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Surface Reconstruction

Smoothness-based reconstruction

Poisson[KBH06]

Screened Poisson [KBH13]

SSD[CT11]

PSS[ABCO+01]

IMLS[SOS05]

MLODS[MLR+22]

APSS[GG07]

MPU[OBA+03a]

FSSR[FG14]

Iterative Poisson[HWW+22a]

Differentiable Poisson[PJL+21]

Spectral[ACTD07]

VIPSS[HCJ19]

RMLS[FCOS05]

RIMLS[OGG09]

RFEPS[XWD+22]

Structured Point Set[LA13]

Interpolation-based reconstruction

Power Crust[ACK+01]

Crust[ACD+00]

Tight Cocone[DS03]

Singular Cocone[DW13]

Robust Cocone[DG04] Advancing Front[SSFS06]

Learning-based reconstruction

DeepSDF[PFS+19]

POCO[BM22]

OGN[TDB17]O-CNN[WLG+17]

Minkovski Engine[CGS19]

Point2Mesh[HMGC20]

DSE[RGA+21]
Neural Marching Cube[CZ21]

Neural Dual Contouring[CTFZ22]

AtlasNet[GFK+18]

Primitive-based reconstruction

Efficient RANSAC[SDK09]

Polyfit[NW17]

Kinetic[BL20a]GoCoPP[YL22]

Structured Point Set[LA13] …
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Missing data Noise

Sharp features

Complexity-distortion tradeoff

Multi-scale features

. . .

Challenges
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Quadric Error Metric

Squared distance to plane

[Garland, Heckbert 97]

Plane 𝑛, 𝑑

Point 𝑥

𝑑𝑡(𝑥)



Quadric Error Metrics

Ellipsoid = error isolevel [Garland, Heckbert 97]



Quadric Error Metrics for Mesh Decimation

p1 p2

solve v3
TQ3v3 = min

Q3 = Q1+Q2

Q2

Q1

v3

[Garland, Heckbert 97]



Quadric Error Metrics
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Complexity-Error Tradeoff

error

complexity



Objective

error

complexity

reconstruction

greedy

optimized
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Input Output

Initialize random
generators

Estimate point-wise
quadric

Partitioning
Update

generators
Mesh solver

Batch
refinement

No new generator

If new generator(s)

…

Pipeline
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QEM Initialization

1. Point QEM: 𝑄𝑝𝑖 = 𝑛𝑖 , 𝑝𝑖 ⋅ 𝑛𝑖 , 𝑝𝑖
𝑇

3. Diffused QEM: 𝑄𝑣𝑖 = σ
𝑝𝑗| 𝑝𝑖,𝑝𝑗 ∈𝐾𝑁𝑁(𝒫) 𝑎𝑝𝑗 ⋅ 𝑄𝑝𝑗

2. Point area: 𝑎𝑝𝑖 =
1

2𝑘2
⋅ σ

𝑝𝑗| 𝑝𝑖,𝑝𝑗 ∈𝐾𝑁𝑁(𝒫) 𝑝𝑖 − 𝑝𝑗
2
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QEM Initialization

(a) Point cloud (a) Diffused QEM ellipsoids
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Clustering

RefinementUpdatingPartitioningInitialization Output

…
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Clustering

Batch splittingUpdatingPartitioningInitialization Output

…

𝐸 𝑝𝑖 , 𝑙𝑗 = 𝑐𝑗 , 1
𝑇
⋅ 𝑄𝑣𝑖 ⋅ 𝑐𝑗 , 1 + 𝜆 ⋅ 𝑝𝑖 − 𝑐𝑗

2
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Clustering

Batch splittingUpdatingPartitioningInitialization Output

𝑐𝑗
∗ = 𝑎𝑟𝑔𝑚𝑖𝑛𝑝∈ℝ3 𝑝, 1 𝑇 ⋅ 𝑄𝑐𝑗 ⋅ [𝑝, 1]

…

𝐸 𝑝𝑖 , 𝑙𝑗 = 𝑐𝑗 , 1
𝑇
⋅ 𝑄𝑣𝑖 ⋅ 𝑐𝑗 , 1 + 𝜆 ⋅ 𝑝𝑖 − 𝑐𝑗

2
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Clustering

RefinementUpdatingPartitioningInitialization Output

𝑐𝑗
∗ = 𝑎𝑟𝑔𝑚𝑖𝑛𝑝∈ℝ3 𝑝, 1 𝑇 ⋅ 𝑄𝑐𝑗 ⋅ [𝑝, 1]

