for
scanning grooved surfaces [6]. To generate super-
resolution stereoscopic images, Song devised an
approach for assuring stereo consistency across stereo
image pairings [7]. Yan demonstrated how to adjust

the disparity range of stereoscopic image pairings, so
resolving the disocclusion problem [8]. Compared to
interferometry and microscopy, the stereoscopy tech-
nique is widely utilized in the industry because of its
simple structure composition and resistance to envir-
onmental influences.

The industry desires high-precision and accurate
image reconstruction and fully automated part mea-
surement and inspection. Denoising, contract
enhancement techniques, and machine learning algo-
rithms that produce high-quality images while main-
taining imaging features are critical for image
standardization and generalization in a wide variety of
industrial applications [6, 9, 10]. For inspecting mea-
surement samples, 3D machine vision-based imaging
techniques for 3D surface profiling, reconstruction,
and feature definition have been widely reported pub-
lished. By increasing the picture sampling and spatial
resolution of high-frequency signals via computer
vision techniques, super-resolution imaging approa-
ches based on deep learning algorithms improve
image quality [6, 11, 12]. These techniques produce
more lifelike and can be used for a variety of high-reso-
lution microscopy applications. However, because of
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the complexity of the technique, creating super-reso-
lution photos from a collection of low-resolution ima-
ges demands considerable computational effort and
expense [13].

Along with advancements in 3D imaging technol-
ogies and image synthesis, numerous research has
shown the potential for machine learning or artificial
intelligence algorithms to improve image quality sig-
nificantly. The super-resolution imaging technology
overcomes the spatial limits of optical imaging systems
by mixing low-resolution noisy blurring images with
the high-resolution image. By adaptively estimating
the point spread function, Yoo built an ideal super-
resolution image network [14]. Dong trained a deep
learning algorithm to map low- and high-resolution
images [15]. To achieve high spatial resolution images,
multiple machine learning or artificial intelligence-
based technologies were applied. Because super-reso-
lution imaging techniques are computationally prohi-
bitively expensive for large-scale imaging [16, 17], they
have been mainly used to imaging a small area or
volume, with a particular focus onmicroscopy [18].

The 3D vision system must be fast, robust, small,
and economical to get target measurements in macro-
scale for online measurement. In this article, raw 3D
images of a few tens of millimeter-sized samples were
segmented based on their features adaptively. Rather
than enhancing the full image at once, the quality of
each segmented image was improved by using a super-
resolution method to minimize computational com-
plexity. As a result, the segmented images were recon-
structed. This proposed technique for selective feature
segmentation and merging combines automated fea-
ture classification, feature-based adaptive image seg-
mentation, and image reconstruction can achieve high
accuracy, precision, and spatial resolution in 3D sur-
face profilingwhile retaining imaging features.

While the 3D recognition is commonly applied on
the medical imaging processing [19, 20] and remote
sensing field [21, 22], the proposed technique is aimed
at online manufacturing inspection. Based on the 3D
reconstruction from the stereoscopy system, the
implemented selective feature segmentation and mer-
ging can effectively recognize the desired structures or
patterns. This technique can be applied for the roll-to-
roll,molded inspection. Further with the development
of micro-stereoscopic technique, and random feature
classification, it can be applied for surface defects
inspection on freeformbased structure.

Imagingmethod

The feature-selective segmentation (FSS) is basically
based on the feature separation technique to apply the
filters for 3D image quality enhancement adaptively.
Filtering technology is a natural way to extract surface
information, as well as multi-scalar features of 3D
surface [23]. Low frequency presents spaced irregularity

on the sampled surfaces, or the profile information
surface profile, while the high frequency presents the
roughness and irrelevant form noise caused by the
environment. Thus, a low-pass filter can be applied to
generate the fitted surface map and a high-pass filter is
capable of removing the roughness or the environmen-
tal noise information.

