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Abstract In this study, we propose a method for multi-angle digital radiography (DR) scanning inclusion detection
of low-density powder materials considering the problems such as large inclusion detection errors and low stability
caused by the usage of different single scanning angles. First, multi-angle DR detection is performed with respect to
the measured object. Then, the scale-invariant feature transform (SIFT) feature matching method is used to find
the inclusion images at different angles. Further, the maximum size of the inclusions at different angles is
automatically selected as approximate value. Finally, a relation between the inclusion area and rotation angle is
established under different angles and the maximum inclusion area and rotation angle are predicted. The
experimental results prove that the proposed method can solve the problem of low efficiency associated with
computed tomography (CT) and can improve the accuracy and stability of detection when compared with the single-

scan detection method. A high degree of confidence is associated with the prediction at a small rotation angle, which
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indicates that the proposed method can meet the demands of inclusion detection in practical applications.

Key words image processing; powder material; DR image; automatic detection; multi-angle scanning

OCIS codes 100.2000; 040.1880; 100.2960

L5 F
WA B 4K 2 HORE R0 JFRY  JURE P A AR

RAEEBE bR W e AR B PERE . A AR B e of 25
Az e v R RE 23 5 ABURLIR Bl 22 4R 2 2% STk I
TR Y 5 A R R AL DR o — e R R R
FEREFEAT TC A0 R . X AR A I 2 — o O

R 22 il %) I 04 A DU = B, AT DA o A o RS
[l BSF XS 2B A6 T A KTy G4 v S A T 4
5 1O A R TR N P R R X S
mes F R,
L8t X 2K I F B fff FH AR ROZE IS B b X A%
9 R AR R 1 e 2% i *E%?ﬂﬂﬁ,ﬁuﬁtiﬂﬂi
{ELAE A B S B KN B (R, SR J5 AT 0 . X

KB . 2019-12-23; {8 HEF: 2020-02-12; A BHE: 2020-03-09
BESTE. EHRATH A 5N EE(cstc2019jsex-msxm0530) . T R H R B % 4 (cste2016jcyjA0353)

* E-mail: shenk@ cqu.edu.cn

1110002-1



% {5

T 7 VR FERT K RORAR 25 5 32 K DN D3 1 28 36 R
55 BE SESZ ) [F) I PO BE 3 AT AN 35 % L BEAIR 4
PR 3% 1 2 0T G 00 K B 3 s i

Wit 5 R4 A B4 AR UK AR A BT L 1) & e L 1
PSS 2 (1 B sl Ak A T BIF 5T Ok £ . Mery
ZE000 38 33t Kirsch 2 7 Ml Canny B T 1454 5k 5290
ETH R B R 1 ok DL B T ORI R . A2
IREER X SR AR R R 4 % 4 B AL A
i (GIS) P 1 5 1y B B e e 4 A7 A DU, 245 SR 3R W
AL R R A% X 24 e B 0 4 ORI B 44T A K
R I G A B RESA B 1~2 mm, (H R X 54
Kl GIS & #57E X MG R A S Bk & L=
200, T BOBAR W R LG R ARG, X HE 22 AR il A O
SEALWTZ 40 (CT) XA i 3 52 6 b REIE AT A5 I 1%
75 0 R RS B LG BT Ak X &2 (DR
. Zhang SFUEFXT 55 H bR SE A DU o osAR T T
Bof 10 ) AL, 88 1 T — o 5 b sl 9T 43 25 1 e A B A
BARG AZ R G2 L TTH T SLE R Y . Wang
SELOLPRE M T — AR BRI A BRI Ty ki O R
PG 7 30 RS I ke o (L7 Gl 574 4 559 1 Xk 2 o+ B
T K 1% L . Boaretto S HR Y T — X XURE XL
G S AR T AR IR 4 0 S S R R B B 2R AT
BRI 43 2800 O . R AL AR T — R A
TARL Y 1S BIAR 22 43 04 Bl B A D 5 32 5 1% O 1%
Sl S %) A 2 P EBORE AR ) g B DX R AT
Ab B, PRSP I EUR 5 R G BREAT 22 8 5
oS 3 3 UG B A T BRI B X B, S g R 3k
BHAZ 7 v R A8 Xt 4 J 2 T B B E AT VAR I A I . Yu
SR VR B A BB 5 I 45 FH AT 5 i B 1 X A
LRIEMG I T RE S B AR IR R 3R, S 30X e B 1) 43 2%
P ARSEIZ M ALE T R SF R 64 pixel X 64 pixel
{144 28 0 RN 50 BRI L TCIE A DN 85 17 1) /Nl s