𝑝𝑚𝑎𝑥 𝑙𝑗 = 𝑎𝑟𝑔𝑚𝑎𝑥𝑝𝑖∈𝑙𝑗 𝑝𝑖 , 1
𝑇 ⋅ 𝑄𝑐𝑗 ⋅ [𝑝𝑖 , 1]

…

𝐸 𝑝𝑖 , 𝑙𝑗 = 𝑐𝑗 , 1
𝑇
⋅ 𝑄𝑣𝑖 ⋅ 𝑐𝑗 , 1 + 𝜆 ⋅ 𝑝𝑖 − 𝑐𝑗

2
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Meshing

[1] Cohen-Steiner et al. Variational Shape Approximation. ACM SIGGRAPH, 2004.

VSA[1] This approach

Variational shape approximation[1] : “dual“ partitioning → not trivial to extract triangle mesh

Our approach: optimized generators → vertices of the output triangle mesh
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Meshing

Clusters Edge graph Facet candidates Output mesh

1. Construct edge candidate set: connect adjacent clusters

3. Mesh extraction via Binary Integer Programming (BIP) solver [1]

2. Construct facet candidate set: find 3-cycles

[1] Nan, Liangliang, et al. Polyfit: Polygonal surface reconstruction from point clouds. Proceedings of the IEEE International Conference on Computer Vision. 2017.
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Meshing

Manifold constraint

𝐸 𝒯 = 𝜆𝑓

𝑖=1

𝑛

𝑏𝑓𝑖 ⋅ 𝐹𝑓(𝑓𝑖)

Coverage termFitting term

𝐹𝑓 𝑓𝑖 = 

𝑝𝑗|𝑑 𝑝𝑗,𝑓𝑖 <𝜖

1 −
𝑑(𝑝𝑗 , 𝑓𝑖)

𝜖
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Meshing

Manifold constraint

𝐸 𝒯 = 𝜆𝑓

𝑖=1

𝑛

𝑏𝑓𝑖 ⋅ 𝐹𝑓(𝑓𝑖) +

Coverage termFitting term

𝜆𝑐

𝑖=1

𝑛

𝑏𝑓𝑖 ⋅ 𝐹𝑐(𝑓𝑖)

𝐹𝑐 𝑓𝑖 = 𝑚𝑖𝑛 1,
𝑎𝑟𝑒𝑎(𝛼({𝑝𝑗|𝑑 𝑝𝑗 , 𝑓𝑖 < 𝜖}))

𝑎𝑟𝑒𝑎(𝑓𝑖)

𝐹𝑐 𝑓𝑖 = 0.95 𝐹𝑐 𝑓𝑖 = 0.65
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Meshing

Manifold constraint

𝐸 𝒯 = 𝜆𝑓

𝑖=1

𝑛

𝑏𝑓𝑖 ⋅ 𝐹𝑓(𝑓𝑖) + 𝑠. 𝑡. 2𝑏𝑒𝑖 − 

𝑓𝑗 𝑎𝑟𝑜𝑢𝑛𝑑 𝑒𝑖

𝑏𝑓𝑗 = 0, ∀𝑒𝑖

Coverage termFitting term

𝜆𝑐

𝑖=1

𝑛

𝑏𝑓𝑖 ⋅ 𝐹𝑐(𝑓𝑖)

If 𝑏𝑒𝑖 = 1, 2 faces around 𝑒𝑖 are selected

If 𝑏𝑒𝑖 = 0, no face around 𝑒𝑖 is selected

Manifoldness



Implementation

• CGAL

• Eigen (quadrics)

• Solver: SCIP (mixed integer programming)



Sphere
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Hand
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Blade
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Results

#p: 1,537,296 #v: 148
#f: 300

#v: 813
#f: 1,626

#p: 291,569 #v: 159
#f: 330

#v: 638
#f: 1,284

#p: 145,617 #v: 200
#f: 400

#v: 581
#f: 1,162

#p: 286,945 #v: 301
#f: 598

#v: 975
#f: 1,946
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[5] Cohen-Steiner, David, et al. Variational shape approximation. ACM SIGGRAPH, 2004.

