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Gradient aware fusion based high precision three dimensional reconstruction
method for surface defects of special shaped components
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Abstract: The three dimensional reconstruction of surface defects on complex-shaped components is challenging due to the varying
curvature, non-uniform illumination, the absence of regular reference features as well as the low accuracy and slow speed of binocular
vision matching. This study proposes a fast stereo matching algorithm named GAF-Census based on Gradient-Aware Fusion ( GAF) to
achieve the high-precision three dimensional reconstruction of dimensional quantification defective areas. First, an SIFT feature-guided
disparity range constraint mechanism is introduced to narrow the search space and improve efficiency at the cost computation stage.
Meanwhile, an adaptive Census transform based on key point median filtering is adopted, which replaces the contaminated center pixels
and enhance the noise immunity with a dynamic threshold. Additionally a gradient-aware cost fusion mechanism is constructed by
strengthening the gradient constraints in the edge regions to accurately locate defect contours, while the Census weight is increased in
weak-texture regions to improve matching stability, thereby significantly enhancing the matching accuracy in key areas. Finally, in order
to address the difficulty of defect quantification for complex-shaped components, a global fitting method based on a quintic polynomial
combined with numerical integration is proposed, enabling the automated and high-precision measurement of defect dimensions.
Experimental results show that the proposed GAF-Census algorithm achieves a mismatch rate as low as 5.25% for both standard and

custom samples, and the computational efficiency is also improved by 96.7% compared to the conventional AD-Census algorithm.
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Furthermore the system can detect defects with a minimum width of 0. 354 mm, and the average relative errors of defect width and length

measurements are only 0.483% and 0.271% ,

respectively. Last but not least, the algorithm maintains the high reconstruction

completeness and measurement stability under the complex lighting and geometric variation conditions, which demonstrates the strong

practical applicability and provides a reliable technical solution for the automated high-precision monitoring of surface defects in the

complex-shaped components.
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Fig. 1 Defect detection process based on the binocular vision
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Fig.2 Experimental platform setup
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Fig.5 Schematic diagram of three dimensional matching strategy

JARAT Census A2k IR AT , 75 B8 et . 1207 1508
o B EFEUE P E N AT RESZ M TS Yy 4 07 AR
S TERE TR AR A [ I 11X M A 1 S ]
AR T BN GRHE,

median(S), ( ‘aij —ayl) > T,

P, Hift )
K p, FRNBHSHEE; | a; — ay | FORERIISCHERT
St A9 E{E ;median (S) F/n BEESCHE & 2 0] K (.
B EL; T, SBOE B s aqy AT OB IREE

FIXESE Census A8 #7150 T 52 1 oy 4 (], it —
BT I RS PR B ek . BASEB AAERR

D) FEPCRCE H N DR RS 8 A KK BT
[ SRR 2R B IR BEA HEAT LRI IAL 5 T

@

Census =
stagel 12

(d(p.spey) 0P, o))
(4)

Kfr: Census,,,, IRRTESCFFE FNAY Census — JE 1 5k
T @FFIERE; M a > bW, d(a,b)=1,%MH0;
., BT HNAEAR (2, y) ALK BEAE

FHTH(4), RG24 MER Hamming FEES | 529)
T EE T, , 208 R 55T H( Census,, , Census,,,) < T,, N
YA PN 1A Ja B 45 0 2 8 AR ARL, 75 T B e R 53 fe i
VEHC A

2) X I R R A AR S ST 12 DR LT
ARG R AT LA, PR BRI 0 O LM R R ARl
SEEERY 20 1 Y Census FEIARSTF Bl .



%1

SRPHPF A B TR R A S A 3R TR e R — e 149

Census,, = Census,,,, ® (u@nd)(p" Dewiy) << k)
(5)
A : Censusy,,, Fen A FMAE,

TR W B AZ O A T3 e AT A 140 9 e i s A A 14
SERETHR T AT 8 UK LB RE PR HERR R A
VEMC IR 25 5, X AEBRE EWF Census ZRALISE Y1055
REAR 1 2 60% , INTTT i 25 B2 THRI0CR
2.2 BEBZBEMBEERRKMITE

hy S LR B DX el o AT SO 30 G DX PR 8 DT
P& T —FP ZICRHE RS TR 1, %07 R
1 Census ZEHFE 5805 A & WAL E HL A ZE &, #
BRGNS P, it Scharr 337115 AR R
SRk BE R AELAN 5 1), A ST A8 RO R YA o B AR AR T %
XIRIE K Census B 2 o DAIGSER 55 20HRRSE P, 7R 2%
XA Census AUTE 2 1 — o HHGSRAL LA DTRR [
AP A HE T 1) — B 2 0, A3 70 A TR 32 77 1) i 22
ANTEE 5o, Ok B B BE AR M I0T, S 35 40 okl <63 TR 3R T =
DT, R AE W3 52 T G DU BOKS B2 A [R) e A O
55 B DI D P R

