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ABSTRAKT

V procesu vyroby tézkych vykovka volnym kovanim vznikaji nepiesnosti, které je tieba
m¢éfit a korigovat. Metoda pasivniho méfeni vykovk, na zakladé jejich siluet v obraze, zde
potencialné nabizi mnoho vyhod. V piipadé meéteni vykovkl ale v literatuie vykazuje
relativné nizkou pfesnost a nebyla ovéfena v primyslovych podminkach. Cilem prace je
proto prozkoumat moznosti vyuziti této metody V realnych podminkach, které umozni
pokrocilé metody optického méteni. Jsou diskutovany rusivé vlivy prostfedi a navrhovany
originalni metody, jak ovlivnéni zmirnit nebo mu ptedejit. Ty jsou ovéfovany v laboratornim
1 v primyslovém prostfedi. Vysledky potvrzuji efektivitu navrzenych metod; dosahovana
piesnost je stejného tadu s tou dosazenou v laboratornim prostiedi. Bylo dosazeno chyby
okolo 1 mm v méficim objemu 6 x 6 x 2 m v ptipadé méfeni pfimosti osy a praméru
vykovku. Tento vysledek postacuje pozadavkiim primyslového prostfedi. Nicméné€, méteni
stale obsahuje odlehlé hodnoty, jejichz vyskyt je diskutovan. Poznatky obsazené v této praci
je mozné vyuzit pii vyvoji profesiondlniho méticiho systému pro tuto aplikaci. Sekundarné
jsou pak zobecnitelné a vyuzitelné pifi méfeni horkych objektli nebo obecné objekti
v komplexnim prostiedi na zakladé¢ jejich siluet. Systém pro méfeni vykovkii by v budoucnu
mohl prinést vyssi efektivitu vyroby volné kovanych polotovarti a mohl by se stat soucasti

automatizované kovaci linky.

KLICOVA SLOVA

vykovek, méfteni, siluety, detekce hran, pfimost osy



ABSTRACT

In the process of open-die forging, inaccuracies can appear. These inaccuracies must be
measured and corrected. Passive heavy forging measurement, based on their silhouettes in
images, potentially offers many advantages in this application. However, regarding forging
measurement, this method showed limited accuracy in the literature and was never verified
under industrial conditions. Therefore, the aim of this thesis is to examine the feasibility of
this method in the industrial environment, by using advanced methods of optical
measurement. Interfering effects are discussed, and original methods, working as
countermeasures, are proposed. Methods are verified in both the laboratory and the industrial
environment. The results suggest the effectiveness of the proposed methods; the accuracy
achieved in the laboratory and industrial environment is of the same order. The error is
approximately around 1 mm in a measurement volume of 6 x 6 x 2 m for the geometry of
the axis and the measurement of the diameter. This result satisfies the demands of an
industrial environment. However, the measurement still contains outliers, which are
discussed. The knowledge obtained can be used during the development of a professional
measurement system for this application. Secondly, the knowledge can be generalized to the
measurement of hot objects, or objects in a complex environment, based on their silhouettes.
A system for the measurement of forgings could increase the effectiveness of manufacturing
and could become a part of automated forging production line in the future.
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BIBLIOGRAPHICAL REFERENCE

HURNIK, Jakub. Measurement of Shape and Dimensions of Forgings. Brno, 2022, 138 p.
Dissertation thesis. Brno University of Technology, Faculty of Mechanical Engineering,
Institute of Machine and Industrial Design. Supervisor doc. Ing. Jan Brandejs, CSc.






ACKNOWLEDGMENTS

First, 1 would like to thank my supervisors. | would like to thank doc. Ing. David
Palousek, Ph.D. for supervising me the first 4 years of my studies and for his support and
advice. I would like to thank doc. Ing. Jan Brandejs, CSc. for taking over his role for the rest
of my studies. I also acknowledge my supervisor-specialist Ing. Aneta Zatoc¢ilova, Ph.D. for
collaboration making possible to obtain the experimental data. Further, my thanks belong to
the head of our department, doc. Ing. Daniel Koutny, Ph.D., for assistance with my
supervision. Special thanks belong to my girlfriend Dott.ssa Mag. et Ing. Tereza Kone¢na
for her support, as well as valuable advice from her field of expertise (applied mathematics,
statistics). The final thanks belong mainly to my family and then to colleagues of the
department (namely Ing. Martin Kréma, Ing. Arnost Vespalec, Ing. Ondfej Cervinek, Ing.
Martin Maly, Ing. Ondfej Vaverka and Ing. Jan Suchy), for making a good company to work
in during the long, demanding studies.

The articles Circular coded target system for industrial applications (published in journal
Machine Vision and Applications) and Multi-view camera system for measurement of heavy
forgings (published in The International Journal of Advanced Manufacturing Technology)
are reproduced with permission from Springer Nature.

STATEMENT

| hereby declare that | have written the PhD thesis Measurement of Shape and Dimensions
of Forgings on my own according to the advice of my supervisors, doc. Ing. Jan Brandejs,
CSc. and doc. Ing. David Palousek, Ph.D., and using the sources listed in references.

Author's signature






CONTENT

1

2.1

2.2

2.2.1
2.2.2
2.2.3

2.3

231
2.3.2
2.3.3
234

2.4
24.1
2.4.2

3.1

3.2
321
3.2.2

3.3

4.1
4.2
4.3

5.1
5.2
5.3
54

INTRODUCTION

STATE OF THE ART
Close range photogrammetry

Interfering effects during in-process forging measurement
Thermal radiation influence
Heat haze and air lens

Camera calibration

Active optical forging measurement
Laser scanners

Active stereo vision

Fringe projection systems

Laser triangulation

Passive optical forging measurement

Passive stereovision

Measurement based on silhouettes

ANALYSIS AND CONCLUSION OF LITERATURE REVIEW

Challenges during in-process forging measurement

Applicable approaches
Active measurement systems

Passive measurement systems

Summary, areas of missing knowledge

AIMS OF THE THESIS
Main aim and the problems covered in thesis
Scientific question and hypotheses

Thesis layout

MATERIALS AND METHODS
Measurement system principle

Proposed methods to enhance system robustness
Measurement system hardware

Reference geometry and comparative measurement

11

13
13

14
14
18
22

26
27
29
31
34

37
37
39

45

45

46
46
47

48

50
50
51
51

53
53
54
56
58



55 Target system benchmark

6 RESULTS AND DISCUSSION

7 CONCLUSIONS

8 LIST OF PUBLICATIONS

8.1 Papers published in journals with impact factor
8.2 Papers in conference proceedings
REFERENCES

LIST OF FIGURES AND TABLES

10

58

60

121

124
124
125

126

135



1 INTRODUCTION

Forging is a manufacturing operation that is used to produce semi-finished products for high-
strength mechanical parts. Heavy forgings are manufactured using open-die forging, due to
their large dimensions and small-series production. These forgings are used in the energy,
petrochemical and shipbuilding industry to manufacture various shafts. During open-die
forging, significant deviations from the ideal forging dimensions and shape often appear.
Shape deviations can be corrected directly after the forging operation. Although the costs of
the production are very high, this is still often carried out based on primitive contact
measurement techniques. Some geometric characteristics cannot be measured at all,
including, e.g., forging axis straightness. Therefore, this important shape deviation can be
corrected only based on forging press operator estimation. The evidence of low achievable
accuracy is the large machining allowances, which must be applied. According to
CSN 42 9011, the allowances can exceed 20% of the total material used for forging
manufacturing.

2) LaCam®
automatically
identifies the
workpiece

P,

1) Measurement of workpiece after forging

13 mm = benging out of lolersnee |

]

N | E
3) Flatness out of tolerance detected and corective
action proposed
M = |

5) Measurement of workpiece after corrective action

6) Flatness within tolerance—sready for next process step

Fig. 1-1  Correction of axis straightness using LaCam® Forge by Ferrotron; 1) measurement of forging,
2) forging segmentation, 3) evaluation of axis-straightness, 4) three-point bending axis correction, 5),
6) repeated measurement [1].

The problem is that due to the specific conditions in the environment of heavy industry,
common available noncontact measurement systems cannot be used. The dimensions of
heavy forgings are in meters, and their forging temperature varies between 1250 — 850 ° C.
There are many physical effects, which can critically affect optical measurement systems,
e.g., the radiance or contrasting scales on the forging surface, dimensionally and thermally
unstable environment, or air lens around the forging. There are only a few systems in the
world capable of forging measurement, including, e.g., the LaCam® Forge by Ferrotron.
However, these are based on the laser scanning principle, which has many disadvantages.
Therefore, the research continues to find an alternative. The literature suggests many
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advantages of passive, image-based measurement using forging silhouettes [2]. However,
this approach showed limited accuracy during forging measurement and was never tested
under industrial conditions. On the other hand, the measurement system in the literature used
only basic optical measurement methods.

The aim of this thesis is to examine the possibilities of passive, image-based measurement
of forgings in the process of their manufacturing, by using advanced methods of optical
measurement. In this work, the measurement system, based on this principle, is proposed.
The interfering effects of the industrial environment are discussed and many original
methods, making this measurement method resistant to these effects, are proposed. The
effectiveness of the methods was verified under both laboratory and industrial conditions
and compared with the state-of-the-art. The knowledge obtained can be used to develop
a professional measurement system, which would provide the feedback to the forging press
operator, to accurately correct the forging shape and dimensions. This would lead to material
savings on the machining allowances, and therefore energy and emissions savings. In the
future, the measurement system can become a part of automated forging manufacturing line
(e.g., like a concept presented in literature [3]), in accordance with industry 4.0
implementation.
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2 STATE OF THE ART

2.1 Close range photogrammetry

Close-range photogrammetry is a science branch dealing with the measurement of object
shape, dimensions, or location, based on the images. The result is normally its digital
reconstruction (a set of points in a coordinate system). Close-range photogrammetry is used
in many areas, including mechanical engineering, civil engineering, architecture, medicine,
natural sciences, or crime investigation applications. Photogrammetry has a wide range of
applications in the industry. The typical applications are — inspection of mechanical parts or
assemblies, calibration of robot manipulators, reverse engineering, or digitization of the art
creations [4].

To obtain the object location or geometry, the image formation process needs to be described
from the geometric point of view. To describe the image formation process, modified central
projection is normally used. The basic model is provided in Fig. 2-1:

Fig. 2-1  Basic representation of central projection model (image formation) [5].

Where:

e Axis Z' is the camera optical axis.
e The camera focal length is marked c.
e H'[x'y, V'] is the physical image centre (principal point).

e 0'orXy[X,, Yy Z] is the projection centre.
e P[X,Y,Z] and P‘[x',y'] are the object point and the corresponding image point,
respectively.

13



e Angles w, o, k are the rotation agles around the axes X,Y, Z.
Based on this model, “Basic equation of photogrammetry”, was derived (equation 2.1 [5]):

r11(X — Xo) + 121 (Y = Yp) +131(Z — Zp)
r13(X — Xo) + 123(Y = Yp) + 133(Z — Zy)
r12(X = Xo) + 122(Y = Yo) + 13,(Z — Zy)
r13(X — Xo) + 123(Y = Yo) + 133(Z — Zp)

!

x'—x'y—A4x' = —c

(2.1)

y' —yo—d4y =—c

Where 4, ... 135 are the components of the image plane rotation matrix, derived based on the
rotation angles w, ¢, k. The central projection model modification mainly includes the image
distortion parameters Ax’, Ay’, which arises from the optical system imperfections. Usually,
the radial distortion is the most significant and needs to be compensated for. In the case of
more accurate optical systems, tangential and affine distortion components are also included.
The process of estimating these parameters is called camera calibration. Camera calibration
can be carried out by imaging, for example, a planar calibration field with a regular pattern
[6, 7], a 3D calibration object with known geometry [8], or a 3D calibration field created of
the coded calibration targets with known location [9, 10]. A special case are the self-
calibration methods, which do not need any accurate calibration scene. Instead, the methods
use the correspondences between the individual images. Due to the fact that every object
point in the image is measured with a small random error, the camera calibration is normally
an optimization problem. On the basis of the parameters obtained, the object or the scene
can be reconstructed. The main division of methods includes passive and active approaches.
The difference is that active approaches reconstruct the object based on a known pattern
projection.

Research in close-range photogrammetry includes the spreading of optical image-based
methods to new applications. This is possible thanks to the development of computational
power, digital cameras, and computational methods, based e.g., on neural networks [11, 12].

2.2 Interfering effects during in-process forging
measurement

2.2.1 Thermal radiation influence

Passive image-based measurement systems

The passive image-based measurement takes advantage of the light present in the
environment. No external light source is needed. In case of glowing-hot forgings, the
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captured light is blackbody radiation, which is, due to the high forging temperature, in visible
spectrum.

Dworkin et al. [13] dealt with the imaging of glowing hot forging in industrial conditions
using a CCD camera. The authors showed that images are blurred, and the background is not
sufficiently distinguished (Fig. 2-2). Therefore, the authors suggest using the NIR (near
infrared) color filter, to improve the forging contrast. A side effect was a narrow interval of
the wavelengths that needs to be focused on the camera sensor. Therefore, the obtained
images were sharper. The authors sufficiently segmented the forging in the image using
simple thresholding (Fig. 2-3).

Fig. 2-2  Image without use of color filter and the result of forging segmentation using thresholding [13].

Fig. 2-3  Image taken by using NIR color filter and the result of forging segmentation using thresholding [13].

The advantage of using color filters was also shown by Bi et al. [14]. The authors studied
the dependence of the forging temperature on its contrast in the laboratory environment. The
specimen was a small steel cube with dimensions in centimeters, and the silhouette contrast
was examined throughout the interval of common forging temperatures (800 — 1200 ° C).
Four different color filters and their combinations were used — red, green, blue, and IR-cut.
The sample of resulting images are provided in Fig. 2-10. Using these images, the forging
contrast in this work was calculated (Fig. 2-11) based on equation 2.2:

Where AV is the image contrast, V, and Vy are the image intensities of the object and
background, respectively. The conclusion was confirmation that the spectral-selective
method has a strong impact on the forging contrast and, therefore, the reliability of forging
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segmentation. The second finding was that different color filters are suitable for different
temperature intervals.

Fig. 2-4  Forging images taken by using (from left): red, green, blue, and IR-cut color filter [14].
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Fig. 2-5 Dependency of forging contrast on the forging temperature [14].

Hu et al. [15] dealt with the problem of forging segmentation. The authors showed that state-
of-the-art image edge detectors fail in the case of segmentation of glowing hot forging in the
complex environment. The reason was the contrasting scales on the forging surface, as well
as the areas with lower temperature, which have lower contrast. Therefore, false positive and
false negative edges appeared. The authors presented a custom forging segmentation method
to solve this problem. The method was based on the Canny edge detector [16]. The
modifications included pre-processing using histogram equalization, to enhance the contrast
of weak edges. Furthermore, post-processing was used to suppress false edges based on their
surroundings. Both procedures were integrated directly into the Canny edge detector. The
comparison of the results is provided in Fig. 2-6.

Fig. 2-6  Comparison of the forging image processed by Canny edge operator (left), and the proposed
segmentation method (right) [15].
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Active image-based measurement systems

Active image-based measurement takes advantage of the light projected on the object.
Therefore, contrary to passive image-based measurement systems, the philosophy is to
suppress the black-body radiation of the forging, which affects the signal-to-noise ratio. The
basic method for suppressing the radiation is the spectral selective method. The authors [17]
examined the signal-to-noise ratio and developed a model for its prediction for a structured
light-aided stereo vision system. The experimental setup is depicted in Fig. 2-7.

Fig. 2-7  Structured light aided stereo vision experimental setup [17].

The ‘signal’ included the light projected on the surface of the forging, while the ‘noise’
included the light radiated by the forging. Signal-to-noise ratio was computed as follows:

[ (M,,(A)+Mn(/1))ns(/1)nf(/1)d’1_ P (2.3)

R L o, @ar = Pes

Where SNR in the signal-to-noise ratio; M,, is the projected signal, which depends on the
radiation flux ¢, reflectivity of the forging surface p (0.2 — 0.5) and the projected area S;

M, is the noise (thermal radiation of the forging); n, is the quantum efficiency of the camera
sensor; 7, is the optical filter transmission, 4 is the wavelength.

Based on the developed model and expected radiation-wavelength curve for the considered
forging temperatures, the cameras were equipped with 440 nm low-cut filter, to mostly
suppress the forging radiation (Fig. 2-8). The developed model was experimentally verified.
The setup consisted of a DLP projector with a 250 W lamp (5000 Im) and two CCD cameras,
the forging temperature was 1150 — 1200 ° C. The lowest SNR achieved was 2.5, which was
considered satisfactory. However, the effect of other potential light sources in the
environment was not considered.
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Fig. 2-8 Comparison of the measurement images without (a) and with (b) the usage of the spectral selective
method [17].

2.2.2 Heat haze and air lens

The heat haze and air lens is the result of an inhomogeneous atmosphere in the scene. Air
with different properties varies in refractive index. Studies from different fields are oriented
on this topic.

Ciddor [18] examined the predictability of the refractive index of air. The context of this
work was the examination accuracy of geodesic measurement and its enhancement by
compensating the varying refractive index of the air. The author assumed that the refractive
index is dependent on temperature, air pressure, moisture, and carbon dioxide content. The
author derived an equation for the refractive index of air, based on these variables. The
equation showed great agreement with the experimental measurements (error on the order
of 10°®) in a wide range of atmospheric conditions (temperature -40 — +100 °C, pressure
80 — 120 kPa, moisture 0 — 100%) and wavelengths (300 — 1690 nm). However, the author
emphasized the problem of measuring air conditions in practice, which becomes a limit of
optical measurement accuracy.

Yamauchi [19] focused on the prediction of the behavior of the air lens. The author carried
out an experiment, during which an object was measured using laser ranging principle. The
layout of the experiment is provided in Fig. 2-9. The author considered the hot air over the
heated plate as a cylindrical air lens. Therefore, Equation 2.4 was derived for the lens focal
length c:

"M 1o (2.4)

€= 2(ny —ny)(2ny —ny)

Where n, and n, are the refractive indexes of the surrounding air and the air forming the air
lens, respectively. Variable r; is the radius of the lens. The measurement was carried out per
50 ° C in a temperature range of 27 — 550 ° C.
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Fig. 2-9  The layout of the experiment verifying the derived air lens model (Vivid 9i is the laser range finder
by Konica-Minolta) [19].

Fig. 2-10 compares the predicted transverse (in the x direction) and total (in the z direction)
magnification with the experimental results. The maximum predicted magnification was
0.35% and 0.20% for the case of transverse and total respectively. The true, measured
magnification was 0.08% and 0.04% for the case of transverse and total, respectively.
Therefore, the experiment varied significantly from the analytical prediction. According to
the author, the reason for this difference was that the air that formed the air lens had a lower
temperature than the heated platform. However, the author recommended using this model
to estimate the maximum possible error, which can appear during optical measurement.
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Fig. 2-10 The results of the measurement affected by air lens compared to the prediction [19].

Beermann et al. [20] created a complex simulation model of the influence of an
inhomogeneous, hot atmosphere surrounding the hot object on the line scanning
measurement. The model included simulations of the hot atmosphere surrounding the object,
its refractive index, and the optical track between the line laser, the object, and the camera.
The authors considered a 532 nm line laser and a triangulation angle of 60 °. The detailed
layout of the simulation is provided in Fig. 2-11. The object temperature considered is
900 — 1250 ° C. Only laminar air flow was considered. The refractive index of air was
calculated based on the extrapolated Ciddor equation [18]. The authors also considered
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various relative position of the measurement system and the object (angle £ in Fig. 2-11). In
this virtual simulated environment, the measurement error caused by the hot atmosphere was
simulated using the ray tracing method.

camera laser

laser
plane

W =-10
D-D: zy-plane of RIF

n T .
1.00006 1.00016 1.00026

Fig. 2-11 Air lens simulation layout (n is a local refractive index of air) [20].

The results of the simulation are provided in Fig. 2-12. The authors discovered the opposing
effect of refraction on the light rays, which partially compensated itself. This resulted in
a smaller measurement error around 50 um, which was considered as satisfactory. This error
did not change significantly with forging temperature. However, the error decreased with
larger angle . Therefore, the authors suggested avoiding the measurement of hot objects
through a wide layer of the hot atmosphere above the forging. Furthermore, because of the
neglection of turbulent flow, the authors suggested repeatedly measuring the object and
using a mean measurement value.

= iy (O00°C) il .. (1100°C) = e (0°) == 0 (15°)
e (1250°C) = E it (30%)

50, SE 2
o 4 3.5
g 40 2T 15
-~ 30 =32
b == 1
2 20 “f! 25
7 2 E 05
s 22

0 55 0

-7.5 -5 =25 0 = e -10 -7.5 -5 -2.5 0
“_\.'-dlscharge location of ray / mm Wy-discharge location of ray / mm

Fig. 2-12 Simulated measurement error due to air lens; left — the effect of different forging temperatures, right
— the effect of different measurement device location [20].

Another study focused on the possibilities of employing this simulation method in the design
of a physical compensation system for the air lens [21]. This was based on controlling the
air flow in the environment using compressed air flowing from nozzles, eliminating the air
lens over the hot object. The compensation system was designed for a fringe projection
measurement system. The measured object was a steel rod with a length of 250 mm,
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a diameter of 50 mm, and a temperature of up to 1300 K. The objective of the simulation
was to estimate the needed air flow velocities. The result of the simulation is provided in
Fig. 2-13. Based on the simulation, the compensator air flow velocity was chosen 1 —4 ms™?

to minimize the width of a hot air layer above the forging.

A1218221 8121 %2

in °C
(b)

[ 1021

486
231

Fig. 2-13 The resulting simulated atmosphere surrounding the hot object in dependence on the compensator

air flow velocity vt — (a) 0.0 ms; (b) 0.2 ms; (c) 0.55 ms™; (d) 1.0 ms?[21].
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52
25
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The effect of the compensation system was experimentally verified and compared with the
unaffected state. The mean object reconstruction error was examined (Fig. 2-14).

B T: ~ 1300K;pss = 6.0bar;t3 = 3.3s

S N B T ~300K; pss = 2.5bar
g 007 B T ~ 1300K; p; = 2.5bar; t; = 0.3s
E s T. ~ 1300K; pys = 2.5bar;t; = 3.3s
£ 047
%‘j k M 7. ~1300K;psr = 6.0bar;t; = 0.3s

I

Fig. 2-14 The experimentally measured mean reconstruction error Em in dependence on the compressed air
pressure (prf), time from flow activation of the flow to the measurement (tq). The hatched columns
denote the measurement with activated air flow [21].

From the results, it is obvious that the hot atmosphere around the hot specimen significantly
affected the reconstruction error. The compensation system helped reduce this error;
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however, the error remained significantly larger than in the unaffected state. Another finding
was that the compensation system caused a significant increase in measurement errors if the
time between the activation of the compensation system air flow and the measurement was
too short.

2.2.3 Camera calibration

Large field of view camera calibration

Most common calibration methods, based on imaging of a planar calibration field with
regular pattern, are not suitable for large measurement volumes with dimensions of the order
of meters, due to the large dimensions of the calibration object. Solutions based on imaging
(single or multi-image) of a field of point calibration targets offer an alternative. Space
resection or, in the case of self-calibration, the bundle adjustment method can be used. Based
on the mathematical principles, various conditions (point distances, 3D coordinates, or other
geometric constraints) can be used to determine the camera parameters.

In [10] the authors dealt with the calibration of a videogrammetric system with a5 x 5 m
field of view. The system consisted of 4 high speed cameras (Fig. 2-15 on the left) and was
designed to track deformable objects. The cameras were fitted with a 1024 x 1024 px sensor
with 20 nm pixel size and 50 mm fixed focal length objectives. The camera calibration was
based on a geometric model presented as eq. 2.1. The authors considered three-parameter
radial, tangential, and affinity distortions. The multi-image calibration method was based on
imaging of a large calibration object, a cross with calibration targets. The accurate
coordinates of the calibration targets were measured using an industrial photogrammetric
system, XJTUDP.

- - —  ~2m Object

E

.
—

II _ .=  ~I2m

Fig. 2-15 Left — videogrammetric system camera layout; right — calibration object [10].

The cameras were calibrated with a reprojection error of less than 0.05 px. Calibration
accuracy was Vverified based on the measurement of a professional scale bar with accurate
and known length. The measurement system achieved 0.24 mm error.

Schneider et al. [9] used a hemispherical field of calibration targets with known location
(Fig. 2-16) to validate mathematic geometric models for fisheye lenses, for possible
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photogrammetric applications. A camera fitted with a 14 Mpx sensor and an 8 mm Nikkor
lens was used. The authors showed that by using a suitable lens analytic model, a standard
deviation of 0.1 px of spatial resection or bundle adjustment can be achieved.

Fig. 2-16 Hemispherical calibration room for calibrating the cameras equipped with fisheye lenses [9].

Coded calibration targets

Coded calibration targets are used to code locations in space or to find correspondences
between images. Calibration target systems should be capable of reliable target identification
in the image, and their library should contain a sufficient number of unique targets. There
are two main types of target coding, which can be distinguished — barcode type (Fig. 2-17
a, b, ¢) and coding based on unique element distribution [22, 23] (Fig. 2-17 d, e). The barcode
type can be distinguished to circular [8, 24-29] or square [30-34]. The square target design
is advantageous for machine vision or augmented reality applications because one target
codes four locations in total (the target corners). On the other hand, most common design of
coded calibration targets in industrial photogrammetry, essential to calibrate the cameras, is
circular coded design (Fig. 2-17 a). This (or similar) design is used by many professional
photogrammetric systems, including TRITOP (GOM), XJTUDP, Aicon Photogrammetry,
and others.

Beme

Fig. 2-17 Different designs of coded targets (schematic) — a) TRITOP (GOM); b) Calvet, 2016; c) Garrido-
Jurado 2014; d) Ahn, 2001; e) Bergamasco, 2013.

There are more similar approaches to segmentation, accurate location, and recognition of
circular coded targets presented in the literature [8, 24-27]. The authors used 9 — 16-bit
coding (Fig. 2-18). To segment the targets, the image was binarized using thresholding or an
edge operator (see, e.g., [16]). The potential centers of the targets were then sorted based on
their geometric characteristics (size, shape) or contrast. Based on the known target geometry,
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the target code was scanned in the image and divided into segments. The binary target code
was then determined from the scanned greyscale distribution in the bit segments based on
thresholding (e.g., Otsu’s method [35]). Alternatively, the code was determined based on the
gradients on bit transitions. The obtained code is cyclic, and its correct orientation needs to
be determined (for example, cyclic code 101 includes 3 different forms — 101, 110, 011).
The resulting target code was determined based on the transformation of the binary to
decimal — the lowest decimal number was considered as the identification number of the
target. No error correction method was implemented. Finally, the target center coordinates
were calculated using, for example, the weighted centroid method. The global result is the
target coordinates with their corresponding identification numbers. The described method
was evaluated as fast and reliable under common conditions.

' ©
a

Fig. 2-18 Sample design of circular coded target often used in industrial photogrammetric applications; in the
center - contrasting circle for target segmentation and location; annulus around — the unique code
ring (9-bit in this case) [8].

In [29], an alternative method for the detection and recognition of circular coded targets was
presented. Target center detection was carried out in the frequency domain using several
oriented Gabor filters. Approximately circular objects are supposed to have non-zero
response on variously oriented Gabor filters. By multiplying the results of the convolutions
of variously oriented Gabor filters with the original image in the frequency domain, non-
circular objects were suppressed Fig. 2-19. The image was variously scaled to capture
ellipses of different dimensions. The target cyclic code was obtained by scanning the code
ring, which was thresholded. The cyclic code was then compared with the codes in a lookup
table to obtain the target identification code (total match was needed). The last step was the
target validation. The theoretical synthetic target code was compared with the scanned
thresholded code. Based on the correlation between the images, false positive targets were
rejected. The presented method was compared with Aicon software on various datasets and
showed similar or better results.
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Fig. 2-19 The response of Gabor filter and Laplacian of Gaussian filter for comparison on different objects in
an input image; the result of sum and multiplication of the images [29].

A coded fiducial marker system ArUco for machine vision or augmented reality applications
was developed in [32]. This system was based on simple, square coded marker design (Fig.
2-20). This design included n by n-bit unique code surrounded by a contrasting border. The
target system was based on the generator of target code libraries. The main idea was that
usually a low number of targets is needed; therefore, the generator creates a set of codes with
maximum inter-code and maximum Hamming distance in the code library. Moreover, the
number of bit transitions was also optimized, to prevent the target confusion with random
objects of background.

Fig. 2-20 ArUco square coded targets (5, 6, and 8-bit) [32].

In the image, the target was found based on its shape, the perspective distortion was removed,
and the target was thresholded using the Otsu method [35]. The target code matrix was
determined based on the pixel values in the bit regions. Target recognition included the error
correction method, which allowed the system to recognize partially damaged or occluded
targets and take advantage of the high Hamming distance in the target code library. This was
carried out based on rotation-invariant Hamming distance between the scanned code and the
codes in the target code library. The rotation invariant distance D between square codes
m;, m; was expressed as follows (equation 2.5):

D(mi,mj) = ke gf;l’z’g}{H(muRk(m]))} (25)
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Where H is the Hamming distance and Ry, is the rotation function. If the distance was under
certain limit, the target was recognized. The error correction limit was (t-1)/2, where 7 is the
minimum rotation-invariant Hamming distance. The authors compared the developed
method with available systems of calibration targets with similar design — ARTag and
ARToolKitPlus. The developed target system achieved the best error correction capability.
Moreover, it performed the best under Gaussian image noise among the compared systems.

The next work of the authors focused on improving the target generator, which has not
achieved optimum results [33]. The goal was to achieve a higher marker distance in the target
code library. The improvement included the implementation of the optimization method
(mixed integer linear programming). However, the method was computationally demanding
and did not significantly improve the results; therefore, the authors recommended using it
only in certain applications.

Moreover, the authors dealt with improving the robustness of target detection and
recognition. This was achieved using algorithms based on artificial neural networks [34].
For this purpose, the library of fifty 6 x 6-bit targets was created. Training was carried out
based on 12500 synthetic images of calibration targets, varying in the amount of negative
image effects — light, geometric, and noise. 210 000 images were used for the negative class.
Using neural network-based methods, the robustness of the target recognition was
significantly improved. However, a training procedure is needed in the case of changing the
target library.

Another improvement of the target system included the development of an alternative, fast
target detection and recognition algorithm [31]. This method was designed for real-time
applications.

2.3 Active optical forging measurement

A wide review of forging 3D measurement methods, which focused on active methods, was
presented in [36]. In this work, the main methods used for hot objects measurement were
divided into laser scanning (or TOF, time-of-flight systems), laser triangulation technology,
and multi-view stereo vision method (mainly active). The technology development on the
time scale is provided in Fig. 2-21.
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Fig. 2-21 The timeline of advances in 3D hot objects measurement [36].

2.3.1 Laser scanners

Z.S. Tianetal. [37] and Z. C. Du et. al. [38] applied laser scanning to the measurement of
large cylindrical forgings (up to 20 m in length and 6 m in diameter). Both authors measured
the length of the object its diameter. Du used a line laser scanner LMS100 2D (SICK), which
was tilted in a single axis by a servo motor, Tian used an unspecified point laser scanner,
which was driven in two axes. The authors also developed the method of point cloud
processing (object segmentation and measurement). Both authors experimentally verified
the developed measurement systems in the industrial environment. Forgings with
dimensions of up to 7000 mm (Tian) and 3000 mm (Du) and a temperature of around
1000 ° C were measured. The results achieved by both authors are provided in Fig. 2-22.
The measurement time ranged from several seconds (Tian) to 15 seconds (Du). The relative
repeatability error obtained was, in the case of both authors, below 2%. The main finding of
both studies was that the negative effects present in industrial environment do not affect laser
scanning measurement.
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Fig. 2-22 Left — the measurement result presented by Tian [37] and Du [38].
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Zhang et al. [39] used Hireed Hi50 laser range finders (TOF principle, 1 mm resolution) to
examine the concentricity of cylindrical parts of forging with fittings. Alternatively, the
concentricity of the forging and the forging tool can be measured to determine the correct
placement of the semi-finished product under the forging press. The experiment was carried
out to verify the proposed method. The diameter of the semi-finished product was 900 mm
and the diameter of the forging tool was 200 mm. The resulting error was less than 0.5 mm,
which was considered as satisfactory.

