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Background of Tubular Structure Analysis i sy (2] NPT T

* Medical image processing (2D & 3D images )

* Local geometric feature analysis ( arc length, normal, curvature )

* Topological relationship analysis

g 6 i Geometric Analysis \
XYY S & —
Topological -

X 4 Analysis

m) ShapeGraph s .




st 0 >4 7
Challenge & Motivation zf.,fgsgse;;m?smeaz &) ;Jf.z«’ bpe k%
% 2 7502 BEIJING NORMAL UNIVERSITY

* Data discretization ( Pixels, voxels, point clouds, meshes ) * Parameterized manifolds
* Loss of local geometric details * Continuously and differentiable,
* High-precision geometric features require large scale, allowing for the determination of precise
high-resolution data » geometric properties

* Low storage and computing costs
* Rigorous theoretical analysis can be

performed

Voxel Point cloud Mesh Ball B-Spline Curve
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* Ball B-Spline Curve ( BBSC)

BBSC(t ;Na p(t)Cs = ;Na p 1) = (Zﬂ Nip(t)P; ; Z{) Nfs,p(t)"‘"e) ( Abbreviated as )
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A smooth tubular surface, which can be viewed as a 2D manifold coordinated by u and v.
* Ball B-Spline Curve functional space
MP - {/B(PJ T, T) | (P: T, T) = 6}7 0= {P = Ri&Xn? e IR‘>07 s T}

* Ball B-Spline Curve topological structure

GM = (|_|3¢) [~ ~C | |8 x ] |8

el el el



.*{L

: NEURAL INFORMATION

SE(3)-BBSCfOl'mel'GCN f:;?PROCESSING SYSTEMS

bz dpge k¥

BEIJING NORMAL UNIVERSITY

—_—
w
o
%]
s 3
m
é-": =
=]
]

|

———
-——
-

SE(3)-Equivariant Weight Matrices
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Spherical Harmonics

Control Points
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* BBSC fitting « SE(3)-BBSCformer
* Input: surface point, centerline o Tnput: fiio = (MLP(r), MLP(?)), 7 = ((t1, - tp11)-- -+ (tns - - - tngpya) € RPXEHD
* Output: control parameters, knot vectors « Output: &= Z WEeife s k=D Wi (P~ P)fe,, oy = fope(jij )k ~
(Fitting scattered data points with ball b-spline . [t
ljegs = 7 R Z ai Wy (P — P)fi ;

curves using particle swarm optimization)
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Classification performance
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Method Accuracy% AUC-ROC%  Precision% Recall % F1 Score %

3D DenseNet [53] 97.024+0.57 99.63+1.94 95.86+0.51 9542+0.41 97.4740.48
3D ResNet [54] 96.54 +0.54 99.61+0.11 96.79+0.76 96.44+0.83 96.52+ 0.80
PointNet [24] 94.10 £ 0.88 99.46 +£0.20 9481 £1.36 94.69+0.92 94.57+1.10
PointNet++ [55] 96.61 £0.53 99.61+0.09 96.724+049 96.52+0.55 96.45 % 0.60
CurveNet [56] 97.144+1.16 99.72+0.20 97.314+1.16 97.07+1.19 97.09+ 1.22
RepSurf-U [57] 97.41 +0.68 99.86 +0.07 96.83+0.52 96.61 +0.54 96.50+ 0.55
PointMLP [58] 94.10 £2.27 99.03+£0.56 9441 +£2.35 94.05+231 93.9442.40
SE(3)-Transformer [30] 61.35£5.80 9093+131 6236+£528 60.77£5.70 60.58 % 5.69
SE(3)-BBSCformer 87.91+1.35 98.24+0.31 83.97+1.66 88.01+1.32 8&7.98+4+1.26
BBSCformerGCN 9795+ 1.22 99.89+0.02 97.25+0.79 98.34+0.60 97.78+0.70
SE(3)-BBSCformerGCN  97.53 +0.83  99.99 +0.01 97.36 +0.53 98.44+0.31 97.87 + 0.41

Per-class classification accuracy

Label Accuracy Distribution
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Clinical Experiment

Classification performance
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Accuracy

Method Accuracy%  AUC-ROC%  Precision% Recall% F1 Score%
PointNet [24] 69.20 £ 0.98 96.50+0.24 70.024+0.77 69.17+0.96 68.90+ 1.02
PointNet++ [55] 70.27+0.16 96.60 +£0.17 70.82+0.43 70.28+0.20 70.054+0.14
CurveNet [56] 81.91+0.14 93.80+1.13 62924+3.14 60.13+4.25 58.51+4.58
RepSurf-U FS_?L] 78.224+0.17 98.40+0.11 78.34+0.28 77.994+0.29 78.00+0.25
PointMLP [58]  82.70£0.10 98.66 +0.06 82.86+0.14 82.70+0.10 82.67 +0.14
SE(3)-Transformer [30] 61.96 +1.45 92.32+0.96 61.05+2.07 61.944+1.47 60.77 +2.57
SE(3)-BBSCformer 71.06 139 93.254+0.60 70.25+1.16 71.044+1.39 70.45+1.21
BBSCformerGCN 95.45+1.09 99.34+0.21 95.10%+1.48 95.38+1.13 95.23+1.29
SE(3)-BBSCformerGCN  96.11 +-1.01 9938 +£0.19 96.11+0.93 96.08 +0.97 96.02 + 1.05
Per-class classification accuracy
Label Accuracy Distribution
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Training Efficiency, Stability, and Computational Cost

Training

Convergence speed
Training stability

Resistance to overfitting

Computational Cost

Evaluation time ( ms )
FLOPS

Model parameters
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Epoch Epoch
Method Evaluation Time(ms) FLOPs(M) Parameters(M)
3D DenseNet_[§_§] 8.03 9743.76 18.56
3D ResNet[54] 10.95 11463.08 85.23
PointNet [24] 0.88 450.38 3.46
PointNet++ [55] 1.54 4067.53 1.74
CurveNet [56] 81.95 269.56 2.13
RepSurf-U [57] 59.84 911.32 1.48
PointMLP [58J 38.39 15733.95 13.23
SE(3)-Transformer [30] 19.03 456.33 0.12
SE(3)-BBSCformer 1.92 1.72 0.35
BBSCformerGCN 1.14 88.98 3.60
SE(3)-BBSCformerGCN 3.02 59.01 2.70
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Ground Turth Prediction Ground Turth Prediction
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 (Conclusion

Using BBSC to analyze tubular structure, and a functional space is constructed for this type of tubular manifold.
An analytical method is constructed that uses SE(3) 1sovariant mapping to analyze BBSC and graph convolution
to process the topology of tubular topological manifolds.

Achieves superior accuracy in Circle of Willis branch classification.
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