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a b s t r a c t 

Since a slight variance in production processes can make the entire production run defective, defect inspections 

are indispensable procedures in manufacturing processes to ensure high quality of each item before entering the 

next manufacturing step. Three-dimensional (3D) optical shape measurement technologies are widely applied 

for surface defect inspection of complex workpieces because of its high-accuracy and digitization. However, 

the complex surface structure and position of the test object can pose serious challenges, making inspections 

still relatively slow, expensive, and complicated in implementation and maintenance. In this work, we propose 

a real-time 360 ∘ 3D surface defect inspection approach based on fringe projection profilometry without any 

auxiliary equipment for position control. Firstly, a multi-view 3D measurement based on geometric constraints 

is employed to acquire high-accuracy depth information from different perspectives. Then, a cycle-positioning- 

based registration scheme with the establishment of the pose-information-matched 3D standard digital model is 

proposed to realize rapid alignment of the measured point cloud and the standard model. Finally, a minimum 

3D distance search is driven by a dual-thread processing mechanism for simultaneous scanning and detecting to 

quantify and locate 3D surface defects in real time. Experimental results show that our method can accurately 

identify the surface defects of complicated objects in real time in an extremely simple (hand-held) manner, saving 

a lot of operational expenses on precision alignment and position-orientation adjustment. The proposed method 

holds tremendous potential for quality control in many facets of industry, such as product development, testing, 

and manufacturing. 
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. Introduction 

With the advent of industry 4.0, the emerging from the Industrial In- 

ernet of Things and data science prompts the traditional manufacturing 

ndustry to accelerate towards intelligence [1,2] . In the field of intelli- 

ent manufacturing, how to ensure high quality standards at a compet- 

tive cost through rapid and accurate industrial inspection is one of the 

iggest challenges [3] . Optical quality control, which usually contains 

wo-dimensional (2D) and three-dimensional (3D) inspection methods, 

lays an important role in modern defect inspection technologies be- 

ause of its more reliable inspection accuracy, higher inspection effi- 

iency and more automated inspection means than traditional manual 

nspection methods [4] . Compared with 2D visual inspection [5–7] , 3D 

efect detection technologies are preferred for surface quality control 

wing to its insensitivity to factors such as shadow, angle, and illumi- 

ation [4] . 
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The 3D surface defect inspection technology is to (1) firstly employ 

he 3D visual measurement to extract the 3D point cloud data of the 

urface of the object, (2) then register the acquired point cloud and 

he discretized standard CAD model or the 3D model of the defect-free 

bject, and (3) finally calculate the deviation between them [8] . (1) 

D reconstruction is the basis of the entire inspection process, whose 

uality is directly related to the inspection accuracy. Fringe projection 

rofilometry (FPP) [9–11] is one of the most popular non-contact 3D 

ptical measurement techniques because of its advantages of high mea- 

urement accuracy, simple hardware facilities and flexible implemen- 

ation, which has been widely applied to obtain high-quality 3D sur- 

ace information of complex objects [12–14] . (2) The registration be- 

ween the measured point cloud and the discretized standard model is 

he biggest challenge in 3D defect inspection. Due to the uncertainty 

f the relative pose between the 3D point clouds to be registered, it 

s difficult to rapidly achieve 3D matching with a general registration 
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lgorithm. Researchers usually align measurement data and standard 