Fu et al. [40] used a combination of a 2D laser scanner with a monocular camera for the
measurement of a ring forging diameter. The diagram of the proposed system is shown in
Fig. 2-23. The system was designed to measure the 3D point cloud representing the forging,
which was achieved by rotating the specimen and moving the measurement device. The
monocular camera measurement itself was based on the imaging of forging silhouettes. The
edges in the image were found using the Roberts edge operator and filtered using median
filtering. The forging radius was obtained using a pixel-to-millimeter calibration. The
measurement system was based on the radius matching method. This method used the radius
measured by the monocular camera system R to verify the points measured by the laser
scanner. If a point measured by the laser scanner had a greater deviation from R than a certain
threshold, it was rejected. The proposed system was verified under both laboratory and
industrial conditions. Under industrial conditions, a ring forging with a diameter of up to
2800 mm was measured with an error under = 1 mm.

Fig. 2-23 A diagram of the measurement system based on 2D laser scanner and a CCD camera; 1 — laser
scanner, 2 — camera, 3 — ring forging, 4, 5, 8, 10, 12 — manipulator, its motor, controller and supply,
6 — measurement system positioning system, 7, 9 — data processing system and its supply, 11 —
measurement system supply, 13, 14 — laser scanner and camera data transmission line [40].
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Laser scanning also achieved commercial application. The measurement system LaCam
Forge measures the whole geometry of the forging, including the axis straightness for its
correction. According to the brochure [1], the maximum forging length is limited to 28 m.
The scanning time is a maximum of 15 s; however, more scans are needed to capture the
complete forging geometry (1 —4). This results in a total measurement time of 2 — 3 minutes.
The standard deviation of the axis straightness or the coaxility of the fittings is 5 mm, while
the standard deviation of the measurement of length, diameter, or height is 10 mm.

2.3.2 Active stereo vision

A set of publications [41-46] examined the application of structured light-aided stereo vision
in the measurement of forgings. A diagram of the developed system is provided in Fig. 2-24.
Using the structured light source, a pattern was projected on the surface of the forging, which
was triangulated by the calibrated stereo pair. A pair of calibrated cameras (REDLAKE
ES4020, resolution 2048 x 2048 px) was used. Zhang’s method [7] was used to calibrate the
cameras. A DLP projector 3M PD80X (5000 Im) was implemented and BD 440SP, 440 nm
low-cut filters were applied (spectral selective method) [41, 42, 46]. In later works, the
projector was replaced with an array of blue line lasers (450-BL, Changchun Laser
Optoelectronic Technology Company) and the low-cut filter was replaced with narrow
bandpass filter BP450-40 TFI, with 450 nm band center [43-45]. In all cases, the authors
measured only the basic dimensions of the object (length, width, or diameter).

Cylindrical Forging

Projector

Fig. 2-24 Structured light aided stereo vision forging measurement system; camera parameters O, X, Y, Z are
known, P1 and P2 are the corresponding image points of an object point [42].

In the first publication of this set [41], the authors used vertical fringes projected on the
surface of the forging. Only the ends of the fringes (enlightened silhouette points) were
triangulated. This resulted in the forging 2D (width or diameter) measurement in the
individual cross sections (Fig. 2-25). The authors developed an enlightened silhouette point
detection method that achieves subpixel accuracy, based on the modified Gaussian profile
of the fringe.
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Fig. 2-25 Stereo images from the measurement system with triangulated fringe (1 - 7) end points (marked
blue) [41].

The second publication [42] dealt with the 3D measurement of the forging geometry in
individual cross sections. Both vertical and horizontal fringes were projected on the forging
surface and their intersections were triangulated. To achieve subpixel accuracy of the
detection of the fringe centers, the fringe profile model based on the Weibull distribution
was used. The output of the measurement is provided in Fig. 2-26.

Fig. 2-26 The stereo images from the measurement system with triangulated points on the fringes 1 — 5
(marked red) [42].

In [44], the authors replaced the DLP projector with 5 blue line lasers. Laser power was
regulated, based on forging temperature, to achieve an optimum signal-to-noise ratio of 10.
The laser power was calculated based on the SNR prediction for forging temperatures
1050 — 1250 ° C. The distance between the measurement system and the forging was 2 m,
the dimensions of the forgings were around 100 mm, and the calculated laser power for
1250 ° C was 1004 mW. The authors used the same 2D silhouette point reconstruction
method as in [41]. Publication [45] introduced the accurate calibration method for this
measurement system. This two-step method included the laboratory calibration of physical
image center and the focal length. The calibration of exterior camera parameters and the
distortion parameters was carried out using a checkerboard on-site.

Publication [43] extended the previously mentioned principle described in [44] by the
application of two stereo pairs. Due to this, the measurement volume was increased to
8.6 x 5 m. The distance between the object and the measurement system was 7 m. An array
of 200 mW lasers was used to project fringes onto the object. Four 11 Mpx industrial grade
cameras were used. The measurement system and the sample result are provided in Fig. 2-27.
The camera calibration method of the measurement system was presented in [45].
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Fig. 2-27 Left — measurement system based on two stereo pairs, right — sample measurement result [43].

The function of the measurement system was demonstrated both in the laboratory and in the
industrial environment. However, the accuracy of the measurement system was studied only
in the laboratory environment. For systems that used a DLP projector, the accuracy of the
measurement system was examined only by measuring cold objects. The measurement error
ranged from 1% to 0.5% in the case of measurement of reference parts with dimensions
100 — 600 mm (sheet dimensions or diameter of the cylinder) [41, 42, 46]. Better results
were achieved by using the laser array. The measurement error was less than 0.3% in case
of a hot (up to 1250 ° C) 100 mm steel cube measurement [44]. In case of the measurement
system based on two stereopairs, only the accuracy of the calibration was examined under
laboratory conditions (average error 0.052%) [43].

2.3.3 Fringe projection systems

Zhao et al. [47] dealt with an application of the fringe projection system on hot forging
measurement. The measurement setup consisted of a DLP projector and a camera. The
system was calibrated using a set of checkerboard images (Zhang’s method [7]). The blue
spectrum was used (blue pattern and blue channel of the RGB image) to enhance the signal-
to-noise ratio. A three-frequency heterodyne was used for phase unwrapping to reduce the
effect of nonuniform surface reflectivity of the forging (scales). A method based on
a Butterworth lowpass filter was used to correct the unwrapping phase and to remove high-
frequency noise. The measurement system configuration, as well as the evaluation workflow
is provided in Fig. 2-28. The proposed methods were demonstrated by measuring a forging
with 63 mm height and 114 mm width and a temperature of 1200 ° C. However, the accuracy
was estimated only by measuring a planar object by room temperature (RMS and maximum
error 0.8362 and 1.4785 mm, respectively). It was concluded that the relative error of the
measurement system was less than 1:1000.
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Fig. 2-28 The diagram of the fringe projection system and the result evaluation using blue image component
and thee-frequency heterodyne [47].

Han et al. [48] used a two-camera fringe projection system driven by a robot to automatically
inspect hot forged objects on a production line. The cameras were equipped with a dual filter
(IR cutoff and blue bandpass) to suppress thermal radiation. Time-division-multiplexing
trigger and improved multi-frequency phase-shift sequence were used to cut the
measurement time by approx. 39%. To perform the alignment, the robot positioning
repeatability assumption and modified iterative closest point were used. The proposed
methods were experimentally verified by repeated measurement of an axle (Fig. 2-30,
11 times). The maximum dimension of the axle (analysis provided in Fig. 2-30) was approx.
1900 mm and the maximum deviation was 0.11 mm.

Cooling System

CCD

Infrared

Lens with blue N
cutoff filter

light filter

DMD

CCD

Fig. 2-29 Left - robot-driven fringe projection measurement system, right — sensor setup with a projector,
2 CCD cameras and dual optical filter [48].
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Fig. 2-30 Analysis of a forged axle [48].

The works [49, 50] dealt with the development and adaptation of phase-shift fringe
projection system on the measurement of hot objects. The measurement setup used four
cameras and a green LED projector. The cameras were equipped with bandpass filters. The
setup is provided in Fig. 2-31.

In [49], the quality metric for a 3D geometry measurement was developed. The metric was
based on the variance of a set of reconstructed, redundant points from their mean value. This
method was verified both on the simulation model and also experimentally during the
measurement of a hot object or a cold object behind a glass plate. In both cases, the effect of
light refraction on the variance of the reconstructed point was examined, and the feasibility
of the developed metric was demonstrated.

Fig. 2-31 The four-camera fringe projection setup (4 cameras C and a projector p) [49].
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In [50], the authors dealt with the effect of forging radiance, which affects the phase-shift
forging measurement. With the changing forging temperature, the background illumination
decreases and affects the phase shift calculation. Moreover, if the air lens around the forging
is physically compensated for by using a forced air flow system, the cooling effect during
fringe projection could be significant. Therefore, the authors suggested two ways to suppress
this effect:

e modified fringe projection sequence, minimizing the time between the corresponding
images used for shape calculation
e approximation of the background intensity due to cooling (linear or quadratic).

The proposed methods were experimentally verified. A cylinder with 50 mm in diameter,
250 mm in length, and with a temperature of 1000 °C was measured. The results are provided
in Fig. 2-32.
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Fig. 2-32 Reconstruction quality values for different forging temperatures 9, different time delay Ats between
the activation of the air flow and the measurement, pastel colors are used for a standard sequence
(air flow was not activated in this case), bright colors for the adapted sequence [50].

Based on the results, it can be stated that the combination of air flow, adapted projection
sequence, and changing radiance compensation significantly improved fringe projection
precision. However, the measurement time increased from 1 to 1.5 seconds due to the
modified fringe projection sequence.

2.3.4 Laser triangulation

Zhang et al. [51] examined the feasibility of the application of line scanning (based on the
laser triangulation method) to the measurement of hot objects. A green laser and narrow-
bandpass green optical filter to enhance the signal-to-noise ratio (spectral selective method)
were used. The device (a calibrated setup of a line laser and a camera) was placed on a linear
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bearing with an accurate positioning system. The authors used a line laser MGL-I11 with
311 mW power, MV-VEQ78SM/SC camera with 1024 x 768 px resolution, and a linear
positioning system with 40 um accuracy. The angle between the optical axis of a camera and
a laser plane was 30°. The calibration of the system was carried out using a checkerboard.
The result of the individual scanning operation was a set of object points in a cross section.
More scanning operations along the forging axis were carried out and compiled according
to the data from the linear positioning sensor. However, the authors only measured the
diameter of the object.

The same laser triangulation method was used by Bracun et al. [52] (Fig. 2-33). The
developed system was capable of measuring up to 1.4 m long objects with 0.5 m diameter.
The distance between the forging and the measurement system was 4.2 m. A 530 nm laser
and a camera with a resolution of 1290 x 960 px were used. The system was calibrated based
on the reference 3D object moved by the accurate CNC positioning system (10 pm
accuracy). The authors newly used difference imaging to enhance the signal-to-noise ratio.
The method used a difference of two images taken in a short time from the same point of
view. In one of the images, the line laser is switched off. The difference of images resulted
in the suppression of the background and, therefore, in an enhanced of the signal-to-noise
ratio.
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Fig. 2-33 Forging measurement using laser triangulation method [52].

Both authors experimentally verified the developed measurement systems. In case of Zhang,
the largest measured dimension was 800 mm, in case of Bracun 440 mm. The surface
temperature of the measured object was around 1000 °© C. In both cases, the reference
dimension was measured by contact measurement techniques, although with high
measurement uncertainty. Both authors reported the uncertainty of the optical measurement
under 0.5%.
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The authors [53] developed a specialized measurement device, integrated in a manufacturing
line. The measured objects were forgings with complex shapes and high temperatures
(around 600 ° C). The device used two line lasers, (3 cameras total) according to Fig. 2-34.
Spectral selective method was used. Blue line lasers were utilized (power 20 mW, 450 nm);
bandpass optical filters were applied (transmission spectrum in interval of 450 nm + 25 nm).
The calibration was carried out using a rotationally symmetric object and achieved 0.01 mm
accuracy. The reference geometry was obtained using 3D scanning of a cold object. Objects
of dimensions up to 162 mm were measured with an accuracy of 0.1 mm. The exact influence
of the interfering effects was not examined. The developed device replaced a contact
measurement method on the manufacturing line and achieved significantly faster forging
measurement (1 vs. 20 minutes).

Cameras for the N

inner surface

Fig. 2-34 Left — the layout of measurement system based on laser triangulation, right — on-site
measurement [53].

Ghiotti et al. [54] also dealt with the design of the forging measurement system implemented
in the manufacturing line. The authors used eight line lasers mounted in specialized
construction. The object was moved by a motion platform. The diagram of the system is
provided in Fig. 2-35. The object dimensions considered were 800 mm in length and
diameter. The authors used Zumbach Electronic line scanners with a depth resolution of
0.03 mm. Spectral selective method was used. The authors dealt with the leveling of error.
The thermal dilations of the frame decalibrated the system, causing a systematic error of
0.5 mm. Therefore, the whole system frame was cooled using an active water-cooling
system. Thanks to this system, the error from this effect decreased to under 50 um. The
maximum error due to the hot atmosphere around the forging was estimated to be 30 um.
Both effects were further neglected. The developed system was experimentally verified
based on the measurement of objects with known geometry and a temperature of
300 — 800 ° C. The resulting uncertainty of the measurement was 9 um. The measurement
time was less than 10 s.
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Fig. 2-35 The forging measurement system based on eight line scanners [54].

2.4 Passive optical forging measurement

2.4.1 Passive stereovision

Authors [55] dealt with the multi-image measurement of structured, deformed aluminum
plate using passive stereo vision (Fig. 2-36). Triangulation of feature points obtained using
the FAST feature point detector was used. Coded calibration targets were used to calibrate
the cameras. The bundle adjustment was used to reconstruct the geometry of the object. The
proposed method was experimentally verified. Eight images were used to measure the
object. The reconstruction accuracy was dependent on the setup of the triangulation method
(only points visible on four images and with a low reprojection error were used). The authors
achieved an accuracy of up to 0.038 mm during a measurement of plate with 800 mm
diameter (a relative accuracy of 1:21 000). The accuracy was estimated based on the distance
between the skew lines used for the reconstruction of an object point.

Fig. 2-36 Passive stereovision measurement; left — measured scene, center — camera positions, right — 3D
object reconstruction [55].
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The authors [56] examined the possibilities of the application of passive stereo vision during
the measurement of hot formed parts. A proposed concept of a measurement system worked
with a calibrated camera stereo pair (Fig. 2-37). The authors used a spectral selective method
to remove the influence of the forging thermal radiation in the visible spectrum. The forging
was illuminated using a 500 W xenon lamp and the cameras were equipped with a 450 nm
low-cut filter. The measurement was based on the triangulation of the corresponding feature
points. The feature points were extracted using the Harris corner operator. The authors
carried out an experiment to demonstrate the measurement system; however, the accuracy
of the system was not examined. The measurement images, as well as the resulting point
cloud, is provided in Fig. 2-38. The measured object temperature was 1200 ° C; the
dimensions were not provided.

Data processing equipment Short-pass filter ~ @a— Xenon lamp
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Fig. 2-37 A concept of forging measurement system based on stereo vision [56].

Fig. 2-38 Left — stereo images with corresponding feature points (marked blue); right — resulting 3D
reconstruction of the object [56].

Lins et al. [57] proposed a six-camera measurement system based on stereo vision, for the
measurement of forged crankshafts (Fig. 2-39). The object was illuminated using unspecified
light sources. The corresponding feature points were found using the SIFT method.
Accuracy verification of the measurement system was carried out only in a simulated
environment. The estimated uncertainty of the measurement was around 0.5%.
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Fig. 2-39 Crankshaft measurement system based on stereo vision [57].

2.4.2 Measurement based on silhouettes

The authors [58] examined the possibilities of the hot object measurement based on their
silhouettes, using a monocular system (Fig. 2-40). The camera was equipped with an IR cut
optical filter to prevent blurring of the image. Edge detection was based on the Sobel edge
detector. The internal parameters of the camera were calibrated using the Zhang method [7].
The px to mm ratio in the measurement image plane was calibrated based on calibrated
objects with known dimensions. The accuracy of the system was determined based on the
comparison of the measured dimensions with the known reference specimen length. The
measured objects were steel cubes with dimensions of up to 60 mm. The experimental
measurement of both cold and hot (1000 ° C) cubes showed an error of approximately
0.3 mm, which was considered as satisfactory.

Temperature-controlled | I ! '
cabinet
\

Box-type resistance
furnace

Hot parts
Monochrome CCD

Fig. 2-40 Two-dimensional measurement setup for small forgings measurement, based on their
silhouettes [58].
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Zhou et al. [59] dealt with the measurement of basic object dimensions (length, width, or
diameter) based on line triangulation. Image processing was based on the Hough transform,
which was used to find straight lines in the image. The system was calibrated using Zhang’s
method [7]. The method was based on line triangulation, rather than the triangulation of
individual points, to achieve high reliability. The precision of the developed system was
experimentally verified in both a laboratory and an industrial environment. During
laboratory experiments, the cube with an edge length of 140 mm was measured with
a maximum relative error of 0.62%. During the on-site experiment, a single measurement of
cylindrical forging with 115 mm in diameter (Fig. 2-41) with 0.79% relative error was
carried out. From the publication, it is not clear how the reference dimension was obtained.

N HE BT

Fig. 2-41 Stereo images of hot cylindrical forging for the subsequent reconstruction using line triangulation
method [59].

Wang et al. [60] developed a framework for measuring rolled bars, directly in the process of
their manufacture. The framework was suitable for low-cost automation devices. The
monocular measurement system was based on a GoPro® camera. The camera was calibrated
using a checkerboard. The edges were found using a random forest algorithm and further
denoised using morphological operations. The result can be seen in Fig. 2-42 in the upper
row. The image still contained false positive edges. Based on the Moore-Neighbor algorithm,
multiple potential edges were found around the expected forging boundary. Boundaries of
interest were created around the potential edges (Fig. 2-42, lower row, green curves). The
image was then processed using the random regression algorithm (fitting a line in the
potential edge points, Fig. 2-42, lower row, black lines). This was carried out in a sliding
window (Fig. 2-42, lower row; sliding windows are divided by white lines). The indicator
of the level of trust (X¥) in the sliding window was proportional to the diameter standard
deviation in the sliding window and the area between the boundaries of interest. It was shown
that if ¥ was large, the level of trust was low and the measurement result was inaccurate
(Fig. 2-42). Based on the level of trust, the corrupted measurements were deleted.
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Fig. 2-42 Upper row — denoised edge maps obtained using random forest algorithm; lower row —
measurement images with boundaries of interest (green) and random regression line fitting results
(black) in the sliding windows (separated by white lines); the detail depicts the area C between the

boundaries of interest [60].
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Fig. 2-43 The results of the measurement compared with the ground truth and the level of trust indicator (%)
[60].

In a set of publications [2, 61, 62], a passive 3D measurement system for the measurement
of forgings, based on their silhouettes, was developed. The measurement system was limited
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to cylindrical forgings, which are, however, the most common. The system worked with two
calibrated cameras, whose optical axes were perpendicular and faced to the center of gravity
of the forging from the radial direction (Fig. 2-44). The forging was held in VV-prisms during
measurement. The measurement system was able to measure the diameter, length and axis
deflection of the forging. It was shown that the measurement system, based on this principle,
could theoretically measure forgings up to 20 m in length and 6 m in diameter (Fig. 2-45).
However, the measurement system was verified only in a laboratory environment on a small
scale, in a basic two-camera configuration.

Field of view

Camera Field of view
E— N
Forging

Actual axis

V-prism Detected edges

Fig. 2-44 The concept of a two-camera system for the measurement of heavy forgings [2].
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Fig. 2-45 The concept of a camera system for the measurement of forgings with extended measurement
volume [2].

The camera system was calibrated based on several calibration targets (noncoded) placed in
the scene. Their accurate coordinates in the space were measured using the industrial
photogrammetric system TRITOP (GOM). The targets were segmented in the measurement
images using thresholding, and their coordinates in the image were found using the centroid
method. The camera calibration method implemented a direct linear transformation method.
This method is not capable of calibrating optical setup distortion; therefore, the distortion
(one-coefficient radial) was estimated by the user and removed prior to the calibration itself.
The reprojection error of the calibration method was in the order of pixels.

To find the silhouettes of the object, the measurement system used the edge detection
method, which worked in several steps:

e Detection of edge point candidates: The method used two rectangular windows
shifted by one pixel, which scanned the image from the center of the image in the
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horizontal or vertical direction. If the median values in the windows differed by
a value larger than a threshold, the edge around this point was considered.

e Enhancement of edge detection accuracy: The edge point was considered as the pixel
with the highest image gradient. Around the expected edge, the highest gradient was
searched in a window of 1 x 7 pixels (Fig. 2-46).

e Edge validation: The edges were validated based on connectivity of the edge points.

The edge detection was sensitive to the contrasting scales on the forging surface or
background. The result of edge detection is provided in Fig. 2-47. However, the false
positive edges were suppressed by edge validation.
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Fig. 2-46 Detection of the edge points, based on image gradient. A section of the original image with magnified
edge; yellow and red windows are used to search for approximate edge; black window in the
magnified image is used to search for the gradients around the edge; the table in center shows the
pixel coordinates, their intensities and the difference of the intensities of neighboring pixels; the table
on the right shows the intensity values from the highest to the lowest, with their coordinates, and the
selected edge point marked yellow [63].
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Fig. 2-47 The section of the measurement image with the edges; edges before and after the validation are
marked blue and green, respectively [63].
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The silhouettes from both measurement images were projected to the mutually perpendicular
reference object planes, which were estimated based on the known approximate diameter of
the object and the known geometry and location of the V-prisms. In regular cross sections,
the circles were fitted in the silhouette points. The centers of the circles were considered as
the axis points. The resulting axis and the diameters were smoothed (in the case of the axis
and diameter using the Savitzki-Golay and moving average filter, respectively).

The measurement setup used two common digital single-lens reflex cameras (DSLR) with
a zoom lens on tripods. The V-prisms and the calibration targets were mounted on a platform
between cameras. The measurement error was determined based on the comparison of the
measurement result with the reference geometry obtained using 3D scanning. The thermal
dilation was compensated for.

The proposed methods were verified under laboratory conditions. Seven samples of
500 — 700 mm length, 50 mm in diameter, and a maximum deflection of 0.3 — 21.08 mm
were measured. Each sample was measured 10 x. The statistical evaluation of the results is
provided in Fig. 2-48. The measurement system showed a measurement error of under 2%.
However, the deflection characteristics were not evaluated in the hot state. By assuming the
same relative error in different scale, the prediction of the system error in large scale, under
industrial conditions, was carried out (Fig. 2-49).

Sample  Max. deflection Dimensions Dimensions (heated)

no. (unheated) (unheated)
Size Position  Length  Diameter Length  Diameter
[mm] [mm] [mm] ~ [mm)] [mm)] ~ [mm)]

1 -047 -12.00 34 0.1 - -

2* 0.05 0.80 0.5 0.0 -15 -0.3

3* 0.21 -3.28 1.0 -0.2 -35 -1.3

4 0.21 -8.21 6.2 0.0 - -

5 1.28 -8.04 6.1 -0.1 - -

6* 0.66 -5.13 -0.5 0.0 0.0 -1.6

7 2.05 6.56 -04 0.0 - -
<£2 <12 <+6.2 <x0.2 <%3.5 Effect of
Dependent on the <1% <0.5% <1% scales?
shape

Fig. 2-48 The average error of the measurement of specimens 1 — 7 [2].

Max. deflection: 1205

Bosiﬁo
deflection: 3352

Fig. 2-49 The estimation of the accuracy of passive camera measurement system for its potential use in the
industrial environment. [63].
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3 ANALYSIS AND CONCLUSION OF LITERATURE
REVIEW

During open-die forging, the shape deviations can appear and must be measured. The
products (heavy forgings) are mainly cylindrical, and their dimensions could be up to 20 m
in length and 6 m in diameter. Forging temperatures range between 800 — 1250 ° C [2, 37].
The measurement of these forgings is a challenge due to the influence of interfering effects
or the industry environment, in general. The research can be divided into two basic
approaches — active (the measurement system uses its light source, the light emitted by the
forging is suppressed) and passive (these systems utilize the light emitted by the forging).

3.1 Challenges during in-process forging measurement

The first interfering effect, which negatively influences the in-process measurement of heavy
forgings, is thermal radiation. Forging, which is heated to the forging temperature, emits
radiation in the infrared, near-infrared, and visible spectrum. The mechanism differs in the
case of active and passive methods. In the case of active methods, radiation influences the
signal-to-noise ratio (SNR) of the signal projected on the forging surface [17]. In the case of
passive methods, the problem is the contrast between the whole forging and the background
[13, 14] and the contrasting scales, making it difficult to find forging boundaries [15]. In
both cases, the result can be inaccurately or false detected features (projected pattern, forging
edges, surface structure) needed for the forging measurement.

Heat haze and the air lens surrounding the hot object can affect the accuracy of the
measurement of the hot object due to light refraction [18-21]. All authors dealing with this
effect admit that it is difficult to obtain accurate boundary conditions for the computation
(air temperature, pressure, humidity, airflow, and so on). The experiment presented by [19]
also showed high deviations from the developed model. Therefore, the solution to reduce
this effect can be a forced airflow system [21] or a suitable placement of the measurement
device [20]. However, the works show a relatively small effect of this phenomenon, on the
order of tenths of a percent [19] or on the order of tens of pm [20, 54], depending on the
situation. Therefore, in most works dealing with forging measurement, the effect of heat
haze and air lens is not examined, even in the case of very accurate measurements, e.g., [48].

The calibration methods of forging measurement systems in the literature use a planar
calibration field (e.qg., [41, 42, 47, 59, 60]), a projected calibration field [43, 45], or various
manipulators [45, 52]. These methods are difficult to use in large measurement volumes,
because of the large dimensions of calibration objects or the industrial environment in
general. Moreover, the external parameters of the camera can change due to thermal
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dilations, leading to a significant error [54]. The solution can be a thermally controlled frame
for mounting system components [54], or online calibration. For camera calibration in
a large measurement volume, space resection can be used [9, 10]. This method uses a field
of coded calibration targets with known location and achieves high accuracies. However, the
circular coded calibration target systems used for photogrammetric measurement can fail
under demanding conditions [8, 2427, 29], where calibration targets could be damaged or
occluded by scales falling from the forging surface. In various applications of machine
vision, where the robustness of the target recognition is essential, this problem is solved
using error correction methods [32—34]. However, different target designs are used.

3.2 Applicable approaches

3.2.1 Active measurement systems

The only measurement method that is not significantly affected by the specific environment
is laser scanning [37—40]. Therefore, no special countermeasures to interfering effects were
introduced in the literature. The best accuracy reported in the literature is 0.5 mm for the
measurement of concentricity of cylindrical objects with up to 900 mm in diameter [39] or
+ 1 mm for the measurement of the forging diameter of 2800 mm [40]. In this case, however,
the scanned points were validated based on forging passive silhouettes measurement method.
The laser scanning method is also commercially applied (e.g., LaCam Forge for the
measurement of forgings up to 28 m long) [1]. The disadvantages of this approach are the
high price of the sensor, the poorer accuracy in the case of measuring the length
characteristics of the object, and the relatively long scanning times (on the order of tens of
seconds [1]), during which the forging must be held still. The disadvantages of this principle
motivate research in this field.

The remaining active methods are based on active close-range photogrammetry. All of the
mentioned methods are affected by the thermal radiation of the forging, which resulted in
the need for a spectral-selective method (used in all cases in the literature). In the case of
fringe projection, many methods were developed that make this approach perform better
during the measurement of hot objects. This includes the filtering method suppressing high-
frequency noise [47], quality metric [49], adapted fringe projection sequences [48, 50] and
prediction method to suppress unstable thermal radiation during image acquisition [50]. In
the case of active stereo vision, an evaluation method was developed that uses subpixel
detection of the projected feature lines based on a modified Gaussian [41] or Weibull
distribution [42] function, or a specialized camera calibration method [45]. In the case of the
laser triangulation technique, the difference imaging method was developed to improve
SNR [52]. Both the fringe projection [48] and laser triangulation [54] methods achieved
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implementation in forging lines. In these cases, the accuracy reported was 0.11 mm on
a dimension of 1.9 m in the case of the fringe projection system [48] and 9 um in the case of
800 mm wide measurement volume (in the case of calibrated ceramic plates measurement)
[54]. However, these principles have relatively small measurement volume, and therefore
specimen manipulators or a robot system is needed to move the sensor. This increases the
measurement time and decreases the potential for implementation of these systems in certain
applications in the industrial environment, including on-site heavy forging measurement. On
the other hand, a concept of active stereo vision with 8.6 m wide measurement volume was
introduced [43], however, the accuracy of this system in these conditions was not verified.
The system needed high-powerful light sources (1000 mW line lasers), and only a sparse
point cloud was obtained. The best accuracy achieved by this method was 0.3% during the
measurement of a hot object with dimensions of approx. 100 mm and a temperature of
1250 ° C under laboratory conditions [44]. To conclude this section, active measurement
systems are highly developed, as can be assumed from the usage of advanced methods, the
accuracies achieved, and applications in the industrial environment. However, these methods
still have disadvantages including limited measurement volume, longer measurement times,
the need for a powerful light source, or the need for using manipulators, which can be
impossible to install in many cases.

3.2.2 Passive measurement systems

Passive measurement methods for forging measurement include passive stereo vision and
measurement based on forging silhouettes. Both methods can be used for accurate
measurement of objects with contrasting surface structures or boundaries. For stereo vision,
the object was illuminated by an external light source and a spectral selective method was
used [56, 57]. Standard methods of detection of feature points (Harris corner detector or
SIFT) were used. For forging measurements based on their silhouettes, the 2D [58, 60] and
3D [2,59, 61, 62] systems were used. In all cases, edge detection was reported as a challenge.
These methods in the literature were based on edge detectors with certain modifications [15],
voting principle using the Hough transform [59], weighted variance to reveal measurement
with low level of trust [60] or gradient in the image, and edge validation principles using
edge point surroundings or connectivity [2]. The cameras were calibrated using Zhang’s
method [59] or basic space resection [2]. The 3D reconstruction method was based on the
triangulation of feature lines (which can measure straight lines only) [59], or the
transformation of the silhouette geometry into the object planes bounded to the positions of
V-prisms [2]. The stereovision method was demonstrated in an industrial environment.
However, the precision was not studied [56]. Another study examines the accuracy of stereo
vision in a simulated environment, achieving a relative accuracy of 0.5% [57]. Moreover,
3D reconstruction could be sparse and depends on the forging surface texture. The accuracy
of 3D silhouettes measurement varied from 0.8 (line triangulation) [59] to 2% (approach
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presented in [2]). In case of line triangulation, the experiment was carried out in an industrial
environment; however, in the other case, the experiment was carried out only under
laboratory conditions.

To conclude this subsection, this approach showed a low level of development. Only basic
methods are used, including edge detection with pixel precision, geometry reconstruction,
or camera calibration. On the other hand, the approach presented in [2] is capable of
measuring all the geometry characteristics of cylindrical forgings, including the axis
straightness, and has the potential to overcome the disadvantages of active methods. There
is a potential for rapid measurement in large volumes. However, in the literature, this method
achieved a lower accuracy. The possible reason for the high error could be the application
of only basic methods of optical measurement. Therefore, because of the low level of
development of this method in this area and its potential for application, it was chosen as the
subject of this study.

