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Abstract : For the imaging of plate-like objects, the computed laminography ( CL) technology has been widely used because of its
nondestructive and intuitive characteristics. CL imaging methods are mainly divided into linear scanning and circular scanning. Linear
scanning has high efficiency, and circular scanning has good data uniformity. However, due to the incomplete projection data of both
methods, there are problems of sliced image aliasing and unclear image edge. In this article, a hybrid scanning CL (HyCL) imaging
method is proposed, which consists of linear scanning and circular scanning. The geometric model is formulated, the simulation and
imaging experiments are implemented by using SIRT image reconstruction algorithm, the imaging effect and in-slice aliasing is analyzed.
Compared with parallel translation computed laminography ( PTCL), orthogonal translation computed laminography ( OTCL) and
rotational computed laminography (RCL) , results show that HyCL can effectively reduce aliasing artifacts and protect details. The image
contour can be retained clearly and evenly, and the contrast is better.

Keywords : computed laminography; linear scanning; circular scanning; hybrid scanning; image reconstruction
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Fig. 1  Projection domain of each imaging method

1.2 JLfiEE

& 2(a) #M(b) iy HyCL HiE shs E K, 54k
VA FREMXS G2 O, 1] b AR R XS4k 5 SF AR
WA G2 10, FMC o s A X 4 I s X 4k
PSR WA, 1) M ELaizsh;2) [F
Hiizgh, B 2(c) F(d) Bl HyCL 4 4 JL
R, SACRITZRIE, D FCREEMES, S, FPTLUE - A5 DX}
IS R 3 F 3 S S E S E i DI ON
e,k =S,/S,.

IEEEEEEITN IR SRllDO 3 |- o I ey
s SRR . M o §15E, SRR E 3h
i Py MARMERIE S B THRE Py N .

PS=2°SO°tan% (1)

P,=2-(S,-S,) -tan% (2)



180

43

2 3]
" AR
(a) ELLRHIH (b) B R EIH
(a) PTCL (b) OTCL

N
N
N A
- mi 2,
AD, = N \
s 5 \
Nsim S I BN
LA
J
D\ ~ /
\ e /
\ /
% /
\\\ ///

| ' |
(c) E&HH — 4k JLATAL R
(c) 2D geometric model of PTCL

(d) IR 4 4 — 4 J L p A 2
(d) 2D geometric model of RCL

B2 HyCL ETH T S5 K LT
Fig.2  The motion sketch and 2D geometric model of HyCL scanning

Hn R AT 2OA SF RN SE AR AR PRl SFEHR
B BIVH IS RAE s S R U PN % 20 B B DR S M 55
FORAE, BIA A RAE R AF R TAE 22 Aa AR, SFEHR
RERT B A Bl il o RE 2R, (H BT 2R A K dis 4%
SRR ZE  BORSCEL AR SR S5 MR BE . BRI R
FEREC p, W Aa = a/p., SHRIRAUEHTE] AS, BAR DI 4%
ML HERE RS AD, 1

AS, :%-PS - S, - tan(a — i - Aa) (3)
AD, = % P, - (S, -8, -tan(a —i-Aa) (4)
A =1, ,p RFERESEME, R VREMIZN S

A2y HHDHIER S LGNNI, R =S, - tany,

58 Jo 4 i o, A 00 o G e A, ST IR R AR 58 2 il
1t 360° [ Ji iz B R ALK fE . SF R I sk~ 42 Ry A
T ARB SN R, FAEIM0A «

RSZSO°tang (5)
2
a
R,=(S,-S,) -tan? (6)

Bt RAE T AT A5 AR IR R R A BN ¢,
SR M &8 9 R J8 32 sh 7y BE R AB = 2m/q, i —2F
Mo LRI PR S AS, A 2L HEFE S AD, K

AS, =R, - AB (7)

AD, =R, - AB (8)