ata from two directions [8,15,16] . The first direction obtains the trans- 

ormation matrices used for coarse registration in advance through strict 

estrictions on the relative position of the object and the imaging sys- 

em (which often depends on some special clamps and robotic arms or 

otary stages) [8,15,17] . Such instrument-assisted methods fundamen- 

ally avoid the diversity of the initial posture of the measured point 

loud by controlling the position of the object with special clamps and 

resetting the scanning path of the imaging system with robotic arms 

r rotary stages, but it requires high hardware cost and complicated 

ime-consuming preprocessing. Besides, the clamps need to be specially 

ustomized for different objects, and their use hinders the scanning and 

nspection of the clamping regions of the object. In the second direc- 

ion, some professional point cloud processing tools [18] are applied to 

anually select several 3D matching points of the two point clouds to be 

atched or move them to roughly aligned positions to carry out registra- 

ion [16,19,20] . Compared with the first scheme, this method is more 

conomical, but the transfer of data and human intervention greatly 

educe the matching efficiency, making it even more time-consuming 

han traditional manual inspection. (3) In addition, in order to real- 

ze the detection of views of the object from all sides, the current 3D

urface defect inspection scheme usually adopts the way of first mea- 

uring the object from different perspectives and fusing the measured 

oint cloud data, and then performing error detection [8,15] , which on 

he one hand introduces cumulative registering errors into the measure- 

ent data, on the other hand, makes the entire inspection process more 

ime-consuming. A more efficient way is to realize real-time defect in- 

pection. In industrial manufacturing, “real-time inspection ” to a greater 

xtent means “on-line inspection ”, that is, through the equipment di- 

ectly installed on the production line, the workpiece can be scanned 

nd inspected simultaneously, so as to provide quick feedback to better 

uide the production. 

From the above discussion, it is not difficult to find that although 3D 

urface defect inspection is essential for intelligent manufacturing, exist- 

ng methods have many disadvantages, such as the inability to balance 

fficiency and cost, the need for additional hardware support and the 

ime-consuming strategy of scanning first and then detecting. Ideally, 

he object should be scanned and detected simultaneously in real time 

ith as little human intervention as possible without any additional ex- 

ensive positioning auxiliary. In this work, we propose a high-resolution 

eal-time 3D surface defect inspection technology based on FPP for com- 

licated workpieces without any auxiliary equipment for position and 

rientation control. We utilize the stereo phase unwrapping (SPU) tech- 

ique assisted by adaptive depth constraint (ADC) strategy to achieve 

igh-accuracy real-time 3D data acquisition from a single perspective. 

hen, a fast posture-information-matched 3D standard digital model es- 

ablishment approach based on simultaneous localization and mapping 

SLAM) technology is proposed to deal with the diversity of initial atti- 

udes of measured point cloud. Next, to rapidly align the measurement 

ata with the standard model, a cycle-positioning-based registration al- 

orithm is developed. Besides, we propose a simple minimum 3D dis- 

ance retrieval method for 3D surface defect calculation. Finally, a dual- 

hread parallel mechanism for simultaneous alignment and detection 

s constructed to further improve the inspection efficiency. In order to 

erify the validity of our approach, a quad-camera real-time 3D imag- 

ng device and a software integrating 3D data acquisition, point cloud 

ata registration, standard library establishment and 3D defect calcu- 

ation are developed. The experimental results show that our method 

an perform simultaneous real-time 3D scanning and 3D defect inspec- 

ion on complicated objects without any additional positioning equip- 

ent assistance and expensive pre/post-processing, which is more eco- 

omical, convenient and efficient than traditional methods. Specifically, 

ompared with the current state-of-the-art method (robot-arm-assisted 

ethod), our method has three main advantages. Firstly, we can realize 

utomatic 3D point cloud registration without auxiliary position control 
2 
evices such as robotic arms and clamps, so the hardware cost is greatly 

educed, and the entire system is simpler. Secondly, our approach can 

erform real-time simultaneous scanning and inspection. Different from 

he conventional method of scanning and registering and then perform- 

ng the post-processing of inspection, our approach is significantly more 

fficient and can provide industrial assembly line feedback in time to ad- 

ust production. Thirdly, the conventional method of first registering all 

D measurement information of the test object may bring about accu- 

ulated registration errors. In our method of scanning while detecting, 

he registration of each measurement data and the standard model is 

arried out independently, thus avoiding the introduction of accumu- 

ated registration errors in the measurement data. 