3.3 Summary, areas of missing knowledge

e Active forging measurement methods showed a high level of development, but also
disadvantages such as limited measurement volume or relatively long scanning
times. The 3D forging measurement, based on its silhouettes, is chosen as a subject
of this study. This approach showed both the potential to overcome the disadvantages
of active methods and a low level of development in this area.

e The passive measurement method achieved limited accuracy in the literature. It is
not clear whether the reason is the implementation of basic methods in the studies
dealing with this problem, or the effect of the interfering effect of the environment.
Moreover, this approach was not verified in large-scale industrial conditions, where
the character of the scene (scales size and contrast, background complexity, etc.)
could be radically different.

e The main challenge of passive forging measurement is edge detection, which is
different due to scales. It is not clear whether more advanced edge detection methods,
with subpixel accuracy, would help achieve a lower measurement error or whether
the potentially higher accuracy will be dominated by the negative effect of
contrasting scales or forging background.

e Heat haze and air lens can have a negative effect on measurement accuracy.
However, this effect is complicated to compensate for or suppress in a large
measurement volume. This effect is also neglected in most works, including those in
which high accuracies were achieved. However, it is not clear how this effect would
affect the passive measurement method on a large scale.
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Space resection appears as the suitable camera calibration method for a large
measurement volume. This method can also be performed online to compensate for
the unstable environment. However, this method usually works with circular coded
targets in photogrammetry applications, which recognition can fail in demanding
conditions. It is not clear how to enhance their recognition robustness. A possible
solution could be the error correction method used for target recognition in machine
vision applications.

Verification of the accuracy of the measurement system in an industrial environment
is a challenge, which is not considered in many studies. Possible solutions to examine
the precision of the measurement system used in the literature can be the analysis of
the system accuracy indicators (reprojection error [10], variance of redundant
measurement results [49]), measurement of objects with known dimensions [54],
evaluation of measurement repeatability [48], or comparison of results with an
individual measurement method [51, 52]. This can be, for example, laser scanning,
which is not significantly affected by the interfering effects of the environment.
However, based on the literature, it does not achieve sufficient accuracy to measure
the reference dimensions.
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4 AIMS OF THE THESIS

4.1 Main aim and the problems covered in thesis

During open-die forging, the shape and dimensional inaccuracies of heavy forgings need to
be measured for their subsequent correction. This includes the measurement of length,
diameter, and most importantly, the axis straightness. A review of the literature suggests the
potential of a measurement method based on imaging of forging silhouettes in this
application. However, this method showed a low level of development in this area.
Therefore, the method achieved limited accuracy during the experiments. The main goal of
this thesis is to examine the properties and limits of the measurement approach based
on object silhouettes in the industrial environment, during the measurement of heavy
forgings. It is clear that original methods must be implemented to achieve high
accuracy and reliability of the measurement system. These methods distinguish the
proposed system from similar measurement systems based on the same principle.
These methods and the study of their behavior represent the main novelty of the work.

The goal is therefore achieved through the research, development, and systematic evaluation
of the original or existing methods of optical measurement. The evaluation is carried out
based on experimental data from both laboratory and industrial conditions. The interfering
effects of the industrial environment are examined and resolved. The global contribution of
this work is the original knowledge that brings the passive forging measurement method
closer to implementation in the industrial environment. The work is a combination of applied
research and experimental development. The specific subobjectives of research and
development, based on the result of the literature review, are as follows:

e Objective 1: Research on the application of error correction method for circular
coded targets used for camera calibration of the measurement system, to achieve
reliable camera calibration in industrial environment.

e Objective 2: Development of calibration method for the cameras of the measurement
system based on space resection, allowing on-line camera calibration to prevent the
influence of dimensionally unstable environment.

e Objective 3: Research on the accurate edge detection method for the measurement of
forging silhouettes, which can be corrupted by contrasting scales or background.

e Objective 4: Development of the forging silhouette measurement system, study of its
precision in the industrial environment, and its comparison with independent
comparative measurement method to demonstrate its feasibility.
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4.2 Scientific question and hypotheses

As mentioned above, the thesis is a combination of applied research and experimental
development. There are two research objectives (Objective 1 and Objective 3 in this order),
which can be expressed using the following scientific questions and hypotheses:

e Question 1: How to implement error correction method in cyclic codes decoding of
circular coded targets, used for camera calibration?

o Hypothesis 1: The error correction method could use optimized target code
library and a rotation-invariant distance between the scanned code and a code
in the lookup table.

o Reason: This error correction approach is implemented in a target system
ArUco [32]. This system is used for augmented reality or machine vision
applications and works with a square target design. The optimization of the
target library and the error correction method during target recognition help
the target system achieve high robustness, although without increasing the
target confusion rate.

e Question 2: How to suppress corrupted edges during silhouette measurement?

o Hypothesis 2: The weights, expressing the level of edge corruption, could be
based on complementary information from the image, such as edge gradient
magnitude and direction.

o Reason: Based on forging images, published e.g., in [2], it can be assumed
that the most correct forging edges have a strong magnitude and gradient
direction perpendicular to the forging axis. On the other hand, corrupted
edges have a weaker magnitude and random direction. The corrupted edges
could then be suppressed using weighted edge filtering.

4.3 Thesis layout

The thesis is composed of three articles in journals with impact factor (Paper A, C, and D),
and, in addition, one conference paper indexed in Web of Science database (Paper B). The
conference paper is not a primary part of the thesis. However, it covers one of the important
experimental parts and connects the individual topics covered in this thesis. The papers cover
the Objectives of research and development identified in Section 4.1 via bullets. These topics
are essential to resolve to achieve the main goal. In paper A, an original circular coded target
system, for accurate camera calibration in demanding conditions, is proposed. The scientific
Question 1, which deals with the error correction method of cyclic codes, is solved in this
article. In Paper B, the camera calibration method is developed for the calibration of cameras
of the system. The method uses the mentioned calibration targets and is verified under
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industrial conditions, including the examination of the effect of the air lens. In paper C, the
subpixel edge detection with weighted filtering is proposed, and the scientific Question 2 is
answered. The Paper D deals with the development and verification of the multi-camera and
multi-view measurement method, which is based on the acquired knowledge and fulfills the
main goal of the thesis.

A
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5 MATERIALS AND METHODS

5.1 Measurement system principle

The principle of forging measurement, utilized and developed in this work, was its 3D
passive measurement, based on its silhouettes. The system worked with two or more cameras
facing the center of gravity of the forging. The basic principle of such a system is depicted
in Fig. 5-1. Based on calibrated camera projection model, the principle uses the projection
rays of silhouette points from the image to space. Using 2 or more cameras, a circular object
cross section can be determined. Objects with different cross sections can also be measured.
However, the precondition is the convex cross section of the object.

Fig. 5-1 Left - basic principle of a camera measurement system; right — example measurement images from
the cameras of the system.

The measurement system workflow is provided in Fig. 5-2. The main input was the
measurement images. There were two main parallel branches of the algorithm. The first was
camera calibration. The first step was the coded target location in the image and their
identification. Based on the target identification codes, the target coordinates in the space
were associated with the target coordinates in the image. These data, together with the
interior camera parameters, were the inputs to the exterior camera parameters calibration
process. Both coded target coordinates in space and interior camera parameters were
obtained during or before the installation of the system on-site. The other branch dealt with
the silhouette extraction and object measurement itself. At first, the object was roughly
segmented in the image and expected edge locations were obtained. The edges were then
located using the zero-crossing subpixel edge detection method. To remove the influence of
corrupted edges, the axis imprint and the edges were filtered. Based on the filtered edges and
the camera parameters, the object geometry was calculated using the triangulation principle.
The geometry was then aligned using two short regions on the forging ends. The geometrical
characteristics of the forging, including forging length, diameter, circularity, axis
straightness, maximum deflection, and its position, were then determined.
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5.2 Proposed methods to enhance system robustness

To ensure the robustness of the system, the interfering effect of the industrial environment
was identified, and the original countermeasures are introduced. These proposed features
distinguish the proposed measurement system from the usual measurement systems based
on silhouette measurement and represent the novelty in this thesis.

e Thermally and dimensionally unstable industrial environment, large measurement
volume:

o
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To ensure the high robustness of the target system, used for camera
calibration in an industrial environment, the error correction method was
introduced. The code library generator was implemented to create a code
library with optimized properties. This included the rotation invariant
distance between the targets in the library, to lower the target confusion rate,
and the number of bit transitions, to lower the confusion rate between the
targets and the objects in the environment. The error correction method then
took advantage of the large distance between the codes in the library to
recognize damaged codes. This was carried out based on the rotation
invariant distance threshold, which was based on the distance between the
codes in the code library. On the other hand, by using the target code
recognition threshold, a higher confusion rate of the targets with random
objects in the environment could be expected. Therefore, the similarity
condition was introduced, which processed the scanned target code, based on
the expected normal distribution of black and white target segments. In
addition, robust target segmentation, code scanning, and accurate target
location methods were implemented. These methods are described in detail
in Publication A.

Camera calibration was based on the space resection method, which worked
with a 3D calibration field of robust circular coded targets. Target coordinates
are accurately measured using the TRITOP (GOM) professional



photogrammetric system. The method consisted of single-image, on-line
camera exterior and multi-image, off-line camera interior parameters
calibration. Online calibration was implemented to compensate for the
dimensionally unstable environment. Moreover, to ensure stable intrinsic
parameters of the camera, the cameras were placed in thermoregulated
covers. The camera calibration method was described in detail in
Publication B.
e Potentially low forging contrast in the image:

o Based on the literature, forging contrast can be enhanced by using color
filters. Red color filters were empirically chosen to enhance the forging
contrast.

e Air lens and heat haze:

o According to the literature review, the effect of air lens and heat haze cannot
be easily compensated both physically (by using forced air flow, which is
problematic in large measurement volume) and based on simulation (problem
with boundary conditions). Therefore, in this work, the influence was
minimized by suitable placement of the cameras (outside the hot air area) and
by using red spectrum, to minimize the refraction.

e Forging segmentation in a complex environment:

o Forging edges can be corrupted by contrast scales on the forging surface.
Moreover, contrasting objects can appear near the forging in the scene. Major
differences in brightness on the forging surface can be expected. Therefore,
standard segmentation methods based on edge operators or thresholding fail.
A specialized segmentation method was proposed. This segmentation method
was based on the assumption that the approximate forging orientation and
diameter are known. Therefore, the method worked as a filter sensitive to
horizontal objects of a certain size. The method used the Sobel edge operator,
morphological operations, dual threshold, and voting principle (Hough
transform) to find the most probable forging axis and silhouettes in the image.
The details of this method were described in Publication C. In the future,
this method can be replaced by a more robust segmentation method based on
neural networks.

e Corrupted edge points by scales on the forging surface or background:

o According to the cylindrical forging images presented in the literature, it can
be assumed that a correct edge has a strong gradient oriented perpendicular
to forging axis. On the other hand, it can be assumed that the corrupted edge
has a weaker gradient and an arbitrary orientation. Corrupt edges can have
a major influence on measurement precision, mainly in the case of subpixel
edge detection accuracy. Therefore, weighted edge filtering was
implemented, based on these quality measures. Various combinations of
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these quality measures were experimentally compared. The details of this
method were described in Publication C.
e Effect of insufficient forging circularity:

o Incase of insufficient forging circularity and measurement with two cameras,
major errors of the forging axis or diameter can appear. Normally, this
problem is solved by using a large number of cameras; however, it is not
possible in the industrial environment, where the possibilities of camera
placement are limited. Therefore, a three-camera and multi-view
measurement (utilizing an accurate forging press manipulator, used to
accurately rotate the forging around its axis) was proposed. Details of these
methods are presented in Publication D.

5.3 Measurement system hardware

The hardware of the measurement system consisted of a set-up of 2 or 3 cameras. To achieve
high precision, high-resolution monochromatic cameras ZWO ASI 1600MM (Pro) were
used. These cameras are equipped with a 4/3 ” CMOS Panasonic MN34230 sensor. The
resolution is 4656 x 3520 px (16 Mpx), and the pixel size is therefore 3.8 pm. The cameras
were equipped with industrial grade Zeiss Interlock Compact objectives. Different focal
lengths were used in the industrial environment to compensate for the different camera
distances from the object (due to the plant layout). No special experimental stand was
needed; the cameras were directly mounted on supporting constructions of the forge, or, in
the laboratory, they were placed on tripods. In the laboratory, the objectives were equipped
with Haida UV+IR cut filters (390 — 750 nm). In the industrial environment, the cameras
were protected by specialized thermos-regulated camera covers (Fig. 5-3). The temperature
in the camera covers was controlled using a Ranque-Hilsch vortex tube. Bandpass filters
Schneider-Kreuznach BP 680-100 HT were chosen based on empirical findings. The camera
layout in both industrial and laboratory environments (initial experiments) is provided in
Fig. 5-4 and Tab. 1. The final laboratory experiment simulated the camera layout in the
industrial environment; however, the dimensions were scaled (decreased) approximately
7 x. The measurement volumes were designed for 0.5 and 4 m long objects in the laboratory
and industrial environment, respectively.

Fig. 5-3 Thermoregulated camera cover.
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Industrial environment

Cam 1 St Cam 3

f=21mm t=21mm

Laboratory environment (initial experiment)

Cam1 Cam 2
f=21mm f=21mm

ol T f=35mm
d=7m I?{ - d=13m I?' d=1m d=1m ‘QI

Fig. 5-4 Layout of the camera system in laboratory and industrial conditions.

Tab.1 Detailed information about the camera system.

Industrial environment

Cameral, 2 Camera 3

Focal length 21 mm 35 mm
Mutual field of view Approx. 6 X 6 x 2 m

Pixel equivalent Approx. 1.29 mm

Laboratory environment (initial experiment)

Cameral, 2
Focal length 21 mm
Field of view 0.8x0.8x0.3m
Pixel equivalent 0.17 mm

Fig. 5-5 Sample measurement image from the laboratory (left) and industrial environment (right); the images
are adjusted and cropped.

The measured objects in the laboratory were steel pipes with 500 mm length, 50 mm
diameter, and approx. 1 mm deflection (3 total). Repeated measurements of this object were
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carried out, with arbitrary object rotation around its axis. In case of measurement in an
industrial environment, the measured objects were cylindrical forgings with fittings, a length
of approx. 1.9 m, a maximum diameter of approx. 300 mm, and a surface temperature around
1000 ° C.

5.4 Reference geometry and comparative measurement

To estimate the accuracy of the measurement system, the reference geometry of the samples
in the laboratory was obtained using a professional 3D scanner ATOS Il TripleScan 8M
(GOM). The scanner was used in the MV560 configuration. The scanner works on the
principle of fringe projection. According to VDI/VDE 2634 the measurement accuracy is in
the order of thousandths of millimeters. However, in the industrial environment, a reference
cannot be obtained. Therefore, to demonstrate the feasibility of the proposed methods,
a comparison with independent, comparative method was used. Based on the literature, laser
scanning was chosen. FARO Focus 3D S 120 professional laser scanners were used. The
object was measured from both sides simultaneously. The scans were registered based on
sphere targets placed in the scene. The result of both measurement methods is 3D point
clouds, which were processed and evaluated using GOM Inspect software.

Fig. 5-6  Comparative forging measurement using laser scanners.

5.5 Target system benchmark

To verify the properties of the target system, a benchmark was introduced. Basic input target
images were modified by image processing methods to simulate code damage and selected
negative image effects, including image scale, observation angle, image noise, or image blur:
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e Code damage: image scale 0.9, 0 — 7.5 bits occluded with a patch of random intensity.
e Image scale: 0.05 - 1.

e Image blur: image scale 0.9, convolution with Gaussian kernel with 6 =0 — 8.

e Image noise: image scale 0.9, additive noise with 6 =0 — 0.4.

e Observation angle: image scale 0.9, simulated angle extent 2 — 90°.

The sample cuts from the datasets are provided in Fig. 5-7. The mentioned intervals
contained 100 samples. The effectiveness of the proposed methods was evaluated based on
precision p, recall r, and their harmonic mean F:

p-r tp tp
F=2 ;D= ;T =
p+r tp + fp tp+ fn

(5.1)

Where tp, fp and fn stand for number of true positive, false positive and false negative
cases, respectively [32].

Fig. 5-7 Examples of corrupted targets from the datasets.
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6 RESULTS AND DISCUSSION

The section Results and Discussion is arranged according to the workflow of the
measurement system methods. This section mainly introduces, summarizes, and links the
findings of the attached Papers A, B, C, and D. The content of the papers is as follows:

e Paper A: Enhancing the robustness of the circular coded target system for camera
calibration; research on the error correction of the cyclic codes; solution of
Obijective 1, scientific Question 1, and Hypothesis 1.

e Paper B: Development of the camera calibration method of the forging measurement
system cameras; its verification in the industrial environment; solution of
Obijective 2.

e Paper C: Research on the accurate forging edge detection method; Solution of
Objective 3, scientific Question 2, and Hypothesis 2.

e Paper D: Development of the forging measurement system; demonstration of its
feasibility in the industrial environment; solution of Objective 4.

Paper A dealt with the robustness of the circular coded target system. A circular coded target
system for industrial applications was developed (further called ICCT, industrial circular
coded target system). By using the code library generator, a library of 60 fifteen-bit target
codes was generated. The minimum distance between the codes in the library was 3.
Therefore, the error correction can theoretically withstand up to 1 bit completely changed or
2 bits occluded or damaged. In addition, other methods were proposed to make the system
more robust to common image effects. The proposed methods were verified based on a target
system benchmark and compared with the circular coded target system proposed in [27]
(further SA, state-of-the-art), TRITOP (GOM) target system and ArUco [32] target system.

The experimental verification of the robustness of the target system to code occlusion up to
the area equivalent of 2 bit segments was performed. The results showed excellent ICCT
performance (recall over 0.9) up to an occluded area of approx. 1.5 bits equivalent, where
the probability of recognition rapidly decreased. On the other hand, the precision in the
whole interval was exactly 1. The results are in accordance with the assumptions because
the target damage behaves likely like occlusion (unknown value); thanks to the similarity
condition; the probability of code confusion is low. The advantage of this error correction
method was demonstrated against the compared target systems, which ICCT overperformed.
The recall of the other compared target systems began to rapidly decrease immediately. The
exception was the ArUco target system, which recall decreased approximately linearly. This
effect occurred despite the fact that this system used error correction. However, this was
apparently the effect of using the same code occlusion path for circular coded and ArUco
target systems. Moreover, the occlusion of the target code was studied up to the occlusion
area of 7.5 bit segments, to study the precision of the target system. ICCT and the target
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system presented in [27] showed a similar precision of approx. 0.97, while the TRITOP and
ArUco did not show any target confusion at all. Although the values were close, the
confusions can be problematic in some applications. However, in case of ICCT, this was
compensated by a significantly higher recall compared with the other circular coded target
systems. The comparison with ArUco, which achieved absolute precision despite its error
correction feature, was again problematic, due to the use of the same patch for both target
systems, which used a different design.

The response of ICCT on the image scale and observation angle showed that the proposed
target system was capable of identifying targets with a center diameter as low as 3 px and
observation angles as low as 7°. The results were comparable to those of the ArUco system
in both cases. From the other circular coded target systems examined, TRITOP achieved
better results and managed to recognize comparable small targets, but its observation angle
limit was 27°. The proposed excellent target performance was achieved thanks to target
segmentation based on Canny edge operator with upscale, to provide more smooth results,
and robust sorting method based on ellipse fitting. Regarding image blur, the best results
were achieved by TRITOP. ICCT and SA are both based on a Canny edge detector, which
performs poorly under a high level of blur. A heavy drop in target recall was recorded around
o =4. The worst result in this data set was achieved by ArUco (a heavy drop around ¢ = 2.5).
On the other hand, TRITOP target system proved to be sensitive to image noise. ICCT and
SA were less sensitive and ArUco achieved the best results. However, this problem was
caused by the segmentation method, based on the Canny edge operator. By increasing
o input of the Canny operator, the target segmentation became significantly more robust,
overperforming ArUco target system.

Overall, the proposed target system was evaluated as effective, overperforming the
compared target systems in occlusion up to area of 2 bits, offering great performance both
on scale and observation angle datasets (comparable to ArUco and overall overperforming
both SA and TRITOP) and offering great robustness to both image blur and noise
(overperforming AruCo and performing comparably with SA; TRITOP system proved great
results on Blur dataset, however, performed poorly under image noise). The proposed ICCT
target system was also verified by application in the heavy industry environment to calibrate
cameras of a forging measurement system. Future studies could include improving the target
library generator, by implementing an optimization method to find an optimum set of
calibration target codes (similarly to [33]), and further minor improvements in the
recognition algorithm.

In Paper B, the calibration method for the cameras of the forging measurement system was
proposed. This method was based on space resection and used a circular coded target system,
presented in Paper A. The method worked in two steps, allowing the on-line camera exterior
parameters calibration to compensate for small camera movements. The calibration accuracy
was verified under both laboratory (meas. volume approx. 1.5 x 1.5 x 0.5 m) and industrial
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conditions (meas. volume approx. 6 x 6 x1.5 m). In both cases, the reprojection error was
below 0.1 px, which was close to the value observed in [10]. The assumed error of camera
calibration on silhouettes reconstruction in laboratory and industrial environment was
0.03 and 0.24 mm, respectively. This result was evaluated as satisfactory. The effect of hot
atmosphere and air lens surrounding the forging was also examined. Based on the results,
the reprojection error increased up to 2.5 x both in the laboratory and industrial environment.
The increase in the reprojection error was approximately in agreement with the results
presented in [19] (in both cases in thousandths of percent, although different air lens shapes
were present). Therefore, this effect was considered as clarified and was not further studied.
An alternative way of camera calibration was proposed — the cameras could be calibrated
shortly before the forging is placed in the scene, to prevent the influence of air lens and heat
haze. Future studies could focus on the implementation of the camera calibration method
based on epipolar geometry.

The focus of Paper C was the development of an edge detection method for the
measurement of forgings, based on their silhouettes. The main idea was to use the subpixel
edge detection method and subsequent filtering based on complementary information about
the edge quality measures from the image. To verify the effectiveness of the proposed
methods, the developed method was compared with the method presented in [2], which used
edge detection with pixel precision and uniform weight filtering. The experiment was carried
out in both the laboratory and the industrial environment (two-camera system).

The first finding was the confirmation of the advantage of subpixel edge detection in both
the laboratory and industrial environment. The median error decreased in both cases by
approx. 50% and 30% in the case of axis straightness measurement and object diameter
measurement, respectively, compared to edge detection with pixel precision. A higher
improvement could be expected (the accuracy of the subpixel edge detection method utilized
is up to 1/100 px). However, this subpixel accuracy can be achieved in an ideal image. The
lower increasement of accuracy can be explained as the effect of non-ideal edge contrast and
object circularity in the laboratory environment, edge disturbances and heat haze in the
industrial environment, and camera calibration error or minor simplification in the case of
3D geometry reconstruction method in both cases.

Regarding the filtering method, it was found that edge and axis filtering in the laboratory
environment does not offer any improvements due to uniform edge contrast and no
significant local edge disturbances. However, in an industrial environment, where strong
local edge disturbances appeared, filtering helped reduce the axis measurement sigma error
by 53% and the maximum error by 77%. The improvement was significantly lower for the
diameter measurement (sigma by 7% and maximum error by 15%), due to the rapidly
changing diameter along the forging axis. The advantage of the weighted filtering, based on
the complementary information of the image, was then studied. It was found that in case of
axis straightness, both edge gradient direction and magnitude can be used as weights,
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significantly overperforming the filtering with uniform weight. The best results were
achieved by using edge weights based on the direction of the edge gradient. Compared to
uniform weight filtering, the sigma error decreased by 34% and the maximum error by 64%.
On the other hand, for the object diameter filtering, the weight based on edge gradient
magnitude turned out to be the most advantageous, overperforming the uniform weight filter
by 11% in the case of both axis straightness and maximum error. The lower improvement
was also explained as an effect of the rapidly changing diameter along the forging axis.

Overall, the proposed methods achieved by a 50% lower sigma and by a 63% lower
maximum error compared to the state-of-the-art method [2], in the case of axis measurement
in industrial environment. However, the methods performed comparably in the case of
forging dimeter measurement. This was explained again as the effect of rapidly changing
forging diameter along its axis and the effect of a stronger diameter filter used in the case of
the state-of-the-art method (moving average against weighted parabola fitting, although with
windows of the same size). Finally, the precision achieved by the proposed methods in the
industrial environment was + 0.5 and +£1 mm for the measurement of the forging axis and
diameter, respectively. Based on the pixel equivalent of these values, comparable values as
in case of forging measurement in laboratory were achieved thanks to the proposed methods,
suppressing the interfering effects of the industrial environment (despite the higher error of
forging diameter measurement).

The above-mentioned results do not include the effect of potential poor forging circularity.
By studying the repeatability of the measurement with rotation around the forging axis, an
approx. three-times greater measurement error was recorded. In the case of forging axis
measurement, the same trend of measurement error was recorded across the compared
methods. Weighted filtering with weights based on edge gradient orientation performed the
best, helping to suppress less representative edge segments. In the case of the measurement
of the diameter of the forging, all compared methods performed similarly, showing that the
advantages of more accurate methods are dominated by the effect of circularity of the
forging. Therefore, future studies included the method of assembling more observations,
from different viewpoints, in one measurement, achieving a better determination of the
forging cross section.

The Paper D dealt with the further development and feasibility demonstration of the system
for forging measurement. From the method point of view, the main novelty was the
introduction of three-camera and multi-view observation measurement in this application, in
order to solve the above-mentioned problem of a poorly determined forging cross section.
In addition, the ability of the system to measure the circularity, based on forging silhouettes,
was studied. Moreover, the obtained results of the proposed measurement method were
verified by comparison with those of the independent measurement system (based on laser
scanning). Such experiments have not yet been carried out and demonstrate the feasibility of
the proposed measurement system.
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The study of repeated measurements showed a high level of outliers in the case of forging
diameter and circularity measurement. These outliers are the result of a rapidly changing
forging diameter along its axis and an inaccurately defined forging origin. Therefore, 10%
of the outliers were removed in the case of measuring the diameter and circularity of the
forging in the further analyzes. The third (added) camera decreased the measurement error
by 13 — 15%. Moreover, by using the multi-view method, a decrease of the measurement
error with square root of the observation number was recorded, which is in correspondence
with the global assumption. However, the best results were achieved when the observations
were evenly distributed around the forging axis. For the rotation of the forging around its
axis by 30° between observations, six observations were the most effective in determining
the forging geometry. This was assumed based on significant drop in the measured
repeatability error. This means that forging cross section deviations were not strictly random
in dependence to their polar coordinates. The cross section rather showed limited
complexity, and neighboring observations can therefore show systematic similarities.
However, six observation measurement offered 64 — 71% lower measurement error
compared to a single observation. Overall, the precision of a six-observation measurement
was £0.5 mm for the both forging axis straightness and diameter measurements (95%
confidence interval). A different situation was recorded in the case of circularity
measurement, where the result is calculated based on extremal values. Therefore, in case of
low number of observations, a systematic error was observed. The systematic error was
significant for up to 10 observations. However, in the case of 11 observations, the recorded
error was £0.6 mm (95% confidence interval including systematic error).

To demonstrate the feasibility of the proposed measurement system, it was compared with
the laser scanning measuring technique. The results of axis measurement showed great
agreement (95% confidence intervals overlap in 98.47% cases, with a mean difference of
0.04 mm). Approx. 50% of overlap was recorded in the case of the forging diameter and
circularity measurement. The mean differences were 0.5 and 0.9 mm, respectively. However,
this was explained partially as the effect of the outliers and partially as the possible influence
of the air lens, which affects the camera system (operating around 680 nm wavelength) more
than laser scanning device (operating at 905 nm). However, these numbers were within the
point cloud registration error (the mean differences were on the same order). Moreover, the
proposed and comparative laser scanning systems were compared from a measurement error
point of view. The proposed system surpassed the laser scanning technique in four, six, and
eleven observations in the case of forging axis, diameter, and circularity measurement,
respectively. From the measurement time point of view, every observation lasted around
10 s. On the other hand, the laser scan was captured in five minutes; therefore, even in case
of full 12 observations, the proposed camera system achieved shorter measurement time.
However, both measurement techniques could be optimized to achieve significantly lower
measurement times, negligible compared to the time of forging operation.
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The overall influence of the interference effects was examined. Because previous
experiments did not show significant systematic errors, the effect was studied by comparing
the repeatability of the measurement under industrial and laboratory conditions (considered
as ideal conditions). Comparing the recorded pixel equivalent of repeatability error, the
overall influence of interfering effects present in the industrial environment has a significant,
but not critical, effect on the random measurement error. The error increased approx. 5-6 x,
3 x and 3 x in the case of the measurement of axis, diameter, and circularity, respectively
(considering the case without outliers of 10%). Despite the increase, the single-observation
error pixel equivalent remained under 1 px in the case of axis and diameter measurement.
The circularity measurement error was higher; however, it was shown that more observations
were needed to measure it accurately. It is also obvious that there are fewer outliers in the
results obtained under laboratory conditions. This is supported by the finding that by
removing the 10% outliers, the diameter and circularity measurement error did not decrease
significantly in the case of laboratory measurements (0.042 vs. 0.033 mm in the case of
sigma diameter error), compared to the industrial measurements (2.070 vs. 0.833 mm in the
case of the same error).

The significant relative influence was recorded as a result of the high subpixel sensitivity of
the measurement system. The possible cause, instead of the influence of interference effects,
was a more complex geometry of the forging surface, which contains many plastic forging
press marks on its surface and also the shape of the forging itself. In addition, the circularity
of the samples was not proportional.

Further studies in this case include the implementation of an accurate subpixel method of
forging origin determination, which could eliminate the outliers in the case of forging
diameter and circularity measurement. Another challenge is the measurement of different
forging cross sections, e.g., square or rectangle, which are defined by more parameters.
Another possibility is the combination of the proposed principle with different measurement
principles for the determination of forging circularity, for example, laser scanning, similarly
as in [40].
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Abstract

Coded targets are used as reference targets with a known location during camera calibration, for robust searching of cor-
responding features between images during various applications of machine vision like object tracking, robot navigation or
3D measurement. In this paper, a target system for industrial photogrammetric applications is outlined. The methods which
have been chosen emphasize maximum robustness, along with accuracy at the expense of computational efficiency, since
photogrammetric measurements are mainly evaluated offline. The outlined system combines widely used photogrammetric
circular coded target design with an automatic library generator. It also utilizes robust methods of target detection and rec-
ognition with error correction (in case of 60 15-bit targets, up to 1 bit confused or 2 bits occluded) along with preserving
the low false-positive or confusion rate. Any error correction method for this type of targets was not introduced before. The
solution also allows for the creation of versatile target libraries or to work with the existing target libraries of a number of
commercial photogrammetric systems. The properties of the target system were tested under challenging conditions (includ-
ing heavy noise, blur, occlusion and geometrical image transformations) and compared to state-of-the-art systems, e.g. TRI-
TOP (GOM), or ArUco, which it outperforms. The target system is already used for the camera calibration of a specialized

photogrammetric system utilized in the heavy industry environment.

Keywords Circular coded target - CCT - Coded target - Fiducial marker - Camera calibration - Photogrammetry

1 Introduction

Close range photogrammetry is the science of dealing with
measurement based on images. It has a wide range of appli-
cations, such as quality control and 3D object reconstruction,
or object tracking. Today’s technology allows us to perform
the measurements automatically, quickly and accurately.
Some of the main tasks of photogrammetric measurements
are: determining the precise location and identification of
features, as well as finding the corresponding features in the
image. These features can be used for camera calibration, for
the measurement itself, or both.