FEA ST HyCL g 7 i B JE B e 548 A
i ST
1.3 BREREE

5 CT MR E LM, CL KR E Ak dnT 4
oA A A s, AT R AL
CIETS = S22 Ao SR e 08 A Tk 2 N TR v
FHB LT RS B KA R A S R G R
#E%, T PTCL Al OTCL, HyCL 3R B 945 5 % 4

I AR BGERARAIA e A, AN 2 Tuy K6 5 4
FAES S SRR R R A EE A MR, AR SR A R
& & ¥ AR ( simultaneous iterative reconstruction
technique, SIRT) " 3%t 250 L 10 0F 1 41 A 41 5 19
TRE T AR CL USRI AT 2 SR

AX =B (9)
Kp: B=(b',b,-+,b") e R" BHLEAE M L
X = (x', - x") e RY HEEEIR N HBEEOEL
A=[a,] REGH, =1, -, M,M J L BH,
j=1,, NN ﬂﬂ%i“f‘%ﬁ SIRT KRB N
k+1 k " P 7P: _p

X;
Za Za

. Af e (0,2) Eﬁéﬁmlﬁﬁ FF I BEAEIE &
AR p, WA i SR SRR p, 250 | ST A
THE a, 2BOY BB ARG NITR) |, IR j MK
%%ﬁ%wﬁj‘%%é’]ﬁﬁk SIRT F| 43 A B e A i 2k
3 o A ZE ] 7 A 1 K LE TR AR A — Bt 5%
M, DT S BR R e
1.4 TE=IEHIEM

ARSCR YRR 2 R, VAR AL S, X HE

(10)

AU BT AT VY, o R, i R
Ryse = (11)
b v, e X, MREEMEG X WIEREKEM;f e F I8

KEFEG F R R IKEE ;0 HBRE S Sy, E
Xy
Syy(X,F) = 2(2”“)(/-’2“1«" +Cl)(220'x1~'+202> (12)
(uy +up +¢,)(0x +0p +¢y)
Kol py A, HEEKEEEIE ;0% Moy IR EIKE
7250 HZHD I 2 5¢, = (m,P)?
HeFFRE I E R, P R R W A,

NS (mzp)z =

SR K



5512 1

JAMBIL % . B A EIHEI 2 BRI 5 181

m, =0.01,m, =0.03, —tH R, /NS, B, EE
IGiiiv e o8

2 £ I

2.1 {HEXW

SHERIE HyCL BIRLASRCR , Bt T 2 )2 B0 i p At
i, 3 fios, HoA 3 FORE A6, KN A 350%350%
100, BEARTE S 205 1 b4k 100 J2, Hoh 5 37 ~40 J22 58
49~ 52 JZAFES 61 ~64 JZYI R 4546 43 5 R il =X 1 il =X 2 Fn
il=C 3, HARJZ B 0, 435Ik H PTCL,OTCL ,RCL K&
HyCL X400 H AR EA T LR, D5 SN 3R 1 R

(AL pixel) % oo
N #k2 (s
Jini }D—/“’é Eﬂu?‘]Mmﬂ
6 — O g g_él“
Mﬂ =| O =
o 1] EJ o E_ﬂ
=~ ‘o — - DDD?D—ﬂ

K3 A g
Fig.3 PCB phantom

®1 BBREHESH

Table 1 Parameters of PCB simulation
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Fig. 4 Different horizontal slices of simulation results using different imaging methods with the display window [0 102 ]
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Fig. 7 75" horizontal slices of experimental results using different imaging methods with the display window [0 0. 03]

SR

(a) PTCL&: 3
(a) Results of PTCL

(b) OTCL& B

(b) Results of OTCL

(d) HyCL&5 %
(d) Results of HyCL

(¢)RCLE B
(c) Results of RCL

8 RGO T SRR 115 2R v, o E H [0 0.03]

Fig. 8

FEAEEIG AR, I 9 FioR B — 5 B e
FSLIRZE A A 20,25 30 )2 MY A ( BE A SRR )
PEAT U, NS X FRRII R 25, B RHIE )2 G
HIR B MM, AR T A2 M5
M . PTCL 1Y )2 MR & 8 A ™ 5 LS 30 J2, OTCL,
RCL F1 HyCL iR W2 R IE 2S00, 10 OTCL 1R Z Ph 52 %21
AR 5 FLEHS 25 )2, OTCL TR ST 4R LB
RCL 5 HyCL M3 R AR Y, 1R S Ot W 5 /D s 7656 20
JZIEHEE, OTCL 5 RCL 3 A bk & h 5, HyCL IR &
PR ILF-IH R,