. Principle 

.1. Real time 3D information acquisition from a single perspective 

Whether for real-time 3D model reconstruction or real-time surface 

efect inspection, rapid 3D data acquisition is necessary. At present, the 

D imaging technologies based on structured light illumination have de- 

eloped into one of the most widely applied 3D measurement methods, 

hich can be divided into surface structured illumination technology 

nd line structured light illumination technology. In terms of speed, the 

ingle full-field imaging of the surface structured light method is signif- 

cantly superior to the measurement mode of the line-scanning-based 

andheld 3D scanners [21–23] . Regarding accuracy, the accuracy of 3D 

roducts based on line structured light will decrease in the actual mea- 

urement due to the continuous stitching of measurement data to com- 

lete surface scanning. Therefore, in this work, we employ a 3D imag- 

ng technology based on surface structured illumination —fringe projec- 

ion profilometry (FPP). The two mainstream phase analysis techniques 

f FPP are phase-shifting (PS) methods [24,25] and Fourier-transform 

FT) methods [26–29] . The former has high measurement resolution, 

igh measurement accuracy and robustness to environmental interfer- 

nce due to the contribution of multi-step (usually at least three-step) 

S images in the time domain. However, multi-frame time-domain in- 

ormation will reduce the imaging efficiency and increase the sensitiv- 

ty to motion, so the PS methods will be corrupted when measuring 

ynamic objects, especially when the motion between frames is non- 

egligible. In recent years, with the development of high-speed projec- 

ion and imaging devices, high-speed high-accuracy 3D measurement 

ased on PS has gradually become possible [30–33] . The latter is well- 

nown for its single-shot attribute, and can extract phase signals through 

requency domain analysis. However, spectrum aliasing caused by sharp 

dges, discontinuous, and/or large surface reflectivity variation areas 

akes it difficult to separate effective phase information, which limits 

he imaging quality of FT in these areas. Since accuracy is crucial during 

efect inspection, we choose PS methods in this work. Considering the 

fficiency issue, meanwhile, the three-step PS method is finally adopted. 

he three-step PS fringe patterns are projected by the projector onto the 

bject, and then captured by the camera after being modulated by the 

bject. The captured images can be expressed as: 

 𝑛 ( 𝑥, 𝑦 ) = 𝐴 ( 𝑥, 𝑦 ) + 𝐵( 𝑥, 𝑦 ) cos ( 𝜙( 𝑥, 𝑦 ) + 2 𝜋𝑛 ∕ 𝑁) , (1)

here ( x, y ) represents the image pixel coordinate, I n is the captured 

 𝑛 + 1) th fringe image, n ∈ [0, 2], A denotes the average intensity, B is

he amplitude, 𝜙 is the phase, and 2 𝜋n / N is the phase shift. With PS

lgorithm, the phase 𝜙 can be acquired: 

( 𝑥, 𝑦 ) = − arctan 

√
3 
(
𝐼 𝑐 1 ( 𝑥, 𝑦 ) − 𝐼 𝑐 2 ( 𝑥, 𝑦 ) 

)

2 𝐼 𝑐 0 ( 𝑥, 𝑦 ) − 𝐼 𝑐 1 ( 𝑥, 𝑦 ) − 𝐼 𝑐 2 ( 𝑥, 𝑦 ) 
. (2) 

ue to the truncation feature of the arctan function, only the wrapped 

hase (ranging from − 𝜋∕2 to 𝜋/2) can be obtained. The signs of the

umerator and denominator of Eq. (2) can be further used to uniquely 

efine a quadrant for each calculation of 𝜙, and the phase values at 
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Fig. 1. The principle of SPU. 
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ach point can be determined from − 𝜋 to 𝜋 with the 4-quadrant arctan- 

ent. To recover the absolute phase, the common practice is to use the 

emporal phase unwrapping (TPU) methods [34,35] , which determine 

he pixel-wise fringe order with the unique wrapped phase distribution 

n the time domain. However, TPU usually needs to project additional 

ray-code patterns or multi-wavelength fringes, which greatly decreases 

he efficiency of phase unwrapping. Recently, the stereo phase unwrap- 

ing (SPU) method [36–38] based on geometric constraint can solve the 

hase ambiguity problem without any additional auxiliary images. Al- 

hough more cameras (at least two) are required than traditional FPP 

ystem, SPU does maximize the efficiency of phase unwrapping and is 

ell-suitable to real-time 3D measurement in dynamic scenarios. A typ- 

cal SPU-based FPP system consists of a projector and two cameras, the 

rinciple of which can be seen in Fig. 1 . If the number of used fringes is

 , for an arbitrary point o 1 on Camera 1, there are K possible fringe or-

ers ( 0 , 1 , 2 , … , 𝐾 − 1 ), which corresponds to K possible absolute phases.