The camera calibration can be understood to be the esti-
mation of the parameters of the projection from 3D coordi-
nates in space, to 2D coordinates on the chip of the camera
(or any photographic material). Camera parameters include

< Jakub Hurnik
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Institute of Machine and Industrial Design, Faculty
of Mechanical Engineering, Brno University of Technology,
Technicka 2896/2, 616 69 Brno, Czech Republic

both intrinsic (focal length, physical centre of image, distor-
tion) and extrinsic (camera location and orientation) param-
eters. There are many camera calibration or measurement
methods which are suitable for different applications. Some
of them utilize only natural features or textures in the image
[1]. While these methods have the advantage that any modi-
fication of the environment is usually not required, methods
which use calibration targets are still often used for camera
calibration [2-5], or for industrial or scientific measurements
[6-9]. The main decisive factors for the usage of these meth-
ods are lower computational times, better reliability (mainly
in environments with less texture) and better accuracy. The
artificial targets can be coded or non-coded. Coded targets
are used as reference targets with a known location, or for
robust searching of corresponding features between images
(tie points), or object tracking.

The design of these coded targets should allow us to cre-
ate a large number of unique targets whilst using minimal
pattern size. The targets should be reliably identified with
invariance to position, rotation, size or projective distortion.
There are two main types of codes. The first are barcode-
style codes (Fig. 1, upper row), which use a binary code
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(a)

Fig. 1 Different types of coded targets—a TRITOP; b Garrido-
Jurado, 2014; ¢ Calvet, 2016; d Bergamasco, 2013; e Ahn, 2001

near or around the centre of the target. The second type is
the code based on the unique distribution of elements in
the code area (Fig. 1, lower row, e.g. [10-12]). The bar-
code-style targets are mainly circular [4, 13—-19] or square
[20—24]—these shapes are easily detected in the image.
Square targets are often used for augmented-reality appli-
cations—single detected targets provide 4 correspondence
points. On the other hand, the most common target design
for photogrammetric systems is circular coded. The simple
circular target design with a barcode-style code (Fig. 1a,
also called circular coded target, CCT) is very often used by
professional photogrammetric systems including TRITOP
(GOM), or scanreference (AICON). This design allows us
to create large target libraries, along with fast, reliable and
accurate target detection under normal conditions.

1.1 Related previous work

The algorithm related to the recognition of circular coded
targets (Fig. la) is described in [4, 14—17, 19]. The authors
use a similar method of the identification of coded targets
with various modifications. 9-16-bit codes were used.
Firstly, the binarization of the image (using thresholding
or an edge operator, e.g. [25]) is carried out. The ellip-
ses (the centres of potential targets) are detected accord-
ing to certain criteria, e.g. their dimensions, contrast, the
best fit of ellipse or location. The ID code is scanned (the
geometry of the target is already known, so it is possible
to locate and read the code). The scanned cyclic code is
arbitrarily rotated—to find the starting angle, bit transition
(edge) is found [14], or the code is rotated, so the sum of
the variances in all bit segments is minimized [4]. The
cyclic binary code is determined according to the inten-
sity of the bit segments using thresholding (Otsu’s method
[26] is used, or the threshold is set as the mean value of
the mean black and the mean white values [4]), or the
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code is determined according to the gradients between bit
segments [19]. The cyclic code has n different forms. (n
is the number of bits of the code, e.g. 4-bit cyclic code
1100 has 4 different forms—1100, 0110, 0011, 1001.) All
authors consider the lowest value, after the transformation
of all possible cyclic codes from binary to decimal, to be
the target’s identification number. No error correction is
implemented. Finally, the accuracy of the target centre
coordinates is improved using a more accurate method of
centre location, e.g. weighted centroid.

A different method of the recognition of circular coded
targets was proposed in [18]. There are two main differ-
ences—the centre segmentation was based on radial sym-
metry measure, which used several oriented log Gabor filters
in frequency domain. The second difference was the target
recognition method, which was based on the comparison of
the target code to codes in a lookup table (target library).
If one of the rotations of the targets’ cyclic code exactly
matched the target code in the target library, the identifica-
tion number was assigned to the target.

This work was also inspired by the idea of Garrido-Jurado
et al. [22]. In their work, a target system ArUco which solves
the problem regarding predefined target libraries of calibra-
tion targets was developed. The predefined library could be
too small or too large for some applications. If the library
is too large, it could be useful to select the targets with
the best properties. A simple, square barcode-type target
design (Fig. 1b) was utilized. A library generator, which
chooses the best set of targets with maximum inter-code
distance between them (to lower the confusion rate between
the targets), and the maximum number of bit transitions (to
lower the confusion rate with random objects in the environ-
ment), was developed. The identification of targets in the
image includes target segmentation, perspective projection
removal, processing the code with Otsu’s method and code
identification using the rotation-invariant distance between
the scanned codes and the codes in the library (the lowest
distance between the codes in the library and rotations of
the square code). The target system also implements error
correction, which utilizes the increased inter-code distance.
If the code of the target contains errors, the closest code’s
ID is assigned to the target, if the distance between the codes
is lower than or equal to (z — 1)/2, where 7 is the minimum
inter-code distance of the codes in the library. Further, the
authors made improvements to the library generator; mixed
integer linear programming was used to achieve optimum
or sub-optimum inter-code distance of markers in the gener-
ated library [23]. The recognition algorithm was also later
improved—the original bit extraction algorithm was sur-
passed by state-of-the-art machine learning techniques from
the robustness point of view [24], at the expense of train-
ing the neural networks on large datasets (12,500 synthetic
images of calibration targets, 210,000 images for negative
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class). For this experiment, a library of 50 6 X 6 bit targets
were used.

1.2 Problem formulation

This work is focused on the development of robust circu-
lar coded target system (target design Fig. 1a). Although
this target design is often used, only basic approaches to
target decoding, without error correction, are presented in
the literature. The problem of circular coded target libraries
generation is not examined at all. In general, the target rec-
ognition methods are not adapted to allow for high robust-
ness. In demanding conditions, the recognition could fail.

1.3 Contribution

The developed target system is called ICCT (Industrial Cir-
cular Coded Target system). The inspiration is the square
target system ArUco used for virtual reality applications,
which use error correction to significantly improve the
robustness. In this work, this approach is originally used
for the system of circular coded targets. To reach maximum
versatility, ICCT utilizes the common circular coded tar-
get design. With several limits, it could be used with the
same targets which, for example, are used by TRITOP. On
the other hand, this target system is adapted for maximum
robustness and accuracy—it overcomes the disadvantages
of currently available circular coded target systems. This
improvement is made at the expense of computational time,
which is less important, because photogrammetric measure-
ments are evaluated mainly offline.

The main presented contribution of this work is the new
approach to circular coded target library generation and
their recognition in the image (highlighted part in Fig. 2).
The main improvements include an error correction method
(which was not introduced before for this type of targets) and
automatic target library generator. The other minor improve-
ments include and an optimized, robust method of target
segmentation and code scanning.

Segmentation
parameters

-
Input Target
image segmentation

Target IDs, Accuracy
coordinates improvement

Fig.2 General target system algorithm; the main contribution of this
work is in highlighted part

Target code
library

Target
recognition

The other contribution is the comparison of the proposed
target system with state-of-the-art method proposed by [14],
commercial solution—the TRITOP system (GOM) and the
ArUco square target system [22].

The outlined target system is already being used for the
camera calibration of a measurement system which is used
for the quality control of heavy forgings [27-30].

2 Methods

e Target system design The proposed target system uti-
lizes widely used target design, to maximize the ver-
satility. The target design was introduced before and is
displayed in Fig. 3. The main novelty is the error correc-
tion method. Error correction is enabled due to automatic
target library generator, which optimizes important prop-
erties of the target codes. The target decoding with error
correction is carried out based on rotation-independent
distance between the cyclic code of the scanned target
and the cyclic codes in the target library. In addition,
we present a novel similarity condition, which is imple-
mented to improve the performance of the recognition
under occlusion. The whole recognition algorithm is
based on conventional (not machine learning) methods.
The key disadvantage of machine learning methods is the
complicated training on large datasets. Although there
is a possibility to reach more robust recognition, these
methods were chosen to ensure the flexibility of target
libraries (the user can make target libraries of the desired
number of targets, or work with the target libraries of
professional measuring systems, which use similar target
designs).

e Target library generator The target library is the list of the
cyclic codes of the targets. The idea of the target library
generator is to adjust the library for concrete application.
This includes the optimization of the rotation-independ-
ent inter-code distance in the target library to minimize
the confusion rate between the targets. Second criterion
is to maximize the number of bit transitions in the codes,
to lower the probability of confusion of such target with

o ¢ |
| //%///z /é///////// ﬂ‘i

o @]
I//////// / (\I?
S //////////// . B

v //% '

Fig.3 Geometry of coded target, 15-bit code—010101010101010
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random object in the environment. The details of this
algorithm are included in Sect. 2.1.

e Error correction method The error correction is
achieved—the identification number is assigned to the
target—if the rotational-invariant distance between the
target code and the code in the code library is less than
the threshold. This solution allows us to take advantage
of maximized inter-code distance in order to recognize
codes with errors for a higher true-positive recogni-
tion rate. The details of this method are described in
Sect. 2.3.8.

e Similarity condition Due to the error correction abil-
ity of the system, the chance of false positives may
be increased. To eliminate this drawback, and to also
achieve even better error correction capability of tar-
get system under occlusion, the condition of similar-
ity between the target centre and the area of the code
ring and the computation method of probabilistic code
is newly introduced. The occlusion object or impurities
of the code will likely have a different colour (inten-
sity) when compared to the target. The parameters of
the normal distribution of the pixel values of black and
white segments are used. According to these parameters,
the scanned code is quantized to obtain the probability
that the certain bit segment is black, white or uncertain.
The details of this method are described in Sect. 2.3.6.
and 2.3.7.

e Other minor improvements The aforementioned
approaches are combined with an improved robust tar-
get segmentation and code scanning method, which is
resistant to common negative image effects (blur, noise)
and allows us to identify small or distorted targets.

2.1 Library generation

The algorithm which creates the target library works in two
phases (Fig. 4). In the first phase, all unique cyclic codes
are generated (full library L, for which the user specifies the
number of bits of the codes). In the second phase, a user-
defined number of codes with the best properties are sorted
out (user-adjusted library L,).

2.1.1 Full library generation

The maximum number of unique cyclic codes (number of
members in the full library) could be determined by solving
the ‘necklace’ problem (Eq. 1) [31, 32].

7(n)

Ny =1/n ) ¢(d;)2"/* (1)
i=1

where N is the maximum number of unique cyclic codes,
n is the number of bits of the codes, y(n) is the number of
divisors of the number n, ¢ is the Euler function, and d; are
the divisors of the number n. The solutions are shown in
Table 1.

Generation of all unique cyclic codes could be carried out
by generating all possible n-bit binary codes, and sorting all
unique cyclic permutations. All possible binary codes could
be generated, for example, by first converting the n> natural
decimal numbers to n-bit binary codes. From this set, unique
cyclic codes could be sorted out according to the minimum
rotation-independent distance D; between this code and all
codes m;, which were already placed in the full library L.

Dy (m;, L) = min,, ¢ {D(m;,m;) } )
Fig.4 Flowchart of the code 4 ] N\
library generator algorithm 2.1.1Full library L
. Generation of all possible Solution of necklace
Input - number of bits )
circular codes L problem
. /
‘
~
2.1.2 User adjusted library L, ;
Selection of best code
Input - number of codes according to certain
criteria
Output - minimum inter- i .
code distance €,y Output - Code library L,y
. J
Table1 Solution of the n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
necklace problem
Nmn)y 2 3 4 6 8 14 20 36 60 108 188 352 632 1182 2192 4116
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The rotation-independent distance D between the codes
m; and m; is defined as follows:

D(my,m;) = minge oy oy {H (R (m;),m;) } 3)

where R, is the ‘rotation’ function which rotates the code
kx360°n (shifts the last k elements of the code m; at its
beginning), and H is the Hamming distance between the
codes.

If the distance D; is nonzero (i.e. the cyclic code is
unique), the code is put into the library—otherwise, it is
rejected. This loop continues until all unique codes are gen-
erated—until the size of the library reaches the maximum
number of unique cyclic codes N(n).

2.1.2 User-adjusted library generation

The set of codes L,4; (user-adjusted library) which best fulfil
criteria are sorted out from the full library L:

e Maximum number of bit transitions.
e Maximum distance between all codes in the library.

Sorting is carried out in a loop. At every step, the conven-
ience number C (fulfilment value of the mentioned criteria)
is calculated for every code m; in full library L (the lower of
the values is the most relevant in ensuring the fulfilment of
both criteria at the same time):

C(m;) = min{ Dyg (m;, Lg; )Ty (my) } “4)

where the first criterion value Dy, q; is the minimum rotation-
independent distance between the code m; and every code
which has been already put into the library L,g;:

D45 (1) Logy) = min,,, o1 {D (m;.m; ) } Q)

The second criterion value T, is the number of bit tran-
sitions 7 in the code m; divided by 2, to ensure enough bit
transitions are in selected codes:

Ty (m;) = 1(m;) /2 (6)

The code m; with the highest C is then put into the library
L,q;- This process continues until the resulting library L,
reaches the user-defined size. The identification numbers
are then assigned to the codes according to their order in the
library L, which are the main output of the library genera-
tor. The second output is the convenience number C,;, of the
code, which was put into the library L, ; last—this number
can be considered the minimum inter-code distance in the

library L,g;.

2.2 Target library

Depending on the target system application, a reasonably
large set of 60 targets was generated. The minimum inter-
code distance in the library was examined for 14-16-bit
targets. According to Fig. 5, 15-bit target codes were cho-
sen, because for the 60 target set, they had a satisfactory
inter-code distance (the same as 16-bits) while using less
bits than the 16-bit variant. The minimum inter-code dis-
tance C,;, of the codes in the generated library is 3 (a
minimum of 6-bit transitions).

2.3 Target identification in image

The target identification method is summarized in Fig. 6.
The detection of target centres is carried out in the
image—which is processed by a robust edge operator.
Upscaling is presented to raise the resolution of the binary
image, in order to make the results of the edge operator
smoother and to help find even very small targets. The
ellipses are sorted out according to their geometry and
local pixel values in the greyscale image. The accurate
target centre coordinates in the image are calculated using
the star ellipse operator, which is considered to be the most
accurate method [6].

The identification code is scanned using a dense net of
scanning points, in order to dampen the negative effects of
image noise. The code is then divided into bit segments. The
similarity condition is applied. The target is then recognized
with error correction by using the rotation-invariant distance
between the target code and the best-fit code in the current
code library L.

2.3.1 Upscale and binarization

The greyscale input image is upscaled and pre-processed
with the Canny edge operator [25]. This operator provides
reliable edge detection even in noisy images or pictures with
bad light conditions. The image was upscaled 2 X using bilin-
ear interpolation. The assumption is that raising the number
of edge points and smoothing the result will help to segment

Minimum inter-code distance

— 14-bit
15-bit

— 16-bit

--------- 60 targets

o—\mw-hmm\nfz
<

-

10 100 1000
Number of targets (-)

Fig.5 Achieved minimum inter-code distance for target sets
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Greyscale image

Input (edge operator
parameters)

2.3.1 Upscale, Canny edge
operator

—

e

Input (ellipse size, result
after ellipse fit)

2.3.2 Separation by
properties of edges

-

2.3.3 Separation by contrast,

S -y Input (minimum contrast)

ellipse fit) accuracy improvement)

(1

Input (maximum result after ‘ 2.3.4 Star operator (centre

'

2.3.5 Code scanning,
rotation correction

'

2.3.6 Code filtering and
similarity condition

'

2.3.7 Conversion to
probabilistic code

'

code distance 2.3.8 Code recognition

Code library, minimum inter- »

A

Fig.6 Algorithm for target segmentation, identification and location

smaller targets. The sensitivity Sen and the standard devia-
tion of the Gaussian filter of the Canny operator ¢y, could
be adjusted.

2.3.2 Separation by properties of edges

In the binary image of the size x;Xy,, a set of all connected
edges E with pixel coordinates {[x;; y;] for i=1,2,...,n,},
where n, is the number of edge pixels of the connected edge,
are found. Edges of desired locations, dimensions, convexity
and ellipticity are separated out according to the following
properties:

e Minimum distance from the centre of mass [x; y;] to
the edge from the boundary of the image ¢, length inter-
val [@7min Grmax] Of the semi-major axis of the region
ar, minimum length by, of the semi-minor axis b; and
maximum distortion distor,,,, (maximum a,/b; ratio).

E, CEE, = {e EEO+t<Lxp(e) Sx,—t A0+t L yp(e)
<Yy =t Aapmip < ar(e) < armax A brmin

< bp(e) Aagp(e)/bp(e) < distormax}
@)
Non-convex shapes are rejected using the maximum ratio
(convar) between the area of convex envelope of the region
Sc and the filled area of the region Sf:

E,CEE, = {e € E;;Sc(e)/Sf(e) < convar} 8)

@ Springer

Result (Centre coordinates,
target IDs)

e Non-elliptical objects are rejected using the maximum
residual e, of the fit of ellipse. The ellipse f1is fitted to
the normalized contour pixels with the residual ¢.

E3 CEyEy = {e € Eyie(e) < emax | )

2.3.3 Separation by contrast

Using this condition, only white objects on a black background
with the desired contrast are sorted out. This step is combined
with the estimation of black and white centre segment intensity
distribution, for further application of similarity condition. To
reduce the potential negative effects of image blur on the rel-
evance of value distributions, scanning is carried out through
a set of scanning points with varied distances to the contour.
(In this work, 6 paths are used, see Fig. 7.) Normal distribution
of the values is used—due to its simplicity. The mean value
m,, and the variance o7, for the inner paths and the mean value
m,, and the variance o7 for the outer paths are computed. The
contrast condition is expressed as follows:

E,CEyE, = {e € E3;cmip < mw/m,,} (10)

2.3.4 Centre accuracy improvement

The existing method of star ellipse operator (example in
Fig. 8) was chosen because it provides the most accurate
results of the methods for computation of circular target
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Fig. 7 Black and white segments intensity distribution estimation

©®0.153:0.53:0.853
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Fig.8 Example of star ellipse operator. Red cross—initial point,
red points—scanning points, green crosses on the boundary—edge
points, green line—fitted ellipse, green cross in the centre—centre of
the fitted ellipse (color figure online)

centre coordinates (for the target diameter between 15 and
25 px, the expected accuracy is up to 0.005 px) and is capa-
ble of working in a wide range of target centre diameters
[6]. 180 radial rays are used. On each ray, 15 points are
created around the expected edge, and the pixel values on
these points are interpolated using bilinear interpolation.
The edge points are computed using the moment preser-
vation method (described in [6]). The ellipse is then fitted
to the edge points. According to the residual of fit &, only
contours with accurately fitted ellipses are separated:

EsCE;Es={e€E;e(e) <emax) (11)

2.3.5 Code scanning and rotation correction

The code is scanned in the greyscale image (according to
the geometry of the elliptical centre, Fig. 9) with a dense
net of scanning points to minimize the influence of image
noise—and the scanned code SC, is obtained. In this work,
S, %360 scanning points are used (S, X 24 for each bit seg-
ment, due to the usage of 15-bit codes). Pixel values are
calculated using bilinear interpolation. The code SC,, which
is obtained by scanning, is arbitrarily rotated. The aim of
this step is to ensure the bit transitions match the segment

(@

DlLa
®»3.8a

®2.53

Fig.9 Scanning for the identification code (scanning path—red
points); a dimensions of the scanning area, b scanning path in the
image (color figure online)

OO OCOCOO O

(c)

Fig. 10 Result of quantization of coded and non-coded targets. a
Greyscale picture, b quantized picture, green—target’s identification
number (999 =unidentified), red—rotational-independent distance
from the best-fit code from the code library (explained further), c—
scanned and quantized codes of the targets with bit segments (red)
(color figure online)

boundaries. The cyclic code is rotated, so the minimum sum
of mean deviations in all bit segments is obtained. The sum
of mean deviations in all bit segments is used because it is
less sensitive to the possible damage of bit transition than
the mostly used sum of variances. To reduce the influence
of irregular bit transition in the image, the irregular area
around the bit transition should be neglected. In this work,
Neg columns from each side of the segment are neglected.
(Each bit segment is then S, X 24-2 X Neg, see Fig. 10.) The
output of this operation is the corrected code SC.,.

2.3.6 Code filtering and similarity condition

The corrected code SC. is processed, so the average value
of the radial scanning ray is used. The reason for this opera-
tion is empirical—for example, local impurities on the
target code could appear. This step improves the tolerance
during further quantization. When the code is processed
using Otsu’s method, instead of the quantization method
(explained further), the usage of the average value of the
radial scanning ray works as a noise filter. The output of this
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operation is the filtered code SC,. Every bit segment in this
work is then 1 x24 — 2 x Neg.

Then, the similarity condition is applied. To reduce
the chances of a random background—occluding objects
or impurities on the target—being confused with a code
ring, the code SC,, is quantized using the parameters of
the normal distribution of black and white segments. Val-
ues which do not belong to the interval of black or white
pixel values are considered as an uncertain value (dem-
onstrated in Figs. 10 and 11). This step should result in
both a lower false-positive and a higher true-positive rate
in cases of code ring occlusion or damage. The param-
eters of the normal distribution of black (the mean value
m,, and the variance o7) or white (the mean value m,, and
the variance o2) segments are already calculated. In this
work, Gaussian distribution was used, with the interval
of width M X o:

1 iftm,—-M,Xo,<g<m,+M,Xo,
8 =10 ifm,—M,x0,<g<m,+M,Xo, (12)
0.5 otherwise

where g'is the quantized pixel value, g is the original value,
1 is the value of the pixel which is considered to belong to
the white bit segment, O is the value of the pixel which is
considered to belong to the black bit segment, and 0.5 is the
uncertain value. To lower the sensitivity of the algorithm
when dealing with certain light impurities—which can occur
on the code ring—the minimum values of ¢,, 6, should be
limited. In this work, the minimum values of these variables
were set to 3. In cases of low contrast or a high amount of
noise, the intervals of black and white bit segments may
overlap. Then, Otsu’s method [26] is used to binarize the
code SC. 1 is the value of the pixel which is considered
to belong to the white bit segment, and 0 is the value of the
pixel which is considered to belong to the black bit segment.
In this case, the danger of false positives occurring may be
increased. The output of this step is the quantized scanned
code SC,,.

Fig. 11 Occluded or damaged target code—a greyscale and b quan-
tized pictures (white=1, black=0, grey =uncertain value), green—
target’s identification number (999 =unidentified), red—rotational-
independent distance from the best-fit code from the code library
(explained further)

@ Springer

2.3.7 Conversion to the probabilistic code

The quantized scanned code SC, is transferred to the proba-
bilistic code. The probability for each bit segment to be 1
or 0 is determined, and the probabilistic code PC is then
assembled:

PW; = ny;/n,. PB; = ny;/n,, PC

_ ([ PW, ... PW, (13)
~\ PB,

... PB,
where PW, is the probability of the i-th bit segment to be 1
(white), PB; is the probability of the i-th bit segment to be
0 (black), ny,; is the number of white pixels in the i-th bit
segment, 71, is the number of black pixels in the i-th bit seg-
ment, and 7, is the total number of values in the bit segment
(in this case n,=24-2x Neg).

2.3.8 Code recognition and error correction

The best fitting code from the code library L. is fitted to the
probabilistic code, and its identification number is assigned
to the target—if the rotation-independent distance is suf-
ficiently low. A minimum rotation-independent distance
between the probabilistic code PC and each member of the
library L~ is computed:

Dy (PC.L,) = min,, ¢ {D2 [PC, < Zi )] } /2 (14)

1

The distance D, is defined as follows:

D, [PC’ <Zf )] = Mile(o ) 1)
l
{ X |PCLs = Ri(m) )] + [PCa; — R (m)) 1) } (15)
i=1

where R, (mm;)(i) is i-th element of k-th rotation of code m; and
D . is the rotation-independent distance between the code
PC and the closest match in the library L, m, is a member
of L, m;’ is its complementary code, and R, is the rotation
function. If the distance is lower than D, , the identification
code of the closest match in the library is assigned to the
target—otherwise, the potential target is rejected:

Eg C Es;Eq = {¢ € Es; Dmax < Dy} Dmax = (Cpin — 1D/2
16)

Cpnin 1S the minimum inter-code distance between codes

in the current code library L.. When using the described
15-bit library, C,;, is 3. The assumption here is that the
target system can reach an error correction capability of up
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to 1 bit fully confused, or up to 2 bits occluded or damaged
while preserving the low false-positive or confusion rate.

2.4 Target system testing method

For the comparison of target system properties—the
datasets were created. Half of the datasets were based on
artificial image of the targets, with ideal contrast and no
background (‘synthetic’), while the second half were based
on a real image of calibration targets in a complex scene
(‘complex’), see Fig. 12. Both images were greyscale,
uncompressed and had 8-bit precision. The second half of
datasets were made to examine the robustness of the target
system in real conditions and to examine the precision of
target recognition in a complex environment. The target
size in both original images was 110X 110 px. The datasets
were created by applying common image effects on original
images in order to test the robustness of the target systems:

e Image scale (extent of the image scale: 0.05-1).

e Image blur (image scale: 0.9; blur using convolution of
the image with Gaussian kernel—sigma of the Gaussian
kernel is in extent 0-8).

e Image noise (image scale: 0.9; zero-mean additive noise
with Gaussian distribution and sigma in extent 0-0.4;
image values are in range: 0-1).

e Observation angle (image scale: 0.9; scale transforma-
tion in one direction to simulate the observation angles;
observation angles extent: 2-90°).

e Code occlusion (image scale: 0.9; 0-7.5 bits in case of
circular coded targets were rewritten with a patch of arbi-
trary intensity value). In case of ArUco, the same patch
was used to cover the target, see Fig. 13.

100 values from the each aforementioned extent were
used. Geometrical transformations were carried out using
bicubic convolution. The same datasets were made for the
TRITOP targets—which have different codes (targets 1-60
were used) and ArUco targets (custom 6 X 6 bit library of 60
targets was used).

The reference target coordinates were obtained by apply-
ing the same geometrical transformations to the target coor-
dinates, measured in original image, as were applied to the

s
-

:
- . £ ~

Fig. 12 Original image of synthetic (a) and complex (b) datasets

Fig. 13 Sample of targets from the occlusion dataset

image. The target coordinates were measured in the original
image using the tested target system target location method
itself. The accuracy of the reference coordinates should be
sufficient for the quantitative analysis, considering further
mentioned target classification tolerance.

The recognized target was classified as true-positive if the
distance between the resulting and the reference target coor-
dinates was less than 2 px. The recognized target was classi-
fied as false positive if the distance between the resulting and
the reference target coordinates was greater than or equal to
2 px. This algorithm limits the potential number of false-
positive matches in state-of-the-art systems, which were
chosen for the comparison due to their significantly larger
target libraries. The studied parameters were the F-measure
(harmonic mean of precision and recall), the precision and
recall (inspired by [24]):

_5 precision - recall
~ “precision + recall
7 (17)

. recall =
tp+fn

recision =
P tp + fp
tp stands for true positives (correctly identified targets),
Jp for false positives (background features confused with
targets), and fn for false negatives (non-recognized targets).

3 Results and discussion

The properties of the proposed target system (ICCT) were
compared with TRITOP (GOM), the target system pro-
posed in [14] (further called ‘SA’, ‘State-of-the-Art’) and
ArUco system. The SA solution was programmed accord-
ing to the article and adapted to the same target geom-
etry as was used in this work. (The authors of said work
have not specified the target geometry.) TRITOP was set
to maximum sensitivity (‘find more targets’ option). SA
system was set according to the recommendation of the
article. (Instead of a slightly larger tolerance for ellipse
segmentation, moment invariants difference was set to
0.5; correlation coefficient was set to 0.9.) ArUco system
was used with default settings. ICCT was set according to
the results of empirical testing (Table 2):
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3.1 Comparison with state of the art

The results of the following comparisons are displayed
in Fig. 14 and summarized in Table 3. In general, the tar-
get systems behaved similarly on synthetic and complex
datasets, with the exception of lower precision (due to
the complex environment) and lower recall, due to lower
contrast and sharpness of the image.

3.1.1 Effect of target code occlusion

Due to error correction, ICCT holds the best recall in the
interval 0-2 occluded bits with the preservation of excellent
precision, which makes this target system the best performer
on this dataset. In this interval, all the competitors hold an
excellent precision, while in case of other circular coded
target systems, the recall was significantly lower than that
of ICCT. ArUco performed better than TRITOP and SA, but
still worse than ICCT.

The test further continued to a bit occlusion of up to 7.5
bits, to examine whether the systems would produce more

false positives. Although ICCT has the error correction fea-
ture, its precision was better than ‘SA’ target system. Sur-
prisingly, TRITOP performed the best of the tested circular
target systems in terms of precision. The perfect precision
was achieved also by ArUco, which was capable to reach
better recall than the circular coded target systems under
heavy occlusion.

The assumption was: ICCT can reach error correction of
up to 1 bit fully confused, and up to 2 bits occluded or dam-
aged while preserving the low false-positive rate. Overall, it
could be said that the error correction of ICCT is effective
and the similarity condition helps to raise both precision and
recall. Under light occlusions, it outperforms other tested
target systems, including ArUco, while the precision does
not fall significantly under heavy occlusion.

3.1.2 Effect of image scale and low observation angle
Both TRITOP and ICCT were able to identify small targets

of size up to 15X 15 px, and centre diameter in this case is
approx. 3 px. For comparison, without the image upscaling

Table 2 Set-up of ICCT target

system Sen OCanny 4 4rmin Adrmax brmin distormax

0.2 0.5 0 1.5 40 1 20

convar £max “min £smax Sy Neg M,

1.1 3 1.2 2 12 2 3
(a) ] Occlusion (b) ] Scale (c) 1 Observation angle

0.8 08
= L 06 3 06
I ©
8 8 04 © 04
0.2 0.2
0 0 Al
0 02 04 06 08 1 0 20 40 60 80
Bits occluded (-) Image scale (-) Observ. angle (°)
d Blur e Noise
@, ©) ——lccT
08 T —TRITOP
= 06 T
8 § SA
£ 04 o
L ArUco
0.2 '\
G e ICCT sig 1.5
0 Y
0 04 SAsig 1.5

Sigma (-)

Fig. 14 Results of target recognition on synthetic datasets—a occlusion, b scale, ¢ obs. angle, d blur, e noise (original set-up with 6y, = 0.5;

set-up with ¢, = 1.5)
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Table 3 Target recognition results. Occlusion datasets (in brackets—up to 2 bits occluded; with brackets—up to 7.5 bits occluded)

Synthetic dataset Complex dataset

ICCT SA TRITOP ArUco ICCT SA TRITOP
Occlus.  Prec. 1.000 (0.970)  1.000 (0.967)  1.000 (1.000)  1.000 (1.000)  1.000 (0.991)  1.000 (0.969)  1.000 (1.000)
Recall  0.870(0.259)  0.577 (0.199)  0.564 (0.218)  0.767 (0.450)  0.799 (0.227)  0.519 (0.182)  0.540 (0.207)
F 0.930 (0.409)  0.732(0.329)  0.721 (0.358)  0.868 (0.621)  0.888 (0.369)  0.684 (0.306)  0.701 (0.343)
Scale Prec. 1.000 1.000 1.000 1.000 0.999 1.000 1.000
Recall  0.876 0.264 0.771 0.865 0.849 0.264 0.710
F 0.934 0.418 0.870 0.928 0.918 0.418 0.830
Angle Prec. 1.000 1.000 1.000 1.000 0.999 1.000 1.000
Recall  0.885 0.540 0.633 0.926 0.843 0.517 0.600
F 0.939 0.701 0.775 0.962 0.915 0.682 0.750
Blur Prec. 1.000 1.000 1.000 1.000 1.000 0.993 1.000
Recall  0.450 0.437 0.629 0.250 0.362 0.384 0.613
F 0.620 0.609 0.772 0.400 0.532 0.553 0.760
Noise Prec.  0.999 (1.000)  0.998 (0.999)  1.000 0.955 (1.000)  1.000 (0.997)  0.997 (1.000)  1.000
Recall  0.723(0.116)  0.576 (0.111)  0.063 0.327 (0.343)  0.429 (0.064)  0.303 (0.037)  0.031
F 0.839 (0.208)  0.730 (0.200)  0.118 0.487 (0.511)  0.600 (0.120)  0.465 (0.071)  0.060

Noise datasets—ICCT, SA—0 gy = 1.5; in brackets—o,,,, = 0.5 (universal set-up); ArUco—without brackets—target centre coordinates toler-

ance 2 px, results with target centre coordinates tolerance 8 px in brackets

during the target segmentation, ICCT would not identify
smaller targets than 5.5 px. In terms of recall, ICCT per-
formed better, because TRITOP had some problems with
certain target diameters. This problem was noticed on both
scale datasets. SA target system had problems with the
detection of small targets in general (under 80 % 80 px or
15 px in diameter), due to the target centre segmentation
method, which is relatively unreliable even when the toler-
ance properties of the target centre were raised. According
to the F-measure, ICCT performed best on both datasets—
a slightly lower precision was compensated for with greater
recall.

