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Fig. 6 COMSOL simulation model of ECT system

A RE b AR /R I A, AT RE A AR O e A

TEAR SO A5 A i A0 00 65 DX Sl R4 BE £ A 1L
B E N 3.0, 28 TR HUH BB E O 1.0 {3
HLR R 1 VRS B R A D, A 1) 5 L AR R 5 i A R
JEBE ROV,

0911001-7



a4k E9HI/2024 £ 5 B/HEER

52 ERIFMIER S 6.— )9~ 5))
o T LWL VE S I J7 o 0 P R 36 6 0 poy=—— 1 @D
B2 PR 3 B R ) ok T A P 1 /ﬁxﬁgyjﬁxmgy

RAT VB R A, A R OR B 1] S AR RROK A )
B 1) 22 TR] 110 22 S5 FE B ol 24 g A W IR (R4 227, K/ Kr.g, Hia g B FH1E g A aE g, B B1ME
53 MEAAKIGER

T, e
lgs— i T B IE AR SO HY A TR 2 I AR Oy vk
mm:—ﬁw%a (26) AT RCE S ) £ R B A SR 0 i Th SR AT T e 3

~ S T A R A7 T g Boo PEEETCHRA 60 dB M40 dB 3R B0 AT HEER
A g WIS RO 90 W EREEEIT gy iy g e A o A I 0075 , T 0 14

H A 5 B3 A 1 5 R U T R S, A LR T B
o T VRO R 5 DA P RO FE R BEZ I g i 7 ik HEAT ECT A LR 3 0L 97 750 350 530 4 8 56 1
2 M B S SO0 IRAGORE 36 0 R R I T S S 4

F 1 ETEMIBAN ECT i BH NS 45 1

Table 1 Statistical results of ECT flow pattern identification based on fuzzy mode

Identification accuracy /%

Flow pattern

Noise free experiment Noise is 60 dB Noise is 40 dB
1/3 laminar 100 100 100
1/2 laminar 100 100 100
2/3 laminar 100 100 98
Annular 100 100 100
Core 100 100 100
Bubble 100 98 92
Empty pipe 100 100 100
Full pipe 100 100 100
MR 2 1, RS B AR 0 L & 60 dB #1140 dB TE SRR B, 22 2 s 1 AR X 3 i Ps O T i B U

B MR R ST 253 51 B R 43 5 S 100% BT YRR AR R Bk ik 40 dB T R T B9 IR B R )
99.75% F198.75% o it BRI HI AOKG JE Bifi A 15 M EL Y B LER MBI R IE S8, B T T 6 AP L B AE
R RGBSR 32y i B e B AR A B R e 40 dB & B (M 7S R B9 ) 4h E A EGORT PR 5K R A I
M P B A ML A5 R ] T B T RO ECT i B0 Y (25 A48 A0 A ) L Bk B A R B s i TR D
kB BT o 3cemX3cem,

F2 ETHEMBR N ECT FAH IS ERE 250

Table 2 Fuzzy characteristic parameters of ECT flow pattern identification based on fuzzy mode

Experimental flow Fuzzy feature parameter value Value of affiliation Flow pattern
pattern T T, T @y, @y, @y, identification result
1/3 laminar 0.173 0.343 0.057 0.451 0.567 0.406 1/3 laminar [ Fig. 7(a) ]
1/2 laminar 0.335 0.584 0.114 0.350 0.447 0.273 1/2 laminar [ Fig. 7(b) ]
Annular 0.304 0.086 0.234 0.471 0.194 0.527 Annular [ Fig. 7(c) ]
Core 0.267 0.001 0.455 0.532 0.165 0.753 Core [Fig. 7(d) ]
2/3 laminar 0.631 0.356 0.365 0.280 0.261 0.266 2/3 laminar [ Fig. 7(e) |
Bubble 0.501 0.094 0.530 0.496 0.188 0.494 Bubble [Fig. 7(1) ]
Full pipe 0.788 0.002 — — — — Full pipe [Fig. 7(g) ]
Empty pipe 0.003 0.005 0.004 — — — Empty pipe [Fig. 7(h) ]
54 AEEETHWEGERME PR P R AR 2 B A FEL H R0 ) BB D 2.4 #103.0,

TE 58 O B PR RESE 0 ), B #E T 6 R LAY AR R BB E N 1.0, R E N SV, iR
IR RO AR B AT O . ASCRAEER R R mBE R BB R B R B N 0 Ve IR AR
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Fig. 7

Initial reconstructed images and original flow patterns of empty and full tubes (corresponding to the flow pattern identification

results in Table 2)
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Fig. 8 Reconstructed images of different algorithms in simulation
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Table 3 Relative error of image reconstruction by five algorithms

Relative error

Algorithm
1/3 laminar 1/2 laminar 2/3 laminar Annular Core Bubble
Landweber 0.246 0.260 0.192 0.282 0.450 0.443
Tikhonov 0.519 0.549 0.372 0.393 0.405 0.438
Kalman 0.358 0.399 0.273 0.256 0.759 0.757
CGLS 0.389 0.400 0.286 0.366 0.681 0.925
Proposed method 0.178 0.115 0.084 0.183 0.300 0.406
F4 SRR A R M AE OC R AL
Table 4 Correlation coefficients of reconstructed images by five algorithms
Correlation coefficient
Algorithm
1/3 laminar 1/2 laminar 2/3 laminar Annular Core Bubble
Landweber 0.915 0.886 0.833 0.790 0.799 0.679
Tikhonov 0.695 0.434 0.307 0.650 0.832 0.680
Kalman 0.835 0.782 0.740 0.841 0.666 0.190
CGLS 0.840 0.824 0.749 0.713 0.761 0.189
Proposed method 0.941 0.949 0.928 0.902 0.895 0.699
N S T o IRt % ) 3
BT SRR E NI AR 12 oy vcher (S0 Koo B propose mthod
Jr BB 28, 5 9 FEL 10 froR . 1.1r EEEE Tikhonov ~EEEEEICGLS
101 1.0
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Fig. 10 Histogram of image correlation coefficients for different

algorithms
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ECT Image Reconstruction Based on Fuzzy Mode Recognition and
Sensitive Field Optimization
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'School of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, Zhejiang, China;
’School of Information Science and Engineering, Harbin Institute of Technology, Weihai 264209, Shandong, China