ith these possible absolute phases, K possible 3D candidate points can 

e reconstructed by the calibration parameters [39–41] between Cam- 

ra 1 and the projector, as shown by the intersections of the yellow

ine emitted by Camera 1 and the blue line emitted by the projector 

n Fig. 1 . The retrieved 3D candidates can be projected to Camera 2

o obtain K 2D candidates by the calibration parameters between Cam- 

ra 2 and the projector, as shown by the red and green 2D points of

amera 2 in Fig. 1 . Among these 2D candidates, there must be a cor-

ect matching point (the green 2D candidate of Camera 2 in Fig. 1 )

hich has a more similar wrapped phase value to o 1 than other can- 

idates. According to this feature, the phase consistency check is per- 

ormed to determine the correct matching point (it is worth mention- 

ng that the 2D candidates of Camera 2 can continue to be projected 

nto a third or even fourth camera for phase consistency checking to 

urther rule out more incorrect candidates), and then 3D reconstruc- 

ion can be carried out with the calibration parameters between Camera 

 and Camera 2 [42] . However, factors such as calibration errors and 

mbient light interference may cause some erroneous 2D candidates to 

ave a more similar phase value to o 1 than the correct matching point. 

he adaptive depth constraint (ADC) strategy [43] , which updates pixel- 

ise depth constraint range in real time to eliminate most erroneous 3D 

andidates before the phase consistency check, can effectively improve 

he stability of SPU. Therefore, through utilizing SPU and assisted by 

DC, we can measure high-accuracy 3D data in real time from a single 

erspective. 
3 
.2. Standard library creation 

In order to achieve defect inspection, there must be a stan- 

ard reference, which is usually a scanned complete 3D model of a 

tandard/defect-free workpiece or an existing standard CAD model. In 

ur approach, we focus on how to obtain the full-scale 3D measure- 

ent of a standard workpiece to make the standard library for refer- 

nce, which is closely related to the efficiency of subsequent 3D surface 

efect detection. 

To rapidly realize the 3D digitization of complete shapes of a stan- 

ard workpiece, our previous work of high-resolution real-time 360 ∘

D model reconstruction [44] is utilized. Due to the limitation of the 

eld of view of the imaging system, the object must be rotated rel- 

tive to the measurement system (or the latter must be moved rela- 

ive to the former) to acquire and register views of the object from all

ides. 3D point cloud registration usually includes coarse registration 

nd fine registration. For coarse registration, traditional methods often 

equire the assistance of additional instruments, such as rotary stages 

17] and robotic arms [15] . However, due to expensive hardware struc- 

ures and time-consuming pre-processing, the instrument-assisted reg- 

stration methods are not the ideal means to obtain a 360 ∘ 3D model. 

 better solution, which is also a great challenge, is to rotate the target

rbitrarily and complete the 3D matching in real time without any addi- 

ional auxiliary instruments. To this end, we improve the simultaneous 

ocalization and mapping (SLAM) technology [45] used for map con- 

truction and localization of robots in unknown environment, so as to 

ealize fast rough registration. We define the measured 3D point clouds 

nd the corresponding 2D texture maps at two adjacent moments when 

he object is rotating as XYZ 1 , XYZ 2 and I 1 , I 2 , respectively. Firstly,

he Scale Invariant Feature Transformation (SIFT) algorithm [46] is ap- 

lied to locate and match the 2D feature points of I 1 and I 2 , which

an be mapped to the corresponding 3D matching points. According 

o the characteristics of 3D matching points, which is that distances be- 

ween a 3D point and others in XYZ 1 should be similar to those in XYZ 2 ,

e can exclude some wrong matching point pairs. With the optimized 

D and 3D matching points and the pre-calibrated camera internal pa- 

ameters, the transformation matrices between the 3D matching points 

an be quickly calculated according to the EPnP method [47] , which 

s a non-iterative technology for estimating camera pose from n corre- 

pondences between 3D reference points in visual SLAM systems. Then, 

YZ 1 can be roughly aligned with XYZ 2 through the obtained rotation 

nd translation matrices. After achieving coarse registration, the iter- 

tive closest point (ICP) technology [48] is performed for fine regis- 

ration. In order to further improve the registration efficiency and re- 

uce the cumulative matching error, a dual-thread parallel mechanism 

s developed for simultaneous coarse and fine registration. We use the 

um of the two norms of the rotation and translation vectors to quan- 

ify the relative motion of the object during each coarse registration. 

nly when the cumulative motion amount reaches a certain threshold, 

he ICP-based fine registration is performed in a separate thread, during 

hich the coarse registration can be continued in the coarse registration 

hread. 