ArUco was capable to identify even smaller targets than
circular target systems—up to 10X 10 px. However, ArUco
achieved slightly worse or comparable results than ICCT,
again because of some problems with certain target sizes.

On ‘Observation angle’ dataset, ICCT proved that a
very robust ellipse segmentation and the target recognition
method (it manages to recognize a target from observation
angles of up to 7°) achieves excellent recall. TRITOP started
to recognize targets from 26°, while the SA target system
started from 40°. ICCT achieved excellent recall at the cost
of slightly lower precision, but according to F-measure, it
performed significantly better than the other circular target
systems.

ArUco performed here even slightly better than ICCT. It
also manages to recognize a target from observation angles
of up to 7°, but the recall raises more steeply.

Overall, it can be said that the combination of image
upscaling for target segmentation and target segmentation

criterions (especially the ellipse fitting) with the recogni-
tion method of ICCT proved to be robust. It reaches the best
results among circular target systems and comparable results
with ArUco system.

3.1.3 Effect of image blur and noise

On the blur datasets, the best recall was achieved by the
TRITOP target system. Both ICCT and SA target systems
segmentation methods are based on the Canny edge detec-
tor, which does not achieve good results under heavy blur
(Fig. 15). The disadvantage of the SA system is the lower
precision, especially achieved under heavy blur. Overall, the
TRITOP target system performed the best on these datasets.
ICCT and SA performed similarly in terms of recall, but,
nevertheless, ICCT achieved better precision. The worst
results were achieved by ArUco. Although the precision was
excellent, the recall was significantly lower than in case of
circular coded target systems.

3.1.4 Effect of image noise

The TRITOP target system proved to be sensitive to image
noise—in both cases, it achieved the worst recall (but again,
the best precision). Using standard settings, both SA and
ICCT performed slightly better than TRITOP. Apparently,
this disadvantage was caused by the target segmentation
method. When o¢,,,, Was raised to 1.5 (to achieve better
resistance of the edge operator to noise), the recall was

@ Springer



39 Page12of 14

J.Hurnik et al.

(a)

Fig. 15 a Blurred image, b blurred image processed by the Canny
edge detector (6=10)

Fig. 16 Image with calibration targets from optical measurement sys-
tem for the quality control of heavy forgings

significantly raised in both cases (SA and ICCT). Suitable
O canny COUld be set by the user or it could be estimated auto-
matically, based on image noise estimation methods.

In comparison, ArUco reached better recall than the cir-
cular target systems in standard, but significantly worse than
in adjusted settings. Interestingly, the target centre coordi-
nates were not accurately estimated in case of large amount
noise in the image, due to the vertex jitter. The 2 px centre
coordinates tolerance needed to be raised to 8 px, to see
relevant quantitative results.

Overall, ICCT—with higher sigma—performed the best
on these datasets. The combination of the target segmenta-
tion method and the proposed code scanning method proved
to be robust.

4 Target system application

ICCT target system is being used for the camera calibration
of a multi-camera static measurement system. This system is
used for the quality control of heavy forgings [30]. The cali-
bration of this system works in two steps. First step is multi-
image calibration of intrinsic camera parameters in labora-
tory, which is carried out only once before the installation of

@ Springer

the target system in the forge. Second step is a single-image
calibration of the extrinsic camera parameters, which is done
in the forge directly from the measuring images. Frequent
calibration is needed because the dimensional instability of
the environment, which could have large negative effect on
the measurement accuracy.

However, calibration in the forge is challenging—the
problem could be small size of target in the image or low
observation angles, blur from thermally affected atmosphere
around the forging and higher amount of noise due to bad
light conditions. The targets could also get dirty or covered
with iron scale, or other partial occlusions can appear, or the
targets could be damaged. The targets could be cleaned or
replaced, but only after the forging operation end, because
it is dangerous to approach the forging area. Without the
error correction, there is a lower probability of target recog-
nition, or in case of lower inter-code distance in the target
library, the targets could be confused with each other. It is
advantageous to have higher inter-code distance and error
correction, to maximize the probability of correct target
recognition.

ICCT proved effectiveness in this application. It man-
aged to recognize targets even in challenging conditions in
the forge (Fig. 16). The accuracy of the target system was
proved by low RMS re-projection errors, which was around
or lower than 0.1 px, even in the forge.

5 Conclusion

In this paper, a versatile and robust target system of circular
coded targets used for demanding industrial photogram-
metric tasks was developed. To reach maximum versatility,
the system utilizes widely used circular coded target design,
combined with an automatic library generator which is capa-
ble of creating a library of targets with the desired quantity.
Moreover, the system is also capable of working with the
target libraries of professional target systems (e.g. TRITOP),
and since it is not based on machine learning techniques, it
does not need any previous learning calculations. A very
robust method of target recognition of the image was imple-
mented, which is resistant to common negative image effects
and allows for error correction. The methods were chosen
in order to reach maximum robustness and accuracy at the
expense of computation time, which is not critical during the
usual offline evaluation of photogrammetric measurements.

The system implements multiple innovations. A target
library of the desired size is created using a target library
generator, which creates a set of targets with the best proper-
ties (maximum inter-code distance and maximum number
of bit transitions, to ensure a low confusion rate between the
targets or random objects of the environment). The targets
are recognized based on a rotation-independent distance
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Fig. 17 Example of target recognition in demanding conditions, using
the developed ICCT target system

from the codes in the target code library—along with the
large inter-code distance in the target library being utilized
to achieve error correction. To detect occlusion, code dam-
age or to refuse random objects in the background, the
similarity condition is presented—target ring parts, which
have different colours (intensities) than the target centre
(black and white), are considered as uncertain values. We
also implemented other minor improvements. For the tar-
get centre calculation, an accurate star ellipse operator is
used. The target segmentation method uses the robust Canny
edge operator with upscaling, and a large variety of ellipse
parameters to sort out elliptical objects only—which allows
us to segment very small or deformed targets (up to 3 px in
diameter or up to 7° observation angle). The target code is
scanned using a dense net of scanning points, in order to
reach the maximum resistance to image noise. The target
system allows for a wide range of library sizes and set-ups
(recognition sensitivity).

To carry out the target system test, a library of 60 15-bit
targets was created. The inter-code distance in this case
was 3, so the target library should have the error correc-
tion capability of up to 1 bit changed or 2 bits occluded
(uncertain value)—which was confirmed during the tests.
The system was compared with the state-of-the-art circular
target system published by [14], commercial circular target
system used by TRITOP (GOM) and widely used square tar-
get system ArUco. The comparison was carried out on dif-
ferent datasets (image scale, low observation angles, image
noise, image blur and code occlusion). Overall, the proposed
methods were evaluated as effective and the ICCT target
system outperformed both SA and TRITOP on almost all
datasets. Comparison with ArUco showed that ICCT per-
formed comparably on scale or observation angle dataset,
but it performed better when image noise, image blur or
light occlusions are present. Sample images with recognized
targets can be seen in Fig. 17.

The ICCT target system has already been implemented
and is being used for the camera calibration of industrial
system designed for the measurement of hot forgings. In
this demanding application, the target system has proved
its robustness and accuracy. The next possible evolutions

include an improvement to the library generator, where the
optimization method could be used to choose the best set of
targets, similar to [23], or further minor optimizations of the
recognition method.
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ABSTRACT

During the manufacturing process of heavy forgings, simple contact measuring techniques are still used to check the
dimensions, therefore an optical measuring system is in demand. In this paper, a camera calibration method for the passive
measuring system, which is being developed in collaboration with an industrial partner, is proposed. Our approach is based
on space resection and works with robust coded targets, which are distributed in the field of view. The coordinates of
targets are measured using TRITOP (GOM) measuring system. This solution allows to build a large calibration field,
without a need of large calibration objects. The camera calibration works in 2 steps - at first, the intrinsic parameters of
the camera, including lens distortion, are calibrated. These parameters are considered as stable, due to the use of special
camera covers. Multi-image version of the calibration method and dense field of calibration targets are used. The second
step is performed from every image and employs a single-image extrinsic camera parameters calibration method. Only a
few coded calibration targets, mounted on stable objects in the scene, are required. The calibration method was tested in
industrial conditions. The method showed great results, the average reprojection error was under 0.1 px. The effect of
thermally affected zone on the calibration process is discussed.

Keywords: camera calibration, large field, forgings, measurement, space resection

1. INTRODUCTION

Heavy forgings are mainly used as semi-finished products for various shafts in energy, petrochemical and shipbuilding
industry. Their dimensions are in meters, forging temperatures are around 1000 °C. During the manufacturing by open-die
forging process, significant inaccuracies can occur. These inaccuracies could be corrected in the end of the manufacturing
process. To provide feedback about dimensional and shape accuracy, only visual assessment or just simple contact
measuring techniques are still used®. These methods are slow and inaccurate and could be dangerous. Due to the resulting
inaccurate shape and dimensions of forgings, massive machining allowances (up to 15 % of the workpiece material?) must
be applied. A fast, non-contact accurate and reliable measuring system is in demand. Although specialized time-of-flight
systems are available, the research continues to find a cheaper and faster alternative. Researchers often propose active
measuring systems — projector®4® or laser aided®’ stereo vision and line laser scanners®®. The disadvantage of active
systems is the need of strong light source. Zatocilova et al. proposed a passive measuring system based on forging
silhouettes measurement, which proved great potential® 1% 1%,

The calibration of such systems is challenging — the field of view is large and complex, and the temperature of the
environment is variable. Usually proposed calibration methods of such systems work with large 2D calibration patterns®?,
projected patterns*712 or various accurate manipulators?°. These tools are not suitable for large-scale calibration or are not
practical to use in industrial environment. The approaches also don’t allow continuous calibration of extrinsic camera
parameters. These parameters can be slightly changing in time, due to the thermal expansion of the whole environment,
vibrations or other effects. Zatocilova et al.!! proposed a calibration method of a static passive measuring system, which

*Jakub.Hurnik@vut.cz; phone +420 54114 3255
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used 3D calibration field of non-coded targets. The camera parameters were calculated using direct linear transformation
(DLT) of collinearity equations. Although this approach is computationally efficient, it was not automated and therefore
slow. Due to the use of DLT, the lens distortion parameters couldn’t be computed, which leads to significant inaccuracies.
Also, the researchers don’t examine the effect of hot atmosphere around the hot forging on the calibration or whole system
accuracy. The hot atmosphere has different refractive index and in certain conditions could form a lens, which could cause
relative errors up to 0.35 % in measured dimensions®.

In this paper, a camera calibration method for the passive static multi-camera optical measuring system, which is being
developed in collaboration with an industrial partner, is proposed. This system consists of 3 cameras, which observe the
forging from radial direction. The system determines the shape and dimensions of the forging according to its silhouettes.
The measuring volume is approx. 6 x 6 x 2 meters, the accuracy should be in millimetres. Our approach is based on space
resection and works with a calibration field of unique, robust, coded calibration targets, which are distributed in the field
of view. The coordinates of targets are measured using a commercial optical measuring system TRITOP (GOM). This
solution enables to build a large and dense calibration field, without a need of huge calibration objects or 2D calibration
patterns. The developed calibration method employs a rectilinear camera model with radial, tangential and affine distortion.
The optimization is carried out by minimization of reprojection error using a trust-region method. Similar approaches are
used e.g. for calibration of cameras with large field of view* or object tracking systems with large tracking volume?®.

The developed calibration method works in 2 steps. In the first step, the intrinsic parameters of the camera are calibrated.
Since the cameras are placed in thermoregulated covers and have a stable intrinsic geometry, the intrinsic parameters are
constant. To achieve desired accuracy of their calibration, multi-image version of the calibration method and dense field
of calibration targets are used. The first step is carried out only once, prior to the installation of the system. The second
step employs a single-image method. It is carried out from every photograph taken by the system and includes the
calibration of camera extrinsic parameters. For the second step, only a few coded calibration targets, mounted on stable
objects in the scene are required. The proposed calibration algorithm accuracy was tested in laboratory and industrial
conditions. The effects of hot atmosphere around the forging on the calibration accuracy was also examined.

2. MATERIALS AND METHODS
2.1 Equipment

The system for measurement of forgings consist of 3 cameras, which observe the forging from radial direction (Figure 1
on the left). ZWO ASI 1600 monochromatic cameras are used. The cameras are equipped with 16 MPx sensor with 3.8 um
pixel size. Zeiss Interlock Compact industrial lenses were used. The lenses are equipped with M42x1 mount and special
screws to fix focus and aperture. Haida UV+IR cut filters were used to achieve sharp images. Camera 1 and 2 used 21 mm
and camera 3 35 mm focal length. Camera 3 was not used during the experiments. The cameras were mounted in special
thermoregulated camera covers (Figure 1 on the right), which were cooled using 29 W vortex tube — Vortec 106-2-H. The
intrinsic temperature was held around 20 ° C.

6500
6500

Figure 1. On the left — scheme of camera positions of measuring system, on the right — cameras in thermoregulated
COoVers.
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2.2 3D calibration field

In this study, the small calibration fields for testing in laboratory conditions (approx. 1.5 x 1.5 x 0.5 meters) were built
from up to 50 TRITOP 5 mm coded targets. The large calibration fields (approx. 6 x 6 x 2 meters, e.g. Figure 2 on the
right) were built of up to 50 hybrid calibration targets. The hybrid target consists of 4 5mm TRITOP targets in the corners
and 1 28mm central target with unique, specially designed robust coding (Figure 2 on the left). The central target size was
designed to be at least 15 px in diameter in the image. The TRITOP targets in the corners are used by TRITOP software
for image registration. These targets can also be used for automatic computation of centres of central targets. In case of
big complicated projects, the central targets also could be used for image registration in TRITOP software, if the user
manually assign unused codes to them in TRITOP software. The hybrid targets were manufactured using 1800 dpi direct
UV printing on 154 x 154 x 1.5 mm steel plates.

The spatial coordinates of the calibration targets were measured using high precision GOM TRITOP optical 3D coordinate
measuring machine (Figure 2 in the middle). The system uses 12 MPx Nikon D300s reflex camera mounted with 24 mm
fixed focal length lens. A set of 2 and 1 meter GOM carbon fibre scale bars were used.

Figure 2. On the left — hybrid calibration targets, in the middle — TRITOP (GOM) measuring system with GOM CFK
scale bars, on the right — an example of large calibration field.

2.3 Camera intrinsic parameters calibration

The intrinsic camera parameters were calibrated using a dense 3D calibration field of reference points (coded targets with
known spatial coordinates). Multi-image calibration method was used, to reach maximum accuracy. Several images of the
calibration field were taken from the same point of view, but different rotation of the camera around its optical axis. Using
this method, sufficient spatial distribution of the targets, relatively to camera, is obtained. The reference targets were
segmented and recognized using specially developed algorithm. The accurate target centre coordinates were calculated in
the calibration images using star ellipse operator. According to the target codes, the spatial coordinates of the targets are
automatically assigned to their image coordinates. These matching coordinates are used in the computation of camera
parameters.

The camera parameters calculation could be understood as calculation of the transformation between 3D spatial coordinates
and 2D image coordinates. Since both the coordinates in the space and in the image include random error, the problem was
solved as minimisation of square reprojection error. Rectilinear camera model was used, which considered lens distortion?€.
The camera intrinsic geometry is stable, the lens setup was locked, and the cameras were kept in constant temperature in
the thermoregulated covers. Therefore, the principal point coordinates, focal length and distortion coefficients were
considered as constant. The image coordinates were normalized — the radius of the biggest circle, which can fit into the
image, was set to 1 (the length of the shorter side of the image was 2). The optimization was carried out on all the calibration
images simultaneously, the problem was defined as follows (equation 1):
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argmin 1)
X0jY0j,Z0jw )@k jx 0,570,C,A1,42,43,B1,B2,C1,C2
ng Nz

2
, , , 111 (Xi; = Xoj) + 121, (Yij = Yo;) +131;(Zij — Zo))
—X ij+x0 + Ax l']'—C
r13j(Xij — Xoj) + 1235 (Yiy — Yo;) + 733;(Zij — Zoj)
2
T12j(Xij — Xoj) + 1225 (Yij — Vo) + 132;(Z55 — ZOj))
713 (Xij = Xoj) + 123 (Yyj — Yoj) + 133;(Zij — Zoj)
where 114 ... 133 are elements of rotation matrix calculated from angles w;, j, k;;
Ax'y;, Ay’ ; are functions of Ay, A;, A3, By, By, Cy, Cy; x'ij,¥'ij, Xij, Yij, Zij are data

i=1 j=1

+ (—y’ij +y'o+4y';—c
ijr tijr
where i is the number of reference point (n, total) in the j-th image, n, is the total number of calibration images, X, Y;;, Z;;
are spatial coordinates and x';;, y’i]. are the measured image coordinates of the calibration target, X, ;, Yy ;, Zo; are the spatial
coordinates of camera projection centre, w;, ¢;, k; are the rotations of camera coordinate system with respect to global
(spatial) coordinate system, x'y,y’, are the image coordinates of principal point, c is the focal length, Ax';;, Ay’ij are the

distortion correction functions, A4,,4,, 43, By, B,, C;, C, are the coefficients of balanced radial, tangential, and affine
distortion. The distortion functions were defined as follows (equation 2):

Ax'y; =R'A (' - r'8) + f’ijAz(T“il'j -8+ f’ijA3(r’?j —7'8) + By(r'} + 2%'%) + 2B,&" ;9 2
+ Clk\’l] + CZ},},U
Ay'; = 95 A (' = 1'8) + 9" A (1"l = 7'8) + 9"y As(r'E — 1'8) + B ('] + 29') + 2B1R;9
where r', was set to 2/3 (universal value) and r';; is the distance of the image point from the principal point (equation 3):

o2 @)

where £';;, 9';; are the corrected image point coordinates, which are the approximation of the distortion-error-free image
coordinates. The rotation matrix was defined as follows (equation 4):

R, =

{ 21j T22j T23j

315 T32j T33j
COSQ;COSK; —COSQ;SinkK; sing;
= [cosw;sink; + Sinw;sing;cosk; COSw;SinkK; — SINW;SINQY;Sink; —SiNW;COSP;
SINw;Sink; — COSW;SINQY;COSK; SINW;COSK; + COSW;SIiNQ;sink;  coSw;CoSQ;

T11j  Ti2j 7'13j] (4)

The mentioned optimization must be carried out iteratively, to correct the distortion, which depends on the unknown error-
free image coordinates. In every following iteration, the optimization is carried out with more accurate approximation of
error-free coordinates, which are calculated using values from the previous iteration (equation 5):

&y =y =Xy — Ax'y (®)

ylcij = ylij —¥'o— A}"ij
The initial values were obtained by DLT. The initial distortion coefficients were set to 0. The optimization problem was
solved using trust-region method.

2.4 Camera extrinsic parameters calibration

The extrinsic camera parameters were calculated using a static sparse 3D calibration field of reference points. Using this
method, the camera can be calibrated from a single image. Single camera calibration method was used, because in general
case, small overlap of fields of view of cameras and large difference in observation angles has to be considered. At first,
the target image coordinates are obtained and matched with target spatial coordinates. The distortion effects were removed
using this iteration scheme!® (equation 6):

X=x" -4 —A(x") (6)
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where ¥ is the estimation of error-free image coordinates of the target, x’ is the measured image coordinates of the target
and 4 is the distortion function (equation 2), which depends on already known principal point coordinates and image
distortion parameters. To reach maximum accuracy, 10 iterations were used. Then, space resection is carried out. The same
optimisation problem, as was presented in equation 1, is solved, but the distortion function is neglected. For the initial
values computation, DLT was used.

3. RESULTS
3.1 Calibration field accuracy

For the calibration in laboratory and industrial conditions, fields of approx. 1.5 x 1.5 x 0.5 and 6 x 6 x 1.5 m were used,
respectively. The small fields contained up to 50 TRITOP coded targets, the large field up to 50 hybrid targets. TRITOP
measurement projects contained from 60 to 70 images from different viewpoints. In the large projects, both small and large
calibration targets were used for the image registration, to improve the reliability and accuracy of the measurement. Quality
indicators of all used projects were evaluated by the TRITOP software as normal (worst cases are summarized in Table 1).

Table 1. TRITOP project quality indicators (worst cases).

Small project Large projects
Average image point deviation [px] 0.053 0.062
Average reference point deviation [mm] 0.023 0.037
Average scale bar deviation [mm] 0.010 0.043
Minimum number of target observations [-] 23 2
Minimum observation angle [°] 53.175 14.000

Due to the dimensions of the large calibration field, size of calibration targets and limitations of the environment, it wasn’t
possible to take images from positions, which are recommended in the TRITOP manual (8 images around the measured
field from each of 3 height levels). For comparison, example of suitable imaging positions can be seen in Figure 3 on the
left. Imaging positions of large scale project can be seen in Figure 4 on the left. The accuracy of the large calibration field
was examined, to exclude potential large error of targets with low number of observations and low minimum observation
angle, or large cumulative error of targets which are distant from the calibration field centre. To verify the accuracy of
measurement of the large calibration field by TRITOP system, the field measurement was carried out twice. Two resulting
point clouds were fitted on each other using least squares method, to compensate possible uncertainty of the coordinate
systems. The repeatability of the measurement was examined and compared with the repeatability of the measurement of
the small field. Only elements of the calibration field (coordinates of the centres of the large unique-coded targets) were
considered. The results can be seen in Table 2, Figure 3 and Figure 4.

Table 2. Results of the repeatability test — N is the number of measured targets, é is the mean repeatability error, e,
is the maximum repeatability error, egys i the root mean square repeatability error and &egys is repeatability error
relative to the longest distance measured in the project L, 4.

N[-] e [mm] emax[mMm]  epys [mMm]  Lpax [mm]  $epys[%]
Small field 50 0.0086 0.0200 0.0097 1523.3 0.00064
Large field 41 0.1881 0.6436 0.2372 7027.6 0.00338
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Figure 3. On the left — repeatability error distribution across the small calibration field (example of suitable imaging
positions), on the right — repeatability error distribution of the targets.
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Figure 4. On the left — repeatability error distribution across the large calibration field (example of non-ideal orientation
of measurement images), on the right — repeatability error distribution of the targets.

3.2 Camera intrinsic parameters calibration

The intrinsic parameters calibration of both cameras of the measuring system was carried out both in laboratory (small
scale) and industrial (large scale) conditions. The focus and the aperture of the cameras were set to cover the necessary
measuring volume with the depth of sharpness. This setup was locked using the locking screws on the lens. The cameras
were then mounted in the thermoregulated covers and kept on constant temperature. Calibration fields were built and
measured using TRITOP system (Figure 5 on the left). In case of large field, 41 targets were successfully measured, in
case of small field, 50 targets were measured. In order to calibrate the cameras, the fields were photographed, each image
was taken with different rotation angle around an optical axis of the camera, to ensure sufficient space distribution of the
calibration targets in measuring volume. 7 calibration images were used in all cases. In every calibration image, around 30
calibration targets were detected, which means that around 200 targets in total were measured in the calibration volume.
The distribution of targets in calibration volume can be seen in Figure 5 on the right. The intrinsic camera parameters of
both cameras, with their 95 % confidence intervals, for both cases (small and large scale) were calculated, the calibration
results are summarized in Table 3.
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Figure 5. Left — small and large scale calibration field, right — distribution of calibration targets from a set of calibration
images relative to the camera in small and large scale, both axes are in millimetres.

Table 3. Camera intrinsic parameters with 95 % confidence intervals in small and large scale ( 4Res, ARMS — mean
and RMS reprojection error of space resection, N — total number of calibration targets in calibration volume, distortion
coefficients and intrinsic parameters according to equation 1, 2).

Cam1

Cam 2

Cam1

Cam 2

Cam1

Cam 2

Cam1

Cam 2

SMALL SCALE
A1[-107%] A2[-107*] A3[-107%] B1[-107°] B2[-107°] C1[-107*] C2[-107%]
-5.984 6.696 -4.873 -8.247 6.455 1.656 0.416
+0.105 +0.969 +2.448 +1.217 +1.086 +0.329 +0.317
-6.212 4.220 7.669 9.953 -2.247 1.090 1.457
+0.192 +2.146 +7.255 +2.016 +1.711 +0.417 +0.485
x'o [px] Y'o [px] c[mm]  ARes|[px] ARMS|[px]  N[-]
2361.17 1742.01 21.9000 0.061 0.071 217
+0.63 +0.57 +0.0009
2280.51 1737.05 21.7704 0.083 0.095 208
+1.00 +0.85 +0.0017
LARGE SCALE
A1[-1073] A2[-10™*] A3[-107°] B1[-107°] B2[-107°] C1[-107*] C2[-107*]
-6.325 5.246 1.301 -8.541 6.500 1.231 1.216
+0.151 +1.439 +3.865 +2.150 +1.773 +0.378 +0.369
-6.787 6.435 -2.371 9.160 0.448 1.596 0.529
+0.142 +1.449 +4.282 +1.740 +1.435 +0.299 +0.296
x'o [px] Yo [px] c[mm]  ARes[px] ARMS|[px]  N[-]
2367.80 1736.88 21.7466 0.085 0.103 199
+1.08 +0.88 +0.0014
2285.07 1738.14 21.5724 0.068 0.086 202
+0.86 +0.68 +0.0011

Proc. of SPIE Vol. 11056 1105635-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use




3.3 Extrinsic parameters calibration and accuracy verification

The extrinsic parameters were calibrated, and the calibration accuracy was verified both in small and large scale (directly
in the forge). The cameras in camera covers were mounted on stable positions. A calibration field was built in the field of
view of the cameras. The calibration field consisted of targets, which were placed on stable positions and targets, which
were placed only temporary. Stable targets were further used for continuous camera calibration. Only 8 targets were chosen
for continuous calibration of the extrinsic parameters of each camera (Figure 6, marked red). The temporary targets were
used only for calibration accuracy evaluation and were removed further (Figure 6, marked green). The accurate spatial
coordinates of both stable and temporary targets were measured using TRITOP system. The extrinsic camera parameters,

with their 95 % confidence intervals were calculated, the results can be seen in Table 4.

Figure 6. Images used for extrinsic parameters calibration and calibration accuracy verification in small (laboratory)
and large (forge) scale; red targets — used for camera calibration, green targets — used for accuracy verification.

Table 4. Camera extrinsic parameters with 95 % confidence intervals (ARes, ARMS — mean and RMS reprojection
error of space resection, extrinsic parameters according to equation 1).

SMALL SCALE
Xo[mm] Yo[mm] Zo[mm] w(rad] @ [rad] k [rad]  ARes [px] ARMS [px]
Cam1l -952.449 -52.904 907.461  3.279928  0.778345  3.804413 0.049 0.055
+0.041 +0.055 +0.062 +0.000057 +0.000042 =+0.000040
Cam 2 -486.895 -372.006  1135.220  3.480354 0.376197  3.415154 0.067 0.077
+0.098 +0.068 +0.086 +0.000064 +0.000075 =+0.000062
LARGE SCALE
Xo[mm] Yy [mm] Zo[mm] w[rad] @ [rad] k [rad]  ARes [px] ARMS [px]
Cam1 -553.64 -5503.11 6996.44  3.829816  0.014395  3.071599 0.055 0.065
+0.70 +0.24 +0.60 +0.000057 +0.000086 +0.000065
Cam 2 -508.49 -6889.15 5573.20 4.053132 0.090346  3.173747 0.040 0.051
+0.51 +0.19 +0.57 +0.000045 +0.000063 +0.000063
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To verify the calibration accuracy, the spatial coordinates of temporary targets were reconstructed using calculated camera
extrinsic and already known intrinsic parameters. These coordinates were compared with the reference coordinates,
measured using TRITOP system. Around 20 targets, which were clearly visible in the field of view of both cameras, were
used. The test was carried out both in small and large scale. The error distribution of the reconstructed spatial coordinates
can be seen in Figure 7 on the left. The base of the camera stereopair (approx. 600 mm in small and 2000 mm in large
scale) is short, relative to the distance between the measured targets and the stereopair (approx. 1400 mm in small and
9000 mm in large scale). Therefore, the observation angle is relatively low (around 25 ° in small and 12 ° in large scale).
This leads to significant depth estimation error, mainly in case of large scale measurement. To isolate the 2D measurement
error, the error vector was decomposed to 2 directions — to depth direction and to direction perpendicular to depth direction,
cos~1 XXore

IX-Xcl-lel
coordinates error vector, X is the vector of target coordinates, X is the vector of stereopair centre coordinates and - denotes
scalar multiplication. This error could be understood as the average of 2 observations, so to obtain the estimation of error
of single ray, the error was multiplied by /2 according to central limit theorem. The 2D error distribution could be seen
in Figure 7 on the right. The results of the accuracy verification can be seen in Table 5.

according to this equation: |e;ps| = v2|e| sm( ) where |e,ps| is the 2D error of single ray, e is the

Small scale, total error Small scale, 2D error
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Figure 7. Error distribution of 3D and 2D measurement in small and large scale.

Table 5. 3D and 2D error characteristics of reconstructed target coordinates ( esprys — RMS error of 3D measurement,
— interval of observation angles, e, e,,,, and egys — mean, maximum and RMS error of measurement in 2D, L5 —
approximate maximum width of the field of view, &egys — 2D measurement RMS error relative to maximum width of

field of view).
e3prus [mm] a[°] e [mm] emax[mm]  epys [mm] lmax [M] $erms[%]
Small s. 0.112 21.7-274 0.030 0.092 0.041 15 0.003
Large s. 2303 10.3-144 0.240 0.389 0.254 6 0.004
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3.4 Thermal influence of calibration accuracy

The influence of hot air with different refractive index on the calibration accuracy was examined both in laboratory and
industrial conditions. Theoretically, the hot atmosphere might optically deform the space. This optical deformation should
be noticeable on the calibration reprojection error. Camera extrinsic parameters were continuously calibrated, while the
hot forging was brought to the field of view. In contrast to standard extrinsic parameters calibration, around 20 calibration
targets were used, to examine the optical deformation effect more clearly. The scene with glowing hot forging (around
1000 ° C) can be seen in Figure 8. The reprojection error of the calibration of the extrinsic parameters was observed — the
results can be seen in Figure 9. While the RMS reprojection error without the forging in the scene was 0.10 px in laboratory
and 0.11 px in industrial conditions, the maximum RMS reprojection error with the forging in the scene was 0.21 px in
laboratory and 0.25 px in industrial conditions. Also, the error strongly varied between the particular images (see

Figure 9).

Figure 8. On the left — scene with hot forging in the laboratory, on the right — scene with hot forging in the forge, the
calibration targets used for the camera calibration are marked red.
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Figure 9. RMS reprojection errors of extrinsic camera parameters from particular images.

