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Measurement is an important means for humans to understand and transform the world, and it is the technological
foundation for breaking through the forefront of science and solving major problems in economic and social development.
The three-dimensional measurement system serves primary national needs, leads national economic development, and
ensures national defense security. With the arrival of a new industrial revolution, major industrial countries worldwide have
begun to accelerate the strategic deployment of intelligent manufacturing. As an essential component of the construction of
smart factories and lighthouse factories, the 3D measurement system will play a vital role in deepening the implementation
of the manufacturing power strategy and promoting the high-end, intelligent, and green manufacturing process. In recent
years, optical 3D measurement technology represented by surface structured light has developed rapidly and has been
widely applied in multiple material processing fields such as forging, casting, and sheet metal. To analyze the manufacturing
accuracy of complex parts using surface structured light 3D measurement technology, it is necessary to first scan and
reconstruct the overall 3D surface of the part. The reconstructed 3D point cloud data of the part surface should be roughly
and precisely matched with the design model. Finally, based on this, data comparison and accuracy analysis should
be carried out according to the actual detection requirements of different types of parts. In this process, the accuracy
of 3D reconstruction of complex parts and the alignment accuracy between the reconstruction results and the design model
directly determine the reliability and accuracy of the final part manufacturing and machining accuracy analysis. This article
uses cases to illustrate the application of machine vision in 3D online measurement. The application of three-dimensional
measurement technology in online quality inspection and grinding of blades can not only improve the measurement accuracy
of online quality inspection of blades but also maintain the relative stability of robot grinding force and improve the grinding
effect in robot grinding of aircraft engine blades. Applied to online quality inspection of train wheel hubs, three-dimensional

measurement of train wheel adapters and high-speed train wheel size online inspection has been achieved.
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Introduction

Machine Vision is a comprehensive science that
is based on a series of geometric optics, classical
mathematical algorithms, and integrates modern anatomy,
neurophysiology, computer technology, statistics, operations
research, graph theory, signal analysis and processing,
and other disciplines. It is an important branch of artificial
intelligence. With the rapid development of computer vision
technology and optoelectronic technology, a new detection
technology has emerged — computer vision detection
technology (Liming Xue et al., 2023; Yajie Sun et al., 2023;
Ahmad Mohamad Mezher et al., 2023; Nazanin Safavian et
al., 2023; Elmira Faraji Zonouz et al., 2023). It is a detection
method that uses images as a means or carrier for detecting
and transmitting information when detecting the target being
measured, with the aim of extracting useful signals from
the image. It is a modern detection technology based on
modern optics, integrating science and technology such as
optoelectronics, computer imaging, information processing,
and computer vision. Due to its intelligence, digitization,
miniaturization, networking, and multifunctionality, as well
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as its ability to perform online detection, real-time analysis,
and real-time control, it has received widespread attention
and application in military, industrial, commercial, medical
and other fields (Elmira Faraji Zonouz et al., 2023; Kui Luo
et al., 2023; Mengran Fang et al., 2023; André Luiz Buarque
Vieira e Silva et al., 2023; Jodo Peixoto et al., 2023; Obinna
Nwosu et al., 2023; Wu Xiaogiang et al., 2023; Huang
Ziliang, 2023; Wei Yi, 2023; Design..., 2023; Yang Jiahe,
2023; Li Xianzheng et al., 2023; Wu Shaoji & Hu Yike, 2023;
Wu Xiaogiang & Zeng Chaoyang, 2023; Cai Yunbin, 2023).

3D measurement is one of the most important fields
among the numerous applications of computer vision. In the
pastfew decades, the rapid development of visual technology
has made 3D visual inspection an important component of
many automated production systems. Unlike visual pattern
recognition and understanding in computer vision research,
visual inspection technology is an important means of
quality inspection, quantitative inspection, and non-contact
measurement. Three-dimensional measurement has many
applications in industrial manufacturing, which can be divided
into dimension measurement, surface measurement, and
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coordinate measurement according to primary functions.
The current mainstream industrial 3D measurement methods
include laser trackers, laser triangulation, photogrammetric
systems, structured light, time-of-flight technology, and so
on. 3D measurement includes the main processes of data
acquisition, data processing, measurement analysis, etc.

