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Abstract: A cascading virtual-real fusion approach is proposed to recognize various aircraft sheet metal parts （SMPs） 
with remarkable similarities. The SMPs are identified and numbered by cascading “Rough” “Fine”， and “Preferred” 
Through the virtual-real fusion approach of virtual workbench modelling and physical workbench actual recognition. 
The “Rough” SMP set is identified by gathering the main direction image of the sheet metal item on the real 
workbench and obtaining an eight-dimensional （8D） shape-description vector from the image. This leads to the 
discovery of a candidate SMP set. Then， template matching is conducted on the candidate SMP set based on the 
image’s grey information， and “Fine” matching is obtained. A quantitative index of recognition reliability is proposed 
to subsequently initiate the “Preferred” recognition process， which is accomplished with an augmented reality 3D 
projection. The effectiveness and superiority of the propsed method are verified by real experiments， and the best 
accuracy rate of 96.9% is achieved in testing parts. With the help of 3D projection， the accuracy of man-machine 
combination is 100%.
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0 Introduction 

Sheet metal parts （SMPs）［1］ are the main parts 
of the body of an aircraft， accounting for a large pro⁃
portion of the aircraft parts， with several types， 
small batches， and various shapes［2］. Aircraft sheet 
metal surfaces often require heat treatment and 
painting after batch forming. To improve the effi⁃
ciency， various SMPs are generally mixed for batch 
processing［3］. After treatment， the SMP is identified 
for subsequent use. Currently， SMP recognition af⁃
ter heat treatment and painting is primarily per⁃
formed through manual comparisons using 2D draw⁃
ings or 3D tooling. Owing to the wide variety of 
SMPs， there are various parts that must be recog⁃
nized， and some of these high-similarity parts are 
difficult to be distinguished； these are vulnerable to 
misidentification， resulting in low efficiency and fre⁃
quent errors and causing subsequent production 

problems.
With developing computing and sensor technol⁃

ogy， machine vision is widely used in industrial pro⁃
duction. Wang et al.［4］ extracted speckle and scale-

invariant feature transform （SIFT） features from 
images of aerospace electrical connectors［5］ and in⁃
put them into a support vector machine （SVM） to 
obtain the training model of parts. Subsequently， 
through the Hough transform and training-model 
prediction， the online recognition of aerospace con⁃
nectors was realised， with an average recognition ac⁃
curacy of more than 90%. However， the shape char⁃
acteristics of aerospace connectors are quite differ⁃
ent from those of SMPs； therefore， this method 
cannot be used to solve the problem stated in this 
study. Wu et al.［6］ combined three geometric invari⁃
ants to construct feature vectors of parts and subse⁃
quently associated feature vectors of part images 
with class labels to construct training and test sets. 
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Thereafter， the optimised SVM［7］ was used to rec⁃
ognize part images， achieving an average recogni⁃
tion accuracy of 95.31%. This method of combining 
labels and feature vectors inspired this study. Joshi 
et al.［8］ extracted fourteen shape-invariant factors， 
such as roundness and the average grey level from 
the part image， and combined them with the SVM 
to complete the classification and recognition task of 
regular mechanical parts， e. g. gears. The recogni⁃
tion accuracy was as high as 98%， indicating that 
the shape factor is an important feature in image rec⁃
ognition. Yin et al.［9］ developed a convolutional neu⁃
ral network （CNN） based on Fast R-CNN［10］ in the 
field of machine vision to recognize assembly parts. 
This approach utilizes the latest advancements in ar⁃
tificial intelligence technology. The recognition accu⁃
racy of ten types of electrical connectors reaches 
94.25%， but the interpretability and adaptability of 
the neural network to SMPs are still unknown； the 
training time of the data set was quite long. Lv 
et al.［11］ proposed a cross-granularity recognition 
method for SMPs， which achieved better recogni⁃
tion results than conventional visual methods. How⁃
ever， in this method， the SMP must be placed man⁃
ually multiple times according to the image superim ⁃
position on the computer screen to perform the fine-

grained identification method of contour matching， 
which involves multiple manual adjustments and is 
inconvenient to operate.