Through the above methods, we can rapidly scan a standard work- 

iece and build its complete 3D geometric models XYZ standard . Suppose 

hat there are total h effective registering elements in the scanning pro- 

ess, the corresponding 2D texture images of which can be expressed 

s 𝐼 1 − 𝐼 ℎ . We employ the coarse and fine registration transformation 

atrices obtained in the modeling process to rotate the acquired 3D 

odel XYZ standard to the original posture of each 2D image and express 

he transformed models as 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
1 − 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
ℎ 

(the reason why

e transform XYZ standard will be explained in the next section). Finally, 

e store 𝐼 1 − 𝐼 ℎ and the 3D models 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
1 − 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
ℎ 

as the

tandard library for reference, as shown in Fig. 2 . 

It is worth mentioning that our approach of standard library creation 

s also applicable to the existing standard CAD model. We can firstly use 

ome professional 3D processing tools such as MeshLab or Geomagic 
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Fig. 2. The created standard library. It contains the 2D texture images 𝐼 1 − 𝐼 ℎ of 

total h effective registering elements in the scanning process and the 3D models 

𝑋 𝑌 𝑍 

𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 

1 − 𝑋 𝑌 𝑍 

𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 

ℎ 
in the original postures of the h 2D images. 
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tudio to align XYZ standard and existing standard CAD model XYZ CAD , 

hen transform XYZ CAD to 𝑋 𝑌 𝑍 

𝐶 𝐴𝐷 
1 − 𝑋 𝑌 𝑍 

𝐶 𝐴𝐷 
ℎ 

corresponding the 

riginal postures of 𝐼 1 − 𝐼 ℎ by using the obtained transformation matri- 

es, and finally store 𝐼 1 − 𝐼 ℎ and 𝑋 𝑌 𝑍 

𝐶 𝐴𝐷 
1 − 𝑋 𝑌 𝑍 

𝐶 𝐴𝐷 
ℎ 

as the standard

ibrary. 

.3. 3D surface defect inspection 

After establishing the standard 3D model, we can scan the measured 

orkpiece and perform surface defect inspection. The traditional 3D in- 

pection scheme is usually to first obtain all the 3D shapes of the mea-

ured object and stitch them into a complete 3D model, then artificially 

egister the measured point cloud and the standard model in the 3D 

rocessing tool (otherwise expensive hardware facilities and complex 

reprocessing are needed), and finally analyze the differences between 

hem to obtain the surface defects of the measured object [8,15,16] . 

owever, the manual intervention makes the inspection process incon- 

enient in practice, while the auxiliary mechanical devices make the 

hole system expensive and difficult to implement. In addition, the op- 

ration of scanning and fusing first and then registering and detecting 

ot only introduces the effect of accumulated registration errors, but 

lso makes the entire inspection process more time-consuming. Ideally, 

he object should be scanned and detected at the same time with as little

uman intervention as possible without additional auxiliary equipment. 

he biggest challenge to achieve this is how to automatically align the 

canned 3D point cloud with the standard 3D model. Due to the poor rel-

tive initial posture between the measured data and the standard model, 

apidly registering them through algorithm is difficult, which is also why 

he traditional methods require manual intervention or mechanical as- 

istance. In the previous section, we have explained how to adopt SLAM 

o achieve fast coarse matching of the point cloud slices in two adjacent 

erspectives, but the registration must rely on 2D texture images with 

ufficient matching pairs. In order to construct such a relationship be- 

ween the measured point cloud XYZ c of the current perspective and the 

D standard model XYZ standard , we employ the 2D images 𝐼 1 − 𝐼 ℎ in the

tandard library to rapidly locate the pose that has the most overlap with

YZ c , and then realize the alignment of XYZ c and XYZ standard , followed 

y defect inspection. In addition, to further improve the efficiency of the 

hole detection process, we separately put registration and inspection in 

wo parallel threads for synchronization. The flowchart of the proposed 

D surface defect inspection approach is shown in Fig. 3 . Next, we will

rst introduce the principle of registration between the measured data 
4 
nd the standard model, then discuss our proposed inspection approach 

n detail, and finally explain the dual-thread structure for simultaneous 

egistration and detection. 