) A AN Ti) R 457 %) A o R R B A A 25 5L R EOR
[7i) 50 40 37 5 A9 26 11 R R B AN TR . DR K D 3R A5 1)
BG4 52 5 il T 28 (R B I AN TR) L 3258
HH R 11 e 24 RUST RT RE I A 52 B e 44 g R R i)
M e ) 5 S 26y 1) VAT I TG o A VTR e
YK A FER MR ZE B R B EREMRK., CT
SRR IEAT 360° € % . I #% IS (7] A1 B SR 4R ¢
TR R A B 2 e s R T L
Ak R PR AR T R A 0 v A 0 2 R R
YRGB CT XY E1T 3607 # , KR
T A RO K S ORI R R K 7R SE PR A R A
W PR AR

FEXE LA B IR] R, A SCHR M T — ok R R A
JE DR HHE AR 2 . 1 SRRl Xt g ik AT 2 A4
FEE Y DR K I BLAZ , X 4R A5 19 D 46 1045 0 47 1 9
50 P8 45, Pt e A 0 O R RR S X L RE B 1R 3
ik (CLAHE) J5 i % BIAR AT IR 3G 5 5 S8 5 R
FHRLBE R A8 R 4 A8 e (STFT) 85 1 52 90 ] £ B T
1) e 23 G 9 DC ., - 38 3 1389 4 43 1 AR e 2 EH A
o S B8 BN [R) 1 B2 T e 2% 1 RSH 2800 Jse KAE I LU
HAE Ry e 2 R B3 RE 45 A R TR A T e 24 1
T RS e M OC RS — AN R KRR N
Je 2R RsH RIS . FIH FE 1T B OG5 T
RGMIRE A BE 43 BT T & Z 1) 2 [R]85 6F A6 00 A
JEE (18 52 1 [ EF 3 3k S 560 96 F T T 4R Oy ik A AT AR
TF 5% B S I 88 3 03 A b sk 1) S 2 A T 2 1 T 52 56
25 55 FIRSE AR i

2 JeFAaiJr ik

TEN AR AR 2, O T AR AR A AR R
Wy oK — o BT G kLB A A s R U T X R R A
BEHEAT 0 43 38 5 R B bR o I HR % 7 - 5 4R 2
G AT O 43 . Gk O 43 S R SR R R v S B e Ik
AR 4 I I 2%, 3 2 e 30 A I R 1) 22 4R AR AE
& 2 FUIN T4 R A ok 1) 4 I Je 4=, Hoh 4w Je 4™
A R AT 7 Pk BE L DR I AR SO 5T
S0 R QAR G 0y A b ) T ) 220K G TR e %

e ek Jr vk BB AR ME 1 R, 14
R SR 5 2~ 4 A R MR AL B e Al o
Vi /i 57 8 4G VR R A IR 5 FE RN LU BE L 4R X
B E IR AR L BRBE AL S BRI CLAHE 7 ik
HEAT RS 5REY 58 5 BRI SIFT 553 36 31K W)
BT Je 4= 1) DR EMG ; 56 6 A3l i B {E 43 B3RS A
[F] £ BE T (e SR I TR e J A AR Tl A BE T i R
SR e LR U [ 1 T e 24 1 R S 800 i KA
VB Ry e 2= RUSE B3 AU S8 Ji5 % e 44 11 e oK Tl AR AH
JOL Ve £ B AR AT T . A SRR I R R TR R A
bR e Zk 1 2 (B B AR AT L B— R T e 2 X
SRR TR S S 2E R EROK, I W 4R
B AE A EE T B 22 2805 BRI AT T HERA 171
2.1 TiAbiE

ISP LR A I RIG 8 B A7 AE AT B AL 7 6 B B AR
SRR, DR X R AT WAL B, i 2 TR
Kl 2(a) A B 9 DR R, o e ey ol 42 )@ 22 . ]
VLT 1) PG 8 A 5 B A 1%, 9 4% 140 G R A1 3 TR
T v AR AE R AN Y R R 8 S/

1110002-2



% i

PEAF e ok I T B R ORY 6 b B R AR L 45
B 2(b) fin . i g 56 4 17190, % {37 4 9587, %
HWE — RN 3R T (E U8 B 2 R BE P
P HB Ak B R SE AN AE BRI R E R AT AR

B, O T 8 5 e A% 5 T SR 0 B R i e
., R CLAHE 3E A7 — W 8 38, 45 3R W
Bl 2Co) Firzn T LA B8 A [ 15 8h 25 70 A5 21 0
PNE RPN 3 L

image preprocessing

r-r-—-————~~—~"~>"~>"~>""""~>"™>"™""™"™"™"™"™>"™""™>"™"™7 |
. | |
multi-angle | |
scanning I [ window width |
——— | image capture —+»{ and window »| median filter » CLAHE |
| level |
| |
| |
L e e e e s e e S e e
A 4
rediction of eometric .
P area and < # feature < umage < SIFT fe‘%t“re
rotation angle measurement segmentation matching

@

BT e ekl R S i

Fig. 1 Flow chart of inclusion detection system
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Fig. 2 Preprocessing. (a) Original image; (b) result of window width/window level adjustment;

