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Heavy forging (simufact.com)



INTRODUCTION

HEAVY FORGINGS 
o Energy, petrochemical, shipbuilding industry

o Various shafts – basic shapes

o Dimensions in meters, weight in tons

o Forging temperatures 800 – 1250 ºC

o China – 11 million tons (39 % of production)
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Material for heavy forging Heavy forging blanks
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INTRODUCTION

MOTIVATION
o Inaccurate manufacturing

o Machining allowances – 20 % of material

o Feedback - straightness, diam.

Forging measurement and shape correction

(Minteq, ed.)
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Forging measurement and shape correction

(Minteq, ed.) Forging geometry (Hurník et al.,2022) 

Sample forging measurement result
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o Radiation - silhouettes

o Not developed - opportunity?

o Suppressing the influence

o SNR – limited measurement volume

o Commercial systems

o High mesurement times

STATE OF THE ART – Approaches

Laser scanning Active photogrammetry Passive photogrammetry
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Passive 3D forging measurement (Zatočilová et al., 

2014, 2016, ed.)
Active stereo measurement system (Jia et al.,2015)Laser scanning for forging measurement (MERMEC 

Group, Du et al., 2016)



STATE OF THE ART – Challenges

Camera calibration

Hu et al. 2012

o Large meas. volume

o Space resection

Garrido-Jurado et al. 2014

o Non-metrological calib.

o Error correction
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Space resection – calibration

image

ArUco target system

Thermal radiation

Hu et al. 2009

o Canny-based detector

o Pixel precision

Specialized edge detection method

Air lens

Beermann et al. 2018

o Simulation + ray tracing

o Boundary conditions problem

Simulated active forging measurement



Zatočilová et al.

o 3D meas., smoothing, error 2%

o Laboratory, pixel precision

STATE OF THE ART – Silhouettes measurement

2016
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2018

Zhou et al.

o Triangulation of lines, error 0.79 %

o No axis-straightness

Wang et al.

o Level of trust – diam. deviation, ROI

o Deleting observations

Rolled bar width measurement3D forging measurement Forging diameter measurement

2020



STATE OF THE ART – Analysis
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BLANK SPOTS
o On-line calibration - robust photogrammetric targets?

o Advantage of sub-pixel accuracy?

o Limits in industrial environment?

o No cicr. coded targets with error correction.

ArUco target system performance 

(Garrido-Jurado et al., 2014) 

ArUco target system markers under extreme conditions (Mondéjar-Guerra et al., 2017) 



STATE OF THE ART – Analysis
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BLANK SPOTS
o On-line calibration - robust photogrammetric targets?

o Advantage of sub-pixel accuracy?

o Limits in industrial environment?

o Dominated by interfering effects?

o Edge quality indicator? 

Edge detection (Zatočilová et al., 2016, ed.) Edge quality indicators (Wang et al., 2020)



STATE OF THE ART – Analysis
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BLANK SPOTS
o On-line calibration - robust photogrammetric targets?

o Advantage of sub-pixel accuracy?

o Limits in industrial environment? o Was never done before.

Forging measurement



AIMS OF THE THESIS
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GOAL, OBJECTIVES
o To examine the limits of forging measurement based

on object silhouettes.

o Novelty: description of interferring effects, original methods

o O1: Camera calibration

o O2: Edge detection method

o O3: Demonstration of feasibility

Desired Forging Characteristics
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General measurement principle (Hurník et al., 2022)



AIMS OF THE THESIS – scientific questions
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SCIENTIFIC QUESTIONS
o Q1: How to implement error correction method in target cyclic codes 

decoding for robust camera calibration?

o H1: The error correction method could use optimized target code

library and a rotation-invariant distance with certain tolerance.

o Q2: How to suppress corrupted edges during edge detection?

o H2: The true and false edges could be distinguished based on edge

gradient magnitude and its direction.

o Q3: Could be more measurements used to achieve higher accuracy?

o H3: The errors obtained by changing angle viewpoints are random.

