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Related Work

Common geometric representations

3D representations: point cloud, voxel, mesh, multi-view image
3D CNN: a cubic compute and memory cost

O-CNN: 450l B-rep datali|M 852 faceOl| CHal| Al OFF deep®t octree?t 2Le = QS

signed distance(e.g. DeepSDF), occupancy function: downstream applications= X|&l5}7]
2|3l positional encoding2} &7H B-rep face®} edgedi| CiEt mapping= &t&5H0Fe

Triangle meshes: B-repO| manifold meshes(watertight)2 H&t=|0{0FsH0{ AMulst7| 4|2 2
task

multi-view images: 50| 25

generation of parametric geometry(Bézier curves, splines, Coons patches, binary space
partitioning planes): feature extractionE CIEX| %3S




Related Work

3D geometry as images

« CNN= A &535}/| flsll globalstAl mesh& O|0|X|2 parameterize

 point gridE H30{ point cloudES parametrization
\
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(a) Possible Inputs  (b) Output Mesh from the 2D Image (c) Output Atlas (optimized) (e) 3D Printed Output

o fairing= I8t B-spline surface2| normal map
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Related Work

Boundary representations

* convert the B-rep into a face-adjacency graph (surface type, edge convexity)

« LC}E taskO|M & generalizeZ|7| HE{=2

(a)

e B-rep2| M2 face-adjacency graphZ H1&t5t01 2&t

» planar facesE 7%l B-repOf| A2t £t



Method

Input representation

« The B-rep data structure= 0{2{ topological entitiesZ 1A

—faces, edges, halfedges, and vertices, 7iX|S Al0|2| o
2 2AE =

» Zt face= StLt 0|42 halfedges loopOll 2|5l 7=

(®) Boundary representation  Anti-clockwise loops = outer boundariesE &2|oj= HtH,
clockwise loops internal holess E2

e Solid model: 2= edge7 I 1 facesOl|A] two halfedgesE =&t

e = OIH entities?7t E2XCE EMM T




Method

Input representation - Topology

e vertices V 2 faces= L}EH

» edges E = face 7t2| &M E Q13T

Il

» halfedgesE Sl Q& faceE =0 ™¢et time complexityE 718

e current face -> halfedges -> twin-halfedges -> neighboring
faces

(b) Face-adjacency graph
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« face adjacency= faces, edges= capturesty! local, global info& S=3| capture




Method

Input representation - Curve geometry
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Method

Input representation - Surface geometry

/;wT CHW « face= plane, sphere, cylinder, cone, NURBS7t & =+ Q2
:  surface= halfedge loop= I} trim -> visible region
I NCN
Sunny // e parametric surface S(u, v) = [u_min, u_max] x [v_min, v_max] 2D
N 77t 7|04, 3RIQ FHE B7HOR Hg

Point coordinate Surface normal Trimming mask

- e curve2t OrEt7EX|2 2D grido| uniform step size@HE O|AHSHE|0 &S

(¢) UV-grids for curves and surfaces

u=tmn and Gy = Pax=thn o Ll2}0|E{= visible regiondl| 717t 40| MEHE]

Umax — Umin

ou =

e grid points index: (K, )
« surface feature2| Zf channel
(1) 3D absolute point position S(u_k, v_I) (2 37|2| cubedl normalize=|0{ &0 A 2|X|)

Su (uk vvl) X S’U (Uk; ,'Ul)

(2) 3D absolute surface normal =it (surface?| E4; ZRI0| O|S3l T EiS} x)

(3) Trimming mask (1: visible region, 0: trimmed region)

& OHE Xgs 7t 7ts




Method

Input representation - Advantages

(1) Primitive@t Spline surface Z50|M set of parameter= HE2H EEE Hr/FES £ JAS

(2) sparseo
(3) grid= Of

0 54/23H9| =0 HI=|ol0 = 75

-1 =7 71 L=

NH210] =H

- NURBS x| 2 H&tZ|7{L} degree elevation/knot insertion0| £=JME|H . 7|5t D74~ XEA|7}

S FX

(4) UV-grid0|M 2| local neighborhood?t curve/surface geometry2| local nighborhooddi| CHS

- manifold 20| A hierachical feature extractionO| 7}=3si&

- 3D EM(manifold)2 2D griddi| E&15t11, CNN2 ALE5H0{ HASAQ featureE F=st= A2 2|0



Network architecture

Curve & surface convolution

CNN &dt™o =z 4/7 {92 71Xl UV-grid (3 xyz, 3 normals, 1 trimming mask)S At
Conv(4/7, 64, 3) =-Conv(64, 128, 3) = Conv(128, 256, 3) — Pool(1, 1) = FC(256, 64)
Conv(i, o, k) -> I: input channels, o: output channels, k: kernel size