4. DISCUSSION

The accuracy of the large 3D calibration field was analysed. The mean square repeatability error of 6 x 6 x 1.5 m large
scale calibration field was 0.24 mm, the maximum error was 0.64 mm. These results were considered as acceptable for the
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camera calibration, considering the large measuring volume. The relative accuracy of the large calibration field was
compared with the accuracy of small (1.5 x 1.5 x 0.5 m) calibration field, which was captured according to the
recommendations of TRITOP manual. The increasement of the relative repeatability error with the field size was approx.
5 x. The increasement can be explained as the effect of non-ideal optical measurement (non-ideal distribution of image
positions). This problem was apparent from the TRITOP project quality indicators. The minimum number of target
observation and minimum observation angle was significantly lower in case of large projects (23 vs. 2 observations, 53
vs. 14 °). Also, cumulative error can occur in coordinates of targets, which are distant from the calibration field centre. The
mentioned problem could be solved by taking more images of the calibration field (only from 60 to 70 images were used).
Another accuracy increasement could be achieved, if aerial work platform would be used for the calibration field
measurement. In the industry, such platforms are common equipment.

The camera intrinsic parameters were calibrated both in small and large scale using the proposed multi-image method. In
both scales, the RMS reprojection error was under or around 0.1 px. Mean reprojection error was under 0.085 px. These
values are considered as satisfactory. The residual reprojection error can be explained mainly as the influence of
imperfections of optical system of the camera in camera cover, which can’t be described using the distortion equations.
The inaccuracies of the coordinates of the calibration field didn’t have significant effect on the reprojection error — the
reprojection error was similar in case of large and relatively much more accurate small calibration field. The parameters
accuracy could be further improved by taking more pictures of the calibration field.

The method of continuous camera calibration of extrinsic parameters was also tested in both small and large scale and the
calibration accuracy was verified. The extrinsic parameters were calibrated from only 8 targets in single image. The RMS
reprojection error varied between 0.051 and 0.077 px and the mean error between 0.040 and 0.067 (less than during the
intrinsic parameters calibration), due to the better distribution of random errors between less targets in image. Using the
calculated camera parameters, the accuracy of the whole camera calibration was verified. Due to the relatively small base
of the stereopair, the depth estimation error was dominant. The depth estimation error is not relevant for the forging
measuring system which works with the silhouettes. The error in direction perpendicular to depth direction was much
smaller — 0.03 mm in small and 0.24 mm in large scale. These values are, at least in case of large-scale measurement,
comparable with the accuracy of the calibration field measured by commercial measuring system TRITOP. These values
are considered as very accurate and sufficient, because the demands on the accuracy of the system for the measurement of
large forgings are in millimetres.

The influence of the thermally affected atmosphere around the hot forging on the calibration accuracy was examined both
in laboratory and industrial conditions. The reprojection error raised up to 2.5 x, from 0.1 px to 0.25 px. Also, the
reprojection error strongly varied between the images, apparently due to the irregular flowing of the atmosphere. This
problem could be solved by calibrating the camera extrinsic parameters shortly before the hot forging appears on the scene
and then, during the measurement, considering these parameters as constant.

5. CONCLUSION

In this paper, a calibration method, for the calibration of cameras of passive static multi-camera system for the measurement
of large hot forgings, is proposed. The method is based on space resection and works with 3D calibration field, which
consists of coded targets. The spatial coordinates of the targets are measured on-site using optical measuring system
TRITOP (GOM). This approach allows to calibrate the cameras with large and non-overlapping field of view, without a
need of large calibration objects. Also, this approach allows continuous extrinsic camera parameters calibration. The
resulting accuracy is high, the reprojection error was under or around 0.1 px. The accuracy of 2D measurement with 6 m
wide field of view was in tenths of millimetre. The method was tested in laboratory as well as real industrial conditions.
The negative effect of hot atmosphere with different refractive index around the forging on the calibration accuracy was
examined and confirmed. The reprojection error raised up to 2.5 x, which leads to a need of calibration of the cameras
shortly before the hot forging appears on the scene.

Proc. of SPIE Vol. 11056 1105635-11

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



ACKNOWLEDGEMENTS

The research leading to these results has received funding from TACR ZETA project TJ01000268 and specific project
FSI-S-17-4144.

REFERENCES

[1] Hawryluk, M. and Ziemba J., "Possibilities of application measurement techniques in hot die forging processes,"

Measurement 110, 284-295 (2017).

[2] Bracun, D., Skulj, G. and Kadis, M., "Spectral selective and difference imaging laser triangulation measurement

system for on line measurement of large hot workpieces in precision open die forging,"” Int. J. Adv. Manuf. Technol. 90(1-

4), 917-926 (2017).

[3] Liu, W.,Jia, X. H., Jia, Z. Y., Liu, S. J., et al., "Fast dimensional measurement method and experiment of the forgings

under high temperature," J. Mater. Process. Tech. 211(2), 237-244 (2011).

[4] Liu, W., Jia, Z. Y., Wang, F. J., Ma, X, et al., "An improved online dimensional measurement method of large hot

cylindrical forging," Measurement 45(8), 2041-2051 (2012).

[5] Jia, Z. Y., Liu, Y., Liu, W., Zhang, C., et al., "A spectrum selection method based on SNR for the machine vision

measurement of large hot forgings," Optik 126(24), 5527-5533 (2015).

[6] Liu, Y., Jia, Z. Y., Liu, W., Wang, L. L., etal., "An improved image acquisition method for measuring hot forgings

using machine vision," Sensor. Actuat. A-phys. 238, 369-378 (2016).

[7] Jia, Z.Y.,Wang, L. L., Liu, W,, Yang, J. H., et al., "A field measurement method for large objects based on a multi-

view stereo vision system," Sensor. Actuat. A-phys. 234, 120-132 (2015).

[8] Zhang, Y. C., Han,J. X,, Fu, X. B. and Zhang, F. L., "Measurement and control technology of the size for large hot

forgings," Measurement 49, 52-59 (2013).

[9] Zatocilova, A., Poliscuk, R., Palousek, D. and Brandejs, J., " Photogrammetry based system for the measurement of

cylindrical forgings axis straightness,” Proc. SPIE 8788, (2013).

[10] Zatocilova, A., Palousek, D. and Brandejs, J., " Development of a photogrammetry system for the measurement of

rotationally symmetric forgings," Proc. SPIE 9525, (2015).

[11] Zatocilova, A., Palousek, D. and Brandejs, J., "Image-based measurement of the dimensions and of the axis

straightness of hot forgings," Measurement 94, 254-264 (2016).

[12] Yang, J. H., Liu, W., Fan, C. N., Li, S. J., et al., "Improved calibration method of binocular vision measurement

system for large hot forging," ISIE 25, 918-922 (2016).

[13] Yamauchi, M., "Errors in optical shape measurement caused by a high-temperature atmosphere," Opt. Eng. 48(9), 4

(2009).

[14] Tommaselli, A. M. G., Marcato, J., Morales, M. V. A,, Silva, S. L. A,, etal., "Calibration of panoramic cameras with

coded targets and a 3D calibration field," Eurocow 2014, 137-142 (2014).

[15] Hu, H., Liang, J., Xiao Z. Z., Tang, Z. Z., et al., "A four-camera videogrammetric system for 3-D motion measurement

of deformable object.,” Opt. Laser. Eng. 50(5), 800-811 (2012).

[16] Luhmann, T., [Close range photogrammetry: principles, techniques and applications], Dunbeath: Whittles Publishing,
114-119, 201-214 (2011).

Proc. of SPIE Vol. 11056 1105635-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Measurement 194 (2022) 111059

ELSEVIER

Contents lists available at ScienceDirect
Measurement

journal homepage: www.elsevier.com/locate/measurement

| Measurement. |

t.)

Check for

Enhancing the accuracy of forging measurement using silhouettes in images |%&s

Jakub Hurnik , Aneta Zatocilova, Daniel Koutny, David Palousek

Institute of Machine and Industrial Design, Faculty of Mechanical Engineering, Brno University of Technology, Technicka 2896/2, 616 69 Brno, Czech Republic

ARTICLE INFO ABSTRACT

Keywords:
Forging
Measurement
Edge detection
Silhouettes

Axis straightness
Image analysis

In this study, a new passive camera system for heavy cylindrical forging measurement, based on silhouettes in
images, is developed. New methods for making such a system more resistant to the negative effects of the in-
dustrial environment have been proposed. This includes weighted edge filtering based on complementary in-
formation about the edge quality in an image. The recorded measurement median errors were £0.12 mm and
+0.14 mm. Moreover, the 95% confidence intervals were +0.5 mm and +1 mm for the forging axis and diameter
measurements, respectively. Both results were achieved in a measurement volume of 6 x 6 x 2 m during the

measurement of glowing hot forgings in industrial conditions. The results surpass those of the state-of-the-art
method, mainly in the case of axis straightness measurement, by approximately 50%. The measurement is
fast, and it provides feedback about the axis straightness for its subsequent correction.

1. Introduction

Heavy forgings are used as semi-finished products. Although their
production is expensive, they are often used owing to their high
strength. The major part of their production is cylindrical forgings,
which are used for various shafts. Because of their large dimensions and
small series production, they are manufactured using the open-die
forging technology. This technology includes the formation of the
product using flat or curved open dies on forging presses from hot pieces
(temperatures between 1250 and 800 °C) of steel. Despite the high
production costs, basic contact measurement techniques are still used
[1,2] to provide feedback to the press operator. The lack of dimensional
and shape control technologies results in large machining allowances,
leading to ineffective use of material and energy. Axis straightness
cannot be measured and can cause major problems during the
manufacturing process owing to run-out. The shape can be corrected at
the end of the forging process; however, the correction is based only on
the operator’s estimation. Therefore, an optical measurement system is
required. Additionally, such a measurement system can become a part of
an automated forging system in the future as a part of implementing
Industry 4.0.

Measurement of hot forgings in the manufacturing process is
a challenge. The environment is unstable owing to rapidly changing
temperatures (thermal dilations) and vibrations. This can cause major
problems for adjusting [3] or calibrating [4] measurement systems.
Another problem is the hot atmosphere around the forging, which
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E-mail address: Jakub.Hurnik@vut.cz (J. Hurnik).
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affects the accuracy of every optical system [5,6]. Although there are
studies on simulating the error to compensate for it [7], the studies
admit that this simulation can be inaccurate owing to probable turbulent
air flow. This error can be on the order of tenths of a percent [6]. There
may also be other problems connected to the radiation of hot forging in
the visible spectrum [8] or contrasting scales on the surface [9].
Therefore, standard optical measurement systems cannot be directly
used.

Hot forgings can be measured, for example, using laser scanning
technology (time-of-flight). Studies have shown that the environment
does not have a significant effect on this method [10-13]. However,
laser scanning has disadvantages, including long scanning times on the
order of seconds. During this period, the forging has to be held still.
Another disadvantage is the limited accuracy on the order of millime-
ters. Another method for hot forging measurement is active photo-
grammetry. These methods (e.g., line scanning [14-17], structured light
aided stereovision [18-21], or laser-aided stereovision [22-24]) can
achieve high accuracies (e.g., 0.2 mm (40), considering the case of >400
mm diameter measurement [15] or a 0.27% maximum error, [23]
respectively). The disadvantage is the signal-to-noise ratio owing to the
light emissions of hot forging. Although the spectrum selection method
[21] or difference imaging [15] is used to enhance the ratio, these
methods limit the measurement volume. The third main approach is
passive photogrammetry, which is usually based on 2D [9,25,26] or 3D
forging silhouettes [27-30]. This approach is complicated to implement
because of the need for camera calibration and the specialized image
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processing owing to the contrasting scales. However, because the
absence of a structured light source and the ability to achieve low
measurement times, it can overcome the disadvantages of the other
approaches.

1.1. State-of-the-art method

Hurnik et al. [4] examined the influence of a hot atmosphere around
hot forging in an industrial environment (measurement volume 6 x 6 x
1.5 m) on camera calibration error. The camera calibration method was
based on spatial resection and the original robust target system [31].
The reprojection error, due to the thermal influence, increased up to 2.5
x from 0.1 px to 0.25 px, with a pixel resolution of 1.3 mm, which was
satisfactory.

Hu et al. [9] developed a specialized edge operator for forging
silhouette detection. The operator was based on the Canny edge detector
[32]. The author used image preprocessing with histogram equalization
and post-processing for edge validation. Edge validation was imple-
mented directly in the Canny edge operator. The edge weights were
modified based on the resistance of the edge to Gaussian blurring with a
large kernel, which proved to be effective.

Bi et al. [25] introduced a 2D monocular measurement system for
measuring small hot cubical workpieces. Edge detection was based on
the Sobel edge operator, further fitting the line to edge pixels. The sys-
tem was verified on cold workpieces with maximum dimensions of 60
mm and hot workpieces with temperatures of approximately 1000 °C
and maximum dimensions of 40 mm. The measurement error was less
than 0.5 mm in both cases. Thereafter, the authors investigated the ef-
fect of color filters on the contrast of forging silhouettes [26], which is
crucial for their measurement. They observed that different filters
should be used to obtain the optimum contrast for different
temperatures.

Wang et al. [33] developed a 2D monocular system for steel bar
diameter measurement during their manufacturing using high temper-
ature rolling. The edge detection was based on the structured forest al-
gorithm. The authors suggested the weighted edge variance as a level of
trust in individual diameter measurements for further decision-making.
This suppresses measurements on low level of trust. The proposed
methods were verified in an industrial environment on glowing hot steel
bars with a diameter of approximately 260 mm. The recorded diameter
error of measurements that were classified as acceptable was approxi-
mately +2.5 mm.

Zhou et al. [30] introduced a method for measuring the basic di-
mensions of heavy forgings (diameter) in 3D. The system works with a
stereo-pair of calibrated cameras. Instead of singe points, the system
uses whole lines to achieve better reliability. Image processing is based
on the Hough transformation. The line was reconstructed using the
triangulation method. The method achieved a 0.79% error in an in-
dustrial environment on hot forging with a diameter of 115 mm.

Publications [27-29] presented a system for measuring the length,
diameter, and axis straightness of cylindrical forgings based on two
cameras. The forgings are observed from the radial direction. The shape
of the object is determined based on silhouettes in mutually perpen-
dicular planes. These are bounded to the v-prisms in which the forging is
placed. The measurement system uses only basic optical measurement or
image analysis methods, including the non-iterative camera calibration
method, edge detection with pixel precision (multistep method with
edge validation), and object reconstruction. The experiments were
conducted in a laboratory environment on both cold and heated
(approximately 1150 °C) samples with a maximum length of 700 mm,
diameter of 50 mm, and deflection size from 0.3 to 21 mm. Considering
the measurement in the cold state, the maximum length and diameter
measurement errors were approximately 2% (1% median) and 1% (0.5%
median) [29], respectively. The maximum measured deflection error
varied from less than +1 mm (+0.2 mm median) to approximately 3 mm
for some samples. In the hot state, only the length and diameter of
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forgings were measured. Significantly larger errors (even more than 2
mm) were observed due to the contrasting scales on the forging surface.

1.2. Scope of the study

This study focused on measuring 3D cylindrical forgings based on
their silhouettes in images from a pair of cameras (Fig. 1). Using this
method, it is possible to quickly obtain the data for axis straightness
correction without major disadvantages. However, this method has not
been tested in industrial conditions. Moreover, laboratory measure-
ments of hot steel rods suggested limited accuracy of this method (on the
order of percentages [29]). The achieved accuracy is relatively low
compared to formed pipeline inspection systems [34-36] based on the
same principle.

We assume that this is caused by the implementation of basic optical
measurement methods in the literature. This study aims to use more
advanced optical measurement methods to examine the measurement
accuracy limits in industrial environments, including methods for ac-
curate calibration and subpixel silhouette detection. It is not clear if
these methods can significantly improve accuracy despite the interfering
effects of the industrial environment.

Moreover, ways to make this system more robust to interferences are
presented. Instead of providing several engineering solutions, we pre-
sent an originally developed specialized edge filtering method. The
edges can be partially corrupted by contrasting scales on the forging
surface. Our aim was to use edge quality indicators from an image to
determine edge point quality. We suggest the use of these indicators for
weighted silhouette filtering to effectively suppress inaccurately detec-
ted edges.

The following are the main hypotheses of the study.

e Calculating silhouettes in an image with subpixel accuracy can help
to achieve better measurement accuracy.

e Gradient magnitude and direction can be used as edge quality in-
dicators for weighted edge smoothing to effectively suppress incor-
rect or inaccurate edges.

e The interfering effects of the industrial environment will not signif-
icantly affect the measurement accuracy.

This study also verifies the measurement method in industrial con-
ditions, which has not been done before. Furthermore, the proposed
method is compared to the state-of-the-art method [29].

2. Materials and methods
2.1. Proposed measurement system

Normally, the geometric characteristics of a convex object can be
determined from tangent lines. Considering a camera’s central projec-
tion model, the tangents are the projection rays of the silhouette points
in the image. These silhouettes can be determined using image analysis
methods as shown in Fig. 2.

Considering most common cylindrically-shaped forgings, the center
position and diameter of an approximately circular cross-section can be
determined from three or more tangent lines. A set of these cross-section
center positions and diameters along the forging axis approximately
forms the cylindrical forging geometry (Fig. 3). Considering that two
cameras observe the object from the radial direction, the lowest error
can be achieved if the optical axes are perpendicular.

This method is flexible, the forging can be arbitrarily placed in the
measurement volume, and the measurement results are not sensitive to
the accuracy of the camera mounting positions. The advantage of the
flexibility is that the forging is measured while it is held by a forging
press manipulator directly on the forging press site. The disadvantage is
the assumption of a regular (circular) cross-section. The factors critical
to the accuracy of such a system are camera calibration and silhouette
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Fig. 1. Workflow of the scientific work.

Fig. 2. Detected object silhouettes for tangent ray reconstruction.

Fig. 3. Measurement system principle — circular cross sections delimited by
tangent rays.

calculation. To achieve maximum accuracy, we used high resolution
cameras, accurate camera calibration based on spatial resection, and the
subpixel edge calculation method.

The measurement system is designed to provide feedback to the
forging press operator. A measurement output is demonstrated in Fig. 4.

2.2. Robustness to the industrial environment

Robustness of the measurement system method to the interfering
effects of the industrial environment is critical. We introduce the
negative effects and our implemented countermeasures. These solutions
distinguish our measurement system from common 3D pipeline in-
spection systems. The details of these methods are presented in Section
2.3.
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XMaximum deflection
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Maximum deflection = 0.84 mm
Max. def. location = 183.9 mm
Diameter range = [51.07, 51.26] mm
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Fig. 4. Output of the forging measurement for subsequent axis straight-
ness correction.

e Dimensionally and thermally unstable environment: It is
impossible to ensure stable camera positions. Therefore, we used an
on-line camera calibration method. Nevertheless, we ensured a sta-
ble camera intrinsic geometry.
Heat haze, air lens: To prevent image blurring, we placed the
cameras on the sides, relative to the forging. This is to minimize the
distance travelled by light rays in the hot atmosphere. Moreover, we
used red bandpass optical filters which minimize the refraction.
o Low object contrast: A forging emits light mainly in the red spec-
trum. Therefore, red bandpass optical filters are also advantageous.
o Edge interferences (scales): We implemented a robust forging
segmentation method and developed a specialized weighted edge
filter based on edge quality measures. We assumed that the ideal
forging edge gradient has high magnitude, and its direction is
approximately perpendicular to the forging axis. By contrast, the
gradient of the edge corrupted by scales on the forging surface or
false edge has probably lower magnitude and random direction.

2.3. Measurement system details

For repeatability, we present the details of the measurement system

Data acquisition
+ Camera system
+ Camera calibration

Image processing

» Forging segmentation
Subpixel edge detection
Edge validation

+ Edge filtering

Geometry determination
» Axis triangulation
+ Geometry alignment

=~
-

Fig. 5. Measurement system workflow.
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sequentially based on the workflow depicted in Fig. 5.

2.3.1. Data acquisition

Camera system.

The measurement setup includes two cameras, which capture the
silhouettes of an object from the radial direction. The camera locations
are provided in Fig. 6. In the industrial environment, the cameras are
protected against thermal shocks using special thermo-regulated camera
covers to ensure their stable intrinsic geometry (Fig. 7 left). These covers
are made from stainless steel, and the window is from borosilicate glass.
Cooling is performed using a 117 W vortex tube controlled by a tem-
perature sensor. The protected cameras are mounted on supporting
constructions of the industrial hall. The difference in the camera loca-
tions is because of the environmental arrangement in the forge and is
compensated by different focal lengths. The approximate measurement
volume is 6000 x 6000 x 2000 mm. The maximum expected forging
length is 4000 mm.

A sample image from the measurement system camera is shown on
the right-hand side of Fig. 7, showing the forging held by the press
manipulator during the measurement and the calibration targets used
for camera calibration.

Sixteen Mpx ZWO ASI 1600 MM/ZWO ASI 1600 MM PRO mono-
chromatic cameras were used in this study. These cameras use a 4/3"
CMOS Panasonic MN34230 camera sensor with 3.8 um pixel size. The
cameras are fitted with Zeiss Interlock Compact objectives (both with
a 21 mm focal length) during the laboratory experiments. During the
experiments in an industrial environment, the camera closer to the
forging had a 21 mm (focal length) lens, and the other camera used a 35
mm lens. Considering this case, the cameras were equipped with
Schneider-Kreuznach BP 680-100 HT red bandpass filters to ensure high
contrast of the forging.

Camera calibration

The calibration method is based on spatial resection. The method
employs robust calibration targets. This target system implements a
widely used circular coded target design, where the bit code is stored in
aring around the target center. In contrast to similar target systems, a bit
correction method is implemented. A library of 60 15-bit targets is used.
In this setup, the target identification is performed accurately up to 2
bits of code damage. A high accurate star ellipse operator is applied to
compute the target centers in the images. The details of the target system
are presented in [31].

The calibration method includes two individual steps. First, the
intrinsic camera parameters, such as the focal length, physical center of
the image, and image distortion parameters (three-parameter radial,
tangential, and affine), are calculated only once before the installation of
the measurement system. These parameters are calculated based on
imaging a dense calibration field. Seven images with different rotations
of the camera around its optical axis are used.

The second step of the camera calibration includes single-image
calibration of the extrinsic parameters (camera projection center and
orientation). This step is performed from every measurement image to
compensate for possible small camera movements. Twenty targets
placed in the measurement volume on stable positions are used. Their

15800 1500
pCam 1 Cam2 g Cam 1 Cam 239
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Fig. 6. Camera arrangement; left: industrial environment, right: laboratory
environment.
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Fig. 7. Left: thermo-regulated camera cover; right: sample image from the
measurement system camera. The image has been adjusted.

accurate coordinates are measured during the system installation using
the TRITOP (GOM) measurement system. The error of the camera cali-
bration method in the laboratory environment is below 0.1 px. The ef-
fect of the hot air surrounding the measured forging increases the error;
however, it remains on the order of tenths of pixel. The details of the
camera calibration method and its performance in industrial conditions
are introduced in [4].

2.3.2. Image processing

Further steps are applied to the images from both cameras of the
measurement system.

Forging segmentation

The forging segmentation method is based on the assumption that
the forging is in an approximately horizontal orientation and its
approximate diameter in the image is known. This is to build a robust
image filter that passes only such objects in the image.

The method (Fig. 8) first downscales the image by half for better
computational efficiency (only for segmentation purposes), and the
image is smoothened with a 3 x 3, 6 = 0.5 Gaussian kernel to remove
image noise. Thereafter, the image is processed with the Sobel edge
operator with the resulting image gradient magnitude map Gmag and
gradient direction map Gdir. The magnitude map contains several im-
prints of false edges. These edges belong to the background or scales on
the forging surface. The false edges are usually smaller isolated objects
with random orientations and often strong gradient magnitudes. By
contrast, true edges are often weak. The subsequent steps are inspired by
the Canny edge detector, which is robust because of the dual threshold
method.

The dual threshold is used (strong magS and dirS and weak magW
and dirW) for both the gradient and direction maps. This results in four
binary maps: GmagS, GmagW, GdirS, and GdirW. Thereafter, strong
and weak maps are created by multiplying the corresponding magnitude
and direction map, resulting in the map GS, where the nonzero points
are pixels with strong magnitudes and are strictly correct orientations.
Moreover, equivalently, map GW includes pixels with weaker gradient

s [Originaimage]
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Fig. 8. Segmentation workflow. The images on the right are the original image,
clean magnitude map GmagC, and axis probability map AxisMag, respectively.




J. Hurnik et al.

magnitudes and less strict orientations. False isolated edges are removed
in the strong mask GS using a morphological opening with a kernel of
rectangular shape along the horizontal direction. Subsequently, Mask is
assembled based on the connectivity of the nonzero connected regions of
GW with nonzero elements of GS. Nonzero weak elements with no
connectivity to the strong elements are erased in this step. Considering
this phase, Mask still contains the imprints of false isolated edges;
therefore, they are removed using morphological opening.

Subsequently, Gmag is multiplied by Mask, resulting in the clean
magnitude map GmagC. This cleaned magnitude map still contains false
edges in the form of horizontal lines. A filter that passes only nonzero
elements of GmagC and has a certain horizontal distance [DiamMin
DiamMax] is built. A new image AxisMag is assembled. The filter forms
a virtual axis point between each nonzero element of GmagC, which has
a given distance. The axis probability at that point is the result of the
multiplication of the values in Gmag. Thereafter, the Hough transform is
applied to this image, and the strongest line is considered as the forging
axis.

Although the forging segmentation method is fast and robust during
the testing, the segmentation method based on neural networks will be
implemented after gathering sufficient image data for the training.
These methods offer several advantages over the classic methods,
considering the robustness [37].

Subpixel edge detection

After the rough segmentation, subpixel edge detection is performed.
The principle is shown in Fig. 9. The scanning points with 0.5 px spacing
are assembled around the expected edge (Fig. 10 top left), and their
values are interpolated using the bilinear interpolation. We assume that
the potential edge can be at every peak of the first derivative, with a
certain minimum width. Accurate edge coordinates are calculated using
the “zero-crossing” subpixel edge detection method. This method
searches the zero crossing in the second central derivative. To reduce the
effect of noise, line fitting is applied to the approximately linear slope of
the second derivative, and the zero-crossing of this fitted line is
considered as the edge point [38].

Edge validation and axis computation

The subpixel edge detection method often finds more edges. The
connectivity of the edges is used to filter out the invalid ones. First, the
pixel coordinates are divided into regions that have the maximum
allowed horizontal gaps and vertical jumps. Only regions with high
strengths are considered as valid. If more regions overlap, the stronger
region is considered as valid. The axis imprint in the image is then
computed as the center of the upper and lower edge points in the vertical
direction (Fig. 10 on the right).

Edge and axis filtering

It is considered that the validated edges differ in accuracy owing to
the contrasting scales on the forging surface near the edge or back-
ground objects. It is also possible that a minor number of invalid edges

1 —Pixel values 0.2
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X Computed edge
0.5 0.1
O 0.05 %
> =
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Fig. 9. Zero-crossing subpixel edge detection method.
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Fig. 10. Left: Edge detection workflow — scanning rays, potential edges, and
validated edges; right: Resulting edges and expected axis.

can pass the edge validation algorithm. To reduce the effects of these
inaccuracies, a weighted edge filtering method based on the comple-
mentary image information is applied. Two characteristics in the accu-
rate edge location are computed using the Sobel kernel (the gradient
direction relative to axis direction and its magnitude). Thereafter, we
compute the edge point weights based on these characteristics. The
Gaussian function w is used to compute the weights of both quantities,
which are further expressed as x (Eq. (1)):

0.5

— E(x)—u)*
w(x) = ae~ ;0= — (E@) —p)
2-log (’%)

max(x) in case of grad. mag.

90° in case of grad. dir. @

a=1; hw=0.5; ,u:{

The maximum value of the function was set to 1 (a = 1). The width
of the peak was set such that the weight of the mean value of the pop-
ulation was 0.5 (hw = 0.5), and the center was set to the maximum
gradient magnitude, considering the gradient magnitudes. Moreover, it
was 90° in the case of gradient directions (perpendicular to the
approximate forging axis). An example of Gaussian weighting functions
is shown in Figs. 11 and 12.

Three variants of the output were examined.

Orientation: Only the direction weight is used.

Combined: The mean value of the direction and magnitude weight is
used.

Magnitude: Only the magnitude weight is used.

Considering the axis imprint, the lower weights of the upper and
lower edges are used. The edges and the axis are smoothed using the
weighted parabola fitting, which keeps the edge or axis trend on the
short section. The filter window length is set to ten for the edge filtering

300
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Fig. 11. Sample edge orientation histogram with its weighting function (black
line) for subsequent edge filtering.
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Fig. 12. Sample magnitude histogram with its weighting function (black line)
for subsequent edge filtering.

to retain the details of the varying diameter, and the filter window
length for axis smoothing is set to 40. The edge filtering comparison is
demonstrated in Fig. 13.

2.3.3. Geometry determination

Geometry reconstruction.

First, the image distortion is compensated to obtain error-free image
coordinates of both the axes and edges. The distortion removal method
is related to the camera calibration method, and the details are in [4].
The axis is reconstructed based on the triangulation principle (Fig. 14).
Using camera intrinsic and extrinsic coordinates, considering every axis
point in the image, a ray in the space is reconstructed (Eq. (2)):

Xal Xa2
Yi=Xi+k-|ya |'"Ri; Yo=Xo+k|yao |Ry ki,ky €R. 2
h h

where X; and X, are the projection centers of the cameras, and R; and
R, are the rotation matrices expressing the orientation of the cameras.
Moreover, points A1 [Xa1;Ya] and Az [Xa2;Yq2] are error-free axis co-
ordinates in the image with the coordinate origin in the physical image
center, and f; and f, are the camera focal lengths in pixels. The axis
points are considered as the intersection of the rays. Because the rays do
not intersect, the “intersection” is calculated between every two closest
rays from the opposite cameras as a center of the skew lines axis (Eq.
(3)). The skew line axis is the shortest line section between the skew
lines:

Fig. 13. Impact of edge filtering using different methods on the problematic
edge section. From up left: Originally detected edge with no filter applied,
smoothing using uniform edge weight, and “Orientation,” “Combined,” and
“Magnitude” weighting methods, respectively.
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Fig. 14. Cross-section reconstruction diagram.
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Line parameters t; and t,, which form the closest points P; and P, on
the skew lines, can be computed using the analytic geometry or the
ordinary least squares method. The intersection point P is the center of
this line. Parameter r is the distance between the rays. A threshold for
the mutual ray distance r is set to eliminate the possible inaccurate re-
sults. This situation can be caused by missing the axis points in one
image, for example, owing to scales.

Considering the simplest case, using the known parameters t; and to,
the forging edges can be transformed from the image to space using the
ray equation equivalent to Eq. (3). The diameters R are computed as the
distances between the edge points and the axis curve. However, the
edges spotted by the camera are not at the same distance from the
camera as the axis because of the perspective. Therefore, we introduce
the corrected radius R" (Eq. (4)):

R = L-sin (tan’1 (2_?) ) 4

The variables are depicted in Fig. 14.

Geometry alignment

The forging geometry is arbitrarily placed in the space, and the origin
is dependent on camera calibration data. Thereafter, the geometry is
rotated; therefore, the ideal axis matches the x-axis of a coordinate
system. The ideal axis of the forging is determined as a mutual axis of the
short axis sections on both ends of an object. Regarding the laboratory
experiments with 500 mm long samples, the axis section was 15 mm
long. Nonetheless, considering the experiments in an industrial envi-
ronment with a 1900 mm long sample, the axis section was 80 mm long.
These numbers were assessed based on the holder size during the heavy
forging matching procedure. Subsequently, the object is shifted to the
origin of the coordinate system (result in Fig. 15).

2.4. Experimental design

The experiments were designed to verify the correctness of the pro-
posed methods and to compare them to each other and to the state-of-
the-art methods [29] in both the laboratory and industrial environ-
ments. Comparatively, we used the following edge detection and
filtering method combinations:

e “Pixel precision”: Highest gradient edge detection, Savitzki-
Golay/moving average filter. This state-of-the-art [29] method
implements edge detection with pixel precision. The pixel with the
highest gradient is considered as the edge. This method uses the
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Fig. 15. Reconstructed and aligned forging geometry.