Step 1: we utilize the Oriented Fast and Rotated Brief (ORB) technol- 

gy [49] , whose efficiency is two orders of magnitude higher than SIFT, 

o sequentially find the 2D matching points between the 2D texture map 

 c of the measured object under current pose and 𝐼 1 − 𝐼 ℎ in the stan-

ard library. Then, the 2D image I i ( i ∈ [1, h ]) in the standard database

aving the most matching points with I c is determined, which overlaps 

he current measurement view the most and can ensure reliable subse- 

uent alignment. Step 2: we again use SIFT to more accurately locate 

he 2D matching points of I i and I c . Step 3: with the found 2D matching

airs, their corresponding 3D points in XYZ c and the pre-calibrated cam- 

ra internal parameters, the transformation matrices from the posture of 

YZ c to I i ’s can be solved by EPnP. However, the posture of XYZ standard 

s not consistent with that of I i , signifying that XYZ c cannot be aligned

ith XYZ standard even if it is transformed. Fortunately, we have rotated 

YZ standard to the original pose of I i in advance, so the calculated trans- 

ormation matrices can be used directly to roughly register XYZ c with 

𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

. Step 4: ICP is carried out to achieve fine registration of

YZ c and 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

, the iteration of which can converge to the cor-

ect registration result faster in case of good relative pose estimated by 

oarse registration. 

Then we will discuss the difference comparison between XYZ c and 

𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

. As shown in Fig. 4 , for an arbitrary 3D point O in XYZ c ,

ts matching point in 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

is O ′ . Compared with other points

 

′
1 − 𝑂 

′
4 near O ′ , O ′ has the closest distance to point O. Based on such

eature of 3D matching points, we utilize the smallest distance between 

 and all 3D points of 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

to judge the 3D surface defect of

 . However, if the distances between the 3D points in 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

are

reater than those in XYZ c , errors may be introduced to such a defect

alculation strategy. Fortunately, 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

is composed of multiple 

oint cloud slices with overlapping parts, so its density is much greater 

han XYZ c , which guarantees the accuracy of this defect calculation ap- 

roach. Another issue to consider is that the 3D defect at point O (the

istance between O and O ′ ) may be greater than the distance between O

nd 𝑂 

′
1 − 𝑂 

′
4 , which leads to defect misjudgment. However, defects are 

enerally in a block rather than a few points, so the above phenomenon 

ill only occur at several points on the edge of the defect region, which

as little impact on the positioning of the whole defect region. Eventu- 

lly, the 3D surface defects of the measured object at the current view 

an be located and quantified by such a minimum distance retrieval 

peration for every 3D points of XYZ c pixel by pixel in GPU ( Step 5 ). 

In order to further improve the inspection efficiency, we propose an- 

ther dual-thread parallel mechanism for simultaneous alignment and 

etection. After the registration of XYZ c and 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

in the align- 

ent thread, the 3D surface defects are calculated in the inspection 

hread while the measured object can continue to be rotated to com- 

lete the registration between the measured point cloud data of another 

erspective and the standard 3D model. Since the proposed inspection 

trategy is to detect while scanning, it not only greatly improves the de- 

ection efficiency, but also avoids the accumulated stitching errors (be- 

ause each registration is done separately instead of continuing to accu- 

ulate registration based on the last registration). After each inspection, 

he detected point clouds can be directly spliced together according to 

he relationship between the measured point cloud and the standard 

odel (the measured point cloud has been aligned with the standard 

odel and each standard model can be converted to each other by the 

ransformation matrices obtained during the database building process). 

he entire detection algorithm flow is as follows: 