Abstract

Objective The two-phase flow is widely used in industrial production, and the phenomenon of pipe blocking often occurs
in pipeline transportation. It affects the efficiency and stability of production. At this time, it is very important to detect the
process parameters of two-phase flow. To realize the detection of two-phase flow parameters without causing damage to
the distribution in the measurement area, process tomography (PT) has been developed. As a kind of PT technology,
electrical capacitance tomography (ECT) has the advantages of fast imaging speed, simple structure, non-invasive, and
high safety performance. It has gradually become a hot spot of research in the development of visualization detection
technology. The problem of image reconstruction is at the heart of ECT technology. Due to the serious nonlinearity, under
characterization, and soft-field characteristics of ECT systems, ECT image reconstruction cannot be well matched with
the corresponding application scenarios. ECT image reconstruction method based on fuzzy mode and sensitive field
optimization has better advantages in terms of imaging effects and imaging performance indicators. 1) The sensitivity field
distribution matrix corresponding to the flow pattern is selected by fuzzy pattern flow pattern identification. It greatly
improves the sensitivity of different flow patterns to changes in the sensitivity field. 2) The sensitive field matrix
corresponding to the flow pattern is further expanded by the sensitive field expansion method under feature extraction. It
better mitigates the effect of soft field characteristics. In addition, the optimization direction of the existing ECT image
reconstruction algorithms is mainly to improve the solution accuracy of the inversion problem, and it is less involved in the
optimization of the reconstruction process of the sensitive field matrix and the distribution vector of the dielectric constant
in the ECT image reconstruction system. Therefore, the method has good feasibility and applicability and provides a

method and idea to optimize the effect of an algorithm for image reconstruction.

Methods We propose an ECT image reconstruction method based on fuzzy pattern recognition and sensitive field
optimization for the impact of the soft field characteristics of ECT on the quality of image reconstruction. This approach
aims to optimize the reconstruction process of sensitive field matrices and dielectric constant distribution vectors in ECT
image reconstruction systems. Firstly, the sensitivity matrix corresponding to the flow pattern attributes is selected by
fuzzy pattern flow pattern identification. In this way, the sensitive field has been optimized. Secondly, feature information
is extracted from the initial image reconstruction signal for data fusion. Expansion of the optimized sensitive field into a new
sensitive field distribution matrix is realized by means of zero-padding and stochastic reorganization. Finally, the
synthesized observation equations are constructed for image reconstruction to accurately reconstruct the permittivity
distribution vector of the ECT system. In verifying the performance of the method, this method is compared with four
selected image reconstruction optimization algorithms (Landweber, Tikhonov, Kalman, CGLS) in terms of imaging

effectiveness and imaging metrics.
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Results and Discussions We model the 3D ECT system using COMSOL software (Fig. 6) to obtain the measured
capacitance data used for the simulation experiments and the sensitive field distribution matrices corresponding to different
flow patterns (Fig. 2). The proposed method is shown in the results of fuzzy pattern-based ECT flow pattern identification
(Table 1). The average recognition accuracies are 100%, 99.75% , and 98.75% under no noise, 60 dB and 40 dB Gaussian
white noise, respectively. This shows that the method has high recognition accuracy and robustness against noise. Six
common flow patterns are imaged under 40 dB Gaussian white noise to compare the method of this paper with four
optimized algorithms in terms of imaging effect and imaging performance metrics (Fig. 8). This method has a clear image
with distinct edges and no serious blurring effect in the imaging effect as seen from the results of the relative errors
(Table 3, Fig. 9) and correlation coefficients (Table 4, Fig. 10) of the reconstructed images. The method in this paper has
the lowest correlation error and the highest correlation coefficient compared to the other 4 algorithms. This shows that the
method substantially improves the image reconstruction accuracy and comes closest to the dielectric constant distribution of

the original flow pattern.

Conclusions To improve the accuracy of capacitive tomography image reconstruction, this paper proposes an ECT image
reconstruction method based on fuzzy pattern recognition and sensitive field optimization. This method combines the
optimization of sensitive fields into the image reconstruction process. The sensitive field of the flow pattern is selected by
fuzzy pattern recognition. The feature information is extracted from the approximate solution for data fusion, and zero
filling and random recombination are carried out to extend the matrix distribution of the sensitive field and the vector
distribution of the measured capacitance. The comprehensive observation equation is constructed to solve the dielectric
constant distribution vector. In addition, COMSOL software is used to build a 3D simulation model of ECT to obtain the
sensitive field matrix and measure the capacitance vector. It carries out flow pattern identification experiments, simulation
image reconstruction experiments, and imaging performance index calculation. The flow pattern identification results show
that the method has high recognition accuracy and robustness against noise. This shows the effectiveness of the fuzzy
model-based ECT flow pattern identification method. The results from the image reconstruction and imaging performance
metrics show that the method proposed in this paper can obtain better ECT image reconstruction quality under the same
experimental conditions. It provides a method and idea to maximize the effect of the image reconstruction optimization

algorithm.

Key words imaging systems; electrical capacitance tomography; fuzzy pattern recognition; sensitivity field optimization;

flow pattern identification; image reconstruction
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