=M Z AR B R AR, T Mg, R A
T VR FRIE R A 157 B0 [ SR R A7 0 B S 00, S0 2

115" horizontal slices of experimental results using different imaging methods with the display window [0 0. 03]

B 2 T ESLRSERE B, BRH 3 Al E
FLE B, W& 10 Fis

[ 505 LA A 11 fis . AT RLEDWE ek m)
W TR AR S S SRR S0 M S 2028 (L 2%
BB B , I 2R U] R AR TR & OS2 i TR A
J5 HEFN G Sk DX IHAN BRI OSR 2 BRI H AR B
2 RIS Z I 2 BN 3450 1 K B B
JEAE, BARILEE 4 Bh UG O vk 1) A 45 R, PTCL M
OTCL FEGN ] I 35 HE L 1] — S 85 (5] 5 R R AE 3 2%, A
W) N EA B IR S D5 5 I RCL AT HyCL R ER
B TE T, (A RS T 3] — L5 [ L ARRAE S 2% 1 A7 A, CFE A
MY P, RCL Al HyCL iR & th s M x>, 153,



55 12 48] JAMSAL 45 S AT RN 2 R R 5T 185

%ZOE.....
%ZSE.....
%30}2.....

() HEEBZ (b) PTCLE R (c) OTCL&: & (d) RCL&E % (¢) HyCLZ: B
(a) True image (b) Results of PTCL (c) Results of OTCL (d) Results of RCL (e) Results of HyCL

Pl 9 AL Oy BLAESRER 20,25 .30 JE M DI, WoR [0 102]
Fig.9 20", 25" and 30" horizontal slices of simulation results of the PCB with the display window [0 102]

WML RCL F1 HyCL 10191 Fr, 7T LLF 2] HyCL 76 57 £ N
JKEEAR BB AN T RCL A Bk, 4545 2 T &
E T SE IS B X TR HyCL e i )
1) E A M%Njﬁ RCL W5 A FFigUE, CL
1B —JBEAE 90° ~ 140° , B T2 10 45 1 R, A SOl B3k

(a) AL (b) LAk © S B RT3 SC Y1) CL S M B BB «=90°, X T
Structure of the central b) Str T 1‘

@ Ctll:f ltlhz (s)trucetuc\z " ( )bot:ollll?(lili:ko (c) Longitudinal central Z:IEJTE*I%%E—F E"JESZT% XTJ- Hﬂ;’:‘gﬁ ’H‘f}:éiﬁ/ﬁ‘o EE

of the top slice of the whole phantom %/ﬁ&?ﬂﬁ%ﬁﬁ*}iﬁ*fﬁ*ﬁ@i%?ﬁ HDE%’I&% Z'K

10 B ALRLA L 1y 3CSIRT BYES B 5E | 4 U8 J7 125 043 4 ff B2 — 20k

Fig. 10  The structure of the disk phantom 90° R EL R 10, FNIAEF R H A S BFHEA—B Y

o .

(a) PTCL&E 3 (b) OTCL&, (c) RCL&; (d) HyCL&
(a) Results of PTCL (b) Results of OTCL (c) Results of RCL (d) Results of HyCL

BT R0 L5 R ] ]2 Rk ) R RV, SR 1126 76 ]

Fig. 11 The horizontal and longitudinal central slices of simulation results of the disk with the display window [ 26 76]



186 Bowm o E ¥

#H 43 %

THOLUF UL T HyCL SR T 6 1 nl ATk, 18 S PR S B
Hh 8 T SR ARG I Xk G e B 1) T 5K, 5 S DR
AR BEREAILE , BAR T G LAY 25 ) (B AE AL L
AT o T,