Savitzki-Golay axis filtering method, and it filters the diameter
values using the moving average. The sizes of the filter windows
were the same as those of the other compared newly proposed
methods.

“No filter”: Subpixel edge detection, no filter. This method was
implemented to show the significance of data filtering.

“Uniform weight”: Subpixel edge detection, filter with uniform
edge weight. This method was implemented to verify whether the
proposed edge quality measures are useful to obtain better accuracy
than using the uniform edge weight.

“Orientation”: Subpixel edge detection, filter with edge weights
based on their gradient direction.

“Combined”: Subpixel edge detection, filter with edge weights
based on both the edge gradient direction and its magnitude.
“Magnitude”: Subpixel edge detection, filter with edge weights
based on their magnitude.

Each measurement was evaluated by each examined experimental
method, resulting in the axis error, which was computed as the deviation
of the axis points from the reference axis in 3D. The diameter mea-
surement error is again computed as the difference of the measured
diameters from the reference diameters along the object axis. The results
were evaluated using standard statistical methods.

2.4.1. Laboratory experiment

To verify the correctness of the proposed methods, small scale lab-
oratory experiments were conducted. The measured and reference ge-
ometries were compared. The measured objects were three steel tubes
with a length of 500 mm and a diameter of 50 mm. The tube deflection
was approximately 1 mm, which was considered as being proportional
to the deflection of the heavy cylindrical forgings. For the purpose of
comparison, the conditions were the same as in [29], which included
holding the forging in v-prisms. The area where the forging was held by
the v-prisms was neglected. More than 20 measurements of each sample
were made. The tube was arbitrarily rotated in each measurement to
change the viewpoint.

Reference geometry

The reference geometry in the laboratory environment was obtained
using a GOM ATOS III Triple Scan 8 M optical 3D scanner. This scanner
was used in the MV560 configuration (measurement volume 560 x 420
x 420 mm). The measurement point span was 0.17 mm. Considering the
acceptance tests (VDI/VDE 2634), the measurement error is in the
thousandth of millimeters.

The scanned geometry was processed, and important data for com-
parison with the measured data were evaluated using GOM Inspect. The
scanned surface was aligned based on two cylinders, which were fit to
both ends of the cylinder. The height of each cylinder was set to 15 mm.
The mutual axis of these two cylinders was considered as the ideal axis.
The origin was placed on one end of the forging. The results of the
alignment are provided in Fig. 16. This method is considered as being
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Fig. 16. Reference object geometry aligned using the red fitted cylinders on
both ends.

equivalent to the alignment method used during the proposed mea-
surement. A cross-section was made every 2 mm, and a circle was fitted
to the cross-section geometry using the best-fit method. The reference
geometry was the axis coordinates and the diameters of the fitted circles
in the cross-sections. Subsequently, both the measured and reference
geometries were arbitrarily rotated around the ideal axis. For compar-
ison, the resulting axis of each measurement was rotated around the
ideal axis to match the reference using the least squares method.

2.4.2. Experiment in the industrial environment

A single 1900 mm hot (approximately 1000 °C) forging with -
amaximum diameter of approximately 300 mm was repeatedly
measured. The measurement was performed directly after the forging
manufacturing operation on the forging press site. During the mea-
surement, the forging was held by the forging press manipulator. The
manipulator works with positioning accuracy in millimeters or degrees.

The measurement consisted of two parts. First, the measurement was
conducted ten times to verify the repeatability of the measurement
system. The forging was not rotated around its axis between the mea-
surements to eliminate the effect of the circularity deviation. This could
affect both the axis and diameter measurements. Second, the forging
was measured 12 times with different rotations around its axis. The
forging in the subsequent measurements was rotated around its axis by
30. This experiment was conducted to examine whether the forging
geometry can be accurately determined using a single measurement.
The entire procedure was performed in less than 2 min.

Reference geometry

In this experiment, a direct reference geometry is impossible to
obtain because of the lack of an accurate measurement method capable
of measuring hot heavy forgings. Instead of comparing the measurement
results with the reference geometry, we examined the repeatability of
the measurement. The mean axis from the measurements in both
experimental parts was used as a reference. Considering the forging
measurement with rotation around its axis, the different forging rota-
tions between the measurements were compensated based on the known
rotation angle.

3. Results and discussion

Using the described methods, we conducted laboratory experiments
and experiments in an industrial environment (on-site). We assume a
Gaussian distribution of the errors; therefore, we examined the param-
eters of this distribution, including the mean and sigma. We also
investigated the medians and maximum errors. Considering the mea-
surement of the three samples in the laboratory, we assumed that the
error is equivalent to different samples. Therefore, we summarize the
results to one set, which represents all the measurements of all samples.
The characteristics of the experiments are summarized in Table 1.
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Table 1
Measurement characteristics.
Laboratory On-site
Measurement volume 0.8 x 0.8 x 0.3 m 6x6x2m
Pixel resolution 0.17 mm 1.29 mm
Num. of measurements 21 + 22+ 26 10 + 12

3.1. Laboratory experiments

In this section, we introduce and discuss the measurement results
obtained in the laboratory environment. Moreover, Figs. 17 and 18
display the measured geometry of one of the three dimensionally tested
steel rods. Furthermore, Table 2, Table 3, and Fig. 19 display the char-
acteristics of the measurement error.

The first finding is that when using the subpixel edge detection
method, the measurement error significantly decreased. The measured
axis geometry error in the laboratory environment decreased by
approximately 50%. Sigma decreased from 0.05 to 0.025 mm, and the
median error decreased from 0.04 to 0.02 mm (Table 2). Considering the
diameter measurement, sigma decreased from 0.06 to 0.04, and the
median error was approximately the same (0.06 — 0.07 mm in both
cases, Table 3). These results show the 30% improvement in measure-
ment repeatability using the subpixel method. However, the non-
negligible systematic error seems to be present owing to the equality
of the median and median absolute error. This error is the result of
comparing the results with the reference values obtained using the “best-
fit” method of circles fitting the cross sections of the reference geometry.
The measurement principle using the tangent lines matches the more
likely (theoretically) “minimum circumscribed” method. The difference
between these methods is shown in Fig. 18 and is caused by the
imperfect circularity of the measured samples. The measured values
using the proposed methods mostly fluctuate between the reference
values obtained using these two methods owing to imperfect circularity
of the sample.

Another finding is that data filtering (smoothing) in the laboratory
environment, where no significant noise or edge disturbances are pre-
sent, is not needed. This finding is supported by the fact that the error
characteristics, with or without filtering (even weighted), are similar.

To summarize the findings, direct comparisons show that the newly
proposed methods were more accurate than the state-of-the-art methods
in the laboratory environment [29]. Considering the reason described
above, no significant systematic error was recorded. Therefore, the
newly proposed methods are considered as valid. Considering the axis
measurement, the achieved median error was under +0.02, and the 95%
confidence interval of the result was approximately +0.05 mm.
Regarding the diameter measurement, the median error was +£0.06 mm.
This included the “systematic” part of the error, and the 95% confidence
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Fig. 17. Measured and reference object axis geometry.
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Fig. 18. Measured and reference object diameters.

interval of the result was approx. +0.08 mm.

3.2. Experiments in an industrial environment

In this section, we introduce and discuss the measurement results
obtained in the industrial environment. Figs. 20 and 21 demonstrate the
measured geometry of the specimen. Moreover, Table 4, Table 5, and
Fig. 22 show the measurement method error characteristics in an in-
dustrial environment with no rotation around the forging axis.

The measurements in the industrial environment also confirm the
advantage of implementing the subpixel edge detection method. This
can be observed from the median error in both the axis geometry and
diameter measurements (Table 4 and 5). The median error decreased by
50% for the axis measurement and by 35% for the diameter measure-
ment (decreases from 0.30 to 0.15 mm and from 0.22 to 0.14 mm,
respectively), compared with pixel edge detection. These values
approximately match the accuracy improvement in the laboratory
conditions.

Contrary to the laboratory environment, the sigma error is heavily
influenced by strong edge disturbances. Therefore, edge filtering
(smoothing) is necessary. The edge filter helps to decrease both the
maximum and sigma repeatability errors, especially considering the axis
geometry measurements (Fig. 22). Considering this case, the filter with a
uniform weight helps to reduce the sigma by 53%, and the maximum
error is reduced by 77% (from 0.74 to 0.35 mm and from 11.54 to 2.67
mm, respectively). Considering the diameter measurement, the decrease
was insignificant. Sigma decreased by 7%, and the maximum error
decreased by 15% (from 0.69 to 0.64 mm and from 20.24 to 17.03 mm,
respectively). This is because the diameter of the measured sample
rapidly changes along the forging axis (Fig. 21).

Based on the results of the axis geometry measurement, it is apparent
that complementary image information for weighted filtering is effec-
tive for obtaining significantly more accurate results. Filtering using all
the three proposed weighting methods (“orientation,” “combined,” and
“magnitude”) perform better than the method that uses uniform weight.
The weighting method based on the edge orientation performed the
best. Compared with the uniform weight filtering method, this method
achieved a 34% lower sigma and a 64% lower maximum error (from
0.35 to 0.23 mm and from 2.67 to 0.96 mm, respectively). The obtained
results surpass the state-of-the-art method by 50% for the sigma and by
64% for the maximum error (from 0.46 to 0.23 mm and from 2.66 to
0.96 mm, respectively). However, regarding the diameter measure-
ments, the “magnitude” and “combined” methods performed better than
“orientation”. The improvement against the uniform weight was not as
significant as in the case of axis geometry measurement. Considering the



J. Hurnik et al.

Measurement 194 (2022) 111059

Table 2
Axis error characteristics during the laboratory measurement.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Max. (mm) 0.2908 0.2393 0.2398 0.2398 0.2401 0.2402
Median (mm) 0.0374 0.0189 0.0185 0.0185 0.0185 0.0185
Sigma (mm) 0.0469 0.0250 0.0247 0.0246 0.0247 0.0247
Sigma eq. (px) 0.2758 0.1472 0.1453 0.1449 0.1450 0.1452
Table 3
Diameter error characteristics during the laboratory measurement.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Range (mm) 0.3797 0.3286 0.3312 0.3283 0.3296 0.3310
Median (mm) 0.0664 0.0624 0.0623 0.0621 0.0623 0.0623
Median abs. (mm) 0.0670 0.0625 0.0624 0.0621 0.0623 0.0624
Sigma (mm) 0.0569 0.0411 0.0410 0.0411 0.0410 0.0410
Sigma eq. (px) 0.3347 0.2420 0.2414 0.2415 0.2414 0.2414
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Fig. 20. Axis measurement in the industrial environment with no rotation
around the forging axis.

“magnitude” method, the sigma and maximum error are both lower by
11% (from 0.64 to 0.57 mm and from 17.03 to 15.12 mm, respectively).
These values are comparable with the “state-of-the-art” method, which
even reaches a lower maximum error despite the higher median error.
These results may be caused by the rapidly changing diameter along the
forging axis. It may also be because the “state-of-the-art” method uses a

Using the pixel equivalents, the relative system accuracy in the
laboratory and industrial conditions can be compared without the effect
of the irregular forging cross-section, considering the industrial envi-
ronment. Considering the axis geometry measurement, the pixel
equivalent of the sigma was comparable (0.15 vs. 0.18 px). The achieved
median error was £0.12 mm, and the 95% confidence interval of the
result was +0.5 mm. Regarding the diameter measurement, the result-
ing sigma was significantly larger; however, it was still less than 2 x
(0.24 vs. 0.44 px). This error was caused by the rapidly changing forging
diameter along its axis. The achieved median error was +0.14 mm, and
the 95% confidence interval of the result was approximately +1 mm.

3.2.1. Experiments with forging rotation around its axis

In this section, we introduce and discuss the measurement results
obtained when the forging was rotated around its axis between the in-
dividual measurements. Specifically, Table 6, Table 7, and Fig. 23
display the measurement method error characteristics.

In the case of forging measurement in industrial conditions with
rotation around its axis, the irregularity of cross-sections strongly
influenced the results. It is shown mainly in the case of diameter mea-
surement (Fig. 23 and Table 7). The irregularities were larger than the
measurement resolution. Therefore, the performances of all the methods
in all the indicators were similar, excluding the slightly worse results
obtained without the use of any edge filter.

Regarding the axis measurement, the effect of the irregular cross-
section geometry resulted in a similar median error for all the
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Table 4
Axis error characteristics during on-site measurement with no rotation around the forging axis.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Max. (mm) 2.6592 11.543 2.6701 0.9572 1.4623 1.6195
Median (mm) 0.2961 0.1453 0.1362 0.1220 0.1227 0.1257
Sigma (mm) 0.4609 0.7352 0.3492 0.2267 0.2386 0.2526
Sigma eq. (px) 0.3573 0.5699 0.2707 0.1757 0.1849 0.1958
Table 5
Diameter error characteristics during on-site measurement with no rotation around the forging axis.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Range (mm) 11.007 20.237 17.026 21.392 14.956 15.122
Median abs. (mm) 0.2249 0.1435 0.1373 0.1370 0.1370 0.1367
Sigma (mm) 0.5751 0.6932 0.6359 0.7865 0.5926 0.5726
Sigma eq. (px) 0.4458 0.5373 0.4929 0.6097 0.4594 0.4439
si methods (Table 6). However, the results show the same trends, similar to
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Fig. 22. Measurement method error characteristics in an industrial environ-
ment with no rotation around the forging axis.

Overall, the axis deflection trend is measurable using the proposed
“orientation” method. Moreover, considering the measurement volume,
the results of a £0.6 mm median error and +1.6 mm 95% confidence
interval of the results are acceptable. The diameters were measured with
a +1 mm median error and a +3.4 mm 95% confidence interval of the
results. The repeatability error increased by approximately 3x,
compared with the measurement without forging rotation. However,
more measurements from different angles could be combined to gather
more information about the cross-sections.

3.3. Future studies

Although the developed weighted filtering methods helped to ach-
ieve better repeatability even despite insufficient forging circularity, the
error in this case increased approximately three times. This indicates
that complete geometry, including circularity, cannot be measured
using only one measurement with two cameras (four silhouettes). More
information about forging cross-sections is needed. Therefore, a future

Table 6

Axis error characteristics during on-site measurement with rotation around the forging axis.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Max. (mm) 5.0916 14.163 6.2614 2.4261 3.1901 4.0884
Median (mm) 0.6863 0.7267 0.6728 0.6203 0.6403 0.6593
Sigma (mm) 1.1052 1.6005 1.1449 0.8105 0.8825 0.9751
Sigma eq. (px) 0.8568 1.2407 0.8875 0.6283 0.6841 0.7559

Table 7

Diameter error characteristics during the on-site measurement with rotation around the forging axis.
Error Pixel prec. No filter Uniform w. Orientation Combined Magnitude
Range (mm) 26.378 35.312 28.482 26.107 26.244 26.157
Median abs. (mm) 0.9579 0.9787 0.9626 0.9572 0.9550 0.9612
Sigma (mm) 1.7038 1.8031 1.7236 1.7359 1.7074 1.7087
Sigma eq. (px) 1.3208 1.3977 1.3361 1.3457 1.3236 1.3245

10
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Fig. 23. Measurement method error characteristics in an industrial environ-
ment with rotation around the forging axis.

study can include the development of an assembly method for more
measurements with different forging rotations around the forging axis.
Consequently, it may be possible to extend the measurable shapes to
rods of different convex cross-sections (e.g., square or rectangular).
Instead, we plan to focus on further tuning the methods: evaluating the
effect of the edge contrast on the edge detection method reliability and
accuracy, the influence of bandpass color filters on the forging contrast,
verifying the repeatability on larger datasets, and implementing the
segmentation or edge validation methods based on neural networks
when large datasets are available.

4. Conclusion

In this study, a new forging measurement method using silhouettes
in images was developed. The proposed method was verified through
more than 90 measurements in laboratory and industrial environments.
We made the following major observations.

e The implementation of subpixel edge detection method contributes
to the accuracy of silhouettes measurement. This method lowers the
median error during measurements in laboratory and industrial
conditions by approximately 50%.

Weighted filtering based on complementary information about the

silhouette quality from the image can be used to suppress the inac-

curately detected forging edges in industrial environment. Edge
gradient direction weights lower the axis measurement sigma error

by approximately 30%.

The accuracy and reliability of the measurement system is not crit-

ically influenced by the negative effect of industrial environment.

The 95% confidence interval was £0.5 mm and +1 mm for the

forging axis and diameter measurements, respectively, in a mea-

surement volume of 6 X 6 x 2 m.

e The proposed measurement system surpasses the state-of-the-art
method mainly in terms of axis-straightness measurement. Without
considering forging cross-section irregularities, the performance was
better by 50%, considering the sigma error.
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e The assumption of regular forging cross-sections was the weak point
of the proposed measurement system. Therefore, the repeatability
error of the measurement increased by approximately three times.
However, we suggest a solution to suppress this effect as a future
research direction.

Generally, the proposed measurement system can be applied to the
forging manufacturing process. The measurement can provide feedback
to the press operator, or in the future, it can become a part of the
automated Industry 4.0 forging complex.
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Abstract

Open-die forging is used to manufacture heavy durable parts such as shafts. In-process measurements are required for
shape correction. The passive 3D measurement method is based on forging silhouettes in images and has demonstrated its
advantages in this application. However, when using two cameras, only four tangents are available to determine the cross-
section. In this paper, we propose a novel multi-camera multi-observation method for forging measurements; it increases
the number of tangent lines used to determine the forging cross-section. The results suggest a decrease in measurement
error proportional to the square root of the observation number. The six-observation precision is +0.5 mm in a measurement
volume of 6 X 6 X2 m for axis straightness and diameter measurements (95% confidence interval). However, many outliers
remain in case of diameter measurement. In addition, the forging circularity can be measured. The proposed system shows
good agreement with the laser scanning measurement method. Overall, the system has considerable potential for forging

manufacturing applications.

Keywords Axis - Diameter - Edge detection - Forging - Measurement - Laser scanner - Silhouettes

1 Introduction

Obtaining forging measurements (during fabrication from a
glowing hot piece of steel in an open-die forging press) rep-
resents a challenge. The dimensions of the forgings and their
shape characteristics are used for final corrections directly
after forging, or, in the future, to control the forging process
[1]. However, common optical measurement systems are
unsuitable in this application because of the large dimen-
sions of the forgings (on the order of meters), their high tem-
peratures (up to 1200 °C), and the challenging environments
of heavy industry in general. Heat haze and air lens around
the forging also affect the measurement, causing potential
measurement errors of the order of tenths of percent [2, 3].
Therefore, primitive contact-measurement methods remain
in use [4, 5].

In the literature, several optical methods have been used
for forging geometry measurements [6]. The laser scan-
ning measurement method can be applied in the desired
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measurement volumes and is not significantly affected by
the negative effects of the heavy industry environment [7-9].
The disadvantages include the long scanning times and the
high prices of the sensors. However, this measurement prin-
ciple has been applied in commercial applications, including
systems such as the LaCam® Forge developed by Ferrotron.
Other approaches are based on active photogrammetry. Using
these methods (e.g., line scanners [10-13], fringe projection
systems [14, 15], structured-light, or laser-aided stereovision
[16-21]), high accuracies of the order of tenths of millimeters
can be achieved. However, a strong light source is required
to achieve a high signal-to-noise ratio [19]; this limits the
measurement volume.

On the other hand, the passive measurement method
based on forging silhouettes offers fast measurements with-
out the need for a light source. However, numerous difficul-
ties are involved in the application of this principle. Prob-
lems arise in the imaging of hot objects, owing to the light
radiation, which leads to blurred images [22]. Another prob-
lem is the low silhouette contrast, which can be improved
using an appropriate bandpass filter [23]. Silhouettes are
also corrupted by contrasting image scales on the forging
surface; hence, it is difficult to correctly identify the edges.
This problem has been solved in various ways in the lit-
erature, including the use of a customized edge detection
method [24], trust levels for the individual edge points [25],
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the Hough transform (as a robust tool for finding straight
forging edges) [26], and detected-edge-point validation [27].
A 3D passive optical measurement system capable of meas-
uring the straightness of a cylindrical forging axis and its
diameter has been presented in [27-29]. There, two cameras
(whose optical axes were perpendicular and oriented towards
the center of gravity of the forging) were used. Ref. [30]
developed this principle by applying more accurate methods,
including online camera calibration, subpixel edge detec-
tion, and edge filtering (based upon complementary edge
quality information obtained from the image). The achieved
repeatability in this case was + 0.5 mm for axis straightness
and + 1 mm for diameter measurements, both in a measure-
ment volume of 6 X6 X2 m.

The disadvantage of the silhouette-based forging meas-
urement method is the limited number of tangent lines
used to determine the cross-sections. For the two-camera
measurement method, only four tangent lines are used
(two silhouette imprints per image). Higher errors can be
observed in the case of poor forging circularity. For exam-
ple, in a study [30], the measurement error due to this rea-
son increased three times. A straightforward way to solve
this problem is to use more cameras, to thereby increase the
number of tangent lines when determining the cross-section.
However, this solution is not fully suitable to heavy industry
environments. The possibilities for camera placement are
limited by the layout of the forge and the hot air above the
forging. Another option was introduced in [31], where the
authors suggested using monocular forging silhouette meas-
urements combined with laser scanning.

Various measurement principles are used for in-process
forging measurements. The passive silhouette-based 3D
measurement of forgings offers many advantages over other
principles. However, the cross-section is poorly defined.
Therefore, in this article, we present a multi-camera, multi-
observation system for measuring heavy forgings. We used
three cameras and further observations taken from various
angles around the forging perimeter, to maximize the meas-
urement accuracy. These methods reduce the measurement
error in the case of a potentially poor forging circularity.
Regarding the verification of the proposed measurement
system, it is not possible to obtain the accurate reference
geometry due to the forging high temperature and large
dimensions. Therefore, to verify the proposed measure-
ment system, the measurement results were directly com-
pared with those obtained using an independent compara-
tive measurement method. Laser scanning was used as the
comparative method because it is not significantly affected
by the interfering effects. The measurements were performed
directly in an industrial environment upon heavy, glowing
hot forgings during manufacturing. The novelty of this study
is the application of the multi-camera, multi-observation
measurement system, in the area of forging measurement.

@ Springer

Although the principles are known in general, their purpose-
ful modifications and combinations, to achieve high meas-
urement accuracy and reliability, are original. Moreover, the
statistical verification of such a measurement system against
an independent comparative method in the industrial envi-
ronment was not carried out yet.

2 Materials and methods
2.1 Proposed measurement system overview

The measurement system was designed to measure forgings
with a circular cross-section. Such objects can be approxi-
mately represented by a cylinder featuring varying diameters
and minor axis deviations. The geometry of such objects can
be perceived as a set of cross-sections, varying in terms of
diameter and location. Each cross-section is reconstructed
using three or more tangents. These tangent lines represent
the projection lines of the forging edges (silhouettes) in the
image, as shown in Fig. 1.

The workflow of the measurement system is shown in
Fig. 2. It includes the image extraction process, their pro-
cessing (to produce accurate forging silhouette coordinates),
and a geometry determination method, which reconstructs
the forging geometry from the silhouettes and camera cali-
bration data. However, each silhouette is heavily affected by
the potentially poor circularity of the object cross-section,
leading to large random deviations. This means that the
measurement repeatability (in the case of forging measure-
ments taken from different angular positions around the
forging axis and for a limited number of tangent lines deter-
mining the forging cross-section) can be heavily impacted.

The basic idea of the novel method proposed and
examined in this study is to strongly overdetermine every

Fig. 1 General measurement system principle (basic, two-camera
configuration)
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cross-section using numerous tangent lines taken from
various directions. This solution should statistically reduce
the cross-sectional error. This means increasing the num-
ber of tangent lines which define each cross-section. One
solution is to use more cameras and image the forging from
different perspectives. However, the possibilities for cam-
era placement in forges are usually limited because of the
forging equipment arrangement and the hot airflow above
the forging. Therefore, we present a method that uses more
observations to reduce the measurement error. During manu-
facturing, the forging is typically held and moved using an
accurate forging press manipulator capable of rotating the
forging around its axis. We suggest taking advantage of the
manipulator and using more observations taken from cer-
tain angles to determine the forging geometry. Moreover,
we present a new method that uses three images from three
cameras to produce six forging silhouettes per observation,
to maximize the measurement efficiency. By considering the
large number of tangent lines defining the cross-section, it is
possible to reliably compute the cross-section’s circularity.
This concept is depicted in Figs. 3 and 4.

Fig. 3 Basic concept for multi-
camera, multi-observation
measurement

R,

2.1.1 Camera system

In this study, the measurement system consisted of three
cameras oriented towards the center of gravity of the forg-
ing, approximately perpendicular to the forging axis. The
mutual field-of-view of the cameras was approximately
6 X 6x2 m. The camera positions were chosen primarily
according to the limited possibilities of the forge envi-
ronment. The detailed camera positions are shown in
Fig. 5. The measurement system used ZWO ASI 1600MM
(PRO) 16 MPx monochromatic cameras equipped with
Zeiss Interlock Compact objectives and Schneider-
Kreuznach BP 680-100 HT red color filters to enhance
the contrast of the forging edges. A secondary advantage
of bandpass filters is the reduction of the spectral extent of
the scene and forging radiance, which prevents image blur.
The objective focal length is displayed in Fig. 5 and varied
because of the different camera distances from the forging.
The cameras were protected by special thermoregulated
covers (Fig. 5); these were required to protect the cameras
and maintain a constant intrinsic camera geometry. The

by L

oy s
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Fig.4 Left: single-observation
measurement of irregular forg-
ing cross-section and error of
the measured cross-section with
respect to fitted cross-section.
Right: multi-camera, multi-
observation measurement

temperature in the camera covers was controlled using a
Ranque-Hilsch vortex tube Vortec 106-2-H.

The cameras were calibrated using the space resec-
tion method. The interior camera parameters’ (including
distortion parameters) calibration was conducted in the
laboratory using a set of images of a 3D calibration field
containing targets with known locations. The interior cam-
era parameters were calibrated only once prior to mount-
ing. The camera exterior parameters (i.e., the perspective
center and rotation of the image plane) were calibrated
using all measurement images. This was based upon 20
calibration targets with known locations in the forge. Cal-
ibration in both laboratory and industrial environments
is based upon a unique system of circular-coded targets
with error corrections. The locations of the targets were
measured using a professional photogrammetric system
TRITOP (GOM). A detailed description of this calibra-
tion method and the employed target system are presented
in [32, 33]. The mean reprojection error during interior
camera calibration was less than 0.1 px. In the case of
exterior camera parameter calibration, the mean repro-
jection error increased because of the air lens around the
forging, though the maximum mean error identified was
0.56 px. The median value of these mean calibration errors
was 0.16 px.

2.1.2 Image processing

The measurements were based on digital images obtained
from the calibrated cameras. First, the forging was roughly

Fig.5 Left: camera setup Cam 2:
and placement (focal length, f=21 mm;
distance from object). Right: \\ d=7m
specialized thermoregulated \
camera cover LY \\
O\ .
Cam 17\ '\ 98
f=21 mm;\Q
d=7m y

S
%

—— Fitted forging c. s.

— — Tangent lines and
measured c. s.

— Real forging c. s.

— Forging c. s.
— Observation 1
- = Observation 2

/\" ~ = Observation 3

segmented within the image. Segmentation operates as a
filter that is sensitive to horizontal objects of a defined
size. The algorithm was based on the Sobel edge operator.
Information regarding the orientation and magnitude of
the edge points was obtained. Dual thresholding was then
applied to produce two binary images. A strong threshold
was used to obtain correctly oriented (horizontal) strong
edges, and a weak threshold extended the pass criterion
to less strictly oriented edges of smaller magnitudes. The
strong and weak edges were merged into a binary image
according to the connectivity criterion. This means that
weak edges were considered valid only when connected to
strong edges. To filter out isolated edges, a morphological
opening with a horizontal rectangular kernel was used, and
a binary mask was obtained. The edge map created using
the Sobel edge operator was multiplied by this binary
mask. Therefore, only the horizontal edges remained in
the image, as shown in Fig. 6. The potential axis points
of objects with the desired diameter were computed in
vertical cross-sections (Fig. 6, red). The Hough transform
was used to find the strongest line, which was taken as the
object axis. Approximate object silhouettes were consid-
ered as points that formed the object axis (Fig. 6, green
dots).

Furthermore, the forging edges (silhouettes) were
located with subpixel precision. A set of image values was
interpolated in the vertical direction around every seg-
mented edge point (Fig. 7, green dots). Accurate edge coor-
dinates were interpolated using the second derivation zero-
crossing edge interpolation method (Fig. 7, red crosses).

Cam 3:
f=35mm;
d=13m
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Fig.6 Segmentation method:
upper: original greyscale image;
lower: greyscale image pro-
cessed by Sobel edge operator
and cleaned using binary mask;
red: potential axis points; green:
estimated edge

The axis imprint in the image was calculated as the
center between the upper and lower edges. Both edges and
axis imprints were smoothed using weighted filtering. We
assume that the correct edges (which were not affected by
the scales on the forging surface) were edges with a strong
magnitude and a gradient direction perpendicular to the
approximate forging axis. On the other hand, the cor-
rupted edges were likely to have smaller magnitudes with
random directions. Therefore, the weights were based on
complementary information in the image, in terms of the
forging edge quality, gradient magnitude, and direction.
Optimal results are obtained using the gradient direction
weight for axis filtration and gradient magnitude weight
for edge filtration. Thus, smoothing was performed
according to these weights using weighted parabola fit-
ting. The window width was set to 40 and 10 values for
axis and diameter filtering, respectively. Finally, based on
the camera calibration parameters, image distortion was
compensated for. The resulting edge and axis imprints are
shown in Fig. 8.

This method was applied to all three images (or 6, 9,
12,... in the case of 2, 3, 4,... observations, respectively).
The image processing algorithm outputted the axis imprint
and upper and lower silhouettes in each of the measurement
images. Each of these curves was composed of 500 error-
free (image distortion removed) image points.

Fig.7 Subpixel edge interpolation: green: interpolated image points
around the expected edge; red: subpixel edge points

For details of the entire image processing workflow used
in this study, please refer to [30].

2.1.3 Geometry determination and alignment

As can be seen in Fig. 2, the geometry was determined in
three main stages: geometry reconstruction, geometry align-
ment, and result computation. Geometry reconstruction
included two main stages. First, the partial forging geom-
etry was computed from a single multi-camera observation
(three images). Next, the joint geometry was computed using
more observations and the known rotation between observa-
tions, as set by an accurate forging manipulator. The detailed
geometry determination workflow is shown in Fig. 9.

Multi-camera solution Based on the central projection
model of the camera, the axis imprint in every measurement
image can be used to create a set of rays in space (Fig. 10).
If we consider a three-camera system, arbitrary rays r from
cameras 1, 2, and 3 can be written as.

Fig. 8 Example of evaluated measurement image (edited and cropped):
red: silhouettes; green: axis imprint
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where X, X,, and X; are the camera projection centers;
R,. R,, and R; are the camera rotation matrices, obtained
from the camera calibration procedure; Y, Y,, and Y; are the
arbitrary points on the projection rays; &, k,, and k; are the
parameters; v, v,, and v; are the directional vectors of the
rays; [x' o5 Y a1 | [¥ a2 ¥ aa ) and [’ 13, Y o3| are the coordi-
nates of the corresponding axis imprint points in the image;
and f;, f,, and f; are the camera focal distances in pixels.
The indexes denote the camera numbers, and the apostro-
phes denote coordinates in the camera coordinate system.