Step 1: Utilize ORB to find I i in the standard database having the 

ost matching points with I c ; 

Step 2: More accurately locate the 2D matching points of I i and I c 
y using SIFT; 

Step 3: Calculate the transformation matrices from the posture of 

YZ c to I i ’s with EPnP and roughly register XYZ c and 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

; 
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Fig. 3. The flowchart of the 3D surface de- 

fect inspection approach. Step 1: Utilize ORB 

to find I i in the standard library having the 

most matching points with I c ; Step 2: Locate 

more accurate 2D matching points of I i and 

I c by SIFT; Step 3: Roughly register XYZ c and 

𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

with EPnP; Step 4: Perform ICP to 

realize fine registration; Step 5: Obtain the 3D 

surface defect of XYZ c by minimum distance re- 

trieval operation for every 3D points of XYZ c in 

GPU and in a separate defect inspection thread; 

Step 6: Rotate the measured object to the next 

perspective and repeat the above steps to ob- 

tain its 3D surface defect until all 360 ∘ surfaces 

of the measured object are detected. 

Fig. 4. The principle of defect calculation: the smallest distance between O and 

all 3D points of 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

is used to judge the 3D surface defect of O . Note 

that XYZ c and 𝑋𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
𝑖 

will be well-merged in practice, and the large gap in 

the illustration is intended to better explain the detection principle. 
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Step 4: Perform ICP to realize fine registration; 

Step 5: Locate and quantify the 3D surface defect of XYZ c by min- 

mum distance retrieval operation for every 3D points of XYZ c in GPU 

nd in a separate defect detection thread; 

Step 6: Rotate the measured object to the next perspective and repeat 

he above steps to obtain its 3D surface defect until all 360 ∘ surfaces of

he measured object are detected. 

. Experiments 

In order to verify the validity of our approach, we construct a 

PU-based FPP system, which contains 4 Basler acA640-750 cameras 

640 × 480 resolution) and a LightCraf ter 4500 (912 × 1140 resolu- 

ion). All cameras are triggered synchronously by the projector. The 

peed of the projector is 100Hz, and 48-period 3-step PS fringe pat- 

erns are used. We use a HP Z230 computer (Intel Xeon E3-1226 v3 

PU, NVIDIA Quadro K2200 GPU) to develop our algorithm based on 

t, OpenCV, PCL and CUDA. The imaging speed of the system is 45 Hz,

he single scanning accuracy is 45 𝜇m and the overall 360 ∘ registering 

ccuracy is up to 100 𝜇m level [44] . 

Firstly, a David plaster model is measured. We rotate the David 

odel arbitrarily in front of the built 3D scanner by hand and synthesize 

ts 3D surface shapes from multiple single perspectives in real time as 

he standard 3D model XYZ standard . Through the transformation matri- 

es obtained during the merging process, XYZ standard is quickly rotated 

o the original poses of the 2D images 𝐼 1 − 𝐼 12 in effective registration

erspectives. The transformed 3D models 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
1 − 𝑋 𝑌 𝑍 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
12 
5 
nd the corresponding 2D images 𝐼 1 − 𝐼 12 are made into as the stan-

ard library. Fig. 5 shows some of the library files, and the whole scan-

ing and database building process can be seen in Visualization 1. We 

aste some paper on David’s nose to simulate defects. Then the defec- 

ive David model is arbitrarily rotated and scanned, and its 3D surface 

efects are detected in real time. The inspection scene at a certain mo- 

ent is shown in Fig. 6 , and the whole inspection process can be seen in

isualization 2. The time for single registration and detection is about 

.08 s and 1.31 s, respectively. Fig. 7 shows the final defect inspection 

esults of the defective David model, where Fig. 7 (a)-(c) are the David 

odel with ‘pasted’ defect from different perspectives, and Fig. 7 (d)-(f) 

re the detected 3D defect results from different perspectives. We use 

seudo color to indicate the size of the defect, and users can visually ob-

erve the size and location of the defect according to the color change 

the range of which can be adjusted). In this work, the deviation we 

alculate and display is actually the absolute value of the deviation, and 

ts sign can be directly represented by the positive and negative signs 

f the depth difference between the standard model and the measured 

ata. It can be seen from the inspection results that the regions with de-

ects are well determined, as shown in red dotted frames in Fig. 7 , while

he others do not show any flaw as they should. It should be noted that,

s mentioned above, defects often appear in a block rather than a few 

cattered points, so the individual discrete points with large defect val- 

es which are caused by noise in the scanning process do not represent 

efects. 

