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Motivation

• 3D building models frequently used in urban applications

Figure 1. “A 3D Model of Boston for Better Urban Planning”. Retrieved May 19, 2020, from 
https://modelur.eu/a-3d-model-of-boston-available-for-public-use/

https://modelur.eu/a-3d-model-of-boston-available-for-public-use/
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Motivation

• 3D building models frequently used in urban applications

Figure 2. Wind simulation. Retrieved January 14, 2020, from https://www.simscale.com/

https://www.simscale.com/
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Motivation

• 3D building models frequently used in urban applications

Figure 3. Urban navigation. Retrieved June 30, 2020, from https://www.treistek.com/post/3d-city-
modeling-in-navigational-applications

https://www.treistek.com/post/3d-city-modeling-in-navigational-applications
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Motivation

• 3D building models frequently used in urban applications

• The input required to be closed and manifold

Figure 3. Urban navigation. Retrieved June 30, 2020, from https://www.treistek.com/post/3d-city-
modeling-in-navigational-applications

https://www.treistek.com/post/3d-city-modeling-in-navigational-applications
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Motivation

• 3D building models frequently used in urban applications

• The input required to be closed and manifold

• Visually plausible but defective

Figure 4. Artifacts of a building model from Fan and Wonka (2016) . Green: boundary edges. 
Red: self-intersecting faces. Rendered in MeshLab.

https://lubinfan.github.io/particulars.html?id=2
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Figure 4. Artifacts of a building model from Fan and Wonka (2016) . Green: boundary edges. 
Red: self-intersecting faces. Rendered in MeshLab.

Self-intersections
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https://lubinfan.github.io/particulars.html?id=2
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Motivation

• 3D building models frequently used in urban applications

• The input required to be closed and manifold

• Visually plausible but defective

interior 
structure

Figure 5. (a)-(e): Artifact chart. Adapted from Geometric Modeling Based on Polygonal Meshes, 
by M. Botsch et al., 2007. (f): Building model from Fan and Wonka (2016) . Rendered in Mapple.
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d e f

hole & gap

self-intersection

non-manifold
vertex

non-manifold
edge

https://lubinfan.github.io/particulars.html?id=2
https://3d.bk.tudelft.nl/liangliang/software.html
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Research question

How can we accurately extract a watertight and 
manifold outer surface from an error-ridden 3D 
building model?
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Related works

Two main categories exist w.r.t outer surface extraction:

• Surface-oriented method

– Local. 

– Direct. 

– Manual. 

– One-to-one. 

• Volumetric method

– Global.

– Indirect.

– Automatic.

– All-in-one.

– Conditioned.
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Surface-oriented method

Figure 6. “(a) A model consisting of 2398 separate surface patches with inconsistent orientation; due to 
the lighting, the faces oriented ‘backwards’ are rendered dark. (b) Same model after applying our 
algorithm (with exactly the same lighting)”. Reprinted from Consistent Normal Orientation for Polygonal 
Meshes, by Borodin, P. et al., 2004.

Consistent Normal Orientation for Polygonal Meshes
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Surface-oriented method

Figure 7. “(a) Mutilated Stanford bunny. (b) After hole triangulation, meshing and fairing”. Reprinted 
from Filling Holes in Meshes, by Liepa, P., 2003.

Filling Holes in Meshes
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Related works

Two main categories exist w.r.t model repair:

• Surface-oriented method

– Local. 

– Direct. 

– Manual. 

– One-to-one. 

• Volumetric method

– Global.

– Indirect.

– Automatic.

– All-in-one.

– Conditioned.
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Volumetric methods

Figure 8. Illustration of Murali’s Method. Adapted from Geometric Modeling Based on Polygonal Meshes, 
by M. Botsch et al., 2007.

Consistent Solid and Boundary Representations from Arbitrary Polygonal Data



18

Volumetric methods

Figure 9. A diagram illustrating the pipeline of TetWild in 2D. Reprinted from Tetrahedral Meshing in the 
Wild, by Hu, Y. et al., 2018.