Based on the aforementioned research， the pro⁃
cess characteristics of SMPs are analysed， and the 
key points for recognition are summarised as fol⁃
lows： （1）Due to the process requirements of SMPs 
for matching the shape of the body of aircraft， there 
are often pairs or series of indiscernible SMPs with 
highly similar structural shapes， and even if the fea⁃
ture vectors such as the shape-invariant factor or 
geometric invariant moment are used in the image， 
it is still difficult to distinguish them. （2） Due to the 
process characteristics of SMPs， the surface lacks 
texture information， and the number of local fea⁃
tures， such as SIFT， extracted from the part image 
is small and unstable. （3） Because of the time-vari⁃
ant changes of aircraft shape， the placement in the 
recognition stage is different from that in the design 

stage. Additionally， the positioning reference from 
the design cannot be used for recognition as the pro⁃
filing tool， clamping plate， and fixture for auxiliary 
recognition are not applicable. （4） Periodical up⁃
grades or modifications to the production system 
lead to continuous expansion and improvement of 
the batch plan and part database. New types of 
SMPs may be introduced at any time， making it dif⁃
ficult for methods that rely heavily on sample train⁃
ing datasets， such as classification recognition train⁃
er or neural networks， to meet actual production re⁃
quirements. Periodic retraining and testing may be 
unacceptable in such cases.

Due to the actual production requirements of 
SMPs， a cascading SMP-recognition method based 
on virtual-real fusion and an aircraft sheet metal 
parts identification system （APIS） are proposed. 
The virtual-real fusion recognition is conducted 
through a cascading procedure of “Rough”“Fine”， 
and “Preferred” recognition using virtual workbench 
modelling and physical workbench recognition. On⁃
ly one industrial camera and a projector are required 
for conducting SMP recognition.

1 Basic Workflow 

SMPs usually appear in pairs or series as a re⁃
sult of the production process， as shown in Fig.1（a）. 
In the series of SMPs， similar parts exist with the 

Fig.1　SMP pairs and series
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same shape and structure of sheet metal parts and 
only small size differences， which are easy to con⁃
fuse， as shown in Fig.1（b）. However， significant 
differences exist among the major categories of 
SMPs； therefore， they are relatively easier to distin⁃
guish. The analysis shows that most SMPs have ob⁃
vious differences from the top view， but the differ⁃
ences in similar parts are small， as shown in Fig.2. 
Therefore， a cascading method for recognising 
SMPs with virtual-real fusion is proposed. The 
main workflow of the SMP-recognition method pro⁃
posed in this study is shown in Fig.3. It is primarily 
composed of two parts. The first part is the physical 
processing part， which mainly collects the informa⁃
tion of the physical SMP and extracts the feature fac⁃

tors， including the processing of the sample physical 
SMP and the SMP to be recognized. The second 
part is the virtual processing part， which primarily 
includes the use of a virtual 3D digital model of a 
SMP to generate simulated images for projecting 
and the corresponding bench calibration. The infor⁃
mation of both parts is stored in the SMP informa⁃
tion database. In the recognition process， the fea⁃
ture information of the SMP to be recognized is ex⁃
tracted and matched with the information in the data⁃
base to determine the candidate SMP information 
set. This is the “Rough” recognition， in which the 
paired or SMPs to be matched can be obtained. 
Then， the template-matching method is used to per⁃
form “Fine” matching from the candidate SMPs， 
and the results are evaluated according to the quanti⁃
tative indicator. If the reliability meets the require⁃
ments， the default selection is appropriate. If the re⁃
liability does not meet the requirements， the pro⁃
posed 3D projection-aided recognition method is 
used to project the pre-generated simulation image 
of the candidate matching SMP. The “Preferred” 
recognition is determined when the image is com ⁃
pletely consistent with the physical SMP through 
human-machine cooperation.

2 Virtual‑Real Fusion 

Based on the structural characteristics analysis 
of SMPs， the hardware of the APIS system devel⁃
oped in this study primarily comprises an industrial 
camera， a small projector， a computer， a work⁃
bench， and structural supports， as shown in Fig. 4. 
The industrial camera is installed on the support di⁃

Fig.2　SMP similarity in different views

Fig.3　Basic workflow of the proposed method Fig.4　APIS hardware

609



Vol. 40 Transactions of Nanjing University of Aeronautics and Astronautics

rectly above the workbench， and it is used to collect 
the top view image of the physical SMP. The projec⁃
tor is installed beside the camera and projects the 
simulated image to clearly show the image differenc⁃
es. Database establishment， workbench calibration， 
and projection simulation image generation are im ⁃
portant components of virtual-real fusion.

2. 1 Database establishment　

Before the SMP recognition， the information 
database should be established for storing， updat⁃
ing， and management of the information of various 
SMPs. Each record is composed of the part number 
（PN）， top view image， an 8D feature， and a 3D 
projection simulation image. The basic process of es⁃
tablishing a sheet metal information database is as 
follows：

（1） A sample of each SMP is placed on the 
workbench under the top-view camera. The camera 
is turned on to snap the image of the SMP sample， 
and image feature information is extracted and 
stored in the database with the PN.

