Ha0E 18 &l TR R Vol.40 No.18
2024 5E 9H Transactions of the Chinese Society of Agricultural Engineering Sept. 2024 81

it UNet-VAE M4BT 18 22 KB BR=H 573 5 0%

BITHIN | REBI | ERE, K

13,5
iﬁﬁ/V’

(1. Jbmtpol K& TR, dbat 100083; 2. dbmtdfoll K2Emk#Be, Jbat 100083; 3. AL E & Lok 2 A BRI stk

%=, Jb50 100083; 4. EZEMLEMLEER S B a0 E K E S8 E
5. dbEMOL K2 E MO 7R Aoty, dEET 100083)

, 4E%E 100083;

W OE: AHEZEE RIS S ARSI AR R AEIRAR, RS A ThRE, HER B R 2B FLBR
SERINT T HF R AR S SAE S THRSIHAS K R A I3 o BT BN S I FLRR 1 43 B 7 V4> Bk A . 4 by e — .
R, TOIRMER O BRI A FLIE . SRR ST 43 FLBR 45 R 1 i . AZE I T A AN [R) SR AR FLRRUR P 22 R K IR
A, BT Rt UNet-VAE PIZEAHERL, SZEl 32 BRI 3] 2k UNet-VAE MR 5| N L RS HEHMER A1 E N
bR, DLseBle RIEMGEREMEMITRERIE. 456720 8ahdmidas M4 (variational autoencoder, VAE), 5| A
W P RGO R B, AR SR8 (2 AL RE D RN E i it . RIG S5 R Uk UNet-VAE J7ikfE IR 2 AIFLI (4B
AL, AL MBRR LD =452k 3] T 93.83% MSFHERER, S0 VNet JEMLEL, “FIUERER. K5
F, BEFEAM FES MR T 3.32, 5.06, 8.97 Fl 8.63 NE AL, FEAEN T AN LR 4 BiFg4s 757l #E 4 T 4.88,
15.46, 15.70 F1 15.50 A~H 53 /i, RIS UNet-VAE ETTHER 08 2 8 R FLIR, WIRIE T IR 2= I HARAE 2 B FLIR
FIRHA %, AN RIEFLIR S5 M SR AR A R T A

KEEA. H3E, UM, A2 N4, BE5E); 3D UNet; 25 48k

doi: 10.11975/j.issn.1002-6819.202311075

FES S S152; TP391.41 XEkFRERE: A

BITH, REH, FAT, F. ¥ UNet-VAE MEMTIES LRFLBR=HE 5 F75540]. RIUTEZFIR, 2024, 40(18):
81-89. doi: 10.11975/;.issn.1002-6819.202311075 http://www.tcsae.org

HAN Qiaoling, SONG Meihui, XI Benye, et al. Three-dimensional segmentation method of soil multi-category pores based on
improved UNet-VAE network[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE),

XEHS: 1002-6819(2024)-18-0081-09

2024, 40(18): 81-89. (in Chinese with English abstract)

0 31 &

ISR R BRI SWE, BEERE—R
LR e EE A R kR EEEA, W
RN RS Em S, SRR, A BRI
e ts, AR AR U, FLBR I K/ NFIFR X
HASRERE v BERDY. Ht, A5 ST LR
BEAT MR 73 2R HAT H K

IR, FETIHENINTZSH (computed tomography,
CT) BATILRR 2. DL 3 FLBR 45 M RN Dh RE 5% &R BT
FORORHLZ P, g AT 8 T BlR, W ALEREEAT
TREMTIIE, W CAPOWIEZ 2 3 F 44 A5 B %) FL
BRJFRE T 4038 ZHANG 1 3t —25 5] NTAR A 73 B
TR AR LR SR, AR, B4R
BRIV IR A P FLBR 2 IR AE s e, s LU A% 4t
K155 B 7 vE7E4T 20 ], 40 ROONEY 2502 43 &) J5 47