Tetrahedral Meshing in the Wild
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Pipeline

Pre-processing
Constrained 

tetrahedralization
Interior/exterior 

classification
Outer surface 

extraction
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1. Pre-processing

Remove duplications and self-intersections
• Input: Original model

• Method: Duplication removal + Remeshing1

• Output: Pre-processed model

Pre-processing

[1] Code migrated from Easy3D.

https://github.com/LiangliangNan/Easy3D
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1. Pre-processing

Original model
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1. Pre-processing

Pre-processed model
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2. Constrained tetrahedralization (CT)

Tetrahedralize the model domain
• Input: Pre-processed model

• Method: Constrained tetrahedralization1

• Output: Convex CT

CT

[1] Code migrated from TetGen.

http://wias-berlin.de/software/index.jsp?id=TetGen&lang=1
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2. Constrained tetrahedralization (CT)

Convex CT
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3. Interior/exterior classification

Classify tetrahedra as being interior or exterior
• Input: Convex CT

• Method: Ray-casting classification based on extracted 2D 
boundary1

• Output: Classified CT

Ray-casting

classification

[1] Builds on the method proposed by N. Tzounakos in “Robust Interior-Exterior Classification for 3D Models”.
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3.1 Robust classification based on ray-casting

Illustration in 3D
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3.1 Robust classification based on ray-casting

One cross-section doesn’t work

A point is classified as being interior only if it is so for all three cross-sections.

Three cross-sections
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3.2 Grouping of tetrahedra

• Based on spatial 
connectivity

• One special group 
consists of tetrahedra
connecting to the 
outer space (see left)

• Other groups are 
protected by the 
model

Therefore, we only have to perform classification for this group. In this way, 
we’ve greatly reduced the number of tetrahedra that need to be classified.
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3.3 Reuse of 2D boundaries

• Most time-consuming 
part during classification

• Store the pre-
constructed 2D 
boundaries

• Reuse if applicable

Initially, the cross-section passes through the centroid of a tetrahedron, and 
this centroid represents the tetrahedron during classification.
In cases of reusing, a new representative point (rendered red) must be 
constructed.
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3.4 Classified CT

Classified CT
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4. Outer surface extraction

Extract triangles incident to interior and exterior 

tetrahedra
• Input: Classified CT

• Method: Non-manifoldness removal

• Output: Watertight and manifold triangle mesh

Outer surface

extraction
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4. Outer surface extraction

Outer surface



34

Outline

• Introduction

• Related works

• Methodology

• Results & discussion

• Conclusions & future works



35

Testing models

Table 1: Statistics of input errors. f: number of triangles. v: number of vertices. degeneracy: number
of denegerate triangles. duplication: number of duplicated triangles. self-int: number of self-intersecting
triangles. NM e: number of non-manifold edge. NM v: number of non-manifold vertices.
BD e: number of boundary edges.
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Results

Input Convex CT Classified CT Result

(a)

(b)

(c)
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Results

(d)

(e)

(f)

(g)
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Results

(h)

(i)

(j)

(k)
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Results

(l)

(m)

(n)

Figure 10: Stepwise results of our program. From left to right: input model, original CT, classified CT,
outer surface. (a)~(n): task 1 x, task 2 x, task 4 x, task-1-x, task-2-x, task-7-x, task-8-x, task-11-x,
task-12-x, task-16-x, task-17-x2, task-19-x, task-20-x, task-21-x.
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Analysis

Table 2: Effect of optimization. CT: number of tetrahedra in convex CT. grouping: 
number of tetrahedra that need to be classified. reuse: number of 2D boundaries 
constructed. LoO: level of optimization.
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Analysis

Table 3: Execution times (s)
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Analysis

Table 4. Validity check
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Comparison

Figure 5.3: Close-ups of mesh details. (a) Window. (b) Handle. (c) Pillars.
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Comparison

Table 5.5: Comparison with state-of-the-art methods. Statistics are 
averaged.
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Discussion

• Efficiency. ManifoldPlus is the fastest among the four methods. Our 
method is quite time-consuming at this stage, especially that of 
classification. 

• Validity. TetWild and MeshViewer are far from success. ManifoldPlus
guarantees valid results for all testing models. Our method produces 
acceptable results with only a few boundary edges present in two 
models. 

• Integrity. TetWild and ManifoldPlus can not preserve small features. 
Our method exactly reproduces details with minimum intrusion.

TetWild MeshViewer ManifoldPlus Ours

Efficiency

Validity

Integrity
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Conclusions

How can we accurately extract a watertight and 
manifold outer surface from an error-ridden 3D 
building model?

By using a hybrid method i.e., both surface-oriented and volumetric

• Fully automatic

• Non-parametric

• Accurate

• Robust
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Future works

• Complete exact arithmetic

• Non-manifoldness removal

• Multi-threading

• Test on more data
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Thanks for your attention!

Questions?