（2） The SMP profile in the image is obtained 
through the method［12］. The area， perimeter， con⁃
vex hull［13］ area， minimum bounding box length［14］， 
minimum bounding box width， minimum bounding 
box aspect ratio， and first-order and second-order［15］ 
with good rotation and translation invariance are ex⁃
tracted and stored as the shape feature indicator.

（3） According to the virtual 3D digital model 
and calibration information of the SMP sample， a 
projection simulation image is generated and stored 
in the database as the attribute information of the 
SMP. The workbench calibration and projection 
simulation image generation are described in detail 
in Sections 2.2 and 2.3.

2. 2 Workbench calibration　

To perform the SMP recognition based on vir⁃
tual-real fusion， the positional relationship between 
the camera， projector， and top plane of the real 
workbench， as well as the virtual workbench must 
be determined. In this study， the internal and exter⁃
nal parameters of the projector are calibrated using a 
2D plane calibration plate and three frequency four-

phase shift-structured light［16-17］. During the calibra⁃
tion of the internal and external parameters of the 
projector， the plane Xw O wY w of the world coordi⁃
nate system O w ⁃XwY w Zw is selected on the plane cal⁃
ibration plate. The position and attitude of the plane 
calibration plate are altered multiple times. Under 
each position and attitude， the projector projects 
structural light to the calibration plate and the top 
view camera captures the corresponding calibration 
plate image. To accurately calibrate the positional 
relationship between the projector and the work⁃
bench top plane， one position of the calibration plate 
is set as the plane calibration plate， and it is com ⁃
pletely attached to the top plane of the workbench. 
The plane Xw O wY w of the world coordinate system 
is set parallel to the top plane of the workbench. 
The projection is like the inverse process of camera 
imaging， and its internal parameters include the 
equivalent focal length of two directions fx，fy， as 
well as the coordinates u0，v0 of the principal point. 
The posture transformation matrix [R p tp ] be⁃
tween the calculated projector and world coordinate 
systems is determined by the calibration process， 
where R p denotes the rotation matrix and tp the 
translation vector.

After the projection calibration is completed， a 
virtual recognition platform consistent with the actu⁃
al recognition platform is established. The work⁃
bench of the virtual recognition platform is shifted 
downward by a plane calibration plate thickness in 
the Xw O wY w coordinate plane to ensure consistency 
of the position， posture of the virtual recognition 
platform， and the actual recognition platform in the 
world coordinate system. Subsequently， the 3D dig⁃
ital model of the SMP is imported， and the stable 
placement state of the SMP on the actual work⁃
bench is simulated. Further， the virtual model is tri⁃
angulated to determine the coordinates P i and N i 
normal information of each vertex of the triangular 
mesh， where i = 1，2，…，n，n denotes the total 
number of vertices of the triangular patch after trian⁃
gulation， as shown in Fig.5. In this manner， the co⁃
ordinate information and normal information of each 
point on the virtual SMP in the world coordinate 
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system are obtained.

2. 3 Projection simulation image generation　

To recognize a SMP based on virtual-real fu⁃
sion， appropriate projection simulation images must 
be generated. After the workbench has been fully 
calibrated， the image coordinates of the virtual point 
P i on the projection image plane are calculated 
based on the coordinate information P i and normal 
information N i of the virtual SMP in the world coor⁃
dinate system combined with the projection parame⁃

ters obtained through the calibration. In this study， 
the projection model shown in Eq.（1） is established 
based on OpenGL.

[ u v 1 ]T = FPM [ xw yw zw 1 ]T (1)
where [ u v 1 ]T is the homogeneous coordinate 
of the image point on the projector image plane cor⁃
responding to each point to be calculated on the 
sheet metal； [ xw yw zw 1 ]T the homogeneous 
coordinate corresponding to a point of the sheet met⁃
al part in the world coordinate system； M the trans⁃
formation matrix from the world coordinate system， 
determined when the calibration plate is completely 
fitted on the identification workbench， to the projec⁃
tor coordinate system [ R p  tp ]； P the projection ma⁃
trix， which can be defined by the OpenGL perspec⁃
tive projection cone［18］， as shown in Fig.6. Here， 
O p ⁃X pY p Z p is the projector coordinate system， 
Z near， Z far are the distances from the viewpoint to the 
near and far cut-off surfaces of the viewing cone， re⁃
spectively， and ( xmin，ymin，Z near )， ( xmax，ymax，Z far ) the 
lower-left and upper-right corner coordinates of the 
viewing cone. The projection matrix is expressed as

P=
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In Eq.（1）， F is used to perform viewport trans⁃
formation on the normalised coordinates after per⁃
spective projection. The image obtained by perspec⁃
tive projection is mapped onto an image plane with a 
resolution W × H of pixels through affine transfor⁃
mation. Affine matrix F is expressed as

F=
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where w and h are the width and height of the image 
plane in pixels，respectively.

