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parameters

Parameter name Parameter value
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rotation /mm
Cone angle of radiation beam /(°) 30
Rotary angular stepping /(°) 1
Center virtual detector size /(mm X mm) 256 X 256
Detector pixel size /(mm X mm) 1X1
Model reconstruction dimensions / _ _
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(mm > mm > mm)
Reconstructed voxel size /(mm X mm X mm) 1X1X1
Recommended range for reconstructing _
[1.00, 1.05]
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(¢) 2=70 mm
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Fig. 13 Comparison of reconstructed images for every algorithm at different cone angles. (a) 15° cone angle; (b) 23° cone angle; (c) 40°
cone angle; (d) 50° cone angle
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i’ 2

Fig. 14 Projection schematic before and after CLRP conversion and data rearrangement. (a) Multilayer PCB model; (b) CL projection;

(c) CT projection after CLRP conversion; (d) projection after data rearrangement

F2 PCBZ 2 W R A 5 #2850

Table 2 Multilayer PCB model simulation reconstruction parameters

Parameter name

Parameter value

Distance from radiation source to center of rotation /mm

Distance from source to detector /mm
Rotary axis tilt angle /(°)
Rotary angular stepping /(°)
Detector size /(mm>Xmm)
Detector pixel size /(mm>Xmm)
Model reconstruction dimension /(mm X mm X mm)

Reconstructed voxel size /(mm X mm X mm)

900

1700

75

1

1024 X1024

2X72

323X 378X102

IX1X1

B HR Flo( Floy, Fln ) (507, 277) 800 T4k 5 0 42
B FU(F Fln) R (507, 262).

PCB
model

proposed §
algorithm |

PCB 57 % JAR (K44 FDK FA< 54 1 19 1 2 (K14
W 15 e, A E 15Ca) ~ (D 43 31 o PCB B AU 6

'1['1

15 ZZPCBAAIK ZE A EHRA . (a) 28 6 )2 ()5 24 25 ()5 42)2 () H 602 (e) 5 782 (D 96 2
Fig. 15 Comparison of reconstructed images for each layer of multilayer PCB model. (a) Layer 6; (b) layer 24; (¢) layer 42; (d) layer 60;
(e) layer 78; (f) layer 96
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24 .42.60.78 96 A H A KR . FiE R CT 5%
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o Bl 16Ca)  (b) 43 % i FDK 533 Fl A B3 vk & 4t
FETEAEARTE T 75 23 B 19 PR AN IR %8R X 38 (ROT) |, 8] £

=7 iy || NI,
- ’ 4 ‘: v_&ﬂ)

2R R g £ AE 43 0 6 FDK B3k MR B3k o 8 16(c) |
(d) 435 0 ROTBCR K . JKEE N R &, 23 FDK &
A5 ) 0 E A2 P 5 FL R A A B B e D R
T A B3 R T30 0 8 43 K BE R B IR L FDK B33k
B4 PR T /0> T S AT

E 16 Z£JZ PCBFERE#YN#H%F . (a) FDKF & ; ()AL E () ROI- 1 Xk ;(d) ROI-1I %t ke

Fig. 16 Comparison of detailed parts of multilayer PCB model reconstruction. (a) FDK reconstruction; (b) reconstruction by proposed

algorithm; (¢) ROT-T comparison; (d) ROT-IT comparison
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AR B H FDK SRk 1 249 77 AR 0% 22 B/ | U {1 T
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A AN B RE T e DAL 0k fof R At P 5 B i 4% o AR IR
B o Wik T ARBIEE WA G A5 O R R T
THT F) 2802

#3 EEERE LT

Table 3 Quantitative analysis of reconstructed images

FDK Proposed algorithm
Evaluation indicator
ROI- | ROI- I ROI- | ROI-1I
RMSE 84.4731 76.7704 78.9303 71.3084
PSNR 9.5964 10.4269 10.1859 11.0680

T E— 25 B 9 T B AR AE SR R A op Y AT AT
P, R H A E 17 Ca) Bras 19 CL 4 5 &R G X PCB i 47
THRERE. ZARGH HARENR 1L9181-02 fif £ 55 X
SRR | IR B NDTO0505] 3 45 - #3535 L8 3
P ol 2R G0 BB A A 4L . PCB R K H B
wmE 17 (b) Brs o CL H# & 48 JL A = Bt & 4
B o