The definition to low-pass filter is defined below,
where ( )H u v, is a filter function, w0 is a cutoff fre-
quency, (u,v) is a point on the frequency domain. The
high-pass filter is defined in the opposite way. The fil-
tering process can be implemented via Fourier trans-
form.

w= +⎧
⎨⎩

( ) ( )H u v if u v

otherwise
, 1

0,
1

2 2
0

In this study, stereoscopy was employed for 3D
imaging, and the FSSmethod was tested on the stereo-
scopic system. The Stereo Camera Calibrator app in
MATLAB was used for the calibration [5]. Twenty
images of the calibration checkerboard pattern at dif-
ferent orientations regarding the cameras were cap-
tured by the stereoscope system. The detailed
checkerboard imaging process was explained in
section 3.1. Figure 1 describes the FSS and merging
method, whichwas achieved by the following steps: (1)
lens aberration was removed to eliminate the image
distortion, (2) 3D reconstructed surface map is made
by the stereoscopic technique with the aberration-
removed image pair, (3) the image was separated based
on the features so that the background image and tar-
get image could be independently processed, (4) low-
pass filter was applied first for the background and tar-
get image surface fitting. (5) two featured images were
merged back to get the 3D image, and high-pass filter
was applied for the noise deduction, (6) the 3D image
and profile were achieved by linear extraction.

The FSSmethod was validated with a simple struc-
ture (ø10 mm and thickness 2 mm), and showed good
spatial resolution. The features are transformed into
masks that selectively separate the features and back-
ground images for segmentation. Two different fea-
tures were used to validate and evaluate the FSS
performance. The final image and the A-A’ profile
shown in figure 1 showed that the 3D image was suc-
cessfully obtained. As a result, the FSS and merging
method improved the 3D reconstructed image that is
spatially resolvedwhile preserving imaging features.

Experiments

Stereoscopy based on feature-selective
segmentation andmergingmethod
The stereoscopic technique is embedded with a pair of
vision cameras capturing images of the measurement
target. By applying the triangulation, lens equation,
and aberration elimination method, the 3D image, the
so-called depth map, is reconstructed by the location

2

Surf. Topogr.:Metrol. Prop. 10 (2022) 014002 CLee andXGuo



information of the same object points from both the
left and right images. Figure 2 shows the principle of
the stereoscopic imaging process. Camera 1 and 2 have
their coordinate system on the charge-coupled device
(CCD) frame. Here, f is the focal length of the lens, and
B is the distance between two cameras. The image
depth information D from the point P on the target to
the CCD of the camera system can be calculated by
[11],

=
-

-⎜ ⎟
⎛
⎝

⎞
⎠

( )D f
B

y y
1 2

2 1

A stereo camera calibration is performed to deter-
mine the intrinsic and extrinsic camera parameters or
the projection matrix coefficients of the system [24].
These parameters transfer the scene points in 3D space
to their corresponding image points, thus the mea-
sured depth can be recovered. In this study, calibration
was performed with the same camera systems for the

target sample measurement. The measurement target
was fabricated by attaching metal stickers with differ-
ent thickness (t)with 0.1, 0.3, 0.5, 1.0 mm and the dia-
meter (ø10 mm) on the flat plate. As two cameras size
are 29 by 29 mm (camera model: Basler aca5472-17
um and lens ML-U1217SR-18C), which allows the
baseline B to be set as 50mm. The D is set to be 300
mmaway from the target.

Figure 3 shows the 3D reconstructed results com-
parison. The single reconstructed image was obtained
by the stereoscopic methods on the distortion-
removal images. The information of each pattern is
related to the base structure, thus FSS method was
applied to remove such effect. By identify the circular
pattern’s radius and center location, mask can be gen-
erated to separate the background and target informa-
tion. The fitted background was generated by the
bandpass filter combined with the low-pass filter and
the high-pass filter was applied after the merging pro-
cess. Each of the pattern information was extracted

Figure 1. Feature-selective segmentation andmerging: flow chart (left) and preliminary experiment results (right).

Figure 2.Experimental setup for stereoscopic 3D imaging.
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from the base structure. The FSS result is compared
with the general bandpass filtered method, the gaus-
sian-filtered method and reference measurement by
the laser displacement sensor with 20 nm resolution.

Instead of separating the target information from
the background, the conventional filtering method is
based on the polynomial method to find the best fitted
plan to the stereoscopic reconstructed map, then
extract the pattern features. This method can present
the target location and rough depth information, but
the cross-talk effect between the pattern and base
structure exists. The pattern profiles by the bandpass-
filtered 3D imaging also showed a significant dis-
crepancy with those of the laser displacement sensor.
The Gaussian filter to the base structure was applied
here for the comparison as well. This method can
extract the pattern information well but the edge-
effect, which is the noise information from the edge of
image frame, exists, and we can observe this from the
reconstructed map and the linear scan. Same high-
pass filter was applied to remove the environmental
noise for bothmethods.

