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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 Flow chart for separating pores and demonstration diagram
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Note: MFA is the multi-scale fusion attention module; the number represents the spatial dimension; N(,¢”) is a multivariate normal distribution with a mean of x and a
variance of o”.
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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 C,xH xW,xL,, X" is the
feature map after filtering redundant information with a scale of /xH 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.5 Structure diagram of multi-scale fusion attention module
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Note: N(u,0°) is a multivariate normal distribution with a mean of x and a
variance of ¢”; the number represents the spatial dimension.
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Fig.5 Structure of variational automatic encoder generates
network decoder
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Wﬁj{d\ 60.9 GB, CPU ?‘\j 30 ;]:Z AMD EPYC 7742, & Spherical pores FL: l?;; 2;3?:2(3) 90.03+3.8 76;9i5.0 91.i7i§.3
. . S 73443 9020427 79.2643.7 91.4542.5
255 RTX A6000, %A7y 51.0 GB, HLAEIZHEZ WERIR  77.87462  93.2943.1 84.50+4.4 93.83+2.7
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B EIVERE, 20 00 S8 vk AS [R5 Y 00 40 2 1) 3 LB
CRBE. AEFL A FLBE AN ERAR FLER ) 1 HE A %
FEMfER . BERMFL 5% 4RN%E 1R,

ME 1A LLEH, EMHEMINGRET, A
MFA J&, 4 BB oH#HA 7THERARR. 4 KR
HER R B TE T 13.53%- 15.17%- 17.04% F1 15.94%:;
F1 80 MR E 7 14.18%. 10.96%. 24.87% H127.47%.
XPARFREZ /NG TEPRAS I (1) A A0 T FL B 1 i B2 T 280 R A
B, F1 - BORER 2 5 i 4E T T 24.87% 17.04%.
AN AR AR BROR FL BRI FL 20 BOR0 HE B 22 5 il 48 A T
27.47%- 15.94%. K, {fH MFA 7] gt 4 KL
FHES R8T, X TF/NCHLBRES A RIFR - #18R

5544 3D UNet W& HHEL, #8900 VAE 43 3 )5 )
AR 4 RALBRIIR T T Itk Re, 4 RALBRIMER 25
THETFT 4.96%. 6.00%. 8.24% F17.33%; F1 43%05) 5l
P T 3.44%. 4.13%. 14.51% 1 16.53%. i 8@ T 5]
NI P AR B4 BB, VAE A 803w 7 g AR
At AT i 1 2% 2 FIPE e

SR Ta bR ILE) B0t UNet IESAHLE, 24052 UNet-
VAE W20 4 RALBHERRZE 73 527+ 7 0.52%. 0.50%-
0.77% F10.40%; F1 7380l 17 0.27%- 0.84%- 2.79%
A1 1.25%, BABEMSEIRCER.
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2.1

e B 1. JR4H 3D UNet (4 B 2. 454 7 MFA #5068 UNet P25
A 3. 5INT VAE [f) UNet-VAE W% #5% 4. 4547 MFA Hl VAE [
3t UNet-VAE M. T,

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.
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FVAE 7332 7750 T 4 RALBR 0 ) B etk ge, F
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Table 2 Multi-category segmentation effects of different networks

%
P 2% Eyit] S B AREZE  Fl 4
Networks Categories Accuracy Precision Recall Fl-score

E 78.24+6.4 72.70£9.9 66.31£10.7 68.95+8.7
IRl 75.57+6.3 76.75+9.0 77.38+10.8 76.92+9.4
AHMFLBE 76.63+6.9 45.65+11.3 49.71+6.3 47.16+8.6
FRIRFLBE  81.04+5.3 64.5145.1 61.39+6.0 62.73+4.3
SFIJFERR  77.87+6.2 64.90£8.8 63.70£8.4 63.94+7.7

3D UNet

2B 87.96+3.4 71.39+17.1 77.88+5.3 73.60+20.7
AL 82.1624.0 78.10£10.9 80.82+7.0 78.96+7.6
AHMFLBE 83.49+3.1 38.23+9.0 42.25+5.5 39.67+6.9
FROIRFLER  91.59+1.6 82.23+4.5 65.60£3.9 72.81+2.2
SEEITEFR 86.30£3.0 67.49+10.3 66.64+5.4  66.2649.3

Segresnet

B 90.06+3.6 81.53+11.1 70.45+16.8 74.29+12.9
EEL 87.44+3.3 83.60+7.2 85.3149.3  84.32+7.7
VNet AHMFLBE 89.56+2.8 59.95+8.5 59.23+4.4 59.32+5.6
ERIRFLER  94.99+1.5 83.68+5.3 88.66+1.9 85.96+2.0
SEEIFERRE 90.5142.8 79.69+8.0  75.91+8.1 75.97+7.0

2480 84.56+4.3 69.23+13.6 71.80+£23.0 64.11£7.3
EWIAL 79.06+2.7 74.02+12.9 81.11+16.2 81.73+11.5
AU FLER 82.90+3.2 37.3149.6 59.17+6.6 60.02+6.6
BRIRFLER  93.76+1.2 82.63+4.8 87.44+2.5 87.77+1.9
THFERR 85.07+2.8 65.80+10.2 74.88+12.1 65.35+6.8

