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Outline

n Implicit representations

n Parametric representations

n Meshes (subdivision)

n Point clouds

n Voxels

n Multi-view representations

n Structured representations

Smooth curves and surfaces

Discrete representations

Parts + relations = structures

2D → 3D
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Volumetric or voxel representations

n Embed 3D shape in a regular volumetric grid: 3D shape given as a 
volume = set of all voxels that lie on or inside the shape

n Closely related to image and pixel representations: it is a 3D image

n Closely tied to implicit representations                                                      
and support similar operations
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Volumetric or voxel representations

n Embed 3D shape in a regular volumetric grid: 3D shape given as a 
volume = set of all voxels that lie on or inside the shape

n Closely related to image and pixel representations: it is a 3D image

n Closely tied to implicit representations                                                      
and support similar operations

n Natural “first choice” for neuralization due                                                 
to similarity to images

n But unlike images, internal patterns or                                                  
structures mostly overlooked
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Voxels vs. implicit functions

n Voxels: intrinsically discrete representation, limited by resolutions

n Implicit functions: intrinsically continuous representation

n There is an implicit field value for any (x, y, z) 

n It is when processing an implicit function (e.g., for rendering), one often                                    
need to discretize the function through voxelization, such as Marching Cubes
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Voxels vs. implicit functions

n Voxels: intrinsically discrete representation, limited by resolutions

n Implicit functions: intrinsically continuous representation

n There is a field value for any (x, y, z) 

n It is when processing an implicit function (e.g., for rendering), one often                                    
need to discretize the function through voxelization, such as Marching Cubes

n IM-Net: trained on voxel inputs, e.g., on 643 voxels, but                               
can learn continuous outputs, ∀p ∈ R3



• 3D shape as voxels: combine volumetric CNN and GAN

• Generative network maps 200d vector to 643 volume

3D-GAN [Wu et al. NIPS 2016]

Voxel CNNs in a generative model
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3D volumetric shapes generated from random latent vectors

Shapes generated by 3D-GAN
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Point-based representation (PBR)

n A 3D surface model is represented 
using a set of points near the surface

n There is no (explicit) connectivity 
information between the points

n Typically need kNN – k nearest 
neighbors – during processing

n Point normals can also be specified or 
estimated for rendering
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Point cloud acquisition

InSpeck

Cyberware

Roland DGA LPX-250 ($10K)

FastScan ($23K)

NextEngine (< $3K)
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Point cloud acquisition on mobile phones

InSpeck

Cyberware

Roland DGA LPX-250 ($10K)

FastScan ($23K)
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LiDAR

n LiDAR = Light Detection and Ranging
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Use of LiDAR in autonomous driving
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Point cloud registration
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Iterative closest point (ICP) algorithm

n A classic registration/correspondence schemes

n Input: data and model shapes

n Objective: 
n Rigid transform = rotation + translation

n Minimize mean squared error from data points to closest 
points in model

n Correspondence obtained by Euclidean proximity

[Besl and Mckay 92]
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Model and data shapes (point samples)

model

data

ICP algorithm
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Find closest points from data to model

data

model

ICP algorithm
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Find best rigid transform to align the 
corresponding points

model

data

ICP algorithm
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Iterate …

model

data

ICP algorithm
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A historical note on PBRs

n “As the visual complexity of computer-generated scenes 
continue to increase, the use of classical modeling 
primitives (polygons) as display primitives becomes less 
appealing.”

Levoy and Whitted, 
“The Use of Points as a Display Primitive”, 1985

n Use of points traces back to modeling of smoke, fire, and 
cloud around the late 70’s [Csuri et al. 79, Blinn 82]
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n PBR was witnessing a revival around 2002 - 2006

n Points are directly available via laser scanning

n Substantial advances in 3D digitizing and laser 
scanning and acquisition technology 

n High quality points (color and texture) easily obtained

n Relatively inexpensive laser scanners available

First renewed interest
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https://www.realtimerendering.com/kesen/PointBasedPaper.html

Point-based graphics
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Hierarchical PBRs

n Use of octree – a spatial data structure

n 3D generalization of binary and quad tree

n Hierarchy leads to compact PBR [Botsch et al. 02] 

