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( SIGGRAPH [earning 3D Functionality
)Cfg‘}&?m Representations

* What is this course about?

- Cover recent developments that incorporate functionality
considerations into shape analysis in computer graphics

 For the analysis of 3D objects and scenes

- Discuss work in Iearnin? 3D representations for functionality and
its connections to deep learning, computer vision, and robotics

 Course targeted at researchers and students



ASIA 2020

( SIGGRAPH Learning 3D Functionality
_) VIRTUA Representations

 Differences to our SIGGRAPH Asia 2016 course on Directions in
Shape Analysis towards Functionality:

« We provide an organizational framework to classify prior work

« We connect functionality to recent works on learned 3D
representations, especially to connect it to deep learning, computer
vision, and robotics
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QASIA 2020 Outline

VIRTUA

* Introduction
« Concept of functionality
 Motivation: semantics versus functionality in shape analysis
« Example applications

« Overview of the remaining sections of the course
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» The course material is available at our course Web page:

https://learn3dfunc.github.io/
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i'.efif“ 23'52 What is functionality?

VIRTUAL

O

« “"The particular use for which an object is designed”
-- [Merriam-Webster dictionary]
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i's‘i?“ 23'52 What is functionality?

VIRTUAL

O

* “"The application of an object in a specific context for the
accomplishment of a particular purpose” [BB95]
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Object recognition vs.
functionality recognition

What is this? = Chair

What can we do with this?

Chair Handcart

Drying Rack

11



(’ SIGGRAPH Object recognition vs.

eg#uzﬁzo functionality recognition

* “"The essential definition of object classes is functional”

Handcart

12
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( SIGGRAPH Shape analysis and
) VIRTUA

Several approaches related to shape understanding
» Structure-aware shape processing

« Symmetry detection

 Data-driven shape analysis

« Generative models

13



SIGGRAPH Shape analysis and

CJAS'A 2020 gemantics

VIRTUA

Methods covered in previous courses, tutorials, and STARs:

« Symmetry in 3D geometry: Extraction and applications
[MPWC12]

» Structure-aware shape processing [MWZ*13]
 Data-driven shape analysis and processing [ XKHK17]

« Modeling and remodeling 3D worlds [YYAZ17]
 Learning generative models of 3D structures [CXRZ19]

14



SIGGRAPH Shape analysis and

ASIA 2020 .
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O

Three general problems related to functionality analysis:

Unsupervised Supervised Symmetry
segmentation segmentation detection
M neck il by a o« & ‘
M orso By O i) Y S - S
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[SVKK*11] [KHS10] [PMW*08]
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CJAsu\ 26020 Discussion

VIRTUA

« Co-segmentation, symmetry analysis, and classification provide
part labels and/or correspondences among shape parts

 Corresponding parts /ikely possess the same functionality

» There is some relation between labels and certain types of
functionality, e.q., chair seat versus sitting

 Can constitute a preliminary analysis of functionality

16
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VIRTUA

» Difficult to infer the true functional similarity
 Analysis based only on geometry and structural similarity

« The functionality is not directly named or categorized

17
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/ =2 \

——> Parent Edge

———> Boolean Edge =~ Learned Edge

[FRS*12]
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VIRTUA

 Synthesis performed based on geometric and/or structural
similarity of the shapes

 Synthesized shapes resemble exemplars in the training data

 Functionality preservation is not enforced nor guaranteed

19
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» Difference between “geometric appearance” and “functionality”

~ Geometry

. - . - ,

Functionality

20



# SIGGRAPH Challenges in functionality
t ASIA 2620 -
) ViRTUAL  analysis

» Hard to handle large structural variations

Handcart
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VIRTUA

O

* Hard to handle large structural variations

* Hard to establish the connection between structure and
functionality

Modern chair by Valerie Everett Halo modern chair by Michael Sodeau

22
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( SIGGRAPH Functionality-aware
) VIRTUA

- Shape analysis can benefit from functionality

« Incorporate a model of shape functionality to analyze and process 3D
objects and scenes

 Why?
 Several applications motivate this goal...

23
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VIRTUAL

O

* Object and scene retrieval
 Scene synthesis
* Modeling and editing

Al U

Object-in-scene retrieval
[HZvK*15]

Scene retrieval [SCH*14]

24



( Ass'GlAGRzézg Functionality-aware
)VlRTUAL applications

 Object and scene retrieval
- Scene synthesis
* Modeling and editing

Q 3D scene synthesis
i [FSL¥15]

\ g  Human interaction synthesis

_— [SCH*16]
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SIGGRAPH Functionality-aware

cﬁgl.r\uzg?O applications

O

 Object and scene retrieval og
» Scene synthesis -

- Modeling and editing 2 it

R Object hybrid
Interior deslgé gt;dennes [HVKW=*16]
&% = .
& "=° == *05°

) .
y ~a| Scene editing
L &,
- T';? - [MSL*11] Object modeling
@E N | [ZLDM16]
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VIRTUA

O

» Computer graphics is highly related to the virtual prototyping
and mass customization revolution

 In prototyping and customization, an understanding of
functionality is essential!

* A fundamental problem AN e

e Still much to be done... V%» /‘
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SIGGRAPH Functionality analysis in

cf'g?&pzo computer vision and robotics

Input RGB-D Grasp detection Scoop detection Support detection

Tool Affordance Detection [MTFA15]

(a) task (b) solution

Transferring Objects [WLY17]
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O

» The goal of this course

 To provide a comprehensive survey of functionality analysis in
computer graphics and related areas such as computer vision

 Audience
- Researchers in graphics/vision

e Criteria
« General definition of functionality

29
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CJASIA 2620 Research questions

VIRTUA

How to represent functionality?