Key Technologies of 3D Measurement System

Currently, the commonly used methods for detecting
complex parts mainly include specialized fixture inspection,
Coordinate Measuring Machine (CMM) measurement, and
Photogrammetry. However, these methods can only see the
dimensions of the limited positions of the parts. They need
help to complete the three-dimensional measurement and
accuracy analysis of the overall shape of the parts, making
it difficult to provide complete and comprehensive data
support for forming process optimization (Li Y & Gu P., 2004).
To obtain three-dimensional data of the overall surface shape
of parts, optical three-dimensional measurement technology
represented by surface structured light three-dimensional
measurement technology has developed rapidly in recent
years. It has been widely used in multiple material processing
fields, such as forging, casting, and sheet metal, achieving
good application results (Su et al., 2009; Zhong et al, 2015;
Han et al, 2018; He et al, 2018; Cheng et al., 2019).

To analyze the manufacturing accuracy of complex parts
using surface structured light 3D measurement technology,
it is necessary first to scan and reconstruct the overall 3D
surface of the part. The part surface’s reconstructed 3D point
cloud data should be roughly and precisely matched with
the design model. Finally, based on this, data comparison
and accuracy analysis should be carried out according to
the detection requirements of different types of parts. In this
process, the accuracy of the 3D reconstruction of complex
parts and the alignment accuracy between the reconstruction
results and the design model directly determine the reliability
and accuracy of the final part manufacturing and machining
accuracy analysis.

3D scanning and reconstruction technology

The 3D scanning and reconstruction technology is
affected by the occlusion of the tested part itself and the
limitations of the measurement range. A single measurement
can only obtain local 3D point cloud data on the part’s surface
(Zhang, 2010; Lietal.,2013; Zuoetal., 2018). Toget complete
3D data of the part surface, it is necessary to constantly
change the spatial pose of the measuring equipment during

{h)

the measurement process, measure the part from different
perspectives, and register the local 3D data obtained from
different viewpoints into a unified coordinate system (Levoy
et al., 2000). To address this issue, the ATOS equipment
from German company Gom (GOM Inspect..., 2019) and the
HandyScan equipment from Canadian company Creaform
(HandySCAN... 2019) use an external positioning-assisted
approach to recover the spatial pose of the measured
viewpoint. Method 1: The solution of the measurement
viewpoint pose is completed by pasting marker points on
the surface of the tested part and extracting and matching
the features of the marker points(Ouellet&Hébert1, 2008).
Method 2: Fix the measuring equipment on a mechanical
device (such as a robotic arm) and calculate the measuring
equipment’s spatial pose by obtaining the automatic
device’s internal positioning coordinates (Han et al., 2018).
Method 3: Uses photogrammetric methods to visually track
the measuring equipment from the outside (Cuypers et
al., 2009) and calculate the spatial pose of the measuring
equipment. These methods have the advantage of high
positioning accuracy. Still, the dependence on external
positioning assistance affects measurement efficiency
and the flexibility of measurement equipment, limiting the
application scenarios of structured light 3D measurement
technology. As shown in Figure 1.

3D point cloud registration technology

Industrial part models are usually designed in Computer-
Aided Design (CAD) software, so they are located in the
design coordinate system. The measured part surface point
cloud data obtained by scanning with structured light 3D
measurement equipment is located in the measurement
coordinate system. The difference between these two
coordinate systems is usually significant, resulting in a
significant initial position deviation between the design
data model and the point cloud data when placed in the
same coordinate system. Therefore, it is necessary to
find a suitable rigid transformation matrix to register the
point cloud data and the design data model together. This
process is known as point cloud coarse registration (Gelfand
et al., 2005; Aiger et al., 2008; Zhou et al., 2016; Rusu,
2009). After obtaining the overall 3D point cloud data of the
tested part surface, it is necessary to coordinate/align the
measured point cloud data with the design model before
proceeding with subsequent key dimension fitting, overall
accuracy analysis, and part quality evaluation operations.

Fig. 1. Extemal assistance based measurement equipment positioning method (a) Attaching artificial marks
(b) Mechanical control positioning (c) Visual tracking positioning [31]
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For traditional workpieces with simple shapes, coordinate
alignment between measurement data and design models
can be achieved through the 3-2-1 reference method.
However, the overall shape is more complex for complex
parts because they are usually composed of multiple free-
form surfaces. Therefore, more accurate registration of
measurement data and design models is achieved through
geometric shape registration.

Because the coarse registration results of point clouds
are obtained by registering a sparse set of corresponding
points together, and each set of feature corresponding points
cannot accurately correspond to the same spatial position,
the accuracy of the coarse registration results will not be
optimal. Usually, more precise geometric shape registration is
required based on this, accurately aligning the measurement
data with the design model. As shown in Figure 2.