By considering the forging imaging from the radial direc-
tion and from different angular positions, each axis point
in space was triangulated using the corresponding (clos-
est) image rays from separate cameras. The closest corre-
sponding rays were assigned to each other according to the
minimum distance between them. Because the rays from
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Cam 1 [X'aXny'ale
 ORY
[ ax1Yax1] ¢ . fz Cam 3
a1 \\ ] "
N f>\[x ax3:y ax3]
& %3 -
N \ i
r.
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N ~ N \ _- - 3
X
?ax

Fig. 10 Axis triangulation scheme
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the cameras do not intersect, they are skew lines, and their
distance can therefore be computed via

[Fxm]

R R — @
[v; x v,

where the indices ¢ and u denote different camera indices.
After grouping the rays, groups with maximum inter-ray dis-
tances |r,, r, |, that exceeded a certain limit were removed.

In every group (i.e., cross-section), the axis point was
defined as the nearest point to these three skew lines, meas-
ured in terms of least squares. This problem can be com-
puted by solving the overdetermined system of equations in

Eq. (1) using the ordinary least-squares method, by setting
I;;=Y1=Y2=Y3 3

where I;a\x denotes the axis point. When the axis point is
reconstructed, it is possible to calculate the image scale m,.
In general, the forging is not parallel to the image plane;
therefore, m, varies between cross-sections. The image scale
was used to transform the upper and lower object silhouettes
(§Ut and S Ly TeSpectively) from the image to the space; it
was calculated using

)Pax _Xt‘ ~ xert ~ x’Let

_ . _ ’ . _ '

m, = 3Su =X+ | Y ver 'mt’SLtp—Xt+ YiLet |* 1y
5 £ £

“
where [ ., ¥’ 1o, and [’ ;.| are the upper and lower
image edge points, respectively. The proposed method can
be used for an arbitrary number of cameras. The outputs are
the axis and (in the case of three-camera measurement) six
silhouettes, which form the output of a single forging obser-
vation. Both the axis and silhouettes are formed of discrete
points in space. The discrete curves were reduced to 500
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points. Despite the silhouettes and axis filtering, these results
were too complex for axis straightness or other shape cor-
rections; thus, they were smoothed using a Savitzki—Golay
second-order filter.

Multi-observation solution This section describes the com-
putation of the mean geometry from two or more individual
observations. The primary (first) and secondary (one or
more) observations were distinct. The individual observa-
tions were transformed according to the known rotation
around their axis and the best-fit method (for matching),
and the mean axis was computed. The basic assumption is
that the rotation angle around the forging axis between the
individual observations is known, and the forging circular-
ity errors are random (in both size and direction) along the
forging axis. The algorithm operates in three stages: pre-
alignment, best-fit transformation (with forging rotation
compensation), and joint-axis computation.

Pre-alignment was performed individually for every obser-
vation (both primary and secondary observations). The pur-
pose of the pre-alignment was to set the measured geometry
and thereby correct the orientation. The forging was rotated
and translated in space according to the criteria defined in
the “Geometry alignment and result computation” section.
The output was the measured forging geometry translated
to the origin and rotated such that the forging axis matched
the x axis.

Next, different forging rotations between individual
observations were compensated for, and the individual
observations were translated in the y and z directions for
matching, using the best-fit method. The assumption here
is that the measured forging lengths in all measurements
were similar, and the forging orientation was determined
during pre-alignment to a sufficient accuracy. The transla-
tion parameters ¢, and ¢, were computed based on the least-
squares fitting method, where the problem was defined as

where P, is the primary (pre-aligned) observation axis point,
P [x;y;z] is the secondary (also pre-aligned) observation axis
point, P, is the translated (shifted) secondary axis point, and
¢ is the known forging rotation during observation. The
transformation was performed on both the axis and silhou-
ettes. The joint axis was then computed as the mean of the
primary and translated secondary axes, as obtained from
individual observations:

P, = mean(PI,, S ..,st_l) 6)

Here, the index j denotes the number of observations. The
results of this method were the joint axis and individually
transformed silhouettes obtained from the included obser-
vations. A graphical representation of the resulting geom-
etries obtained using single- and multi-observation methods
is shown in Fig. 11 (three observations).

Geometry alignment and result computation The result-
ing geometry was aligned such that the x-axis formed the
mutual axis of two 80-mm-long lines fitted to either end of
the measured axis, and the origin was set at the start of the
measured forging axis by the manipulator. With the geom-
etry aligned, the results of the forging axis geometry, its
maximum deflection and location, the forging diameters
(the effect of possible deviation between the forging axis
direction and cross-section normal is corrected), and forging
circularity were measured as follows:

e Forging length: computed as the length of the forging
axis.

¢ Maximum forging deflection and its position: computed
from the aligned axis geometry as the maximum distance
between the actual measured axis and the ideal axis, as
well as its position along the forging axis.

e Forging diameter: computed as the mean Cartesian dis-
tance of the silhouette points from the joint axis point in
every cross-section.

. X;
argmin . ; ; EP. ;
tg ) Z ’ P, —P;|:P; = | y; - cos(p) — z; - sin(e) + 1, e Cross-section 01.rcular1ty. cqrnputed as the d1ffer§qce
YT Axis y; - sin(@) + z; - cos(p) +1, between the maximum and minimum measured individ-
) ual diameters in a specific cross-section, divided by two.
Fig. 11 Single observation and 200 200
multi-observation geometries;
color lines denote measured 100 € >
0
forging boundaries—green: £ % \T
observation 1; red: observation £ 0 200
2; blue: observation 3; black: N \ 0
(joint) axis -100 500 \
-200 1000 \\
0
1500
1000 200 X (mm) 0 200
X (mm) -200 0 -200
y (mm) y (mm)
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2.2 Comparative measurement
2.2.1 Laser scanning system

For comparison purposes, we measured the forging using a
commercial laser scanning system, the FARO Focus 3D 120.
The laser scanner employed the phase shift principle and
was capable of measurement in a 0.6—-120 m range with a
minimum step size of 0.009° in both vertical and horizontal
directions. The scanner was fitted with a 20 mW 905 nm
laser. The reported ranging error was + 2 mm; however, this
depended on the measured distance and reflectivity of the
object.

Two laser scanning devices were used to capture the
entire forging geometry. The scanners were placed on tri-
pods ~2.2 m above the floor level. The scanners were placed
on each side ~4 m from the forging. Four spherical reference
targets were placed in the scene for point cloud registra-
tion. The scanning resolution at the distance of forging was
3-3.5 mm. In this setup, each measurement lasted ~ 5 min.

2.2.2 Point cloud processing and evaluation

First, the point cloud pairs from the laser scanners were
aligned using spherical reference targets in the scene. The
mean registration accuracy was less than 1.0 mm for all
samples. GOM Inspect software was used for further data
processing. The point clouds were polygonized using the
parameters provided in Fig. 12. To remove the strong noise
effect, the mesh was smoothed using the parameters shown
in Fig. 13.

Furthermore, the geometry was aligned similarly to that
for camera system measurements. The alignment was per-
formed using two cylinders fitted to either end of the forging
(three-sigma Gaussian best-fit method). The approximate
length of the cylinder was 80 mm. The ideal forging axis was
found by fitting the line to the four endpoints of the cylinder
axes. The origin was taken as the intersection of the ideal
forging axis and the front plane of the manipulator clamp, as
shown in Fig. 14. The forging geometry characteristics were
evaluated for a dense array of cross-sections perpendicular

Name Surface

Min. distance of used points 0.01 mm
Max. noise 3.000 mm
Max. length of new edges  10.00 mm

Cancel
g}

Fig. 12 Polygonize point cloud function parameters
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Surface tolerance * 3.00000 mm
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Fig. 13 Smooth mesh function parameters

to the ideal forging axis. These cross-sections were regularly
generated along the forging axis with a spacing of 2 mm.
The diameter was taken as the diameter of the fitted circle
(three-sigma Gaussian best-fit, Fig. 14). The axis deflection
was taken as the distance between the center of the fitted
circle and the ideal axis. The circularity was also evaluated.

The discrete forging geometry data were further pro-
cessed. For comparison, the sampling was reduced to 500
samples along the forging axis. A Savitzki-Golay filter was
applied to smooth the forging axis geometry. In the same
way, this filter was used to smoothen the forging diameter
and circularity. The window sizes were chosen to produce
the same level of data filtering as the camera system results.
The axis geometry was rotated to compensate for the known
difference of forging rotations thereabout between individual
measurements. Based on these results, the forging length,
maximum forging deflection, and maximum deflection posi-
tion were also computed.

2.3 Experimental plan

Experiments in the laboratory and industrial environment
were carried out. Multiple specimens were measured. The
measurement of a single specimen included 12 observa-
tions. The forging was turned about its axis by 30° between

[d] cylinder A [Glcylinder B
Sigma 0.6404 Sigma
0.5293 Residual

Max. Deviation ~ 1.8112
Selected Points 3308

[E Clamp front plane

0.6334
0.5076
Max. Deviation 1.9808
Selected Points 2689

Oo_Circle 545 Circularity

Circle 545 ¢ [

Actual .
X +1090.00 mm
Y -1.47 mm
¥4 -0.42 mm
(%] +296.53 mm

Fig. 14 Laser scanning system data evaluation: cylinders A and B
and clamp front plane used for geometry alignment. Geometric char-
acteristics evaluated in random cross-section 545
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individual observations to capture the entire forging geom-
etry. To verify the feasibility of the proposed forging meas-
urement system, a comparison with an independent meas-
urement method, based on different principles, was carried
out. For comparison, we considered only the following
measurement results: forging diameter, circularity along
the forging axis, and forging axis geometry. Other comple-
mentary measurement results (including forging length and
maximum axis deflection) were not examined, because they
were dependent on the abovementioned results. The results
were evaluated using standard statistical methods.

2.3.1 Industrial environment

In the industrial environment, the experiments were con-
ducted directly at the forging press site. The experimental
setup is provided in Fig. 15 on the right. The forging was
measured while glowing hot (~ 800 °C) immediately after
manufacturing. During this phase, the forging was held in
the press manipulator, offering a positioning accuracy within
1 mm and 0.5°. First, a set of measurements (12 measure-
ments) was performed using the camera system. The total
measurement time was less than 2 min. Immediately there-
after, a set of laser scanner measurements was performed.
Eleven scans were acquired. The forging was again turned
around its axis between individual scanning operations. Five
scans were taken at 0°, and three scans were performed at
120° and 240° positions. In this case, the total measure-
ment time was less than 60 min. Three forged samples were
measured, resulting in 36 individual camera system meas-
urements and 33 laser scans.

Regarding the experiments in the industrial environment,
we found that both measurement methods (the proposed
camera system and laser scanner system) provided meas-
urement accuracies of the same order. Therefore, instead of
taking one of the methods as the reference, the results and
repeatability of both methods were compared.

Fig. 15 Experimental setup—
left: laboratory experiment;
right: experiment in industrial
environment; 1: calibrated
measurement system cameras;
2: manual positioning system;
3: object of measurement; 4:
measured forging; 5: calibra-
tion targets for online camera
calibration; 6: laser scanners;
7: targets for point cloud data
registration (obtained using
laser scanning)

2.3.2 Laboratory conditions

The measurement system was also tested under laboratory
conditions, to examine the measurement system accuracy
without the influence of interfering effects. In this case,
the measurement system configuration was scaled approx.
7 times, with respect to the configuration in the industrial
environment (the angles were kept the same; however, the
distances between the cameras and the object were divided
by 7). The cameras were placed on tripods. The measured
object was a black steel tube on a white contrasting back-
ground with 500 mm length, 50 mm diameter, and a deflec-
tion of approx. 1 mm. The positioning of the specimen was
carried out using a manual system with precision on the
order of minutes of arc. Following changes were made due
to the absence of interfering effects of the industrial envi-
ronment. In this case, the cameras were not mounted on the
camera covers and were equipped with UV-IR cut filters
instead of red bandpass filters. Online camera calibration
was not used in this case; the extrinsic camera parameters
were calibrated shortly before the experiment. The experi-
ment layout is provided in Fig. 15 on the left. The image
processing and geometry determination methods were the
same as presented for the measurement in the industrial
environment. The only modification was the size of the fit-
ting cylinders used for the geometry alignment method. In
this case, these were 15 mm long, instead of 80 mm, pro-
portionally to the smaller general object size. Three different
specimens were measured, resulting in 36 individual camera
system measurements total.

2.3.3 Mean forging geometry

Because the reference forging geometry in the industrial
environment was not available, the mean geometry was used
to evaluate the repeatability and correspondence between
the developed camera measurement system and the laser
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scanning one. In the case of the camera system measure-
ment, the mean geometry of every forging was calculated
using the method described in the “Multi-observation solu-
tion” section. All 12 measurements of each specimen were
included. To evaluate the laser scanner system measurement
error, the mean axis of each forging was calculated from all
11 individual scans. The individual axis geometries were fit-
ted using the least-squares method. The mean geometry was
then calculated and further aligned using the same method as
that used to align the camera system measurements. Further-
more, the mean diameter and circularity were calculated as
the mean of the measurements. In both cases, the deviations
from the mean geometry were evaluated.

A similar evaluation method was used during the evalu-
ation of the laboratory experiment. However, only the
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repeatability of the proposed camera measurement system
was evaluated.

3 Results and discussion
3.1 Measurement method comparison

The correspondence between measurements obtained using
the proposed camera system and the comparative laser scan-
ning system was analyzed. Mean geometric characteristics
and their 95% confidence intervals, obtained using both
measurement methods, are compared in Fig. 16. Axis deflec-
tion was calculated as the distance between the axis points
and the ideal forging axis, for depiction purposes. The 95%
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Fig. 16 Forgings 1-3 mean geometry characteristics obtained using both the camera system and laser scanner measurement methods. Dotted

lines delineate the 95% confidence interval of the mean geometry
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confidence interval in this case was the confidence inter-
val of the 3D axis geometry. The mean and median differ-
ences between the results (and their overlaps) are provided
in Table 1. Overlap is defined as the percentage of sample
points for which the 95% confidence intervals of the camera
and laser measurements have at least one common point.
The mean and median differences were computed from the
differences between the results of the compared measure-
ment methods (Camera system measurement — laser scanner
measurement). The results are presented in Table 1.

In the results, the axis geometry measurement showed
good agreement between the methods, as shown in the left
column of Fig. 16. The 95% intervals overlapped in almost
all cases, though with a few local exceptions. The mean and
median differences between the methods were also negligi-
ble (—0.0402 and 0.0043 mm, respectively).

Regarding the circularity measurement, many outliers
were present in the camera system forging measurement
results, as shown in the right column of Fig. 16. This is
also supported by the fact that the mean difference was rela-
tively high (0.9041 mm), while the median difference was
relatively low (0.0720 mm). The circularity 95% confidence
intervals overlapped in~50% of the sample points. This
occurred because of the more uncertain forging origin in
the camera system measurement compared to the laser scan-
ning one. For a rapidly changing diameter along the forging
axis, high local peaks occurred, as can be seen in the right
column of Fig. 16. The mean difference in the measured
circularity between methods was therefore caused by this
effect (in the laser scanner measurement, the forging origin
was more accurately defined). The second reason was the
laser scanner point cloud processing method, which imple-
ments stronger bidirectional smoothing. In comparison, the
camera system only performed smoothing along the forging
axis. This filtering method did not smooth the local diameter
extremes measured in the individual cross-sections. Moreo-
ver, it increased the width of the outliers.

The outliers in the circularity measurements also imply
outliers in the diameter measurements, owing to the com-
putational method. However, the effect of the inaccurate
forging origin was not as strong in this case; this was
mainly shown via the widening of the confidence intervals
around the areas with high diameter changes. Although

Table 1 Comparison of the measurement results obtained using cam-
era system and laser scanning. In the case of mean and median dif-
ferences, the positive number denotes larger values measured by the
proposed camera system

Axis def. Diameter Circularity
Overlap 98.47% 50.27% 51.20%
Mean difference —0.0402 -0.5027 0.9041
Median difference 0.0043 —0.7755 0.0720

the trends of the measured values matched (according to
Fig. 16), the diameter measured using the camera system
was systematically lower (mean error: —0.5027 mm; median
error: —0.7755 mm). Our hypothesis is that this error was
caused by imprecise point cloud registration. The error value
was within the point cloud registration error. Moreover, a
possible explanation is also the influence of the air lens sur-
rounding the forging, which affects the camera images (taken
around 680 nm wavelength) more than the laser scanning
device (operating on 905 nm).

3.2 Multi-view optical measurement

In this section, the effects of the multi-camera, multi-
observation measurement method were analyzed. The
methods were evaluated from a repeatability perspective
and compared with the laser scanning method. The error
parameter sigma was considered a representative param-
eter of the measurement method’s precision. The exception
was the circularity measurement obtained using a camera
system, in which the representative parameter was consid-
ered as the sum of the mean error and sigma. The mean
error was a significant parameter in this case, because
circularity was evaluated as the difference between the
extremal diameters measured in a single cross-section. In
the case of the camera system measurement, a relatively
low number of measurement points were obtained from a
single observation. This produced significant systematic
(mean) errors.

The results are presented in Table 2. However, in the
case of the camera system’s diameter and circularity meas-
urement, the results were influenced by numerous outliers.
Therefore, 10% of the outliers were removed. The results
without this influence of outliers are presented in Table 3
and Fig. 17. Moreover, the results were compared with the
assumption that the error decreased with \/Z , where n is
the number of measurements (Fig. 17, “prediction” curve).

From these results, it is clear that better repeatability can
be obtained using the multi-camera measurement method
than the two-camera method. This method provides more
information about the forging cross-section. By adding one
camera to a two-camera measurement system, the measure-
ment repeatability error can be decreased by 15% (sigma
0.889 vs. 0.752 mm), 13% (sigma 0.963 to 0.833 mm), and
15% (mean + sigma 4.444 vs. 3.797 mm) in the case of axis,
diameter, and circularity, respectively.

The general assumption that the sigma measurement
error decreases in approximate proportion to \/Z (where n
is the number of measurements) was partially confirmed. As
shown in Fig. 17, the measurement error fluctuated around
the prediction. However, it is apparent from both the axis
and diameter measurements that evenly distributed observa-
tions produce a lower error. Therefore, observations should

@ Springer



The International Journal of Advanced Manufacturing Technology

Table 2 Multi-camera, multi-observation measurement method repeatability error, compared with the two-camera and laser scanning measure-

ment methods

1obs. 2o0bs. 3obs. 40bs. 5obs.

6 obs. 7obs. 8obs. 9obs. 100bs. 11 obs. 1obs., 2 cam. Laser sc.

Axis (sigma)
Diameters (sigma)

0.752 0.577 0.554 0.445 0.405 0.243 0.343 0.315 0.320 0.259
2.070 2.010 1.950 1.841 1.703 1.548 1.439 1.301 1.126 0.899
Circularity (sigma+mean) 6.061 5.315 5.101 4.779 4.507 4.180 3.855 3.475 3.108 2.603

0.227 0.889 0.522
0.624 2.318 0.848
1.836  6.643 0.848 (sigma)

be evenly distributed around the forging perimeter. This
means that, in this case (30° rotation between the individual
observations), six observations are optimal. The measure-
ment error decreased by 68% (sigma 0.752 vs. 0.243 mm),
71% (sigma 0.833 vs. 0.245 mm), and 64% (sigma + mean
3.797 vs. 1.379 mm) for the axis, diameter, and circularity,
respectively. However, if a higher accuracy is required, the
rotation angle between the single measurements can be low-
ered; thus, more observations can be used.

The proposed camera measurement system was com-
pared with a comparative measurement using laser scan-
ning from a repeatability perspective. The results suggest
that the proposed camera measurement system is effective
for measuring the forging axis geometry and diameter. In
the case of axis straightness and diameter measurements,
the proposed camera system surpassed the laser scanning
solution in four and six observations, respectively. However,
the circularity measured using the proposed camera system
exhibited a larger error, which decreased to values compara-
ble with laser scanning for 11 observations. A lower number
of observations also showed a large mean error, indicating
that diameter extremes were not captured. The reason for
this is the limited number of measurement points that deter-
mine the forging cross-section. Therefore, the circularity
could only be accurately measured using a large number of
observations, which in this case was at least 11.

Moreover, the methods can be compared from a meas-
urement time perspective. The camera system observation
was very fast (a fraction of a second). Therefore, the meas-
urement time depended primarily on the forging position-
ing speed. During our experiments, both the forging press
manipulator and camera measurement system were manu-
ally controlled by the operators. Therefore, the time between
observations was ~ 10 s. This was much lower than that of the
laser scanning comparative system, where the measurement

time was ~5 min. However, both methods could achieve
much shorter measurement times. Considering the automati-
cally controlled forging production line, the camera system
observation time can be significantly shortened to an order
of seconds. On the other hand, the laser scanning system
measurement volume can be further optimized to achieve
lower scanning times; alternatively, a faster sensor can be
used to reduce the measurement times to a fraction of that
recorded during the experiment. Therefore, both measure-
ment principles (camera multi-observation system and laser
scanning system) can achieve low measurement times on the
order of several seconds, which is acceptable for manufac-
turing processes.

3.3 Influence of interfering effects

The overall influence of the interfering effects could result
in both systematic and random errors. Significant systematic
errors were not observed during the comparison of the pro-
posed measurement system with the independent compara-
tive system. To study the influence of the interfering effect
on the random measurement errors, the experiment in the
laboratory, under nearly ideal conditions, was carried out.
The overall influence of the interfering effects was shown
based on the comparison of the measurement repeatability
in the laboratory and the industrial environment. The differ-
ent scale (measurement volume) was eliminated by using
the pixel equivalent of the repeatability error for compari-
son. Only a single observation measurement was examined,
because the multi-observation measurement error is depend-
ent on the single observation error. The measurement results
of specimen 1 (out of 3 measured specimens) are provided
in Fig. 18. The comparison of the repeatability errors in the
laboratory and industrial environment is provided in Table 4.

Table 3 Multi-camera, multi-observation measurement method repeatability error compared with the two-camera and laser scanning measure-
ment methods. Ten percent of outliers were removed from the statistical sets

10bs. 2o0bs. 3obs. 4o0bs. 5o0bs. 6obs.

7 obs. 8 obs. 9 obs.

10 obs. 11 obs. 1 obs.,2 cam. Laser sc.

Diameters 0.833 0.633 0.585 0.488 0.442 0.245 0373 0.345 0.337 0283 0251 0.963 0.438
(sigma)

Circularity 3797 2772 2334 1921 1.650 1.379 1.216 1.035 0.837 0.597 0307 4.444 0.503 (sigma)
(sigma + mean)
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Fig. 17 Multi-observation method error compared with its prediction for the two-camera measurement and laser scanning measurement meth-
ods. Ten % of outliers were removed from the diameter and circularity results

From Table 4, it is obvious that the influence was signifi-
cant, however not critical. Two main effects were noticeable.
First, the error increased approx. 5—-6 X in case of axis, 3 Xin
case of diameter, and 3 X in case of circularity measurement
(considering the case without 10% outliers). However, the
pixel equivalent error was below one pixel in case of axis
and diameter measurement. The error of circularity measure-
ment was in the order of pixels; however, like it was shown,
more observations are needed to obtain accurate circularity.
The significant relative influence of the axis and diameters
measurement was recorded thanks to the high subpixel sen-
sitivity of the system. The cause, instead of the influence of
the interfering effects, was more complex forging surface
geometry, which contains many plastic forging press marks
on its surface, compared to the smooth steel tube measured
in the laboratory. Moreover, the circularity of the forging
was higher and not proportional to the objects measured

in the laboratory environment (forging — under 300 mm in
diameter and approx. 5 mm circularity; laboratory specimen
— approx. 50 mm in diameter and approx. 0.3 mm circular-
ity). The second main effect is that there are outliers present
in the results obtained during measurement in industrial con-
ditions. Removal of outliers in laboratory conditions causes
arelatively small decrease in the measurement errors in the
laboratory conditions, while in the industrial conditions, the
error decreased significantly. The occurrence of the outliers
was discussed earlier.

3.4 Future studies
During the forging diameter and circularity measurements,
outliers arose because of inaccurate forging origin determi-

nation. The forging origin was determined during the forging
segmentation process as the beginning of the forging edge.
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Fig. 18 Specimen 1 mean geometry characteristics measured in the laboratory environment. Dotted lines delineate the 95% confidence interval

of the mean geometry

Table 4 Comparison of repeatability error of single observation measurement in laboratory and industrial conditions (m.+sig. means

mean + sigma error)

Axis (sigma)  Diam. (sigma)

Circ. (m. +sig.)

Diam. (sigma)  Circ. (m. +sig.)

Laboratory (mm) 0.018 0.042 0.164
Laboratory (px) 0.106 0.247 0.963
Industry (mm) 0.752 2.070 6.061
Industry (px) 0.583 1.605 4.698

Without 10% of outliers 0.033 0.149
0.194 0.876
0.833 3.797
0.646 2.943

This process only approximates the accuracy of pixels. The
method can be further improved by subpixel detection of
the end of the curve or the manipulator clamp silhouette.
This countermeasure should result in more accurate forging
diameter and circularity measurements in the case of rapid
forging diameter changes along the forging axis. Moreover,
further work will include optimization of image processing
methods (e.g., forging segmentation and edge verification
methods) using neural networks. The measured shapes will
be extended to rods of various convex cross-sections (e.g.,
square and rectangular). Furthermore, the measurement
system will be verified using a larger dataset of forgings of
various dimensions and the systematic difference between
the proposed and laser scanning method will be examined.
As a possibility for future study, the proposed measurement
method can be combined with different principles (e.g., laser
scanning or line scanning), to obtain more data about the
forging cross-section.

4 Conclusion

In this study, we introduced a 3D forging measurement
system that measures an object via its silhouettes. This
system can be used to extract information regarding the
forging shape for in-process correction. The innova-
tions suggested in this work include multi-camera and
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multi-observation solutions. The results obtained using the
proposed camera measurement system were also directly
compared with an independent comparative measurement
system based on the laser scanning principle. The experi-
ment included the measurement of 3 individual forgings. A
total of 36 individual measurements were performed using
the proposed camera system, and 33 individual compara-
tive measurements were performed using the comparative
laser scanning system. The key findings were as follows:

e The negative impact of cross-sectional irregularities
on the measurement accuracy is significantly reduced
using the proposed multi-camera multi-observation
solution. The measurement error for the axis geometry
and diameter decreases in approximate proportion to
the square root of the measurement number.

e The proposed measurement method proves to be effec-
tive for axis straightness and diameter forging meas-
urements. The method can also be used to measure
the forging circularity; however, numerous individual
observations are required to be evenly distributed
around the entire forging perimeter (11 observations
or more).

e Although the high relative influence of the interfering
effects present in the industrial environment on the sin-
gle-observation measurement repeatability was recorded
(3—6 x higher error), the absolute accuracy is acceptable
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and can be further improved using the multi-observation
method.

¢ In the case of six observations, the precision in a meas-
urement volume of 6 X6 %2 m is 0.243 mm (sigma),
0.245 mm (sigma), and 1.379 mm (sum of sigma and
mean error) for the axis geometry, diameter, and circu-
larity, respectively. Ten % of outliers were deleted in the
case of diameter and circularity measurements, owing to
the rapidly changing forging diameter.

e The compared independent measurement methods
achieved good agreement, which demonstrates the feasi-
bility of the proposed camera measurement system.

e The measurement method is fast, accurate, and practical
for use in industrial environments, and it shows potential
for application in the manufacturing of heavy forgings.
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7 CONCLUSIONS

The thesis deals with the problem of in-process open-die forged rod measurement. This is
a challenge due to the more interfering effects present in the industrial environment.
Therefore, common available measurement systems cannot be used without major
limitations. Research in this area aims to find a solution. Although the 3D passive
measurement method based on forging silhouettes in images potentially offers many
advantages in this application, only a little attention was paid to this approach. It is not clear
how to implement this method, how to deal with the interfering effects present in the
environment, and how it performs. Therefore, in this work, original methods on how to make
such a system accurate and reliable under industrial conditions are proposed and examined.
This knowledge could be used during the development of a professional optical
measurement system for this application in the future.

The thesis begins with a review of the state-of-the-art in this area. The first part of this section
is an overview of studies focused on the interfering effects expected in the industrial
environment. The second part includes studies on various measurement approaches applied
in this area. Based on the review, the interfering effects and ways to deal with them were
summarized and evaluated. The measurement approaches are critically compared. Passive
3D optical measurement, based on object silhouettes in images, is evaluated as the best
approach for further research, due to its numerous advantages over other approaches and its
low level of development in this application. Moreover, such a system has not been
examined in the industrial environment. Therefore, the main goal is to examine the properties
and limits of this measurement approach in the industrial environment, during the
measurement of heavy forgings. The problem is then divided into four main domains:
research on calibration targets robustness enhancement, camera calibration method
development, research on subpixel edge detection, and feasibility verification of the
proposed measurement system. The thesis consists of three journal articles. Moreover,
a conference paper was added that covers one of the important topics and connects the
publications. Each publication deals primarily with one of the mentioned domains.

The sections Materials and Methods and Results and Discussion are the primary focus of the
attached publications. Therefore, both sections are presented briefly. The Materials and
Methods section introduces the methods used to achieve high accuracy of the measurement
as well as the measurement system robustness to the interfering effects. The original methods
providing the robustness of the measurement system and their verification are the focus of
this work. These include the robust calibration target recognition method to recognized
targets under occlusion, camera calibration method allowing online camera calibration to
deal with the dimensionally unstable environment, and robust forging edge detection with
subpixel accuracy. Moreover, the hardware setup and verification methods of the
experimental system are provided. The Results and Discussion section then summarizes and
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connects the findings of the studies. The work is a combination of experimental development
and applied research. The research topics are presented using the two scientific questions
and hypotheses. The main findings of the thesis are as follows:

The error correction method for circular coded targets can be based on rotation-
invariant distance, target code generator, and similarity condition. The assumption
was that the 15-bit target library of 60 targets can achieve error correction of up to
1 bit changed or 2 bits occluded. The results confirm this assumption. Moreover, the
results prove that the number of false positives or the number of target confusions is
comparable to the target recognition method without the error correction. The target
system achieves stable results under different negative image effects, such as noise
or blur. Therefore, the proposed methods are evaluated as effective. Therefore,
Hypothesis 1 is not falsified in this thesis.

Space resection allows accurate camera calibration in industrial environment,
including on-line exterior camera parameters. The influence of air lens surrounding
the forging on reprojection error is significant, however, the cameras can be
calibrated shortly before the hot forging appears on the scene.

Subpixel edge detection proves the advantage over edge detection method with pixel
precision, however, local edge disturbances appear during the measurement in
industrial environment. To take advantage of the higher accuracy, edge filtering is
needed. The assumption that correctly identified edges have high gradient magnitude
and their direction is perpendicular to forging axis, while corrupted edges have lower
gradient magnitude and random direction, is confirmed. Weighted edge filtering
proves to be a significant improvement over uniform weight filtering in case of axis
straightness measurement. Therefore, Hypothesis 2 is not falsified in this thesis.
The weight based on the edge direction proved to be the most efficient in the case of
axis filtering. On the other hand, the weight based on gradient magnitude proved to
be more efficient in the case of forging diameter filtering.

The major error of the forging geometry can appear when there is insufficient forging
circularity. To solve this problem, a multi-view measurement method is proposed,
achieving accuracy in 0.5 mm for both forging axis straightness and diameter
measurements (95% confidence interval, however, in case of diameter measurement,
10% of outliers were removed). This is achieved in a measurement volume of approx.
6 x 6 x 2 m. Therefore, the feasibility of the forging measurement principle, based
on its silhouettes in images, is confirmed.

Although current measurement methods are limited to cylindrical forgings, they can be
generalized to other common forging shapes, including rods with square or rectangular cross
sections. The system could be used to provide feedback about the dimensional accuracy, for
its in-process correction (e.g., axis straightness). This will help to achieve better dimensional
accuracy of the forgings and prevent problems during machining due to run-out. In addition,
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the machining allowances could be minimized, to save material and energy. In the future,
this measurement system could become a part of the fully automated manufacturing line, in
accordance with industry 4.0 trends.
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