How to incorporate functionality models into shape analysis
and modeling?

How to learn such models?
How to do all of this efficiently?

How to derive a functionality model from such representations?

30
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CJASIA 2620 Research questions
VIRTUA

» In this course, we will provide a sampler of different solutions
to these questions as given by existing work

* For various problem domains and targeting diverse
applications

31
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 Qur definition of functionality (Oliver)

» Classification of prior works (Ruizhen + Manolis)

 Functionality-aware applications + future directions (Manolis)

32
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VIRTUAL

Definition of functionality and
classification criteria
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VIRTUA

* Functionality: use or purpose of an object

 “Function is the action for which a person or thing is specially

fitted or used, or for which a thing exists (purpose)” [Merriam-
Webster]

 “Functionality is the application of an object in a specific context
for the accomplishment of a particular purpose” [BB95]
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( SIGGRAPH OQur definition of
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Goals:
« Constructive definition of functionality
* Serve as a classification guide for existing work

* Define the functionality of an entity

35
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éJ

We follow our definition proposed in the following paper:

« Ruizhen Hu, Manolis Savva, and Oliver van Kaick,
“"Functionality Representations and Applications for
Shape Analysis”, Computer Graphics Forum (Eurographics
State-of-the-art report), vol. 37, n. 4, pp. 603-624, 2018.

36



( ng Our definition of
)VlRTUAL functionality

Functionality = Geometry + Interaction




( ng Our definition of
)VlRTUAL functionality

Functionality = Geometry

= “Form follows function” [Sul96]
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ASIA 2620 : :
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Functionality = Geometry + Interaction

Atomic interaction:
<Functional entity, relation, interacting entity>

\

O
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( ng Our definition of
)VlRTUAL functionality

Functionality = Geometry + Interaction

Atomic interaction:
<Functional entity, relation, interacting entity>

40



ASIA 2020 hteractions

( SIGGRAPH Components of atomic
) VIRTUA

* Type of entity
* Level of entity
* Type of relation

» Representation of the relation

41
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C )ASIA 2020 Type of entity
VIRTUA

« Static entity
* Dynamic entity

* Human(-oid) agent

42
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- Static entity

* Dynamic entity

* Human(-oid) agent

43



SIGGRAPH

( )ASIA 2020 Type of entity
VIRTUAL

» Static entity
 Dynamic entity

* Human(-oid) agent

44



SIGGRAPH

QASIA 2020 Type of entity

VIRTUAL

- Static entity
* Dynamic entity

- Human(-oid) agent

4 .
't'v'
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a
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VIRTUAL

Multi-object

46
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CJASIA 2620 Type of relation
VIRTUA

» Atemporal

 Time-varying

47
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VIRTUAL

- Atemporal

 Time-varying

- ICON descriptor [HZvK*15]

48
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» Atemporal

VIRTUA

- Time-varying

ASIA 2620 Type of relation

- Interaction landscapes [PKH*17]

49
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SIGGRAPH Representation of the
ASIA 2020 rglation

VIRTUA

 Spatial arrangement

Boundary representation
Dense volume feature

Gestalt and symmetry grouping
Mechanical relations

Humanoid actions

50
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ASIA 2020 )
VIRTUA relation

Spatial arrangement
Boundary representation
Dense volume feature

Gestalt and symmetry grouping
Mechanical relations

Humanoid actions

SIGGRAPH Representation of the

- Relative position

- Co-occurrence

- Gravitational support

- Attachment

- Enclosure

- RAID descriptor [GMW16]

51
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VIRTUAL

O

« Spatial arrangement

Boundary representation \\ \
-

Dense volume feature

Gestalt and symmetry grouping

Mechanical relations

. _ - Intersection bisector surface (IBS) [ZWK14]
Humanoid actions - Interaction regions (IR) [HZvK*15]

52
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ASIA 2620

VIRTUAL relation

Spatial arrangement

Boundary representation
Dense volume feature
Gestalt and symmetry grouping
Mechanical relations

Humanoid actions

SIGGRAPH Representation of the
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Interaction landscapes [PKH*17]
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ASIA 2620 -
VIRTUA relation

Spatial arrangement

Boundary representation

Dense volume feature

Gestalt and symmetry grouping
Mechanical relations

Humanoid actions

SIGGRAPH Representation of the

- Symmetry hierarchy [WXL*11]

54
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VIRTUAL

O

 Spatial arrangement

Boundary representation

Dense volume feature

Gestalt and symmetry grouping

L

Mechanical relations

- Force drivers, joints, and gears
Humanoid actions [LOMI11, KLY*14, MYY*10, XLX*16]
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t’ SIGGRAPH Representation of the

ASIA 2620 :
VIRTUAL relation

Spatial arrangement

Boundary representation
Dense volume feature

Gestalt and symmetry grouping
Mechanical relations

Humanoid actions

- Gazing, grasping, holding, pushing,
pulling, and sitting [SCH*14,
FSL*15, SCH*16, MLZ*16]

56
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SIGGRAPH Representations of