Pool(n, n) (adaptive average pooling) -> output a nxn feature map | \V/ L
FC(i, o) (fully connected layer) -> i: input in i-D vector, o: map to o-D vector |

curves SASHA 1D UV-grid2t 1D CNN/Pool 2 AtE5t0{ SAFSHA He|E N\ e
2= surface® curve CNN2 weightE &75t0{ permutation invariant

- permutation invariant: £Z £2{0| £A HZ0| QakS x| ofoFsts M e

- surface F1, F2, F3 &M F3, F1, F2 &AM S 3D &4t Rix|= £ — Db
spatial dimension= Y52 SYstAH| |FXlst7|®l5l feature= k/2 3 7(2] TiE M E l . g

Curve

(c) Image convolutions for curve
and surface features



Network architecture

Message passing

GNN #V x 128D - 128D

Shape
embedding

Node embedding_; Graph

- curve?} surface CNN2| output2 GNN2| input edge® node featureZ CIEH A
- L.E vE&= 1-hop neighborhood0f| = 2= LE uZ22EH HEHE £& O|f L& ut L= vE HE5t=
edge feature0i| 2[sll conditioning)

- conditioning: edge?| EM0|| 2} neighborhoodZ2FE{2| HE 7 CIE2H| BHA
hiF) = ¢(®) ((1 + By ple=1) 4

Z f@ h(k 1) h&k_l))>

- ¢(k): MLP(with 2 FC(64, 64) layers) uEN (v)

—

- €®): center?l neighbor .= ES 185}7|2|5t learnable paramater (center node?| 2= XH)

- Je: edgeZ node feature 27t 2 ¥ St5H= linear projection



Network architecture

GNN |—N #Vx128D | —| 128D

Shape
embedding

Message passing
— e Graph

- hidden edge feature= endpoint node featureE 112{s{{ update ~ Node embeddings

p(E) — (H) ((1 £ A0 p=1) | g (R hgfc—n)),

- ¥™: 2 jayer MLP(with 2 FC(64, 64) layers)

k . o ;
- 7": edge®} neighbor 2te] TS 9|3t learnable parameter
- J2: nodeZ edge feature 27t 2 13+517|2|5t linear projection

_ (k)
- hidden node featured|| element-wise max-pooling & 7" = maxpool,cy (h")

- OFX|Ete 2 128D vectorZ linearly projection= 5t summationsto] /& embedding &5

K
hg = Zw(k) . h(k) 4 plk).
k=1



Experiments

Datasets

Dataset Type Features and Uses

SofidL etters st 20|12 O 9$6011<|7L§%', 7|5ketA] & Hl&H WMoyt D ESIE|0] 7Y &5 US. =&, A K &
Machining Feature ofd, glo]l=2 O 2471 2=l 714 7t EE(0: M) EF0| A,

MFCAD 2d, 2l0]= O 167 M| IHIE[O|M 2]|0]ZF, Cks 7[Al 7ts 2 ™ M IHIE|O| M0 AtE.

FabWave ax(Z1A §=), 2llol= O 5271 22, S H|o[EAl, EF00 ArE.

ABC AlF|, 20|82 X (CHFE) ;?;;H fﬂ%ll gi‘ﬁ) .aﬂolgol Ao X7t K| ebE I MIOBIE|O|M HIAE AL (HE] 7




Experiments
3D Shape Classification

- B = H[o|E{Al(Machining Feature, FabWave, SolidLetters)0|M 71 =2 & et

Dataset Model Accuracy (%)  #Param.
UV-Net 99.94 + 0.00 1.34M
Machining  PointNet (2048) 87.13 &= 0.15 0.81M
Feature DGCNN (2048) 92.81 £+ 0.69 1.81M
FeatureNet (64°)  98.85+0.48  33.94M
MeshCNN (2000) 98.90 = 0.70 0.67’M
UV-Net 94.51 + 0.10 1.35M
FabWave PointNet (2048) 80.08 + 3.61 0.82M
DGCNN (2048) 69.95 + 2.37 1.81M
UV-Net 97.24 + 0.10 1.34M
SolidLetters PointNet (2048) 94.72 + 0.17 0.81M
DGCNN (2048) 96.62 + 0.13 1.81M