This result shows that the filtering process applied
to all features, including the patterns and background,
involves the data, and bandpass filtering of the images
involves data loss and lowers the spatial resolution of
the image. The surface profiles of the FSS-applied 3D
imaging method showed good agreement with the
laser displacement sensor output, and the discrepancy
was estimated at less than 1%. This result indicates
that the 3D reconstructed image was spatially resolved
by automatically recognizing and segmenting the fea-
tures on the 2D images, locally and adaptively applying
super-resolution algorithm to the segmented images

based on the classified features, and then merging
those filtered segments. As a result, the FSS and mer-
ging method is confirmed to significantly enhance the
spatial resolution of the 3D stereoscopic images while
preserving imaging features.

Strobo-stereoscopy based on feature-selective
segmentation andmergingmethod
Guo combined stroboscopy and stereoscopy, enabling
in-process 3D imaging while the measurement target
is rotating [5], and recently introduced fluorescence
strobo-stereoscopy to suppress specular reflection off
the optical quality rod and patterned roll [25]. In this
study, the FSS and merging method and strobo-
stereoscopy algorithm were combined to in-process
obtain spatially resolved 3D images of the rotating
target, as seen in figure 4. While the stereoscopy
algorithm can provide a 3D image at a specific
measurement position, the phase-shifting of the
strobo-light allows the whole-view reconstruction of
the rotating target while the target is rotating with a
frequency. The quadrature encoder outputs are feed-
back for the stroboscopic light on/off control, so the
specific area of the measurement target can be
illuminated by blinking the light-emitting diode
(LED) light. The 3D images were obtained at every 20-
degree interval. The illumination system and camera
system can be synchronized with the spindle motion.
The 18 3D images reconstructed around the rod were
systematically stitched to generate the full view image.

The stereoscopic image processing algorithm is
typically for single image reconstruction. The phase
unwrapping is required for the curve surface stitching
process. In order to stitch the neighboring images

Figure 3. 3D imaging results: FSS, bandpass-filtered, gaussian-filtered 3D images.
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conveniently and efficiently, FSS method were applied
to the raw reconstructed surface map, thus the curve
information from the base structure can be removed
only the target information remained. The panorama
full view map was reconstructed through the neigh-
boring images stitching by defining the location of the
overlapped patterns. Finally, 3D full-view stereoscopic
images were obtained. The whole measurement and
imaging processing operations were automated in the
LABVIEW and MATLAB software environment, and
thewhole process took less than 1 s. In the experiment,
the patterns were simply made by attaching the metal
stickers (ø10 mm and 1 mm thickness). Those were

randomly attached around the rod, and the rod was
attached to the aerostatic spindle.

The FSS-applied strobo-stereoscopic 3D image
was in-process obtained while the rod was rotating at a
100 revolution per minute (RPM). The reconstructed
panorama full view image and the profile results
showed that the pattern diameter, height, and interval
were identified, as seen in figure 5. The isometric view
and top view of the rod with the 1.0 mm thick patterns
were successfully reconstructed as seen infigure 6.

In the same way, the metal stickers (ø10 mm and
0.1 mm thickness) were attached to the rod, and mea-
sured the 3D images as seen in figures 7 and 8. Those

Figure 4.Experimental setup for strobo-stereoscopic 3D imaging.

Figure 5. FSS-applied strobo-stereoscopic 3D image: full-view image (top) andA–A’ profile (bottom).
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Figure 6. 3D strobo-stereoscopic image reconstruction results: isometric view (left) and top view (right).

Figure 7. FSS-applied strobo-stereoscopic 3D image: full-view image (top) andA–A’ profile (bottom).

Figure 8. 3D strobo-stereoscopic image reconstruction results: isometric view (left) and top view (right).
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results showed the potential of the FSS and merging
method applicable tomicroscopy applications.

Conclusion

The FSS and merging algorithm were implemented in
the 3D imaging process for conventional stereoscopy
and strobo-stereoscopy. The FSS image processing
method was experimentally validated by reconstruct-
ing 3D stereoscopic images of the stationary and
rotating targets. The image processing algorithm and
convenient image stitching algorithm were developed
to selectively separate the features from the back-
ground image and create a full-view image. The whole
measurement and imaging processing were auto-
mated. The experimental results showed that the FSS-
processed 3D imaging method provides spatially
resolved images compared with the conventional
image filtering processes. The proposed 3D imaging
method has a high potential to be adapted in various
industrial applications requiring 3D visions. The
feature extraction algorithms for various pattern
shapes will be developed for future work, and those
analysis methods for surfacemetrology and inspection
will be studied. Also, the high-speed camera systems
will be included to extend the measurement capability
available for high-speed 3D imaging.
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