According to the geometric relationship be⁃
tween the parameters in the projection and the visu⁃

al cone， the parameters in projection matrix P and 

affine matrix F are set as xmin = -Z near × u0

fx
， xmax =

Z near ×(W - u0 )
fx

 ， ymin = -Z near ×( H - v0 )
fy

， ymax =

Z near × v0

fy
. fx， fy， u0， v0 are the projection parame⁃

ters from the calibration results of the projector. Af⁃

Fig.5　Virtual SMP coordinates and normal information

Fig.6　View frustum in OpenGL
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ter the parameter setting is completed， the image co⁃
ordinates of each point P i on a SMP with a given 
PN on the projector image plane can be accurately 
calculated using Eq.（1）.

To make the simulation image more realistic， 
Phong’s illumination model is used to simulate the 
illumination. The ambient light component of the il⁃
lumination is denoted as a l， d l denotes the diffuse 
light component， s l the specular light component， 
am the ambient light reflection component of the ma⁃
terial， dm the diffuse reflection component， and sm 
the specular highlight reflection component. a l， d l， 
s l， am， dm， and sm are 3D vectors. The lighting and 
material are specified in advance， combined with co⁃
ordinate information P i and normal information N i， 
the colour output C i can be accurately calculated.
C i = a l × am + diff × d l × dm + spec × s l × sm  （4）

diff = MAX [ nml ( N i ) ⋅ nml ( P l - P i ),0 ]   （5）
spec = MAX { nml ( P v -P i )⋅ rfl [-nml ( P l -P i ),

nml ( N i ) ],0 }m （6）
where diff denotes the diffuse reflection illumination 
influence factor， spec the specular illumination influ⁃
ence factor， P l the position vector of the light 
source， P v the position vector of the projector， 
nml ( N i ) the normalisation operation of vector N i， 
rfl ( N 1，N 2 ) reflection vector N 1 along the normal 
axis of vector N 2， a× b the Hadamard product of 
vector a multiplied by b， and m the highlight index 
（32 in this experiment）.

The image coordinates and pixel colours of 
each point on the SMP obtained above are input in⁃
to the OpenGL， rendering a pipeline for rasterisa⁃
tion and segment interpolation to generate a projec⁃
tion simulation image of the SMP under the per⁃
spective of the projector with the same resolution 
（W × H） as that of the projector， which is stored 
in the database as the auxiliary information.

3 SMP Cascading Recognition 

3. 1 “Rough” feature recognition　

The SMPx item to be recognized is horizontally 
placed on the workbench under the top-view cam⁃
era， as it is positioned when establishing the infor⁃
mation database. A top-view image of the SMPx 

item is taken with the top camera， and then 8D fea⁃
ture vector is extracted from the image， denoted as 
F x. SMP i， i = 1，2，⋯，n，where n is the informa⁃
tion stored in the database. The corresponding 8D 
feature vectors ( A，C，A c，L，W，R，Hu1，Hu2 ) are 
denoted as F i = ( x 1，x2，x3，x4，x5，x6，x7，x8 )T.

Using the global nearest neighbour-searching 
（NNs） algorithm from Ref.［13］， relative Euclidean 
distance Di between feature vector F x of the part to 
be identified and feature vector F i of the ith SMP in 
the database is calculated as

Di = ∑
j = 1

8 ( )xj - yj

yj

2

（7）

where xj and yj refer to the jth components of the 
vector F i and F x， respectively.

The relative Euclidean distance threshold is set 
as DT. If Di ≤ DT， SMP i with Di is sufficiently simi⁃
lar to the part SMPx being recognized； therefore， it 
is a candidate SMP with the same PN as the part 
SMPx. Using this preliminarily “Rough” screening 
method， the candidate SMP set is recorded as S. 
Because aircraft SMPs usually appear in pairs or se⁃
ries， there are usually two or more candidates in S.

3. 2 “Fine” template matching　

To further determine the exact PN of the SMP 
being recognized， “Fine” template matching is ad⁃
opted based on the main direction alignment. The 
item is denoted as SMP j， where j = 1，2，⋯，J（J is 
the total number of SMPs in the candidate set S）. 
Due to the different shapes of SMPs， accurate re⁃
peated positioning cannot be realised， resulting in 
different placement angles of the part SMPx on the 
workbench and SMP j， which will affect the results 
of direct template matching. Therefore， the method 
described in Ref.［16］ is adopted to solve the mini⁃
mum bounding rectangle for the image SMP j match⁃
ing SMPx. Anticlockwise angles between the long 
side of the minimum bounding rectangle and the pos⁃
itive direction of the horizontal axis of the image are 
denoted as θj，θx. After the top-view image is rotated 
θj - θx anticlockwise， the rectangular image area 
surrounding the object is recognized， and the candi⁃
date image is cropped； then the normalised square 
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difference in Eq.（8） is used to calculate the match⁃
ing degree between SMPx and SMP j.