Coded targets with error correction (Hurník et al., 2021)

Corrupted edges of forging (Zatočilová et al., 2016)

Multi-view measurement system idea (Hurník et al., 2022)



CAMERA CALIBRATION
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Q1: How to implement error correction method in target cyclic codes decoding for robust camera calibration?

H1: The error correction method could use optimized target code library and a rotation-invariant distance. Idea: 

similarity condition.

TP1: Higher recall, similar precision (confusion rate).

Sixty 15-bit targets Quantization using similarity condition, scanned target code (Hurník et al., 2021)
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CAMERA CALIBRATION

METHODS
o Sixty 15-bit targets

o Up to 1 bit changed, 2 bits occluded

o Canny, ellipse fitting

o Star ellipse operator

o Probability code scanning

o Rotation invariant distance
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o Q1: How to implement error correction method in target cyclic codes decoding for robust camera calibration?

Star ellipse operator (Hurník et al., 2021)

Effect of the similarity condition (Hurník et al., 2021)



CAMERA CALIBRATION

RESULTS AND DISCUSSION
o Benchmark - overall best performance

o 35 % better performance (occlusion)

o No sig. decrease of precision

o H1 not falsified

o Validated in practice

ICCT SA TRITOP ArUco

Occlus. 0.930 0.732 0.721 0.868

Scale 0.934 0.418 0.870 0.928

Angle 0.939 0.701 0.775 0.962

Blur 0.620 0.609 0.772 0.400

Noise 0.839 0.730 0.118 0.487

1st 2nd

1st

1st

2nd

2nd

2nd

1st

1st

2nd

Target systems performace (Hurník et al., 2021)
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o Q1: How to implement error correction method in target cyclic codes decoding for robust camera calibration?

Target system during forging measurement (Hurník et al., 2021)Example of succesfully recognized targets (Hurník et al., 2021)
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o Q1: How to implement error correction method in target cyclic codes decoding for robust camera calibration?

Target system during forging measurement (Hurník et al., 2021)Example of succesfully recognized targets (Hurník et al., 2021)



EDGE DETECTION
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Q2: How to suppress corrupted edges during edge detection?

H2: The true and false edges could be distinguished based on edge gradient magnitude and its direction.

TP2: Weighted edge smoothing, lower measurement repeatability error.

Corrupted edges of forgingMeasurement image (Hurník et al., 2022, ed.) Edge detection failure (Hurník et al., 2022, ed.)



EDGE DETECTION

METHODS – HARDWARE
o Volume approx. 6 × 6 × 2 m 

o 16 MPx cameras

o Red colour filters (630 – 730 nm)

METHODS – IMAGE PROC.
o Robust segmentation

o Zero-crossing edge detection

o Weighted smoothing

o Q2: How to suppress corrupted edges during edge detection?
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Measurement image (Hurník et al., 2022, ed.)Hardware layout (Hurník et al., 2022) Thermo-regulated camera cover Segmentation method (Hurník et 

al., 2022, ed.)



EDGE DETECTION

RESULTS AND DISCUSSION
o Sub-pixel edge detection 50 % better

o Axis - edge gradient better by 30 %

o H2 not falsified

o Error ±0.5 mm (axis) and ±1 mm (diam.)

o Q2: How to suppress corrupted edges during edge detection?
19/27
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Weighted smoothing

(Hurník et al., 2022, ed.) 
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EDGE DETECTION

o Q2: How to suppress corrupted edges during edge detection?
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Effect of irregular forging c.s (Hurník et al., 2022, ed.).Diameter measurement (Hurník et al., 2022)

RESULTS AND DISCUSSION
o Sub-pixel edge detection 50 % better

o Axis - edge gradient better by 30 %

o H2 not falsified

o Error ±0.5 mm (axis) and ±1 mm (diam.)

o 3 × worse for meas. from different viewpoints!
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EDGE DETECTION

o Q2: How to suppress corrupted edges during edge detection?
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Effect of irregular forging c.s (Hurník et al., 2022, ed.).Diameter measurement (Hurník et al., 2022)

RESULTS AND DISCUSSION
o Sub-pixel edge detection 50 % better

o Axis - edge gradient better by 30 %

o H2 not falsified

o Error ±0.5 mm (axis) and ±1 mm (diam.)

o 3 × worse for meas. from different viewpoints!
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MULTI-VIEW SOLUTION
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Q3: Could be more measurements used to achieve better precision?