A
-

(Vx ) )

a-e , arctan <5

w = V.1 (6)
0, Hoftb

Cloth3

Reindeer

FEAR1

FEA2

BM

K o FOREMGHE EE A5 10 AR DG AR B o HT T4
TR TS R BB /DN 5 [V 1 [R5 B8 W L 11 246 %) {
V1=V I[* + [V arctan( [V 1]/ [V,1]) JEiH5 A
G B2 75 1 B4 S AV pR AR, 2R UG B8 B2 Ty 1)

XPHHATEN R Census AN E AL B AN (H AT IH
— AR 3 3 A R R R 1 2 X ) S
VCRC, 32k X5 A A B 200, TR R 5 P AR A,
I LTI Census 2848 546 B2 AR E 47 N AR 45, B
HFRIAAAR

Clx,y,d)=w - Cp e + (1 =) * Cpn (7)

I IE T P AL B S BR AR, R C++iBF T
VS2022 BT 5 B Rk AT e AR S, ks AT T
Windows11 #2 /F & 4t, fifl {1 B & o4 b o 4k 3 &% i7-
13700H , &+ RTX-4060, 3714 T g 5256 2K ] Middlebury
VEAG 7 & 45 At 00 8Os 4R 56 R 5 s R e . K BM
(block matching) %9  Census 3.7 . AD-Census 5.7 5L
A AL 22 L HEA T X5 A3 AT , an L 6 s .

T I FLS R 22 AR 2 2 ] Y 25 (8 ok R DL I 2
BIERRIA AN

Ad=d(p) - d.(p) (8)
K. d,(p) RRSLE TR M2 4, (p) &
TRTEAF RN A 250 ; Ad TR b1 Z 8] A 22 2218,

AD-Census GAF-Cencus

Census

K6 AIRIVLACT S 2 A 22 15
Fig. 6 Disparity map obtained by different matching methods



150 %A R F¥ M

47

M Ad > 1 UFE d (p) WEERMZEE . TEEE
DI, 30 3 1 2 BB DA 5 B iR 25 R,
ZAEbR TG AL R AP ERE SR B, il SR
FTHAT T, MIUCECACR A L S BN T, , o, af =
{3, 20, 0.8}, MIPABILVCHE LR, SR IS 1R DL it %
AT HT

W 1 Fron, gk ae 5w R A e
2% B R DG TE 8 35 Wb 25K T % b O vk SRk T ek
HF Census B4 506 & A 38 1WA ML AH 45 & T 32 7

M2 EIRS BE A e, s B Jrm, i il gl A
SIFT #2620 o ¥ 2 Jm 48 R 5 o R oAk, i 2%
U870 DG T A0 25 5 i 5 SR FH 1) A 516 %) 9 B B O 2 5
W, PR SHCHE R 0 A% VT E A R SR U AR T W] A A A
T N AR A A AL K B SCEE R AR B A 4 BT B
V5 AAE N % X IR BB P 20 o, SEB0 R i ATk
4T B[] A% 8 Census 5 AD-Census J7 5 4 J 24
T8% ~96% , TE LR i = 4 £ 1) [R] I il /2 Tl S if Ak B

?ﬁ]a}jio

&1 FREFERGHAEEITMNIERITILR

Table 1 Comparison table of disparity map diagram’s evaluation indexes obtained by different algorithms

. B BM Cencus AD-Cencus GAF-Cencus

?E\“Ji H/{:ﬂ-\‘ y > N S - N > N S o N > N S > N > N S -
WILER /%  EfTitE/s  RICER/% B FREs RILESR/%  BfTiEs RITER/% B1TRHEL s