Voxels = volume 
elements
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Compact PBR: setup and key point

n Setup:

n Points located at voxel centers – fixed increments from one 
sample to the next

n Use of binary volume grids

n Key: most significant bits are reused by many nearby 
samples ® memory efficiency

n To achieve real efficiency, e.g., 2.67 bits/sample, we 
require sufficiently dense point set!
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Binary volume grid

n Divide bounding cube of surface into n3 grids

n At most one point sample per voxel is located at center

n Approximation error is bounded by Ö3h/2 – note points 
are clamped to nearest voxel centers

n Each voxel is either full (1) or empty (0)

n Voxel is 1 if and only if surface intersects the voxel
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Octree rep: use quadtrees to illustrate

n Naïve storage needs n3 bits in a 3D array, but only O(n2) 1’s for a 
typical 2-manifold surface

n Utilize the usual octree/quadtree representation
n 1 byte per octree node indicating status of children

n 1 ↔ at least one full voxel in child and 0 otherwise

Quad-tree needs a half-byte per node

Four children, one is 
empty. So three 1’s 
and one 0. Pattern 
formation gives index 7
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Example: shown as quad-tree

Every step along the 
path from root adds 
additional precision bit 
to a coordinate

10 q-tree nodes: 4*10/12 = 3.3 b/s

On = 1

Off = 0

Empty 
subtree

Naïve: 64 bits to store info about 
any binary 8x8 grid; 12 points, so  

64/12 = 5.3 b/s
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How efficient is the tree rep? (aside)

n Let quantization level be q, e.g., q = 12 (bits) if the grid is 
212 x 212 x 212 

n One sample (a chain), q levels, 8 bits per level

8q b/s – not very good

n All voxels are full = full tree:

n 2q ´ 2q ´ 2q = 8q samples

n Number of bits: 8 + 82 + 83… + 8q = 8(8q – 1)/7

n About 8/7 = 1.142857 b/s

n That is pretty good!
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How efficient is the tree rep? (aside)

n Each 2´2´2 block has 1 sample – kind of sparse

n Use the same number of bytes as before

n But only 1/8 of the points

n 64/7 = 9.142857 b/s – oh oh!

n Bit rate may not depend on quantization levels

n Density of point samples is a contributing factor
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For 2-manifold surface … (aside)

n Expected number of samples m = the expected number of voxles 
intersected by a 2-manifold surface is O(n2) – acknowledge this J

n Expected number of voxels in a non-empty 2´2´2 block intersected 
by a 2-manifold surface is 4. To represent m samples, need m/4 full 
voxels, each using 8 bits to encode status of a 2x2x2 block.

n Going to next coarser level, # full voxels is expected to be reduced 
by a factor of 22 = 4, as n is decreased by 2
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For 2-manifold surface … (aside)

n Let m be number of samples. Total number of full voxels = 

m/4 + m/42 + … + m/4q £ m/3

n With 8b to encode each full voxel: bit rate £ 8 x (m/3) / m = 2.67 b/s!

n Further compression:

n Exploit nonuniform distribution of byte-code for the full pixels (4 out of 
8 occupied is more likely)

n Recall Huffman coding: less bits for the more frequent
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Hierarchical PBR rendering algorithm

Qsplat
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PBR rendering via splatting: QSplat

Splat = OpenGL 
points
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PBR rendering via splatting: QSplat

Splat = circles
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Second revival: deep learning

n PointNet and PointNET++, since 2016/17

n Deep neural network to encode and aggregate point features for 
shape recognition, segmentation, etc. (more later)
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Second revival: deep learning

n PointNet and PointNET++, since 2016/17

n Deep neural network to encode and aggregate point features for 
shape recognition, segmentation, etc. (more next week)
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Third revival: 3D Gaussian splatting (3DGS)

n 3DGS [Kerbl et al. SIG 2023] after NeRF [Mildenhall et al. ECCV 2000]
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3D Gaussian splatting (3DGS)

n Good online source: https://learnopencv.com/3d-gaussian-splatting/

Good online source: https://learnopencv.com/3d-gaussian-splatting/

https://learnopencv.com/3d-gaussian-splatting/
https://learnopencv.com/3d-gaussian-splatting/
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3D Gaussian splatting (3DGS)
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