Cxj =
∑
m = 1

M

∑
n = 1

N

[ T ( m,n )- I ( m,n ) ]2

∑
m = 1

M

∑
n = 1

N

I ( m,n )2 × ∑
m = 1

M

∑
n = 1

N

T ( m,n )2

  （8）

where T ( m，n ) and I ( m，n ) represent the pixel val⁃
ues of SMPx being recognized and candidate SMP j， 
respectively， at the pixel points ( m，n )； M × N is 
the rectangular image area.

The highest matching degree Cmin 1 =
MIN ( Cx1， Cx2，⋯， CxJ ) is calculated within candi⁃
date set M with SMPx， and the second highest 
matching degree Cmin 2 = MIN ( { Cx1， Cx2，⋯， CxJ } \
Cmin 1 ). The reliability index of template matching is 
taken as

Δ = ||Cmin 1 - Cmin 2

Cmin 2
× 100% （9）

If Δ > CT， CT is the given threshold， the Cmin 1 
corresponding candidate is the reliable final recogni⁃
tion result. Otherwise， small Δ indicates that it is 
difficult to reliably distinguish the two candidates of 
optimal and sub-optimal matching. If the matching 
method cannot obtain reliable matching results in 
cascading recognition， the subsequent projection-as⁃
sisted “Preferred” recognition is conducted.

3. 3 3D projection auxiliary “Preferred” recog‑
nition　

In aircraft production， there are strict require⁃
ments for the reliability of identification. If the recog⁃
nition result obtained in Section 3.2 is unreliable， 
further steps are required. Therefore， the projection 
auxiliary “Preferred” human-machine cooperation 
method， which projects a simulation image of the 
virtual model from the projector for an SMP candi⁃
date with a given PN， is proposed. During human-

machine interaction recognition， if the real SMP 
placed on the workbench is correctly corresponding 
to the virtual one， the virtual image should com ⁃
pletely coincide with the physical SMP.

For SMPx being recognized， if multiple candi⁃
date SMPs are selected according to the method in 
Section 3.2 but the Δ is not reliable， the projection 
auxiliary “Preferred” recognition process will be 

triggered. On the actual workbench， SMP is placed 
for recognition， and its location is adjusted to verify 
if the projection simulation image can perfectly 
match the 3D shape of the SMP item. If it does com ⁃
pletely coincide， the SMP being recognized and the 
current candidate SMP should be identical with the 
same PN. If it is impossible to completely overlap， 
simulation images of the remaining candidates 
should be projected separately until the PN of the 
SMP being recognized is determined and the recog⁃
nition task is completed.

4 Results and Analysis 

To verify the recognition efficiency and accura⁃
cy of the cascading virtual-fusion SMP recognition 
method proposed in this study， thirty⁃nine catego⁃
ries of actual SMPs are selected for recognition ex⁃
periments. Each category has at least one highly 
similar counterpart which is vulnerable to error. In 
the experiment， the threshold is set as DT=0.1，
CT=0.3.

4. 1 Candidate set generation experiment based 
on the feature index　

Each SMP is subjected to ten recognition 
tests， and 3 309 number recognitions are per⁃
formed. First， the candidate sets， of which the rela⁃
tive Euclidean distance to the shape feature of object 
SMPx to be recognized is greater than the threshold 
value DT found in the information database， are in⁃
vestigated. For the 39 types of SMP items involved 
in the experiment， the correct recognition results of 
each kind being recognized are included in the candi⁃
date set obtained by the algorithm used in this 
study， and no missing recognition occurs. Because 
the number of elements in the obtained candidate set 
does not exceed two， and they all contain correct 
recognition results， the Top 2 （Top 2 refers to the 
proportion of the first two places of the similarity in⁃
dex containing correct recognition results in all ex⁃
periments， and Top 1 has a similar meaning） recog⁃
nition accuracy rates of all SMPs participating in the 
experiment based on the similarity discrimination of 
the 8D feature vector relative to the Euclidean dis⁃
tance in this study reach 100%. If the result with the 
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smallest relative Euclidean distance is directly select⁃
ed as the recognition result， the Top 1 recognition 
accuracy rate of the 390 experiments is only 58.5%， 
and the main reason for the recognition error is that 
the relative Euclidean distance difference between 
easily mixed parts is small. The relative Euclidean 
distance of the feature vector can “Roughly” distin⁃
guish the SMP items from other categories， but it 
cannot achieve further subdivision between the pairs 
or series of items.