ASIA 2020 - B
VIRTUA functionality

Functionality = Geometry + Interaction

57



SIGGRAPH Representations of

ASIA 2620 : :
VIRTUAL functionality

Functionality = Geometry + Int%on
Geometry-only (G) methods

% i /’7\ : i Meta-representation

‘ | of shape families
: /\\ | [FavkK*14]

0 0.5 1 1.5

O

Density

Angle between back and legs



SIGGRAPH Representations of

ASIA 2620 . :
virTua:  functionality

Functionality = Geometry + Interaction\/
Geometry + interaction (GI) methods

O

Interaction context
(ICON) descriptor
[HZvK*15]
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O

Functionality = Geometry + Interaction\/
Geometry + agent (GA) methods

Shape2pose: Human-
centric shape analysis
[KCGF14]

(a) Training Examples (b) High-probability contacts (¢) Predicted Pose

60



ASIA 2020 riteria

r SIGGRAPH Additional classification
) VIRTUA

« Model type: discriminative or generative
« Approach: supervised, unsupervised, or handcrafted

- Input data representation: RGB-D image, point cloud, mesh

61
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Classification criteria

Reprosertation of gooenctry or isleraction Addtional claswfication crilena

Works Peacscnad entity  Composen / meecsctng ey Dynamcey Rdwess Inpae Approach Model nype
Geometry -only 1G)

Xuetal XSO wonw oyt peo st SA mesh  hedkorated goneratne
Memell et . IMSLT 1) o oyt peo stal SA mesh  hsdkrated generaine
Yueta [YYT 1)) wone obyect-poo sial SA moh  spervned pencratne
Fuber et ol [FSHII) wene olbyect-goo stat SA moh hedkraficd  dcrsmmsatne
Fuheratal [IRS"12) madt)-obpoct obyect-goo stat SA mash  wpervised genvatne
ot [ZWKIG) madt)-obpect obyect-goo stat R oy hodratad  dwrmmatig
hao et . [ZHG" 16) ol obpect obwedt poo stal HR mesh  superyned gener sine
Iheag et A [Z00MI3) obect part-poo slal SG mah  hedorafad gencralne
Mitra et 2 [IMYY " 10) obyoct part-geo stat SG mah hedkrafod  dwrmmisatine
Xu et al [XLX"18) obyect pan-geo stat G N hed&ratad  durmisatng
Fush etal [FAVKT 14 ot P peo stat SA mesh  supervined g aine
Yamerat b [YKI4) obwext Pt poo stal SA mesh  supervned generaine
Poechul ot ol [PSRO%) part partpoo slal SA g swperyned diormmmsalne
Gelfand et al |GOM) post - - - mah hed&krafod dwrsmmatne
Andnes et al [ADSY Y obyoct - stat - - wipervined feneratne
Krs et al [KMG™ 20 oyt Pt PO st - s ey aed generatne

62
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Classification criteria

Reprosertation of gooenctry or isleraction

Works Pescsonad entity  Composens / mseccing eneey  Dynamicey Rodasess Inpa Approach Model ype
Geometry +interaction (G

Hu et al [HZWKT15) obwet o st HR L8 hodiraded  disormmmative
Hu of al [HvKW™ 16} obygect Vat - stat HR el wpervned diwremisatne
Pk ot al [PKHTIT) obyect dyn-mier dyn VF moah hedkrafiod  dcrmmmatne
Myers et & IMTFALS) post = stat SA N wparveed  dwrmmmatne
Kimet ¥ [KSI4) ot L stat SA g wpenvned  diwremimatine
Laga et al [EMS1]) ot S stat SA+SG mesh  spervsed dormmative
Huetal [HLK™17) part Wt vy dys SABR  pd wpervned diremusatne
Xiang ctal [XOM™ 29 pasrt et -awcy dyn SA moh wpervned  dwrmmmatne
Muatal [HYZ 1% oyt e stat SA+IR vl ey ned genratng
Yietal [YHLT 1) pont ey L) SA L3 wgervined  diaremisatine
Wang et al [WZS719) part Mk ey dys SA L8 swpervned  dirsnisaline
Yamectal [YHY™ 19 part Mk - iy dyn SA el wperyned  diwrmmmatne
Lactad [LWY™ 20| post -y dyn SA petd wpervined  dwremisatng
Kok et al [KSHN 1Y) post e e SA el ey el genratne
Lietdd [LSK2O) Pt Sk Wy L) SA LN sy ned genraine

63
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Classification criteria

Reprosertation of pooenctry or isleraction

Works Pescscnad entity  Composens / msecactng ety [Dynamicey Rdaess Inpa Approach Model nype
Geometry +apmt (GA)