H2: The errors of measured geometry from different angle viewpoints are random.

TP3: Error of mean geometry based on multiple observations decreases approx. with

Overdetermined cross-section (Hurník et al., 2022) Utilization of forging positioning system (Hurník et al., 2022)

𝑛



MULTI-VIEW SOLUTION

METHODS
o Third camera

o Manipulator accuracy ± 0.5°, rotation by 30°

o 2 × FARO laser scanners for comparison

o Q3: Could be more measurements used to achieve higher accuracy?
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Three camera layout (Hurník et al., 2022) Comparative measurement system



MULTI-VIEW SOLUTION

RESULTS, DISCUSSION
o Good agreement with reference

o 10 % outliers (diam., circ.)

o Irregular convergence = H3 falsified

o Regular distribution of observations needed

o Axis and diam. ±0.5 mm, circularity 1.379 mm

o Q3: Could be more measurements used to achieve higher accuracy?
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Laser scanning result (Hurník et al., 2022)

Multi-view measurement (Hurník et al., 2022)



MULTI-VIEW SOLUTION

o Q3: Could be more measurements used to achieve higher accuracy?
25/27

0

1

2

3

4

0 500 1000 1500

D
e
fl
e
c
ti
o
n
 (

m
m

)

Axis length (mm)

Axis deflection Camera system

Laser scanner

190

210

230

250

270

290

0 500 1000 1500

D
ia

m
e
te

r 
(m

m
)

Axis length (mm)

Diameter

0

5

10

15

20

25

0 500 1000 1500

C
ir
c
u
la

ri
ty

 (
m

m
)

Axis length (mm)

Circularity

Forging measurement – comparison with laser scanning – Axis deflection, Diameter, Circularity (Hurník et al., 2022)

RESULTS, DISCUSSION
o Good agreement with reference

o 10 % outliers (diam., circ.)

o Irregular convergence = H3 falsified

o Regular distribution of observations needed

o Axis and diam. ±0.5 mm, circularity 1.379 mm
Forging measurement image (Hurník et al., 2022, ed.)



MULTI-VIEW SOLUTION

o Q3: Could be more measurements used to achieve higher accuracy?
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o 10 % outliers (diam., circ.)

o Irregular convergence = H3 falsified

o Regular distribution of observations needed

o Axis and diam. ±0.5 mm, circularity 1.379 mm

Multi-view measurement – prediction and reality (Hurník, 2022)
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MULTI-VIEW SOLUTION

o Q3: Could be more measurements used to achieve higher accuracy?
27/27

0

0.2

0.4

0.6

0.8

1 3 5 7 9 11

S
ig

m
a

 e
rr

o
r 

(m
m

)

Number of measurements (-)

Axis meas. error 3-camera system

3-camera system (prediction)

Laser scanner

RESULTS, DISCUSSION
o Good agreement with reference

o 10 % outliers (diam., circ.)

o Irregular convergence = H3 falsified

o Regular distribution of observations needed

o Axis and diam. ±0.5 mm, circularity 1.379 mm

Multi-view measurement – prediction and reality

OK



CONCLUSIONS

CONCLUSIONS
o TRL 4         TRL 5-6

o Description of problems, specilized methods

o Meas. error 0.5-2 %         0.02 %

o Geometric characteristics

28/27

Reconstructed geometry (Hurník et al. 2022)

Sample result

Deflection correction: 3.21 mm 

Diameter 1, 2: 201.9, 292.1

Worst circularity: 5.8 mm 

Location; orient. 1101 mm; 36.5°
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