Wk HE: 2023-11-09  BITHEA: 2024-03-26

HEWH: EFAARRFEESDIET EWHE (32071838); HEZK HARE
HEETHEFETH (321015900

PEE T ERI5Ey, BIZEZ, W7 A SRR, BigAEs
0% . Email: hangiaoling0@163.com

KIBEEE: BIA, L, B2, PRy vEGe5EGRE . L8
23] ARG KEHE /7% . Email: zhaoyue0609@126.com

doi: 10.11975/j.issn.1002-6819.202311075

http://www.tcsae.org

L5 ML B OIRILER: T AN s s A oL
BN RY 2B R AR MR R SLRER, B AT M ZE SRR, 7R K
iz A ALK TR EARRI . kT L,
B G LRI SRR 728, b AN [F] 1 FLER 2h fig
BEATHTFT

HEFLEE IR OB K IE . WS B ANSE I, H
B U Rl BT 1R 55 AR A W03 30 R R AR FLI IR
SO T E B R T AR R S B A, R
FH K 3 I FR 43 (R0 5% BA B b R 7K e g By R
MBS HIFLRE, AR T g KA BORAL B b 3T
B FE S BT LB A R FLBR oy
NEDSL. R AL AEARALER, w7 LU
FLBR A5 5 ThRE AR R LR L At

FLE 0 RIS R AR LS T — € il (E i
e TR ZHPkR: 1D U3 R B k4T 2 26
930 73 U RE VA DX 23 AN [R50 B AR A2 SRR, JEH R B
AE MR R A AL 2) S FLRR 2 RO RRAE S
H 73 107 306 T A RAI LB SIS EEAR: 3) Bl =
Ue o BT IR AN RE AR, R EF 32 A CT
G, 430 2 ) M DA DRV 20 300 1 = Y, i
Ko WRIESESE LIRBLI AR, BHRE 72N
FARZ2L, R i Se PR AL T — o A SR AN Ty 12


https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
http://www.tcsae.org
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
https://doi.org/10.11975/j.issn.1002-6819.202311075
http://www.tcsae.org
mailto:
mailto:zhaoyue0609@126.com

82 flk TR (http:/www.tcsae.org)

2024 4

TRPE % )RR SEIAR A 781, At AR A8 FLBRHE LA S e
(R 1) s B YRR 2 5] 2 ROBERRAE, AT 32 v 23 1
KGR I H S B SRR EUA 208, T 7R F-3h R
WM. LB T, HHI5R%0 3T ik
BRI HEATFUBR 70 B FU 25050 g4 20 W) grasi A |
% OB I 52 Y 2 e 1 i FL R 2 RO AR AR S 2 PR HL R
BARURFE 5 2] N2 A7 AW B T o Bk B, (352 %
XTREARFLBR AT 8], JoiE S 2 R FLRR kG P 40 1)
B AFAE 2 R FLBRRRAEAE DL 2] Je o3 B 7 1Rz A 22
S

P BRIAEL V2 AR A FLBR HME DL kS FE RN E B LR
FERAR ) A, ST A3 2 SRR FLIURS B 1], AR SCH
M UNet-VAE WEZSEAY, DLy B 2B,
AN K] AL B AT BROIR FLBR 428 L AL BR . 1 B Y AE
3DUNet W 25 54l b, $2tH 2 REER&EE B, ft
G2 REFER. MENRELR, HENGTELESH
4w fid#% (variational autoencoders, VAE) 4337 5] N\ =
AR B R R L, DAMGSRM Sz b AE 11 IR M M6
B, DL g 458 L B 445 440 45 4 B 1 R AIE 2k Hi s 2
fitti, a7 TIEALBRBEA AR S R G FIE SR LR A
A -

1 #MR5EE

1.1 BE&ERESTHAE
111 #3ERIR

IR SR E T R E R A R, FERNAE
A 10cem, HEN10cm. TEZEHN 0~40 cm 4b4)5)
e B AT . @ AR E3%, L 10 em (9] BE bR
HEMEFEA ] (100 cm®) B EHHATER B HEURE. REEH)
BRI OARE L, AV EERN 65 gke, KALK
RN 54.95%, “FPIIERIEKZEN 31.71%. FEHLRE 3 A
AT R B EE, A BEAT 1. 3. 5 IRIKERFIRL LR,
KA BITHERAKFE— W EER CT 4+ O 13
JE CT BT FE AT R IR o P G (5%
F AR KEN 0236 mm) o B T IEREAS () A AL F
PR 220 MBI RS, AR 21 HEME, VEAIARER TS
EILSCHR [27], BAE SRR 8:1:1 R MR BRAIE
LA EE o
1.12  ZAETAL 22