Cases

Online quality inspection and grinding of blades

In article (Ghorbani et al., 2019) characterized the
difference between local measurement scan data and
the standard model by combining the average curvature
Hausdorff distance and the average Euclidean Hausdorff
distance, accurately separating unreliable damaged area
scan data points of blades and improving measurement
accuracy. In article (Li et al., 2016) applied three-dimensional
measurement technology in robot grinding of aircraft engine
blades. They introduced the weight function of stable grinding
allowance into the measurement matching system, defining
an optimization function based on variance minimization. At
the same time, the problem of incorrect matching caused by
missing points or uneven density data points in 3D scanning
data was solved by balancing the matching weights of all
measurement points. Finally, the final measurement point
cloud registration parameters were obtained through
iterative optimization algorithms. This method avoids data-
matching errors caused by uneven scanning data points.
It considers different machining allowance requirements
for the concave and convex surfaces of the blade, making
the three-dimensional measurement results beneficial for
maintaining the relative stability of the robot’s grinding force
and improving the grinding effect. As shown in Figure 3 (b).

Online quality inspection of train wheel hubs

In article (Zhong et al., 2015) studied the measurement
scanning mechanism to solve the problems of surface
reflectivity changes and vibration during the scanning
process, improve the quality of point cloud data generation
in 3D scanning, and achieve 3D measurement of train hub
adapters. As shown in Figure 3 (a) (Chen Xu., 2019). designed
an automated 3D measurement and detection scheme for the
online detection of high-speed train wheel dimensions, using
multiple LMI GOCATOR2390 line laser sensors and high-
precision 2D rotary tables to form a high-speed rail wheel
rotation scanning system. As shown in Figure 4.

Development trends and challenges of 3D
measurement technology based on digital twins

Currently, emerging information and communication
technologies such as digital twins, cloud computing, the
Internet of Things, and big data are rapidly developing,
providing new ideas and opportunities for the development of
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(a) (b)

Fig. 2. Point cloud fine registration (a) initial position
(b) fine registration result. The point cloud data comes
from the Stanford University Graphics Laboratory
(Curless B & Levoy M., 1996; Chen Xu, 2019)

a) 3D geomenuy (D) Train wheel adapte:

meagurement syvatem 3D meazutement zystem

for components

Fig. 3. 3D measurement system for complex
structural components [43]

Fig. 4. High-speed rail automatic three-dimensional
measurement line (Chen Xu., 2019)

high-end manufacturing. With the rapid popularization of 3D
measurement equipment, point cloud processing technology
is playing an increasingly important role in it. Therefore, how
to achieve the integration and feedback of detection models
and CAD design models is a manifestation of digital twin
technology in 3D measurement technology, and it is also a
technical challenge for 3D online measurement equipment.
The three-dimensional measurement technology has
achieved automated online quality inspection of industrial
parts, which is of great practical significance for improving
product quality, reducing energy consumption, and reducing
labor costs.
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Conclusion

With the arrival of a new round of industrial revolution and
the rapid development of artificial intelligence, cloud computing,
and the Internet of Things technology, major industrial countries
around the world have begun to accelerate the construction of
smartfactories and lighthouse factories. The 3D online inspection
system for parts using machine vision will be an important piece
of equipment in the manufacturing and inspection of products

in intelligent factories and lighthouse factories. This article first
reviews and introduces the key technologies of machine vision
and 3D measurement, such as 3D scanning and reconstruction
technology, 3D point cloud registration technology, etc. Finally,
typical cases of the application of 3D measurement systems in
the field of intelligent manufacturing were summarized, and the
development trends and challenges faced by 3D measurement
systems were discussed.
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[HocnidxeHHss mexHonoeii 3D-eumiproeaHHs Ha OCHO8I MaWUHHO20 30py