Grabeer ¢t . |GGVGIT wene aposl - iphey sial HA meh  superyned gencralne
Sovvactal [SCH™ 14) wene aposl-indecr slal SAHA maoh  spervned  diormmmalne
ha et al (2327 10) wone agest-intcr sat SA moh  wpervined genratne
Juagetal IRS1Y) madt)-obpoct apent-inecy stat SA g wparveed  Swrmisatig
Wang et al [WLY17) ot objpect apest inker stal SA+HA  mesh  spernvoed  dirmimative
Fusher et ol [FSL715) mudt) - object apost ieder stal SAHA mesh  supervned gencraine
Savvactal [SCHT 14 mudti-obpoct agest-indcr stat SAHA mah  apervned gencratne
Mactad IMLZ"18) mult)-obpoct agent-inder dyn SAHA mavh wmsepernviied gencratne
hoaget d |Z1L.DM 6] obyoct apent-intcr stat SA mah  headkratod genratne
Kimet o [KCGEHE) ot apest inter stal SA mesh  supervined generaine
Bar Aviv & Rivim [BARDS) oot apoest ity stal SA+HA  mesh  hedkirafed  disormmmative
ecta [Z2C215) obyect apost - indcr dys SAHA g wperyned divcrenmatne
aoctal |[2CK17) obyoct apont-indcr dyn SAHA movh  hedkrafcd dcrmmmatne
Lovetal [LOLOS) obyect apont - inecy e SA mesh  wpervined gonratne
Leatd ILLK" 1Y) wonw apostintey stat SAHA g ey ned goneraine
Dhang et d [ZHN" 2 wene aposl - inder slat SAHA N spervned gercratne
Mao et &l IMZX" 19 obyect apost-indcr sial SA moh  apervned gencratne
Fueta 1FFY" 20 wone agont-inecY stat SA«HA  menh wperveed  Swrmmisating
Monsrpart et al, [ MGC™ 19) wenw agest-irecr stat SA g apervined gonratng
Reiz et ol [RMC19) wene apost inder st SA+BR  mesh  supervined genersine
Starke et o |SZKS 19 obwet aposd - ivdey e SA vol supery ned gencralne



(ji’s‘if%';'é Summary for definition
@ VIRTUA

« Use definition of functionality and additional criteria to
classify and discuss previous work

* Definition provides three groups of functionality methods

» Classification also useful when discussing unexplored areas
of research and future work

65
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Functionality = Geometry + Interaction

B P S

Nl

4
3
2
1
0 0 05 1 1.5

Angle between back and legs

Density

(b) High-probability contacts  (¢) Predicted Pose

GA methods

GI methods

G methods
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Geometry-only (G) methods
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i'gf'i‘o";'é Geometry-only methods

VIRTUAL
Functionality = Geometry + Invxwion

Geometry-only (G) methods

% i /’7\ : i Meta-representation

‘ | of shape families
: /\\ | [FavkK*14]

0 0.5 1 1.5
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Density

Angle between back and legs



H
¢ )i's(ig%o Geometry-only methods
@ VIRTUA

 Derive functionality only from geometry and structure
« Geometry and structure of parts, objects, or scenes
« Interactions with other entities are not considered

 Relations considered in the analysis are static

69
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VIRTUA

Discussion follows level of the entity:
 Scene-level functionality
 Object-level functionality

* Part-level functionality

70



SIGGRAPH

CJASIA 2620 Geometry-only methods
VIRTUA

Discussion follows level of the entity:
- Scene-level functionality
 Object-level functionality

* Part-level functionality

71
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@ VIRTUA

 Describe the functionality of a scene
« Specific object arrangements enable certain functionalities
 Consider relations between objects in the scene

- Spatial arrangements or boundary representations

72
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VIRTUA

O

LE ’.. i T
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-
L ,uuﬁlul '
o yament L

Constrained placement Interior design guidelines “Make it home”
[XSFO2] [MSL*11] [YYT*11]

- Automatically place objects to generate a scene

« Using placement constraints and rules, pseudo-physics, interior
design guidelines, and ergonomic factors

73



( SIGGRAPH ] ]
)Asu\zozo Scene-level functionality
VIRTUAL

- Parent Edge ——> Boolean Edge > Learned Edge

« “"Example-based synthesis of 3D object arrangements” [FRS*12]
« Synthesize scenes with a learned object co-occurrence model

74



2'32“232'8 Scene-level functionality

VIRTUAL

o ] [
@ =

|
— |

| Monitor “ ir

if - |
“Floal  _Alg
= Q& g 9 5

——» Scene graph parent-child re

Graph kernels Focal points
[FSH11] [XMZ*14]

O

relationship

« Content-based comparison for scene retrieval
 Considering co-occurrence of objects
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( SIGGRAPH ] ]
)Asu\zozo Scene-level functionality
VIRTUAL

Relationship template
[ZWK14] \ [ZHG*16] j

« Represent the spatial boundary between objects
 Applicable to scene comparison and template-based synthesis

76
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SIGGRAPH Relationship templates
ASIA 2020 [ZHG*16]

VIRTUAL

!

N 7 -
3 "
iTT

e 5w

How to make variations of complex relationship?
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SIGGRAPH Relationship templates
ASIA 2020 [ZHG*16]

VIRTUAL

O

Example scene :

A

Novel object 1 Novel object 2
78
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SIGGRAPH
ASIA 2620
VIRTUAL

Relationship templates
[ZHG*16]

Template construction: IBS
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ASIA 2620 Eﬁ'é‘f{%“smp templates

VIRTUA!

cell 3

Template construction: cells and features

80
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SIGGRAPH Relationship templates
ASIA 2020 ;[ c+16] P EEmp

YIRTUA!
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volume diameter frequency
distance function function decomposition

Shape Coverage Feature (SCF)

= 0.83
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O

Example scene :

Relationship templates
[ZHG*16]

Novel object

Novel Object Fitting

82
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Relationship templates
[ZHG*16]

SIGGRAPH
c )ASIA 2620
VIRTUAL

Novel Object Fitting: initial matching
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ASIA 2620
VIRTUAL  LZHG*16]

- -2

Novel Object Fitting: refinement

QSIGGRN’H Relationship templates

84
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VIRTUAL

Relationship templates

[ZHG*16]