43 3R FDK 3532 A BB g0 2 i 5540 5 1) CT
P 5% k47 A, PCB FE 1 5 B 5 80 51 an ] 18 i
NG RIR T R E N BT T R B TR Y )2
Hi 1 18 (a) |« (b) B Ho i R IX 38k vl 0, A 5 ik A o 2 1A
80T DL b X 5> PCB W B BH L2 L R LR
B OSR S R HEE A B T FDK S95 o T
B, T FDK 532 A RO 5 0 40 5 0 R . Rl AE
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Fig. 17 CL scanning system and sample. (a) CL scanning

system; (b) sample to be reconstructed

#4 CLRGBILMSE

Table 4 Geometric parameters of the CL system

Parameter name Parameter value

Distance from radiation source to

center of rotation /mm 00622

Distance from source to detector /mm 851.02
Rotary axis tilt angle /(°) 31
Rotary angular stepping /(°) 1

Detector pixel size /(pm X pum) 85.00 < 85.00

Reconstructed voxel size / .
55.56 X 55.56 X 55.56
(pm X pm X pm)

H1 151 18 (e) \ (d) S Ho e R DI mT R, A 8 gk ot BT
AT FDK 5772 RE 0% 15 W by 380501 42 8% 1) A1 J=) F15E 1]
38 AL 23t 3 B T DL o PR R R ) R A T R B R
AP RE % 6 12 S PR N TP B /SR L U T BT R 07 T TR AR
ARYA CL 4 ol b iy T A7 1

T X S8 = 4R T v, O R B e L S B
BAMHER — DN EZNER . Tt — Lo A58k
iz FAE BOIR ) E A b i B AR, LR SR B PCB A
i A 1, X AR B05 A FDK Yk 1 S Bz 47 i [l 847 T

Fa4%E F9HI/2024 £ 5 B/RFFER

K18 PCB Sbr % R Xt 1 . (a) FDK 5 8 g2 oo 1 )2 5
(b) A Sk | @ ot #F )2 5 (¢) FDK 8 3k 5 2l 2k
2 (AR R L R

Fig. 18 Comparison of actual PCB reconstruction results.
(a) Component layer reconstructed by FDK algorithm;

(b) component layer reconstructed by the proposed
algorithm; (c) built line layer reconstructed by FDK
algorithm; (d) built line layer reconstructed by the

proposed algorithm

X EE, 45 B0 4¢ 5 R 38 47 iU SR 0 A R BR p
Je b B S (CPU) 2 i5-12490F , IN 77l 32 GB, #:4E &
4tk 64 bit, FDK 535 76 8 @ AR 1 i 75 B85 e e
FUIAL 8 P I 52 4 38, BOA R 301 s ARE LA
PSR 3 TR AR T FDK & e 8 7 4 o 5 HE 20 38
SHEE 567 s, B FDK LM 185 AL, EEMCES
FDK B LM s A T B . B2 730 /E i B 4 R4
W R R K . (HEE S 5 1 CT 52 2 B L AT e
SR 56 28 DT B8 o 48 5 0 B R SE DRk o e R R HE L
LU e RN R A 52 T T S RE B — E B A X 3K
AR A ORA B TR E B . A SEPR TR N
FH AT DL 2 IR AT 0 O R R i ), Be A,
ok A B o e R P ) Y D S B A B Y Tk
TR RO A AN AT 1T R o7 R 4 o HE L
U N

F5  KEILEMIBITH

Table 5 Running time of different algorithms unit: s
Algorithm CL projection conversion  Cone beam rearrangement ~ Weighting, filtering and backprojection — Total time
FDK N 0 268 301
Proposed algorithm ” 99 435 567
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X-Ray Three-Dimensional Reconstruction Algorithm of Plate-Like
Objects Based on Filter Path Transformation

Mu Ziyang, Lu Rongsheng’, He Pan, Zhang Guilin, Fang Mingtao
School of Instrument Science and Opto-Electronics Engineering, Hefei University of Technology, Hefei 230009,
Anhut, China

Abstract

Objective Computed tomography (CT) is a widely used technique for the reconstruction of the internal structure of three-
dimensional (3D) objects. The technique can obtain information about the interior of an object under non-contact and non-
destructive conditions. Therefore, it is widely used in the fields of industry, medicine, geology, and material science. In
the electronics industry, computed laminography (CL) is often used to collect projection data, so as to perform quality
inspection and failure analysis of integrated circuits, multilayer printed boards, and other plate-like electronic devices.
However, CL scanning causes interlayer aliasing in the reconstructed image. The current preferred method is to convert
the CL projection to an equivalent CT projection with large cone angles using a projection transformation method called CL.
reprojection (CLRP) and then reconstruct them using the Feldkamp-Davis-Kress (FDK) algorithm. However, the FDK
algorithm suffers from gray-scale degradation and edge artifacts during the reconstruction of large cone angles, which
affects the reconstruction quality. In this study, we propose a filter path transformation algorithm based on data
rearrangement. This algorithm can reduce the gray-scale degradation and edge artifacts of the reconstructed image during
large cone angle reconstruction. In addition, we apply the algorithm to the 3D reconstruction of plate-like objects by
combining it with the projection transformation method. It is expected to improve the reconstruction effect when the CL

projection is converted to an equivalent CT projection with large cone angles.