(c) result of secondary enhancement
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Fig. 3 Scanograms at different angles. (a) Left view; (b) top view
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Fig. 4 Matching effect. (a) Original image; (b) original image with rotation of 15°; (c¢) matched overlapping

image; (d) matched graph before processing; (e) matched graph after processing
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Fig. 5 Segmentation effect. (a) Inclusion image of

region-of-interest; (b) threshold segmentation result
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Fig. 7 Detection diagrams of image quality indicator at different scanning angles. (a) 0°; (b) 7.5%; (c¢) 15°
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Table 1 List of size information of image quality indicator at 0°

Standard Standard Length Width
) i Perimeter / Area /
Sillk No. length / width / , Measured Fractional Measured Fractional
mm mm

mm mm value /mm error /% value /mm  error /%

6 50 1.00 110.481 56.9824 50.3847 0.7694 0.9620 3.800

7 50 0.80 110.092 47.1213 50.3319 0.6638 0.7450 6.874

8 50 0.63 109.522 38.9471 50.3035 0.6070 0.5828 7.498

9 50 0.50 108.944 31.6081 50.1033 0.2066 0.4541 9.172

10 50 0.40 109.038 25.5238 50.2557 0.5114 0.4364 9.098

11 50 0.32 108.118 20.5672 49.8720 0.2461 0.2914 8.943
12 50 0.25 107.453 14.9086 49.6170 0.7660 0.2060 17.580

# 2 7.5 FWBERSHE RS

Table 2 List of size information of image quality indicator at 7.5°

Standard Standard Length Width
) } Perimeter / Area /
Silk No. length / width / , Measured Fractional Measured  Fractional
mm mm

mm mm value /mm error /% value /mm  error /%

6 50 1.00 108.488 55.6466 49.4907 1.0186 0.9437 5.631

7 50 0.80 107.918 45.6847 49.3862 1.2276 0.7649 4.390

8 50 0.63 107.273 38.0013 49.2336 1.5328 0.5869 6.832

9 50 0.50 106.675 30.6656 49.0835 1.8330 0.4341 13.164

10 50 0.40 106.856 24.6040 49.1832 1.6336 0.3605 9.858

11 50 0.32 105.802 19.8099 48.8023 2.3954 0.2937 8.221
12 50 0.25 105.043 14.0408 48.5208 2.9584 0.2176 12.952

3 1T IR F B A%

Table 3 List of size information of image quality indicator at 15°

Standard Standard Length Width
. i Perimeter / Area /
Silk No. length / width / , Measured Fractional Measured Fractional
mm mm’
mm mm value /mm error /% value /mm  error /%
6 50 1.00 104.701 55.1851 47.7327 4.5346 1.0333 3.333
7 50 0.80 104.083 45.6100 47.5802 4.8396 0.8417 5.219
8 50 0.63 103.210 38.1865 47.3488 5.3024 0.6648 5.532
9 50 0.50 102.605 31.0816 47.1243 5.7514 0.5484 9.688
10 50 0.40 102.491 25.0395 47.2003 5.5994 0.4341 8.544
11 50 0.32 101.617 20.2422 46.8423 6.3154 0.3324 3.883
12 50 0.25 101.020 15.0257 46.5655 6.8690 0.2176 12.952
JFEXHAR BT v B A A I 52 e IR /N s IR DL B 0 B e Ll I iR &
32 AEAPFEAREMNEEZSHANII BT Bt 5 39 BB IE B AN [R) AR BE L AT LA e A

B R BOhilcE T 5 WS e o m et BRI RIS E R, K 4 =R A R M
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Table 4 Size information of inclusion at different angles

0° 15° —15° —30°
Silk No. Area value /  Length / Area value / Length / Areavalue / Length / Area value / Length /
mm’ mm mm?’ mm mm? mm mm? mm
6 56.9824 50.3847 55.1851 47.7327 54.9738 49.4280 50.6998 45.0163
7 47.1213 50.3319 45.6100 47.5802 45.0965 49.4577 41.4497 45.0454
8 38.9471 50.3035 38.1865 47.3488 37.3870 49.5539 34.8388 45.2485
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Table 5 List of area information at different angles

0° 7.5° 15° —7.5° —15°
Silk No. Area value / Area Fractional Area Fractional Area Fractional Area Fractional
mm? value /mm® error /% value /mm?® error /% value /mm? error /% value /mm?® error /%
6 59.5468 59.1742 0.626 59.5729 0.044 59.3345 0.356 59.7224 0.295
7 48.1782 47.6563 1.083 47.5001 1.407 47.9150 0.546 47.9748 0.422
8 39.8153 38.7589 2.653 38.2444 3.945 38.9514 2.170 39.2421 1.439
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Fo6 SELERERINER defects based on the X ray real time imaging detection
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