4 % i

BEXT AR 2 T A DN T 5 A R ol B A B 5 — Ao
HyCL U5 | J6 5 R TR P-4 T 1 243 1 A 5 J] 49 4
RWBCE G . 73— B U] HyCL WUR J7 ¥ 1 4
A, AR SCR HI 22 2 BN L AR, 2 i1 7 LB 5 52 K gl A
PRECEEE A0 T AT S0, SERR S5 SRR TE A R 4
BT MBS T B4 33 CL(PTCL ,OTCL) 1 RCL, i#
PSR Ab 5T, HyCL BES A SR hl IR S s,
REZE TR IR 25 5 B S5 R 0 W EL 38 &) B L R A
U, HyCL JRf8T7 1 REAT R4 0 RO R 2 AR 0 B4
B ZFFIE AR B | (EEOGHR 2 AT A7 AR D B AN Y 5] (Y IR
(BB FEARAY 3 B X B HR 22 PR BURHIE A 25 A7 BRI it
HyCL REIA BB | (075 g i b AR X PTCL
FIOTCL A T4E T, HeT 1k, JREERESE HyCL 2 T
ARAC PR PRGBS TR A ) R R
PABEAS R B A BE B4 18 L AB o0t b - SE B B2 7, HyCL
A AT CL SR A 5E , B T i B B CL AR
5%

[ 1] CHENY, LIN N. Three-dimensional X-ray laminography
and application in failure analysis for system in package
(SiP)[ C]. 14th International Conference on Electronic
Packaging Technology (ICEPT) , IEEE, 2013.746-749.

[2] FUJ, ZHANG C S, ZHU G G, et al. Development and

application of X-ray computed laminography for

aerospace[ J]. Aeronautical Manufacturing Technology,

2019, 62(14) . 49-54.

[3] KIM G, PARK S, PARK C, et al. Projection-based

dual-energy  digital tomosynthesis and its image

characteristics [ J ]. Instrumentation Science and

Technology, 2019, 47(3) . 248-263.

[ 4] TIGGELEN R V. Since 1895, orthopaedic surgery needs

X-ray imaging: A historical overview from discovery to

computed tomography [ J ]. Acta Orthopaedica Belgica,

2001, 67(4): 317-329.

[ 5] O’BRIEN N S, BOARDMAN R P, SINCLAIR I, et al.

Recent advances in X-ray cone-beam computed

laminography [ J ]. Journal of X-Ray Science and
Technology, 2016, 24(5) : 691-707.

(6] %Iy, &hik, T3k, % BoTdayitaylos

(7]

[8]

(9]

[10]

[(11]

(12]

[13]

[14]

E AR AR T]. (TR, 2020,
41(1): 11-25.
CAIYF, LIPY, WANG J, et al.

Recent advances in

computed laminography for nondestructive testing of plate-

shell objects [ J ]. Chinese Journal of Scientific
Instrument, 2020, 41 (1) 11-25.
ZHOU J, MAISL M, REITER H, et al. Computed

laminography for materials testing[ J ]. Applied Physics
Letters, 1996, 68(24) : 3500-3502.

FU J, JIANG B H, LI B. Large field of view computed
laminography with the asymmetric rotational scanning
geometry[ J]. Science China ( Technological Sciences) ,
2010, 53(8) : 2261-2271.

HELFEN L, XU F, SCHILLINGER B, et al. Neutron
three-dimensional

laminography-a novel approach to

imaging of flat objects with neutrons [ J ]. Nuclear
Instruments and Methods in Physics Research, 2011,
651(1); 135-139.

LIU B D, WEI Z H, WEI C F, et al. An industrial
computed laminography imaging system [ C ]. Digital
Industrial Radiology and Computed Tomography ( DIR
2015), 2015.

FOT, S, |, . MR T
BHAERG R [T]. e, 2018, 38(12);
144-155.

WANG SH Y, WU W W, GONG CH CH, et al. Study
of  parallel
imaging[ J]. Acta Optica Sinica, 2018, 38 (12);
144-155.