Scene hierarchy

o

Combine with other scene
synthesis system

M. Fisher, D. Ritchie, M. Savva, T. Funkhouser, and
P. Hanrahan, “Example-based Synthesis of 3D

Object Arrangements” SIGGRAPH ASIA2012 g5



SIGGRAPH

CJASIA 2620 Geometry-only methods
VIRTUA

Discussion follows level of the entity:
 Scene-level functionality
- Object-level functionality

* Part-level functionality

86



2'32232'; Object-level functionality

VIRTUAI

O

« Examine the geometry and structure of the object
» Structure: represent a shape as a graph of parts
 Edges represent relations between connected parts

Relations

Parts

87



As.AzSZZ Object-level functionality

VIRTUAL

« Symmetric functional arrangements (SFARRs) [ZCOM13]
- Handcrafted rules to detect special groupings of parts
- Exchange sFARRSs between shapes to generate plausible shapes

88



i's‘i?"zé';'é Object-level functionality

VIRTUAL

5
© Mo &

(4) . (5) - (6)
mobion analyss arver annotated llustration causal chan

e Tllustrate the functioning of mechanical assemblies [MYY*10]
« Assemblies composed of mechanical components such as gears

 Infer motion with handcrafted rules based on symmetry relations
89



( Asmzé;g Object-level functionality

VIRTUAL

%
« Recover functioning of mechanical assemblies from images [XLX*16]
« Analysis of the geometry of linked parts in multiple views

90



c 2'32'532'3 Object-level functionality

VIRTUA

S e ae

o = N (A) &

/\A

o

0.2

Meta-representation
[FAVK*14]

| 212 p: 0.56
a:0.13

%

IS3pe3

Co-constrained handles
[YK14]

. Learn a part configuration model from a set of shapes of same family
 Evaluate validity of a shape based on how well it fits the model

91
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SIGGRAPH Meta-representation of

ASIA 2620
VIRTUAL shapes [FAVK*14]

p—

;s 8

—

Are these shapes “valid"?
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SIGGRAPH Meta-representation of

ASIA 2020
VIRTUAL shapes [FAVK*14]
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Learn validity from a collection

H
b g
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SIGGRAPH Meta-representation of

Pn 2920 shapes [FAvk*14]

Meta-representation

Input

ty
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= ar
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3
2t
o

u o 1.5 2 2.5 3
Angle between axis 1 of back and axis 2 of leg
. 6
. : /\’\
[ =
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: 1.5
X < Aglbtw 2fbkd is 2 of leg
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, 15
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o
I\
° 0.4

ty

1.4 1.6
Scale dff b etwe wdh f dleg

How to characterize “validity”?



(, SIGGRAPH Meta-representation of
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Relations for single parts
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Meta-representation of
shapes [FAVK*14]
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Angle between back and legs

Density
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Relations for pairs of parts
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|

Meta-representation of

shapes [FAVK*14]
| Back | Seat | leg _
m unary binary binary
m unary binary
Leg unary
Extent
=~ Unary:
Scale Rotation Contact
Binary:

Relations per shape
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(’ SIGGRAPH Meta-representation of
» Validity is useful in several applications:
 Exploration

« Guided modeling

 Coupled editing

99



SIGGRAPH Meta-representation of
ASIA 2020  ghapes [FAvk*14]

VIRTUAL
User edit '\\ ~

O

General editing approach
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General editing approach
101



SIGGRAPH Meta-representation of
ASIA 2020  ghapes [FAvk*14]

VIRTUAL

O

5

5

General editing approach
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Discussion follows level of the entity:
 Scene-level functionality
 Object-level functionality

- Part-level functionality
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VIRTUAL

O

 "Shape segmentation using local slippage analysis” [GG04]
 Discover slippable motions of a shape

- Reveal regions of shapes that are kinematic surfaces with same motion
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VIRTUA

 Functionality models derived from geometry and structure
» Models often capture functional properties of a shape
* But not all discovered properties relate to functionality

- Handcrafted models often include only few manually-
defined functionality types
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Geometry + Interaction




( ng Our definition of
)VlRTUAL functionality

Functionality = Geometry + Interaction

Atomic interaction:
<Functional entity, relation, interacting entity>

\
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» The functionality of an entity is well reflected by the way how
the entity is used when performing its functionality
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 Capture multiple, different interactions
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» Insensitivity to object geometry and count

¥ P

Trophies
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[E———
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» Group interactions in @ meaningful manner

L

Structural organization
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ry + interaction

VIRTUAL methods
Reprosentation of gooenctry of isleraction Addtional claswfication crilena
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« Handcrafted descriptors
« Atemporal interaction
 Time-varying interaction

» Supervised learning

« Object-level functionality
 Discriminative recognition
» Generative modeling

« Part-level functionality
« Atemporal interaction
» Time-varying interaction
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- Handcrafted descriptors
« Atemporal interaction
 Time-varying interaction

» Supervised learning

« Object-level functionality
 Discriminative recognition
» Generative modeling

« Part-level functionality
« Atemporal interaction
» Time-varying interaction
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SIGGRAPH Geometry + interaction
ASIA 2020 nethods

VIRTUAL

O

- Handcrafted descriptors
« Atemporal interaction
 Time-varying interaction

 Supervised learning

» Object-level functionality
« Discriminative recognition
» Generative modeling

« Part-level functionality
« Atemporal interaction
» Time-varying interaction
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(J SIGGRAPH Atemporal interaction