IR CT E&. B IE E G Ml aE o 2 - % Qo
Bl 1 . LA PVC 33 7R i i F Hh HfidR 50,
o LI R LR AR, DR AR A 9 D 388 CT
EUE AT BT DL LB TR, (RET B 1a R AE X 35
BT G AR IR R BRI e R L, SR AL
(P FURAE, PR CT BUE AT P, Wil 1b fios. 38
5 B S JE S LR o BRI AR 1C A 55 BT H s
et

NT AR IR SLER S5, ] SCN 7 kY
AT BB > B R ST LB > B R PR 5. SCN ik
T LB S B U RN 99.61%, HEIEG WA 1c

Bz

Wy
....

a. CTHEI& b. AMFIE{% c. SCNI£5 7y B £ 14
a. CT image b. AMF image  c. Image segmentedby SCN

e WHERRBETVEE: LEAREEFAHTEE . AMF Jy B8R A {E g
AbFEL. SCN AfALERM L .

Note: Blue frame represents the cropping range; Red circle represents the actual
scanning range. AMF is adaptive median filtering. SCN is simplified
convolutional network.
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Fig.1 Diagram of soil CT pore segmentation dataset process
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Fig.2 Soil pore calibration process and 3D Slicer calibration
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Fig.3  Structure of improved UNet-VAE network
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Note: X is the encoder side input feature map with a scale of CxHxW.XL,, G is
the MFA decoder side input feature map with a scale of CxH xW,xL,, X" is the
feature map after filtering redundant information with a scale of 1xH xW.xL,, X"
is the weighted attention feature map, Z is the final output feature map, ReLU is
the ReLU activation function, and Sigmoid is the Sigmoid activation function.
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Fig.4 Structure diagram of multi-scale fusion attention module
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Table 1 Multi-category segmentation effect of different improved
networks %

KA Eizton AL 1 WA 2 A 3 AL 4

Categories Index  Model 1 Model 2 Model 3 Model 4
HEFIZR 78.24+6.42 91.77+4.23 83204521 92.29+3.71
2 FEWIR 72.70£9.89 82.81+12.42 74.92+11.93 83.24+11.63
Cracks BEFE 66.31+10.67 84.77+8.98 70.98+10.39 84.23+9.20

F1 7341 68.95+8.71 83.13£8.43 72.39+9.42 83.40+9.11

HEWIR 75.57£6.35 90.74+4.34 81.57+5.11 91.24+3.80

AL FEHIR 76.75£9.86  89.31£7.68 79.38+10.59 88.53+8.22

Biological pores A [F]1% 77.38+10.82 87.01£10.61 83.06+9.23 89.08+8.81
F1 7}#1 76.92+9.38 87.88+8.30 81.05£9.39 88.72+8.14
HEWIZR 76.63£6.87 93.67+2.90 84.87+4.31 94.44+2.39
THMIFLRR  AEHIZE 45.65£11.35 71.34+13.46 63.27£12.59 75.41+11.80
Irregular pores  H[E1% 49.71+6.31 73.40£10.22 60.95+7.54 74.93£9.79
F1 740 47.16+8.59 72.03+11.21 61.67+49.22 74.82+9.34
HERI 81.04+5.33 96.98+1.25 88.37+3.11 97.38+1.10
FRIRFLBE  FEFIER 64.51£5.12  90.66+4.98 82.09+4.12 91.84+4.53
Spherical pores H[E1% 61.39+6.02 90.03+3.82 76.79+5.02 91.27+3.32
F1 7740 62.73+4.31 90.20+2.74 79.26+3.75 91.45+2.49
HETfR 77.8746.24 93.29+3.18  84.50+4.43 93.83+2.75
FEWIR 64.90£9.05 83.83+9.63 83.16+£9.80 84.75+9.04
HFEZE 63.70£8.45 83.97+8.40 82.78+8.04 84.87+7.78
F1 7741 63.94+7.74 83.66£7.67 82.66+7.94 84.59+7.27
s B 1. JRUUR 3D UNet M%K% #7 2. 454 T MFA (I8 UNet M4,
17 3: 5 NT VAE ] UNet-VAE M%%; 575 4. 4547 MFA 1 VAE KK
it UNet-VAE W%, FH.
Note: Model 1: the original 3D UNet network; Model 2: an improved UNet network
that combines MFA; Model 3: a UNet-VAE network with the introduction of VAE;
Model 4: an improved UNet-VAE network that combines MFA and VAE. Same as
below.