Table 1 shows the feature information of SMPs 
in the information database and the relative Euclide⁃
an distance Di between them for recognising SMPx 
items. Because the feature data and values of SMP 
in the image are small， they are processed by taking 

common logarithms and absolute values to ensure 
stability when calculating the Euclidean distance. 
The second column of Table 1 presents the charac⁃
teristic information value； Columns 3—8 present the 
feature information values and corresponding SMPx-

relative Euclidean distances Di （Di in descending or⁃
der from left to right） of the Top 6 SMP i（i =
1，2，⋯，6） with the highest similarity obtained from 
the information database. In the last line， the differ⁃
ence between the relative Euclidean distance be⁃
tween SMP1， SMP2 and SMPx being recognized is 
small， and both are less than the threshold value DT. 
Therefore， results revealed that these two SMPs are 
highly similar to the parts being recognized and serve 
as the constituent elements of the candidate set M.

The above experiments show that the candi⁃
date set generation method based on the 8D shape-

feature information “Rough” recognition proposed 
in this paper can effectively extract candidate set S， 
which highly similar to the recognized parts.

4. 2 Cascading template‑matching and recogni‑
tion reliability experiment　

In the 390 recognition tests performed by cas⁃
cading “Fine” template matching of candidate easily 
misrecognized SMP items， the corresponding candi⁃
date parts are incorrect 12 times. Moreover， after 

“Fine” cascading template matching， the Top 1 rec⁃
ognition accuracy reached 96.9%. Fig.7 shows a 
pair of easily mixed SMPs. As shown in Fig.7（a）， 

the detail difference between the two parts is that the 
positions of the convex structures on the bending 
edges are different. However， there is no obvious 
difference in the top-view image shown in Fig.7（b）； 
therefore， the difference between the shape feature 
vector and the template matching output is small. 
Table 2 shows the average values of the template-

Table 1　Feature information and relative Euclidean distance of SMPx and the Top 6 candidates

Feature vector

A/104

C/103

Ac /105

L/102

W/102

R/101

| lg ( Hu1 ) |
| lg ( Hu2 ) |

Di

SMPx

9.538
2.377
1.906
7.961
2.112
3.769
5.719

11.564
—

SMP1

9.492
2.344
1.912
7.946
2.096
3.801
5.716

11.556
0.019 3

SMP2

9.401
2.349
1.916
7.934
2.083
3.809
5.708

11.539
0.026 7

SMP3

9.967
2.375
1.882
8.511
2.056
4.139
5.690

11.490
0.134

SMP4

9.965
2.370
1.889
8.514
2.042
4.169
5.692

11.494
0.139

SMP5

6.217
1.965
0.838
7.978
0.503

15.861
5.533

11.102
11.341

SMP6

6.212
1.980
0.841
7.971
0.506

15.753
5.532

11.100
11.152

Fig.7　Easily misrecognized SMP pair items
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matching degree and reliability measurement index 
between the candidate sets of the pair of SMPs in 10 
experiments， C̄min 1，C̄min 2 and Δ̄. For the cases of the 
misrecognized Top 1 SMP item， the reliability in⁃
dex of recognition is less than the threshold value of 
0.3； therefore， projection auxiliary “Preferred” pro⁃
cess is automatically triggered. For comparison with 
the state-of-the-art deep learning algorithm， ViT 
with excellent performance in image classification 
task has also been tested on the same dataset of 
SMP. Table 3 shows the recognition results of the 
corresponding network model. In the table， Accura⁃
cy 1 represents the result of directly recognizing all 
the aforementioned experimental pictures， and Ac⁃
curacy 2 the result of recognition after applying the 
screening method proposed in this paper. The pro⁃
posed cascading method outperforms ViT method 
with more than 3% in this SMP recognition task.

4. 3 3D‑projection auxiliary recognition experi‑
ment　

The pair of easily misrecognized SMP items in 
Fig.7 is taken as an example to illustrate the 3D-pro⁃
jection auxiliary recognition process. As shown in 
Figs.8（a， b）， the projection simulation images of 
the two candidates of the SMP being recognized are 
denoted as I1 and I2， respectively. Because the value 
of the reliability index is below the given threshold， 
the projection of the candidate is automatically trig⁃

gered. The coincidence between virtual projection I1 
and the physical item being recognized is shown in 
Fig.9. The projection cannot completely coincide 
with the 3D shape of the real object； therefore， the 
SMP being recognized and the candidate SMP1 item 
being projected have not the same PN. The coinci⁃
dence situation of the truly identical candidate SMP2 
item projection I2 for physical item is shown in 
Fig.10. The projection images are completely over⁃
lapping with the SMP item being recognized. There⁃
fore， it is practical and intuitive to use our 3D-pro⁃
jection auxiliary method for “Preferred” recognition. 
The coincidence of virtual image I2 with a real item 
determined that they should be identical with the 
same PN.