Methods In this study, a filter path transformation-based reconstruction algorithm was proposed and applied to the
reconstruction of the plate-like object. This was achieved by converting the projection of the plate-like object acquired by
CL scanning to an equivalent CT projection with large cone angles by the CLRP method, and then the proposed algorithm
was applied to realize the 3D reconstruction of the plate-like object. This algorithm utilized two parameters to rearrange the
CT projection and adjusted the projection surface to change the longitudinal coordinates of the projected data for filter path
transformation. In addition, we derived the method for calculating the parameters of this algorithm during reconstruction
based on the projection transformation method. With the help of these parameters, it is possible to realize the 3D
reconstruction of the plate-like object. In order to investigate the effect of filter paths on the reconstruction results, we used
the 3D Shepp-Logan model for simulation and reconstruction. The reconstruction errors for different parameter
combinations were counted, and the error surface was plotted for demonstration. Then, we compared the proposed
algorithm with other algorithms for reconstruction to verify the effectiveness of the proposed algorithm. In addition, we
designed a printed circuit board (PCB) model to verify the effectiveness of the proposed algorithm combined with the
projection transformation method in plate-like object reconstruction. Finally, in order to investigate the feasibility of the
proposed method in practical applications, we also used CL scanning equipment to reconstruct real PCB samples and

objectively analyzed the efficiency and flaws of this algorithm.

Results and Discussions In this paper, we investigate the effect of filter paths on the reconstruction results of the
proposed algorithm. The experimental results indicate that when reconstruction is performed under conditions of unequal
parameters, black or white artifacts then appear at both ends of the reconstructed image (Fig. 8). The error is minimized
when the reconstruction is performed under the condition that the two parameters are equal, and the most desirable
reconstruction results can be obtained (Fig. 10). This shows that the proposed algorithm can optimize the reconstruction by
corresponding filter path reconstruction under the condition that the two parameters are equal. We reconstruct the proposed
algorithm in comparison with FDK, P-FDK, and T-FDK algorithms under this filter path. The result is that the proposed

algorithm has fewer edge artifacts than other algorithms when the cone angle increases, and the reconstruction results are
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more satisfactory (Figs. 11 and 13). The simulated reconstruction and comparison of the converted CT projection with

large cone angles are carried out by using the PCB model to examine the viability of the proposed algorithm in the CL
scanning reconstruction of plate-like objects. This is done based on the verification of the reconstruction effect of the
proposed algorithm. The results show that compared with the FDK algorithm, the reconstruction effect of this algorithm
has fewer artifacts (Fig. 16), and the quantitative evaluation index of the reconstructed image is more satisfactory (Table 3).
In addition, the reconstruction results of PCB samples show that the reconstructed images of the proposed algorithm have
fewer artifacts and sharper images (Fig. 18). These results demonstrate the feasibility of this algorithm in plate-like object
reconstruction. Finally, as shown by the comparison of reconstruction time (Table 5), the proposed algorithm takes more
time for reconstruction. Despite the decrease in efficiency, it has the advantage of being suitable for parallel accelerated
computation and can reduce the reconstruction time to an acceptable range. Moreover, the effect of interpolation on the
spatial resolution of the reconstruction of this algorithm can be solved by increasing the number of projections. Therefore,

the proposed algorithm still has practical application value.

Conclusions In this paper, we propose a filter path transformation-based reconstruction algorithm to improve the gray-
scale degradation and edge artifacts during FDK reconstruction of large cone angles and enhance the quality of
reconstructed images. The experimental results show that this algorithm can effectively reduce the edge artifacts under the
condition of equal parameters. Compared to other algorithms, the proposed algorithm performs better in large cone angle
reconstruction. In addition, the combination of this algorithm with the projection transformation method is applied to the
3D reconstruction of plate-like objects, and the reconstructed images are clearer and have smaller errors than images
reconstructed by the FDK algorithm. Although the reconstruction speed of this algorithm is degraded, the efficiency can be
improved by parallel acceleration in real engineering applications. Moreover, the degradation of the spatial resolution of the
reconstructed images can be reduced by increasing the number of projections. Overall, the algorithm proposed in this paper
can reduce the artifacts in FDK reconstruction with large cone angles, and it is simple and easy to implement, so it has

practical applications in plate-like object reconstruction.

Key words X-ray optics; computed tomography; three-dimensional reconstruction; filter path; projection conversion
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