HUREE, RIBZE, ML, % B HEHM TR
SE AR ST [T]. 6 4, 2020, 40 (22):
97-106.

TIAN ZH J, YU H J, WANG L B, et al. Orthogonal

translation ~ computed  laminography

translation computed laminography [ J ].
Sinica, 2020, 40(22) . 97-106.

A, WK, BUIH, 5. 5T Radon #2841 41
XPFAT AR CT b s [ )], e dle, 2021,
41(6): 118-129.

LI L, TAN CH D, LIAO

Acta Optica

M J, et al. Analytic

reconstruction  for parallel translational  computed
tomography based on radon inverse transform [ J]. Acta
Optica Sinica, 2021, 41(6) . 118-129.

ST, BhrEE, T, & BETREZWAINBNE
& CLEMARE)]. AR, 2021, 42(6):
64-74.

CAT'Y F, LT P Y, WANG ],

et al. Linear CL



5512 1

JHMSAE 45 . 52 A RN E BRI 187

[15]

[16]

[17]

[18]

[19]

reconstruction algorithm based on projection view-
weighting[ J]. Chinese Journal of Scientific Instrument,
2021, 42(6) : 64-74.

B, RNIEE, WK, % SRR CT b
EEALR )], USRS, 2022, 43(2):
187-195.
LI L, YU et al. Analytical

H J, TAN CH D,

reconstruction algorithm of source translation based
CT[J]. Chinese Journal of Scientific Instrument, 2022,
43(2) . 187-195.

W, BRI, T, 4F. ST CUDA i GPU ik
SART SEACH @A [J]. MBOL SR T 3H, 2013,
25(9) : 2418-2422.

LEI D CH, CHEN H, WANG Y, et al. Accelerating
simultaneous algebraic reconstruction technique by multi
CUDA-enabled GPU[ J]. High Power Laser and Particle
Beams, 2013, 25(9) . 2418-2422.

BGE, XA, IMEEE, 5. CL ERE @5 %M GPU
SEET). R A S E RSB, 2020, 25(4) .
393-400.

JIAT, LIU SH Q, SUN X L, et al. GPU implementation
of an iterative reconstruction algorithm for computed
laminography [ J]. Chinese Journal of Stereology and
Image Analysis, 2020, 25(4) : 393-400.

TUY H K. An

cone-beam

Applied

inversion formula for
reconstruction [ J ]. SIAM Journal on
Mathematics, 1983, 43(3) . 546-552.

ROY D, KRUGER R, YIH B, et al. Application of
iterative reconstruction techniques to conventional circular

tomography[ C]. Application of Optical Instrumentation

in Medicine XIII. International Society for Optics and
Photonics, 1985 99-105.

[20] ZHOU W, BOVIK A C, SHEIKH H R, et al. Image
quality assessment: From error visibility to structural
similarity [ J ]. IEEE Trans Image Process, 2004,
13(4) :600-612.

EEE N

RS , 2020 4F-TF P R A1 KA 3
0 AW/ I8 RN X 10 o ) P S = 2 0
U7 1 2 Tl CL £ AR 5 R 4, CL F R
=,

E-mail: pwzhou@ cqu. edu. cn

Zhou Pengwu received his B.Sc. degree from Southwest
Petroleum University in 2020. He is currently a M. Sc. candidate
at Chongqing University. His main research interests include ICL
technology and system, and CL image reconstruction.

XK Gl i 15, 7390 18 1990 4F |
1993 4F 11 2009 4 F 5L R RS R A 45
(AR Re S A N e VAR D N N
FEG A S, BRSO 1 Tk
CT/CL # AR5 R4t B CT,

E-mail; liufl@ cqu. edu. cn

Liu Fenglin ( Corresponding author) received his B. Sc.
degree, M. Sc. degree, and Ph.D. degree all from Chongqing
University in 1990, 1993, and 2009, respectively. He is
currently a professor and a Ph.D. supervisor at Chongging

University. His main research interests include ICT/ICL

technology and systems, and spectral CT.