BumiprosaHHsi € gaxnusum 3acobom modcmea 015 Po3yMiHHSI ma 3MiHU HaBKOMUWHBOR20 C8imy | e mexHosoaiyHa 0CHO8a,
wo 3abesrieqye PoO3BUMOK repedosux HayKosux OOCIIOXEeHb ma BUPIWEHHS WUPOKO20 Koma npobremM eKOHOMIYHO20 ma
couyjanbHO20 Po38UMKyY. Po3gumok ma 800CKOHaneHHs1 cucmem 3D-8UMIPIOBaHHS CTyXUMb NEPLIOYEP208UM HaUiOHaNIbHUM
rnompebam, cripusie PO3BUMKY HalioHaIbHOI EKOHOMIKU ma € 8aX/IUSUM elTeMEHIMOM, U0 3abe3nedye HaujoHabHOI 6esrnexy.
3 noyamkom HOBOI NPOMUCIOBOI pesontouii eenuki IHOycmpianbHi KpaiHu ceimy noYanu npucKopreamu cmpameaiyHe pos-
20pmaHHs iHmernekmyansHo20 8upobHUUmMea. Baxrueum KoMroHeHmMoM BydigHuUYmea 8UCOKoIHMenekmyanbHUX 8UpobHU-
yux nidripuemems € cucmema 3D-eumiptogaHHsl, sika Mae sifiepasamu 8axiiugy porb y noenubneHki peanisayli cmpameaii
8UpPObHULMea ma NpocysaHHi BUCOKOSIKICHO20, IHMesIeKmyansH020 ma eKoroaiyHo20 8UPOBHUY020 rpoyecy. B ocmaHHi poku
mexHosoeisi onmu4Ho20 3D-sumiprosaHHsi, npedcmasnieHa rnosepXHe8UM CMPYKMypPO8aHUM C8imJioM, WeUOGKO PO38UHYIack
i ompumana 3acmocyeaHHsi 8 baeambox obnacmsix 06pPOOKU Mamepiasie, maKux SiK Ky8aHHs, Tummsi ma obpobka nucmo-
6020 Memany. [Insa npoeedeHHs aHanisy moYHicmb 8u2omoerneHHs ckiadHux 0emarieli 3a ornomoeoto mexHonoeii 3D-aumipro-
8aHHS1 3i CIMPyKMypo8aHuUM C8imIoM MoeepxHi, Ha nepwomy emari HeOOXIOHO 8UKOHAMU CKaHy8aHHS ma peKoHcmpyoeamu
3aearnbHy 3D-rosepxHio demari. OmpumaHi eHac1idoK peKoOHCMPyKUIi mpusuMipHi 0aHi XMapu moYoK nosepxHi 0emarti Maroms
6ymu y3200eHi 3 IPOEKMHO0 MoOes. Ha HacmynHoMy emani UKOHyeMbCS MOPIGHSIHHS OaHUX ma aHaitia moyHocmi y 6io-
rosidHocmi 00 3as18/IEHUX MEXHIYHUX 8UMO2 Ha KOHMPOsboBaHy Oemarib. Y ubOMy Mpoueci moyHicmb PEKOHCMPYKUIi mpu-
BUMIPHOI 08epxHi cknadHoi demarii ma moyYHiCmb KOPessuii MiX pe3yrbmamamu PeKOHCMPYKUii ma npoeKkmHow MoOemo
6e3rmocepedHb0 8u3HaYatomb HaliliHicmb | MOYHICMb 0CMamOoYHO20 8UEOMOBIEHHsI Oemarli ma aHarni3 moYHocmi 06pobKu.
Y yiti cmammi po3ansiHymo npuknadu, siKi iniocmpyroms 3aCmocy8aHHs MalluHHO20 30py 8 3d-euMiptogaHHsIX. 3acmocyeaHHs
mexHonoeil 3d-8uMiprogaHHs1 8 cucmemMax akmusHO20 KOHMPOI0 SKoCmi, Hanpuknad, rpu wigpysaHHi nornamel Moxe He
minbKU midsuwumu moyHicms 8umiprosaHb 06pobrieHux demarel, ane makox 00360/1UMb 3abe3nequmu 8UuCOKy MPodyKmus-
Hicmb ma 8iOHOCHY cmabiribHicmb cunu pisaHHS npu 06pobui onamku mypbiHu agiauiliHo2o dguayHa Ha asmoMamuyHoMy
winicbysaribHoMy pobomi. HasedeHo npuknad 3acmocosygaHHsI mexHosoeii 3d-eumiptogaHb NPU OHMaUH-IHCIEKUIl SKocmi emy-
110K Koric noisdie, adanmepie Konic roizdig i po3Mipy KOric 8UCOKOWBUOKICHO20 Moi3da.

Knroyosi cnoea: yughposuli dsiliHUK, MawuHHUU 3ip, 3D-ckaHy8aHHS ma pekoHCmpyKuis, peecmpauis 3D xmapu moyox.

BicHuk CymcbKoro HauioHanbHOro arpapHoro yHiBepcurteTty 7

Cepist «<MexaHisaLjis Ta aBTomMaTi3aLjis BApoOHM4MX npoLiecisy, Bunyck 4 (54), 2023