ASIA 20620 .
VIRTUA  representation

Interaction Bisector Surface
[ZWK14]

Interaction Region
[HZVK*15]
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VIRTUA  representation
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t’ SIGGRAPH Atemporal interaction

eg#uzﬂzo representation

source region

target reglion
query sketch RAID
RAID: A Relation-Augmented Image Descriptor 3D RAID

[GMW16] [HLK*17]
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r SIGGRAPH Atemporal multi-interaction
) VIRTUAL

Interaction context (ICON)
[HZVK*15]
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c SIGGRAPH Atemporal multi-interaction
JV'“TUAL organization
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SIGGRAPH Geometry + interaction
ASIA 2020 methods

VIRTUAL

O

- Handcrafted descriptors
» Atemporal interaction
- Time-varying interaction

» Supervised learning

» Object-level functionality
« Discriminative recognition
» Generative modeling

« Part-level functionality
« Atemporal interaction
» Time-varying interaction

[PKH*17]
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ASIA 2020 .
VIRTUA! representation

Motion particles Sensor regions

Interaction Landscapes descriptor

[PKH*17]
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ASIA 2620
VIRTUAL based retrieval

G

mage RIS N /i) |
retrieval — . ' - RAID
—_— | » [GMW16]

query sketch ‘ RAID " most snmllar‘relatlonshlps between source and target

R O B b g @6 98
o & RS bl §0vE

ICON [HZvK*15] Interaction Landscapes descriptor [PKH*17]
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Backpack

Chair

Drying Rack 7
]

?
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« Handcrafted descriptors
« Atemporal interaction
 Time-varying interaction

» Supervised learning

« Object-level functionality
 Discriminative recognition
» Generative modeling

« Part-level functionality
« Atemporal interaction
» Time-varying interaction
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SIGGRAPH Geometry + interaction
[R50 s

« Handcrafted descriptors

» Atemporal interaction functional
 Time-varying interaction function l ——
O | primitive
- - [O{ 1 }O/ Al, shapgltfunction
» Supervised learning 3 mapping
- Object-level functionality e I : l - Spatial relation mapping
 Discriminative recognition ! | v
- Generative modeling } YO
: : S YA
- Part-level functionality OO shape OO W)
« Atemporal interaction re'ationl

» Time-varying interaction Functional parts

[RDR95]
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Learning how objects function via co-analysis of interactions
[HVKW=16]
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( SIGGRAPH  Object-level functionality
) VIRTUAL recognition

Learning how objects function via co-analysis of interactions
[HVKW=16]
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t SIGGRAPH Object-level functionality
) VIRTUAL

Learning how objects function via co-analysis of interactions
[HVKW=16]
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VIRTUAL

Learning how objects function via co-analysis of interactions
[HVKWx16] 132
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r SIGGRAPH Application: function
)V"!TUAL enhancement
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Learning how objects function via co-analysis of interactions

[HVKWx16]
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!)ASIA 2620 Generative model
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- @

Object usage hallucination
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)AS'A 2020 context generation
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Table
Desk “
Predictive and Generative Neural Networks for Object Functionality 135
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fSIM-NET

Predictive and Generative Neural Networks for Object Functionality
[HYZ*18] 136
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ASIA 2620 Goal 1: Functionality prediction

VIRTUAL
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* Map given object to scenes showing suitable functionalities
 Learn a functional similarity measure between objects and scenes

Object Scene

i

Predictive and Generative Neural Networks for Object Functionality
[HYZx18] 137
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VIRTUAL Multiple

functionalities
( ot )
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’ E] ”t .‘:‘.I;e'ﬁch Distribution

Table

Predictive and Generative Neural Networks for Object Functionality
[HYZ*18] 138
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Predictive and Generative Neural Networks for Object Functionali
[HYZ+18]
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 Achieve into two steps: context generation and segmentation

IGEN-NET

% % "!f 7 :/7,:;-/ ?/;/ ” o : .
,.:,:g 7 -"'::'--"’f':f;’ H T : ; Z
Table 643 voxels x 3 indicators 643 voxels x (2+m) indicators

Predictive and Generative Neural Networks for Object Functionality
[HYZ*18] 140
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Predictive and Generative Neural Networks for Object Functionality
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[ Drying rack]
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Predictive and Generative Neural Networks for Object Functionality
[HYZ*18] 142
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B Riding
" Supporting

B Holding

[ Bicycle J y-
<~ B Contained

B Hanging
" Side-Supporting

B Contained

Predictive and Generative Neural Networks for Object Functionality
[HYZx18] 144
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Predictive and Generative Neural Networks for Object Functionality
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Predictive and Generative Neural Networks for Object Functionality
[HYZ+18] 146
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Predictive and Generative Neural Networks for Object Functionality
[HYZ*18] 147
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Predictive and Generative Neural Networks for Object Functionality
[HYZ+18] 148
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Predictive and Generative Neural Networks for Object Functionality
[HYZ+18] 149
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Predictive and Generative Neural Networks for Object Functionality
[HYZ+18] 150



( SIGGRAPH
ASIA 2620 Final results
VIRTUAL

Predictive and Generative Neural Networks for Object Functionality
[HYZx18] 151
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Predictive and Generative Neural Networks for Object Functionality
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ASIA 2020 methods
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« Handcrafted descriptors
« Atemporal interaction
 Time-varying interaction