UNetR

E 92.29+3.7 83.24+11.6 84.23+9.2 83.4049.1

EMFL 91.24+3.8 88.53+8.2 89.08+8.8 88.72+8.1

Bt UNet-VAE ARFMFLEE 94.4442.4 75.41+11.8 74.93£9.8 74.82+9.3
HORFLER  97.38+1.1 91.8444.5 91.27+3.3 91.45+2.5

SFYgERR 93.83+2.7 84.75£9.0 84.88+7.8  84.60+7.2

X F N AR A LB, AR = (] 6 g~

61), Segresnet. VNet fll UNetR 45 Hi% 73 N .
H IR L 35 = A2 R o BN G, 5 350% 0 1 2L B b
R AN LB K BRARFLBR, 177 24t UNet-VAE W 4%
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FHFEL BRI T 8.43%. 2.59%. 2.94% 12.32%.
VNet X T 4 BILBRRHETR ARG BOSE T, P32,
FEHR . AR FL 80 A5RT T 12.64%. 14.79%.
12.21% F1 12.03%. UNetR /£ N 8 % Transformer ¥ 2% ,
5 VNet AP RIHER R . FEHIR . A IRIRFA F1 2500
BT 5.44%- 13.89%. 1.03% F1 10.62%. 2t UNet-
VAE 7F 4 RALBRA 383k 2] T firf ik P s tEdeAx, P
PIMERR . KR, AR FLE S HIEE] T 93.83%,
84.75%, 84.88% Fl 84.60%. 5k VNet J5ikAfLL, “F
BIer . KhEe. BEIZEM FLES R T 3.32%,
5.06%; 8.97% Fl 8.63%, HREAEXT T ANKI I FLER L 2
FEfR. BECRA FUE S AT T 4.88%, 15.46%,
15.70% F1 15.50%. %i I, ok UNet-VAE S28L T =ik
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A —
Sample 1
a. brsE Bl
A : @
Sample 2 M
T :
Y £y L ! 4 4
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Note: In sample 1, there are representative fractures and biogenic pores, while in sample 2, there are 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.8 Comparison of different network segmentation effects
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Three-dimensional segmentation method of soil multi-category pores based
on improved UNet-VAE network

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

(1. School of Technology, Beijing Forestry University, Beijing 100083, China; 2. 1. 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 100083, China)

Abstract: Soil pores plays a significant role in promoting crucial processes related to soil ecological functions. However, due
to the lack of non-destructive and non-intrusive methods and systems for analyzing the spatial structure of multiple types of
pores, studying the relationship between pore structure and functional evolution was extremely challenging. Among these,
accurate segmentation of pore types and ranges was fundamental to the research. In this study, an improved UNet-VAE
network method was proposed to achieve soil multi-category pore segmentation for the first time, providing technical support
for studying the relationship between pore structure and ecological function evolution. Taking typical black soil as the research
object, the Simplified Convolutional Network (SCN) method was used to segment soil pores and obtain three-dimensional data
of soil pores. Based on the segmented pore dataset, a combination of automatic segmentation and manual correction was used
to obtain four types of soil pore structure ground truth. Based on the 3D Unet network, a multi-scale fusion attention module
was proposed to filter out redundant information generated by convolutional learning. Local attention was used to learn spatial
features of small-scale pores (irregular pores and spherical pores), and global attention is used to extract feature information of
large-scale pores (cracks and biological pores), to fuse multi-scale features of different categories of pores and improve the
segmentation accuracy of different categories of pores. Meanwhile, commonly used segmentation networks in literature, such
as 3D Unet network, Segresnet network, VNet network, and UNetR network, were used to achieve multi-category pores
segmentation and compared with the proposed method. The experimental results showed that for large-scale cracks and
biological pores, UNetR was difficult to learn features due to the high requirement of the Transformer for the number of
datasets. Convolutional networks such as 3D UNet, Segresnet, and VNet lack the ability to learn global information and large-
scale features, and classify cracks with obvious planar features as biological pores. For small-scale irregular pores, Segresnet,
VNet, and UNetR all misclassified them as cracks. Except for the proposed improved network, all other networks exhibit under
segmentation phenomenon. Comparing these five methods, the improved UNet-VAE method can accurately segment the pore
range and determine the pore category. The improved UNet VAE achieved the best performance among all methods in four
categories of pores, with average accuracy, precision, recall, and F1 values reaching 93.83%, 84.75%, 84.88%, and 84.60%,
respectively. Compared with the suboptimal VNet method, the average accuracy, precision, recall, and F1 value have increased
by 3.32%, 5.06%, 8.97%, and 8.63%, respectively. Especially for irregular pores, the accuracy, recall, and F1 value had
increased by 4.88%, 15.46%, 15.70%, and 15.50%, respectively. In summary, the improved UNet-VAE had achieved high-
precision three-dimensional segmentation of multiple categories of pores, with good feature learning ability for all four
categories of pores, solving the problems of difficult classification of intersecting pores, low segmentation accuracy of single
category pores, and low automation level of existing three-dimensional segmentation methods. This article will provide a data
basis for the precise quantitative characterization of soil pore structure and a scientific basis for revealing the role of soil pore
evolution in ecosystems.

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