Through the proposed 3D-projection auxiliary 
human-machine cooperation “Preferred” recognition 
method， the small difference between highly similar 
SMPs can be practically and intuitively recognized， 
enabling the operator to classify the type of the SMP.

5 Conclusions 

An aircraft SMP-recognition method based on 
virtual-real fusion is proposed， and a cascading 

“Rough” “Fine”， and “Preferred” process is de⁃
signed and implemented to robustly recognize highly 
similar SMP items. Different from the object-recog⁃
nition method using a classification-recognition train⁃

Table 2　Values of easily misrecognized SMP pair items

SMPx C̄min 1

0.022 3

0.023 4

C̄min 2

0.029 2

0.028 1

Δ̄

0.236

0.167

Table 3　Comparison of deep learning algorithms %

Algorithm
Vision transformer

The proposed algorithm

Accuracy 1
85.2
—

Accuracy 2
93.5
96.9

Fig.8　Simulation images of a pair of candidate items

Fig.9　Partial coincidence of projection I1 on a real item

Fig.10　Complete coincidence of projection I2 on a real item
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er or neural network， the method proposed in this 
study does not require various image samples for 
each type of SMP in advance， and only a top-view 
image is collected for each piece of SMP. The re⁃
sults of 390 recognition experiments on performed 
39 SMPs indicate that the cascading recognition 
method based on template matching with the rela⁃
tive Euclidean distance of a feature vector index can 
automatically achieve a Top 1 accuracy of 96.9%， 
which adheres to most recognition requirements. 
For the remaining 3.1%， the Top 2 candidates are 
all correctly selected， and the human-machine coop⁃
eration process is automatically triggered with the 
reliability index. It is concluded that the proposed 
method is highly practical and robust for recognising 
and distinguishing the truly identical SMP items ac⁃
cording to the coincidence level of the 3D virtual 
projection and the corresponding real item.

References
［1］ ZHANG Shilong， CHENG Ming， SONG Hongwu， 

et al. Research progress on precision forming technolo⁃
gy for complex curved surface components in aereospace
［J］. Journal of Nanjing University of Aeronautics & As⁃
tronautics， 2020， 52（1）： 1-11. （in Chinese）

［2］ LIU Chuang， FAN Yubin， WANG Junbiao. Present 
situation and key technical solutions of aircraft sheet 
metal forming information technology［J］. Aeronauti⁃
cal Manufacturing Technology， 2016（13）： 26-31. （in 
Chinese）

［3］ WANG Huiyun. Aircraft sheet metal technology［M］. 
Xi’an： Northwestern Polytechnical University Press， 
2011. （in Chinese） 

［4］ WANG Jiajie， WANG Lei， FAN Xiumin. Intelligent 
identification and assembly guidance of aerospace elec⁃
trical connectors based on vision［J］. Computer Inte⁃
grated Manufacturing System， 2017， 23（11）： 2423-

2430. （in Chinese）
［5］ LOWE D G. Distinctive image features from scale-in⁃

variant keypoints［J］. International Journal of Comput⁃
er Vision， 2004， 60（2）： 91-110. 

［6］ WU Ruifang. Part identification based on combination 
moment invariant and optimized SVM［D］. Wuhan： 
Huazhong University of Science and Technology， 
2017. （in Chinese）

［7］ DING Shifei， ZHANG Jian， ZHANG Xiekai. Re⁃
search progress of multiple classification twin support 
vector machine［J］. Journal of Software， 2018， 29

（1）： 89-108. （in Chinese）
［8］ JOSHI K D， SURGENOR B W. Small parts classifi⁃

cation with flexible machine vision and a hybrid classifi⁃
er［C］//Proceedings of Conference on Mechatronics 
and Machine Vision in Practice.［S. l.］： IEEE， 2018： 
1-6.

［9］ YIN X， FAN X， WANG J， et al. An automatic inter⁃
action method using part recognition based on deep net⁃
work for augmented reality assembly guidance［C］//
Proceedings of International Design Engineering Tech⁃
nical Conferences. Quebec， Canada： ASME， 2018， 
1（2）： 18-20.