[6] Garland, Michael, and et al. Surface simplification using quadric error metrics. ACM SIGGRAPH. 1997.

Comparison
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KSR

#f: 526
#v: 265

GoCo
PP

#f: 570
#v: 287

Poisson

#f: 373,064
#v: 186,534

Poisson + VSA

#f: 642
#v: 313

Poisson + QEM

#f: 574
#v: 289

Our approach

#f: 574
#v: 289

DSE

#f: 19,995
#v: 10,000

Input 3D point cloudQuality

High

Low
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Variational VS Greedy

Input 

5 vertices 7 vertices 15 vertices 58 vertices 113 vertices

Our approach

Poisson + QEM
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Capsule
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Blade
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Initialization
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Robustness to Noise
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Result



Discussion

• Initialization
• Learning to regress quadrics ? 
• Sharp features ?

• Scheduling batches of refinement
• Parameter-free? 
• Tolerance error?

• Fine-to-coarse?
• How to interleave cluster merging and relaxation? 

• Surfaces with boundaries
• 2-Manifold: hard vs soft constraint
• Valid mesh as output? (no self-intersections)





PoNQ: a Neural QEM-based 
Mesh Representation 

Nissim Maruani, Maks Ovsjanikov, P.A., Mathieu Desbrun



Method

(Qualitative illustration)



Method

(Qualitative illustration)



Method

(Qualitative illustration)



Method

(Qualitative illustration)



Learning Pipeline

3D CNN
Regular Grid Sampling 

of SDF

Points, Normals, 

Quadrics
PoNQ Mesh



Learning-based Results

NDC [4] NMC [5] VoroMesh [6] PoNQ Gr. Truth

[4] Chen, et al. (2022) Neural Dual Contouring. [5] Chen, et al. (2021) Neural Marching Cubes.

[6] Maruani, et al. (2023) VoroMesh: Learning Watertight Surface Meshes with Voronoi Diagrams.



Learning-based Results

NDC [4] NMC [5] VoroMesh [6] PoNQ Gr. Truth

[4] Chen, et al. (2022) Neural Dual Contouring. [5] Chen, et al. (2021) Neural Marching Cubes.

[6] Maruani, et al. (2023) VoroMesh: Learning Watertight Surface Meshes with Voronoi Diagrams.



Learning-based Results

NDC [4] NMC [5] VoroMesh [6] PoNQ Gr. Truth

[4] Chen, et al. (2022) Neural Dual Contouring. [5] Chen, et al. (2021) Neural Marching Cubes.

[6] Maruani, et al. (2023) VoroMesh: Learning Watertight Surface Meshes with Voronoi Diagrams.



High Resolutions

Learning-based PoNQ, 5123



Extension: PoNQ-lite

Single normal

3D CNN

Single quadric

Single pointMultiple points

Multiple normals

Multiple quadrics

PoNQ PoNQ-lite



Extension: PoNQ-lite



Extension: PoNQ-lite

PoNQ PoNQ-lite



Extension: PoNQ-lite

2 × 2 × 2

Average pool

𝑁3 grid (
𝑁

2
)3 grid



Extension: PoNQ-lite

1283 grid of predicted points, 

normals and quadrics 

GPU-based decimation: 



Extension: PoNQ-lite

643 grid of predicted points, 

normals and quadrics 

GPU-based decimation: 



Extension: PoNQ-lite

323 grid of predicted points, 

normals and quadrics 

GPU-based decimation: 



Extension: PoNQ-lite

163 grid of predicted points, 

normals and quadrics 

GPU-based decimation: 



Extension: Open Surfaces



Extension: Open Surfaces

Gr. Truth PoNQ Closed Mesh Open Mesh



Extension: Open Surfaces

Gr. Truth PoNQ Closed Mesh Open Mesh



Comparison to NeuRBF [1]

PoNQ, 50k parameters PoNQ, 500k parameters NeuRBF [1], 50k parameters

[1] Z. Chen, et al. NeuRBF: A Neural Fields Representation with Adaptive Radial Basis Functions. In CVPR, 2023

#V 0.05M   #V 1.4M  #V 0.5M  