» Supervised learning

« Object-level functionality
 Discriminative recognition
» Generative modeling

- Part-level functionality
« Atemporal interaction
. Time-varying interaction ®e® @ G [HZvK*15]
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Container Container )
B Handle B Candle r
B Base B Flame
M Top W Handle

r' SIGGRAPH Part-level semantic labeling

Segmentation and semantic labeling
[LMS13]

Semantic labeling with object affordance
[KS14]

(==
Label: liftable
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CISI:‘T\&?ZO prediction (atemporal)

O

Affordance score

» ® N &

Contact constraint

Il A

Task-specific grasps

{
/6‘9’.\.’ =

Affordance detection for task-specific grasping Learning to grasp 3d objects
[KSHK17] [LSK20]
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»

Pre-segmented
input

Static shape Dynamic motion

Learning to predict part mobility from a single static snapshot

[HLK*17] 156
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<0

Learning to predict part mobility from a single static snapshot
[HLK*17] 157
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( ’ASIA 2620 Linearity of motion

VIRTUAL

Learning to predict part mobility from a single static snapshot
[HLK*17] 158
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CJASM 2620 Start & end snapshots
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7 )
gL

Learning to predict part mobility from a single static snapshot
[HLK*17] 159
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!)Asu 2620 Snapshot descriptor
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Interaction Bisector Surface
[Zhao et al. 2014]

R

- ™ RAID-3D

/ =/ [Guerrero et al. 2016]

Interaction Region
[Hu et al. 2015]

=k e

Learning to predict part mobility from a single static snapshot
[HLK*17] 160
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!JASIA 2620 Snapshot-to-unit distance
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Learning to predict part mobility from a single static snapshot

[HLK*17]
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Learning to predict part mobility from a single static snapshot
[HLK*17] 162
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Learning to predict part mobility from a single static snapshot

[HLK*17] 163
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Pre-segmented x
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¢|si:¢lfa?2° (Time-varying interaction)

3 Flow Module

O

L X
nd N ‘\\.’ 7N /N NN
Paired input

Deep part induction from articulated object pairs
[YHL*18]
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single un-segmented partial

RPM-Net: recurrent prediction of motion and parts from point cloud

[YHY*19] e
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ASIA 2620 Direct mobility prediction

VIRTUAL

RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19]
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19]
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™ large

Point-wise
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 169
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RPM-Net: recurrent prediction of motion and parts from point cloud
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Motion Motion-based Mobility
hallucination segmentation prediction
\ J\
Y Y
RPM-Net Mobility-Net

RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 171
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VIRTUAL segmentation
Motion hallucination
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 172
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SIGGRAPH
ASIA 2620 RPM

173

recurrent prediction of motion and parts from point cloud
[YHY*19]
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 174
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Motion Motion-based Mobility
hallucination segmentation Prediction
\ J\
Y Y
RPM-Net Mobility-Net

RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 175
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 176
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RPM-Net: recurrent prediction of motion and parts from point cloud
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RPM-Net: recurrent prediction of motion and parts from point cloud
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19]
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RPM-Net: recurrent prediction of motion and parts from point cloud
[YHY*19] 183
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Cf.!ﬁﬁ?zo (Time-varying interaction)

O
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Input: - - "0 Output:
3D Point Cloud from | Part Pose
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/ I Part Amodal
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gt~ — <4 Bounding Boxes

Joint Parameters
Joint State

Category-level articulated object pose estimation
[LWY=%20]
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 Focus on object and part level functionalities
- Start with handcrafted functionality descriptors
» Recent learning-based methods for prediction and generation

- Both atemporal and time-varying interactions
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Geometry + Agent




i's‘i?" 23'52 Our definition of functionality

VIRTUAL

O

Functionality = Geometry + Interaction

Atomic interaction: \

<Fu5tional entity, relation, interacting entity>
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CJAsu\ 2020 Geometry + agent methods
VIRTUA

« Interaction with (humanoid) agent
 Can be special case of geometry + interaction methods
» Critical for human-centric functionality

» Recent interest in applications for fabrication, VR/AR
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Mactad IMLZ"18) multi-obpoct agent-indcr dyn SAHA mavh  wmseperviied gencratne
heaget d |[Z1LDM 6] obyect apent-inect stat SA mah  headkoratod genratne
Kimet dd [KCGFHE) oyt apest inter stal SA mesh  supervined genraine
BarAviy & Rivim [BARDS) oyt apoest ieder stal SAHA  mesh hsd&rafhad  docrmmimative
e ctal [Z2CZ15) obyoct apost-indcy dyn SAHA g wpervned diwrmmmatne
aoctal |[2CK17) obyoct apent- indcr dyn SAHA maovh  hedkraficd  dcrsmmsatne
Lovetadl [LOLOS) obyect apont - ineey e SA mesh  supervised gonratne
Leatd [LLK 19 wonwe ApOMtinaey statl SAHA g Py ned goneraine
Dhasg et d [ZHN" 2 wene apost - inder slal SAHA N spervned gencratne
Mao et & IMZX™ 19 obyect apost-indcr siat SA mah  spervned goncratne
Fuetal [FFY"20) wone agest-inacy stat SAHA mash  wperveed  dwremisatig
Monsrpart ¢t al, [ MGCT 19) wonw Agent-inecr stat SA rghd wape v ined gonratne
Reiz et ol [RMC 1Y) wene aposl ieder sial SA+BR  mesh  spervned genyaine
Starke et dd |SZKS 19 oot aposl - indey dye SA vol supery ned gencralne
Abssuki ot al. [AAIN) obyoct apost-intcr dyn SAHA g wpaveed dwcrmmmatne