Experiments

Segmentation
- MFCAD Gl|0|E{Alloj| A{ O

o
- UV-Net2 B-rep QE|E|S X & X2 =
F

CFA

() - O
%E MBE =

3
M, EIW‘I(I\/Ies |2

) 7|8t HHHZ0A L7k = Ykl E0| 8=
(watertight, manifold) HIA|E = HAdsl{of st= 01212 =MIZ 2/t
Dataset Model Accuracy Per-class accuracy Intersection-over-Union 4Param.
Per-face Per-prim. Per-face Per-prim. Per-face Per-prim.
UV-Net 99.95 + 0.02 - 99.93 + 0.20 - 99.87 + 0.03 - 1.23M
UV-Net (xyz) 99.83 £ 0.06 - 99.80 + 0.00 - 99.63 + 0.06 - 1.23M
MECAD PointNet 32.13+7.92 59.134+7.54 16.20 + 8.51 15.78 += 8.17 7.15 +5.22 8.27 + 4.66 0.87M
DGCNN 82.50+246 91.60+2.18 8043 +4.51 78.80+4.57 67.70+4.73 78.67 +6.27 0.98M
GNN - - - - 93.60 [0] - 0.53M
MeshCNN 9989 +0.01 98.52+0.04 9984 +0.03 9829+0.09 99.704£0.06 95.93 4+ 0.05 2.29M
UV-Net 88.87 + 0.70 - 56.81 + 0.93 - 50.37 +- 1.11 - 1.23M
ABC UV-Net (xyz) 77.33 £0.48 - 47.38 £+ 0.54 - 38.99 4+ 0.42 - 1.23M
PointNet 40.77 £ 1.79 61.27 £0.55 1987 +£0.51 2553+4+0.32 11.104+£0.70 18.47 +0.31 0.87M
DGCNN 54.18 +3.19 67.80+0.59 2730+134 3493+1.52 18.14+£1.97 26.26 +1.27 0.98M




Experiments

Self-supervised learning

B-rep HIO|E{2 decoderE d7Alote A2 0122 28| (F% &7 SolidGen, BrepGen)
labelO| gi= CIO|E| 2 st A|7|7[2I5H contrastive learning(CLR)S &

DO prior2 F=5t7| €/8l Connected patch, Drop nodes, Drop edges S2| transformation 7|

AE35}0 Positive A1A

- Connected patch: &2|2| node®} n(1~2)-hop neighbor =&

- Drop nodes: 91ZA=l edge®t €7H uniform probability 0.42 nodeE £2i2

- Drop edges: uniform probability 0.4Z edgeE F£2i2| Afx|

A%

H-
=

k=]
=

UV-Net CI1ZEHE ALE3510] 128D embedding(positive pair)2 &5t 3-layer non-linear MLPE A

64D latent vector(z)= O{Z

SolidLettersO|A SVM classification 79.4% EHA

Method Score (%)
Linear SVM 79.40 £ 0.20
K-means clustering  58.17 4 0.25




Experiments
Sensitivity to sampling

- input HI0|E{2] sampling SH&H =7t SHOMY = robustst M52 E

Method Score (%)

Linear SVM 79.40 £+ 0.20
K-means clustering  58.17 4= 0.25
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Classification accuracy (%)

1 ML

UV-Net PointNet DGCNN FeatureNet MeshCNN

N
W

B10x10 grid @7x7 grid 0 5x5 grid 03x3 grid
2048 points 1024 points 512 points 256 points
643 voxels 48”3 voxels 32”3 voxels 20”3 voxels
2000 edges 1000 edges 500 edges 250 edges



Experiments

Feature and architecture ablation

ot xyz ZtHE 2 trim mask At

Full UV-Net (xyz only): normalZ H|7-

UV-Net (Faces only): surface CNNZ} GNNZH ALE

Face features only: GNN

Topology only: curve2l surface CNN= X735

HHoO

|

MLPZ CHA|5t12 edge feature M|
-l

sampled noiseZ 78501 topologyRh AFE

Full UV-Net III''l'lll'Inl'l'''ZIIImmmmmm - 99.87

edge®l node

¥ 99.33

Full UV-Net (xyz only)

UV-Net (Faces only)

] 99.59

Face features only

J 85.34

Topology only B+ 71.47

70

735

80 85 90
Segmentation IoU %

95

100

AV SE=d
| O

normal distribution©i|Af



Experiments

Invariance to reparametrization

- U 2tV axisE 2} surface parametrization= reverseste= A2 UV-gridE s axisol| L2} flipst= A
o} 22

E= O

L=]
—

- U 2tV axisE exchangest0] surface parametriztion=2 transposest= A2 UV-gridE rotate, flipst=

-
At 25

- 0|21t rotate, flipdl CHall Regular Image Convolution2 InvariantstX| &S

- Of2l AS ZIE E35l reparametrizationdt E|AE H|O|E{All0]| CHaH As0| IA LAASH A &0

- BHH equivariant convolution2 M 32 [ Het: QX

Convolution Reparametrized  Test Accuracy
R 1 No 96.74 + 0.06
e Yes 55.98 + 2.36
No 96.58 + 0.01

D> equivariant Yes 96.59 =+ 0.02




Conclusion

Limitations & future work

curve®} surfaced| Csl geometry £S48 2A|810] sampling step sizeE 1™SI0{ ALE

curve, surface type, edge convexity, halfedge ordering S B-repOlA AI2E = Qe ZE HEE &€&
olX| 23

rotation-invariant £ -> CIFSt face, edge?| relative orientation= 2IX|st=H| Qa2 & = U
ABC2 &2 large dataset2 = transfer learningS ®ldll self-supervised methodE 7H4e o= U= &G
210| 9|2

-1 A [

subdivision surface® Z2 CIE 3D E& A {EH M2 &= QISK]| A 71X[7F RIS