Cloth3 25.24 4.67 10. 25 23.73 9.35 28.32 6.48 10.23
Cone 27.67 4.76 15.16 24. 35 12.78 27.45 7.25 9.39
Reindeer 28. 54 5.23 13.25 21.24 11.73 29. 54 7.42 10. 25
FEAR 1 36. 57 10. 58 30.25 60. 34 20.73 68.72 5.25 2.24
FEAR 2 40. 27 8.25 32.57 58.45 18. 64 62.76 6.27 2.38

2.3 BRERZIWE

1 4 A B I 5 R T R IR 2 T R
SUMBEE o XoF - T A dofe 5 T 0 I A O T A
MR VEPE 315, EL TS 52 4% ot T ) ks I ORI
S BAE S 2N, %75 0] RE S B B A AR R 22
SSRGSk bR R R B — Rl ik 2
T Jr 05 57 i 2 2 B i 4, 45 5 BUE AR O 52
B A SR T3 0 7 vk . I SL 2 S i ith 2 At
AR

x(t) =a, +a,t + u2t2 + a3t3 + a4t4 + asts

y(t) =by + byt +byt” + byt + byt + b’ (9)

2(1) =cy + ¢yt + eyt + ey’ +egtt +ogt’
s x(e) (1) z(1) Roam ML bag— S AR R
Qy,a,, a5, by, by, b Flley ey, es JEIEIT BN 3
ESVRERE RV EATEES i 88

P, =(x;,y,,z) 5 i DEEEER; | P - P, || R
SRS L+ 1P R AR R, deth 2k A g ik
HHN PP, Py KW A RP = (w,,y,,2) i = 1,
2,0 NI LA AR, P MR SR LT LA
FIRN

L= 1P =Pl (10)

PRIT AR SE B A E 2 E B R TR TN
OrBOTIA BT R e R 2E T, W BT 1 BB K
I R

3 ERERKBFESH

3.1 MELBESH

TEHEAT ST S 2 B 5 22 580 FURHEAT AL E 2R
Bouguet J77i%:" " HEAT FEGRE IE, fofF 199 157 P 0 £ % 1o A 2
(TR — A 2 L A R L A B — 4 fE
BOEIMVC RS B0 RE . XA IE S5 B R St s AR DL C 5 25
WA B A R AL ZE 1T, AN 7 BT o e S R
AR P22 ] 12 B Wb EL 5 R S8 B O kB R B

————————

————

(a) FEAIRLZE

(a) Parallax diagram of sample 1

BT e X sk 22 ]
Fig. 7 Disparity map of defect area

(b) BEAQVLEE
(b) Parallax diagram of sample 2

eI = A A 5 ) AR AR 7 2
PIE LI AL 250 &, A AR Bt . R K IE A AR 2
EIXIARBLEA PR bR E A R IR R R AR % 5, =
0. 08 pixels, 38 iz = A A5 A4 3 I 52 ) e 2% 1) — 4
ARBRITAR . ECSEW IR IE A R



%1

SRPHPF A B TR R A S A 3R TR e R — e

151

X Z

pixel

S =
real f
X, 8, FR TR
TRYIE ; £ FR ML,
WS RESH (7, ) IRAR (1) A

(11)
TR B SRE 7 3~

real

140

Y/mm

200 250

X/mm
(a) FEAR 1B M= — 4R

(a) Two-dimensional diagram of the defect
point cloud of sample 1

80
100
=
120 k1 I | | |

150 200 250
X/mm

300

Y/mm

() FEA2BRIE = 4
(c) Two-dimensional diagram of the defect
point cloud of sample 2

SYIHRRZE 5, =0. 034 mm; % TiRE BT/ N T RGN
BRBEFFIE R AL ZER AR E 5 AR IR 25X I A =Yk
LSRG R T 20, BT = AR R R R SR E S
B KRB DX I 2 PR R s A T = E o, AR B R
YR NE 8 FI7R , SR B S LA REAE AR i B

