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Motivation

30x speed
© ARTV Tutorials






Applications

• Modeling
– Natural shapes
– CAD-models
– Buildings
– Trees

• Animating
– Characters
– Liquids
– Etc.



Teddy



Teddy



Teddy

• Skeleton -> 3D:
– Depth proportional to distance to the outer 

contour
• Assume every ‘fan’ edge is a part of an ellipse:



Can we interpret 
natural drawings?



What lines do we draw?

© Ivan Huska, easy-drawings-and-
sketches.com



What lines should we render?

Occlusion contours
𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0



What lines should we render?

Occlusion contours
𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0



Demo



What lines should we render?

Occlusion contours
𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0

How to find 
contours in the 
nearby views?



Suggestive contours

• Extend the occlusion contours



What lines should we render?

• Occlusion contours
𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0

• Suggestive contours
min
𝑝𝑝
𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐



Not a universal tool

Objects without concavities don’t have 
suggestive contours



Principal Directions and 
Curvatures

𝜿𝜿𝟏𝟏, 𝜿𝜿𝟐𝟐 eigenvalues of Ap; 𝑻𝑻𝟏𝟏, 𝑻𝑻𝟐𝟐 eigenvectors of Ap
𝑘𝑘1 > |𝑘𝑘2|



Ridges and valleys

Extrema of principal curvature
𝜕𝜕𝑘𝑘1
𝜕𝜕𝑇𝑇1

= 0



Ridges and valleys

Local max of 𝑘𝑘1 > 0 ridge
Local min of 𝑘𝑘1 < 0 valley



Second Fundamental Form



Apparent Ridges



Apparent Ridges

𝐴𝐴𝑝𝑝 𝑉𝑉,𝑊𝑊
′ = − 𝑝𝑝𝑝𝑝𝑝𝑝𝑗𝑗𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝐷𝐷𝑁𝑁𝑝𝑝 𝑉𝑉 ,𝑊𝑊



What lines do we draw?



What lines do we draw?



What lines do we draw?

• Occlusion contours
• Suggestive contours
• Ridges and valleys
• Apparent ridges
• Feature lines



Can you classify these lines?

© Ivan Huska, easy-drawings-and-
sketches.com



Stats



If we can label the lines, can we 
reconstruct 3D?



Issues

• Infinite # of 3D surfaces have the same 
2D

• Drawings are approximate



Occlusion contours

• Contour generators not parallel to the screen
• Sign of contour curvature = sign of Gaussian 

curvature
• Gaussian curvature around contour 

generators’ endpoints < 0
• Depth discontinuities!

𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0



Occlusion contours

Necessary, but not sufficient
for shape recognition

𝑛𝑛 ⋅ 𝑝𝑝 − 𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0



Completing Contours

We only see visible contours
Complete into loops and inflate!



Completing Contours



Completing Contours

• Heuristics:
– Measure some energy of Bézier curve



Completing Contours

• Heuristics:
– Measure some energy of Bézier curve



A simpler problem: 
illumination effects



A simpler problem: 
illumination effects



Preprocessing

• Complete all regions
• Find/ask user to specify depth order
• Constrained Delaunay Triangulation (CDT)



How to lift to 3D?



Idea

Δ𝑧𝑧0 = 𝑎𝑎
𝑧𝑧0 �

𝜕𝜕Γ
= 0

Prof. Dr. Peter Arbenz, Introduction to finite elements and sparse linear system solving, 2017

𝑎𝑎 ∈ ℝ

Steady-state heat 
equation 

(with a heat source)

http://people.inf.ethz.ch/arbenz/


After inflation

• Each piece is centered around 𝑧𝑧 = 0
• Need to use z-order!   𝑧𝑧1 < 𝑧𝑧2
• Need a smooth model



After inflation

• Each piece is centered around 𝑧𝑧 = 0
• Need to use z-order!   𝒛𝒛𝟏𝟏 < 𝒛𝒛𝟐𝟐
• Need a smooth model



Smooth function?
𝑧𝑧𝑖𝑖 = 𝑧𝑧0𝑖𝑖 + 𝑔𝑔𝑖𝑖 𝑥𝑥

min�
Ω
∇𝑔𝑔𝑖𝑖 2𝑑𝑑𝑥𝑥

s.t. 𝑧𝑧𝑖𝑖 < 𝑧𝑧𝑗𝑗



Cross-sections

• Lines of curvature
• At intersections:

– Orthogonal
– Define a tangent plane
– (often) belong to perpendicular 

planes



A simpler problem: shade?



CrossShade

Find a normal field over the drawing
𝑛𝑛𝑖𝑖: tangent plane normals

𝑡𝑡𝑖𝑖𝑗𝑗: tangents



CrossShade

Find a normal field over the drawing
𝑛𝑛𝑖𝑖: tangent plane normals

𝑡𝑡𝑖𝑖𝑗𝑗: tangents

Cross-sections as 
curvature lines



Frenet Frame:  Curves in ℝ𝟑𝟑

• Binormal:  𝑻𝑻 × 𝑵𝑵
• Curvature: In-plane motion

• Torsion: Out-of-plane motion



Intuition

• The only acceleration is out of the surface
• No steering wheel!



CrossShade

Find a normal field over the drawing
𝑛𝑛𝑖𝑖: tangent plane normals

𝑡𝑡𝑖𝑖𝑗𝑗: tangents

Geodesics?
“humans perceive 

intersecting cross-section 
curves as geodesics”



CrossShade

Find a normal field over the drawing
𝑛𝑛𝑖𝑖: tangent plane normals

𝑡𝑡𝑖𝑖𝑗𝑗: tangents

At least one is  
a geodesic



CrossShade: overview



Shading/Hatching

• Approximates actual 
surface shading?

• Assume a shading model
– E.g. Lambertian

• How to get illuminance 
per point?

• Shape from shading
Edward Law. Pencil drawing by H. M. 

Raeburn, 1909



Concave or convex?

M.C. Escher, "Concave and convex"



Shape priors

• Developability?
– Garments

• Geometric primitives
– Spheres, cylinders,…



Shape representations

• Meshes
• Generalized cylinders
• Bézier
• NURBS
• …



A rigorous approach

Only for smooth shapes



Junctions

• Local depth depth order!



What to do with hidden parts?

• Use continuity
• Use symmetry
• Use anatomical priors?



Symmetry



Sy
m

m
et

ry



Animation: Line of Action



Animation: Line of Action

• Assume we know which bones
• Joint 𝑥𝑥, 𝑦𝑦 positions should be along the 

LOA
– Where along LOA?

• More importantly, bones should be 
parallel to LOA

• Need curve – bone chain 
correspondence!



Drawings are inexact

63
Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



Drawings are inexact

64
Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



2D embedding

Low-curvature lines ~ body parts
Circular contours ~ joints

65
Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



2D embedding

Adjacencies

66Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



2D embedding

67

Gestalt continuationOrientation

Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



2D embedding

Input: rigged character + gesture drawing

68

Probabilities of joint and bone locations

Discrete optimization

Bessmeltsev et al., Gesture 3D: Posing 3D Characters via Gesture Drawings, SIGGRAPH 2016



3D optimization

Balance 2D embedding with
– Simplicity
– Foreshortening cues

69



3D optimization

Balance 2D embedding with
– Simplicity
– Foreshortening cues

– Depth order from T-Junctions

70



Answering your question: yes



Sketches are messy
and often in bitmap format

• Reconstruct directly
– Probably ML/DL?

• Vectorize
• Simplify



Sketches are messy
and often in bitmap format
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