HME

Mean value

454 MFA B0 UNet 2573 5075 T SRR . RS
%, HAREMFL 58 ERA T 15420 1893, 20.27
A119.72 N4 5. 5l N VAE ) UNet-VAE 2% 53 5 F
SEHER R KR GEEMFL 58 R T 6.63.
18.26+ 19.08 Fll 18.72 /N H 73 sl o A SCHEH [ [F] I &5 &
MFA 1 VAE 73 32 765 T 4 BAL 31 B A s ik
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3D UNet. Segresnet. VNet F1 UNetR 1 iy = 4 43|
R SR, AR RZ B AT R . R,
TEFLIR 2 A0y B AR IS, IR LA | W 48 5 AR 5¢
FE I 0 UNet-VAE W 28 155 80 HEAT 2> BRI AT EE . Bl
MU EL 5 R FEAR AT S IR, S Mt T2 2%

FEARL
Sample 1

FEA2
Sample 2

i

a. i B

b. 3D UNet

c. Segresnet

LR ) 7> F 45 R 6 From 3k 2 frs e X R AR
PIRLBRAN AP FL, WFEAR 1, 2odt UNet-VAE W 25 1] DA
HERfT BT K . 3D UNet. Segresnet. VNet F1 UNetR
W0 CGlEta) FAEYIFL () MR, Hrb UNetR
tH T Transformer X #(#5 S E 2 H E B ER, HELLE S
FRAE, HRALBAR B G B . 3D UNet. Segresnet
I VNet H4 1 [ REAE B S 1 2REBR o AL, Bl T
LA L5 T4 Ja s BRI R R SRR 2% 3T 1R R

d. VNet e. UNetR f. MUFUNet-VAE

e B L R ORI A AL, FEAS 2 R RARR R AN AR . AL oA AL, SRR, ORI LI, 3 O ERRSLER .
Note: In sample 1, circles include representative fractures and biogenic pores, while in sample 2, circles include representative fractures and irregular pores. The red
represents biological pores, the blue represents cracks, the green represents irregular pores, and the yellow represents spherical pores.
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Fig.6 Comparison of different network segmentation effects
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Table 2 Multi-category segmentation effects of different networks

%
P 2 P! AT E S T ES HEZE  F158
Networks Categories Accuracy Precision Recall Fl-score

Z4 78.24+6.4272.70£9.89 66.31+10.67 68.95+8.71
AWl 75.5746.3576.75+9.86  77.38+10.82 76.92+9.38
AFMFLER 76.63£6.87 45.65£11.35 49.71+6.31 47.16+8.59
BRIRFLBE  81.04+5.33 64.51£5.12 61.39+6.02 62.73+4.31

3D UNet

P 77.87+6.24 64.90+£9.05 63.70+8.45 63.94+7.7

24 87.96+3.44 71.39+17.14 77.88+5.33  73.60+20.73
APl 82.16+4.00 78.10+10.93 80.82+7.04 78.96+7.59
AHMIFLER 83.4943.09 38.23+8.98 42.25+5.55 39.67+6.94
FRIRFLBE  91.59+1.61 82.23+4.52 65.60+3.91 72.81+2.20

Segresnet

P 86.30+3.03 67.49+10.39 66.64+5.4  66.26+9.36

24 90.06+3.60 81.53+11.07 70.45+16.80 74.29+£12.91

AL 87.44+3.3583.60+7.18 85.31+£9.28 84.32+7.74

VNet AFMFLER 89.562.83 59.95+8.53 59.23+4.39 59.32+5.59
BRIRFLBE  94.99+1.52 83.68+5.35 88.66£1.91 85.96+2.04

P 90.51+2.82 79.69+8.03 75.91+8.09 75.97+7.07

Z 84.56+4.28 69.23+13.62 71.80+22.99 64.11+7.30
AWl 79.06+2.72 74.02+12.96 81.11£16.24 81.73+11.46