Finally, we inspect a outer end cover of generator with the proposed 

pproach. We first model a standard workpiece and generate the stan- 

ard library for reference. Then a measured workpiece is detected by 

ur approach. In order to verify the accuracy of our detecting approach, 

e also apply the professional 3D processing tool MeshLab to detect the 

easured workpiece. The defect inspection results by using our method 

nd MeshLab are shown in Fig. 8 , where Fig. 8 (a)-(c) are the standard

orkpiece from different perspectives, Fig. 8 (d)-(f) are the measured 

orkpiece from different perspectives, Fig. 8 (g)-(i) are the inspection 

esults by MeshLab and Fig. 8 (j)-(l) are the inspection results by our ap-

roach. Comparing Figs. 8 (a)-(c) and Figs. 8 (d)-(f), we can find that the 

efects of the measured workpiece are difficult to be judged by naked 

yes or 2D images, which can only be detected by 3D means. In addi-

ion, the red mark on the measured workpiece as shown in white dotted 

rames in Fig. 8 may cause 2D detection methods to misjudge. It can 

e seen from the comparison between Figs. 8 (g)-(i) and Fig. 8 (j)-(l) 

hat through our approach, the 3D surface defects of the workpiece can 

e accurately determined, which are very close to the results of pro- 

essional 3D tool. Due to the need to manually select the 3D matching 

oints between the measured point cloud and the standard model, using 

eshLab is often more time-consuming and usually takes a few minutes. 
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Fig. 5. The standard library of the David 

model (see Visualization 1 for whole scanning 

and database building process). 

Fig. 6. The detection scene and result at a cer- 

tain moment (see Visualization 2 for whole de- 

tection process). 

Fig. 7. The final defect inspection results of the David model. (a)-(c) The David 

model of ’pasted’ defect from different perspectives. (d)-(f) The measured 3D 

surface defect results from different perspectives. We use pseudo color to indi- 

cate the size of the defect, and users can visually observe the size and location 

of the defect according to the color change. 

C

e

o

4

d

Fig. 8. The defect detection results of a outer end cover of generator. (a)-(c) The 

standard workpiece from different perspectives. (d)-(f) The measured workpiece 

from different perspectives. (g)-(i) The detection results by MeshLab. (j)-(l) The 

detection results by our approach. 

c
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c

f
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c
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t
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ompared with the software detection method, our approach can more 

fficiently, conveniently and automatically detect the 3D surface defects 

f the measured object in real time. 

. Conclusion 

In this work, we propose a high-resolution real-time 360 ∘ 3D surface 

efect inspection technology, which requires no assistance of any me- 
6 
hanical auxiliary devices. In addition, we develop a software system 

ncluding real-time high-accuracy 3D data acquisition, real-time point 

loud registration and real-time defect inspection functions to verify the 

easibility of the proposed algorithm. This work makes low-cost, high- 

peed, high-quality and easy-to-implement surface defect inspection of 

omplex workpieces possible. We think our technique has the potential 

o carry out real-time efficient full inspection of workpieces on the fac- 

ory assembly line with relatively economical equipments, the inspec- 

ion results of which can be fed back to the production line to adjust the

roduction process in time. 
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However, there are still several aspects that need to be further im- 

roved in the proposed algorithm. The main concern is the memory 

roblem. When detecting larger workpieces, the memory occupied by 

he standard models with multiple poses will increase sharply, which 

oses challenges to computer performance. In the future, we will re- 

earch the data compression technology of 3D point cloud to overcome 

uch difficulty. The second shortcoming is that when reconstructing the 

D model of the standard workpiece, it is inevitable to introduce cu- 

ulative stitching errors. Therefore, we recommend using the existing 

tandard CAD models to prepare the standard library that matches atti- 

ude information for rapid registration. 
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