1370
~ 1360
~ 1350

(b) BEAR 1B R = =4k

(b) Three-dimensional diagram of the

defect point cloud of sample 1
~ 1340
1330

(d) FEA2BRIE M = 4E ]
(d) Three-dimensional diagram of the

defect point cloud of sample2 1320

Bl 8 HhFA I =4k = &

Fig. 8

XFFREAS 1 v 3 5 BE R[] A B, A6 A< T il 3
SR 10 A7 B D, 7845060 B XU 21 2% 53 51 7 57 A
SO E L RR TG HE B A S B f e BE (B, sk 2 181 9 Jr
7N, YERE TE R 2 mm B TR 5 T A X R 25 R <
3. 1% , MAESE T B3k 5] 5. 95% 5 4 TEE B & 4 mm B, ff
BT ERIR 2R ZE R 1. 075% L5007 B0 2. 195% ;7
6 mm TE B S AE T, BT ER Oy vk E — 0B A X R 25 R
0.483% AHHAL G 7 00 1.08% , M e Mk &
JITHRE YRS SR T BOARIE 2238 B K T G vk, i
RN et 485 SR LA S ) — S0P 45 5 AR R 22 R A
b, 70432 B A4 Oy vk A 0 oA S R i O T8
TG H AP, H11 9 (d) AT I B B v BE 8 &=
A5 22 R 5t i S B D R

FEXFERPA I B TH B B X REAS 1.2 A HEAT 5 IREE
55, A8 Z2 30 3B 04 10 D7 325 4 KT BT o A e s o 2
TG URZE RN 10 PR,

38 i T ahk S TR S LA TR I A R gk 3
7 AR 11 AT H T8I T8 BE A AN [R) FEAR 1 B FE L
B R B g KK B 1R 25 R4 I R 0. 673% L 0. 515% Al
0.324% 5 F 3l 4k 23 W & 1Y K BE R 22 40 0l o 2.061%

Three dimensional point cloud diagram of defect area

xR2 HER1AEASRENZENEHERIRE
Table 2 Measured width and error of different
defects for sample 1

SR/ mm

fB 53 3 P 5/ mm

B REL

2 4 6 2 4 6

1 1.948 3.957 6.024 2.128 4.079 6.072

2 1.937 4.032 5.972 1.865 3.906 6.053

3 2.053 3.952 5.962 1.901 4.074 5.940

4 2.073 3.966 5.976 2.127 4.042 6.062

5 1.943 4.051 6.024 2.114 3.886 5.948

6 1.935 4.043 6.021 2.105 3.915 5.929

7 2.052 3.947 5.967 2.099 3.901 6.099

8 1.936 3.957 5.976 1.857 4.067 5.928

9 1.946 4.062 5.956 2.109 3.913 6.080

10 2.069 4.031 6.029 1.879 4.106 5.937
FHRZER/% 3,100 1.075 0.483  5.950 2.195 1.080
FRfiZE/mm  0.061 0.045 0.029 0.119 0.087 0.070

1.733% 11 1.293% ; it 2 45 1 pon it 2 W L& 5
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Table 3 Defect length measurement data and errors (mm)
BB 1(150 mm) BB 2( 150 mm) BB 3( 150 mm) BBE 4(170 mm)
W REL ERSIEESS Fohik e AshA Fohes AshA Fohiks HahA FohiEs
WA W A HUEFR NS RN NS WK B W) WK R
1 151. 124 147. 117 149. 354 147. 452 150. 542 150. 542 170. 152 172. 368
2 149. 024 146. 654 150. 856 152.792 149. 435 151.942 169. 374 168. 143
3 149. 121 152.976 150. 779 147. 943 149. 553 147. 632 170. 446 171. 751
4 151. 097 153.758 150. 835 153. 046 150. 335 151. 847 170. 385 173.735
5 150. 854 147. 202 149. 258 152.289 149. 605 147. 453 169. 305 172.202
SRR 0. 637% 2.061% 0.515% 1.733% 0.324% 1.293% 0.271% 1. 400%
PRz 0.992 3.172 0.775 2.571 0. 465 1.978 0. 499 2.489
51 5¢
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Fig. 12 Defect area reconstruction model
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Table 4 Robustness testing results of various algorithm

in complex environments

FOEWE KENE mdg BT
W22 /% R2ZE /% E /% [A]/s

JelR A ik

GAF-Census 1.857 0.835 95. 64 5.23
IEH 6
AD-Census 4.265 4.282 83.25 83.45
GAF-Census 1.937 0.993 92.53 5.35
AD-Census 5.235 5.210 80.35 85.12
GAF-Census 2.367 0. 894 92.79 5. 64
KB

AD-Census 6. 984 6.367 75.94  84.47

GAF-Census 2.091 1. 029 93. 35 5.79
WBEES)
AD-Census 6.762 7.983 78.92  85.88
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Fig. 14 Three dimensional reconstruction results of defects under different lighting conditions in complex environments
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