［10］ REN S， HE K， GIRSHICK R， et al. Faster R-

CNN： Towards real-time object detection with region 
proposal networks［J］. Neural Information Processing 
Systems， 2015， 39（6）： 91-99.

［11］ LV Zengyang， DENG Tao， ZHANG Liyan. A cross-

granularity identification method for aircraft sheet met⁃
al parts based on machine vision［J］. Chinese Journal 
of Scientific Instrument， 2020， 41（2）： 195-204. （in 
Chinese）

［12］ SUZUKI S， ABE K. Topological structural analysis 
of digital binary images by border following［J］. Com⁃
puter Vision， Graphics and Image Processing， 1985， 
30（1）： 32-46.

［13］ LIU Kai， XIA Miao， YANG Xiaomei. An efficient 
convex hull algorithm for planar point sets［J］. Engi⁃
neering Science and Technology， 2017， 49（5）： 109-

116. （in Chinese）
［14］ GAO Q， YIN D， LUO Q， et al. Minimum elastic 

bounding box algorithm for dimension detection of 3D 
objects： A case of airline baggage measurement［J］. 
IET Image Processing， 2018， 12（8）： 1313-1321.

［15］ HU M K. Visual pattern recognition by moment invari⁃
ants［J］. IEEE Transactions on Information Theory， 
1962， 8（1）： 179-187.

［16］ LI Zhongwei， SHI Yusheng， ZHONG Kai. Projector 
calibration algorithm in structured light measurement 
technology［J］. Journal of the Optical， 2009， 29（11）： 
3061-3065. （in Chinese）

［17］ ZHANG Z. A flexible new technique for camera cali⁃
bration［J］. IEEE Transactions on Pattern Analysis 
and Machine Intelligence， 2000， 22（11）： 1330-1334.

［18］ LIU Yang， XIE Zongwu， WANG Bin. Research and 
simulation of binocular modeling platform based on 
OpenGL［J］. Journal of Harbin Engineering Universi⁃
ty， 2017， 38（6）： 939-944. （in Chinese）

Acknowledgements This work was partly supported by 
Chengdu Aircraft Industrial （Group） Co. Ltd.， and the Natu⁃

616



No. 5 MEN Xiangnan, et al. Method for Aircraft Sheet Metal Part Recognition Based on Cascading…

ral Science Foundation of China （No.52075260）.

Authors Mr. MEN Xiangnan received the M.S. degree in 
materials science and engineering from Nanjing University of 
Aeronautics and Astronautics in 2010. He is currently a se⁃
nior engineer in Chengdu Aircraft Industrial （Group） Co. 
Ltd. His research is focused on sheet metal part formation， 
shot peen forming， titanium alloy forming， and relevant 
fields.

Mr. LI Zhiqiang received the M.S. degree in manufacturing 
engineering of aerospace vehicle from Shenyang University 
of Aeronautics and Astronautics in 2016. His research is fo⁃
cused on sheet metal part formation and relevant fields.

Mr. DENG Tao is a senior engineer in Chengdu Aircraft In⁃
dustrial （Group） Co. Ltd. His research is focused on sheet 
metal part formation and relevant fields.

Author contributions Mr. MEN Xiangnan designed the 
study， compiled the models， interpreted the results， and 
wrote the manuscript. Mr. LI Zhiqiang conducted the 
analysis and the experiments. Mr. DENG Tao contributed to 
the supervision， the discussion and background of the study. 
All authors commented on the manuscript draft and approved 
the submission.

Competing interests The authors declare no competing 
interests.

（Production Editor：： XU Chengting）

基于级联虚‑实融合的飞机钣金零件识别方法

门向南， 李志强， 邓 涛
（成都飞机工业（集团）有限责任公司, 成都  610073, 中国）

摘要：提出了一种级联虚实融合方法来识别具有显著相似性的各种飞机钣金零件（Sheet metal parts， SMPs）。

SMP 通过涉及“粗略”“精细”和“首选”阶段的级联过程进行识别和编号。该方法将虚拟工作台建模与物理工作

台识别相结合。最初，通过捕获物理工作台上钣金件的主方向图像并从图像中提取 8D 形状描述向量来识别  
SMP 的“粗糙”集，这导致候选  SMP 集的发现。随后，利用图像的灰度信息对候选 SMP 集进行模板匹配，以  实
现“精细”匹配。提出了识别可靠性的定量测量，在增强现实  3D 投影的帮助下启动后续的“首选”识别过程。通

过实际实验验证了该方法的有效性和优越性，在测试件中达到了最高准确率 96.9%。借助 3D 投影，人机结合准

确率 100%。

关键词：图像识别；飞机钣金件；仿真成像；三维投影；虚实融合
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