AFMIFLER 82.90+3.16 37.31£9.62  59.17+6.60 60.02+6.58

FRIRFLEE 93.76+1.22 82.63+4.82 87.44+2.55 87.77+1.87

UNetR

P 85.07+2.84 65.80+10.25 74.88+12.09 65.35+6.80

Z4B 92.20+3.71 83.24+11.63 84.23+9.20 83.40+9.11
APl 91.24+3.80 88.53+8.22 89.08+8.81 88.72+8.14
AFUIUFLER 94.44+2.39 75.41+11.80 74.93+9.79 74.82+9.34
BRIRFLBE 97.38+1.10 91.84+4.53 91.27+3.32 91.45+2.49

it UNet-
VAE

P 93.83+2.75 84.7549.04 84.88+7.78 84.60+7.27

Xt FANEB A B FLER, QA 2, Segresnet.
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Three-dimensional segmentation method of soil multi-category pores
based on improved UNet-VAE network

HAN Qiaoling'**° , SONG Meihui'** , XI Benye? , ZHAO Yue****  ZHAO Yandong'?>®

(1. School of Technology, Beijing Forestry University, Beijing 100083, China; 2. School of Forestry, Beijing Forestry University, Beijing
100083, China; 3. Beijing Laboratory of Urban and Rural Ecological Environment, Beijing Municipal Education Commission, Beijing
100083, China; 4. Key Lab of State Forestry Administration for Forestry Equipment and Automation, Beijing 100083, China; 5. Research
Center for Intelligent Forestry, Beijing Forestry University, Beijing 100083, China)

Abstract: Soil pores can play a significant role in the crucial process related to soil ecological functions. However, it is still
challenging on the relationship between pore structure and functional evolution, due to the lack of non-destructive and non-
intrusive systems for the spatial structure of multiple types of pores. Among them, accurate segmentation of pore types and
ranges was fundamental to the research. In this study, an improved UNet-VAE network was proposed to segment the multiple
pores in soil for the first time. Taking the typical black soil as the research object, a Simplified Convolutional Network (SCN)
was used to segment the three-dimensional data of soil pores. According to the segmented pore dataset, a combination of
automatic segmentation and manual correction was used to obtain four types of soil pore structures as ground truth. A multi-
scale fusion attention module was proposed to filter out the redundant information generated by convolutional learning using a
3D UNet network. Local attention was used to learn the spatial features of small-scale pores (irregular and spherical pores).
Global attention was used to extract the feature information of large-scale pores (cracks and biological pores), in order to fuse
the multi-scale features for high segmentation accuracy in the different categories of pores. Meanwhile, the commonly used
segmentation networks (such as 3D UNet, Segresnet, VNet, and UNetR network) were used to compare the segmentation of the
multiple pores. The experimental results showed that the improved UNet-VAE network accurately determined the range and
the category of pores. Specifically, the UNetR network was difficult to learn the features, due to the high requirement of a
Transformer for the number of datasets in the large-scale cracks and biological pores. Convolutional networks (such as 3D
UNet, Segresnet, and VNet) failed to learn the global and large-scale features, where the cracks with obvious planar features
were classified as biological pores. Furthermore, the Segresnet, VNet, and UNetR network misclassified the small-scale
irregular pores as cracks. By contrast, the improved UNet VAE network achieved the best performance in the four categories of
pores, with the average accuracy, precision, recall, and F1 values reaching 93.83%, 84.75%, 84.88%, and 84.60%, respectively.
Compared with the suboptimal VNet, the average accuracy, precision, recall, and F1 value increased by 3.32, 5.06, 8.97, and
8.63 percentage points, respectively. Especially for irregular pores, the accuracy, recall, and F1 values increased by 4.88, 15.46,
15.70, and 15.50 percentage points, respectively. In summary, the improved UNet-VAE network was achieved in the high-
precision and three-dimensional segmentation of multiple categories of pores, indicating better feature learning for all four
categories of pores. The three-dimensional segmentation was achieved in the better classification of intersecting pores, high
segmentation accuracy of single pores, and high automation level. Technical support was offered to explore the relationship
between pore structure and ecological function evolution. This finding can also provide a data basis for the precise quantitative
characterization of soil pore structure, in order to reveal the role of soil pore evolution in ecosystems.

Keywords: soils; pores; convolutional neural network; image segmentation; 3D UNet; attention module
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