SIGGRAPH

CJASIA 2020 AXxes of variation
VIRTUA

« Representation focus: agent-centric or functional entity-centric
 Functional entity level

 Relation type: time-varying or not

» Generation: agent(s) €<—-> scene

* Discrimination: scene quality metrics and object understanding
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Reprosertation of gooanctry of isleraction Addtiomal claswfication crilena

Works Composent | msecactiang eotiy Ridlaowes Inpa Model nype
Geometry sagmt (GA)
Grabwer et b [GGVGI aposl - indey HA mesh gencraine
Sovvactal [SCH™ 14) aposl - indey SAHA  mh Jdivcrenmatne
Iha et al (2327 16) agest-intcr SA menh gencratnve
Juag et al UKS1Y) agent-intcy SA rghd dTEimating
Warg et al [WLY17) et ey SA+HA  mesh Jescremnimative

wher et ol [FSLT15) apoest . indey SA+HA  mesh genyaine
Savvactal [SCH' I8 agost-indcr SA«HA  maoh gencratnve
Mactad IMLZ"18) agent-intcr SA«HA  mavh gencrative
heaget d |71 DM 6] apont- ity SA mnh fenratne
Kimet o [KCGFIHE) apeMtintey SA mesh generatine
Bar - Aviy & Rivlm [BARDS) apest indey SA+HA  mesh Jusrenmative
e ot . [Z2CZ1S) apost - indcr SAHA g dicremsatne
aoctal | 2CK17) apont - indcy SAHA  moh dicreEmsatne
Lovetad [LOLOS) HPOBEArECT SA msh - gonratne
Letd JLLK" 19 PO tey SAHA g goneraine
Dhasg et d |[ZHN" 2 aposl-inder SAHA g gencratne
Mao et . IMZX"19) aposl-indcy SA mesh gencratne
Fuetal [FVY" 20 agent-inecy SA«HA  menh dwTEusatng
Monsrpart et al, [ MGC™ 19) agost-inacy SA rghd : gonratne
Reiz et al. [RMC19) apost indey SA+BR  mesh ey aine
Starbe et . |SZKS 19 aposl - inley SA vol gencraine
Alssuki et al. |[AALIS) apost- indcr SA«HA g diwremsatne
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Geometry-centric Agent-centric
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ASIA 2020 Geometry-centric representations

VIRTUA

“reading a book” | “using a laptop”

Sittability prediction Action maps Object interactions
[GGVG11] [SCH*14] [FSL*15]

195



( SIGGRAPH i .
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VIRTUAL

~Interaction PiGraph :J

Shape2pose PiGraphs Character-object IBS
[KCGF14] [SCH*16] [ZCK17]

196



Asu\zé;g Functional entity level

VIRTUAL
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ASIA 2620 Functional entity level: scene

VIRTUA

O

“reading a book” y| “using a laptop”

Sittability prediction Action maps
[GGVG11] [SCH*14]
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® VIRTUAL

Interaction PiGraph

Object interactions PiGraphs
[FSL*15] [SCH*16]
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CJAS'A 2620 Functional entity level: object
» VIRTUAL

Shape2pose Character-object IBS Character interactions
[KCGF14] [ZCK17] [SZKS19]
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VIRTUAL

Atemporal

O

_Interaction PiGraph

Time-varying

| keyboard | |chair:seat|

[SCH*16] [SZKS19]
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O

|l W ; |
Motion patches Character-object IBS Character interactions
[LCLO6] [ZCK17] [SZKS19]
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2'32 23';'3 Generation: scene 2> agent(s)

VIRTUA

O

Generating 3D people Putting humans in a scene
[ZHN*20] [LLK*19]
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ASIA 2020 Generation: agent - scene

VIRTUAL

O

IMapper
[MGC*19]
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ASIA 2620 Discrimination: scene quality metrics

VIRTUAL

Accessibility
1

Human-centric scene assessment metrics
[FFY*20]
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!)ASIA 2620 Discrimination: object understanding
W VIRTU/

Tool use cIaSS|f|cat|on
[AA18] 206



SIGGRAPH Future directions for

CJC'S':‘T‘&?ZO geometry + agent methods

e Finer scale actions
e Social actions and hierarchical actions
 Time-varying relations in time-varying scenes

« Connections with robotics, computer vision, embodied Al

207



SIGGRAPH
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VIRTUAL

O

Virtual and augmented reality Fabrication
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CJASIAzozo Application domains
VIRTUA

» Classification, segmentation, and labeling
* Retrieval

 Synthesis

* Modeling and editing

« Visualization and fabrication

* Robotics and Al
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Part classification Object classification Scene classification

Contextual categories

(NS 4

B Container - 'p”t “reading a book” e “using a laptop”

M Handle
B Base
W Top

~ o v
TS | .

. . ‘ = i
L7 | Ay L4 Vi e o T Iy &, 1) I -
]
rite
1

[LMS13] [FRS*12] [SCH*14]
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VIRTUAL

Part retrieval Object-in-scene retrieval Scene retrieval

[GMW16] [HZVK*15] [SCH*14]
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aAsm 2620 Synthesis

VIRTUAL

3D scene synthesis Human interaction synthesis

[FSL*15] [SCH*16]
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aAsuze;g Modeling and editing

VIRTUAL
Object modeling Scene editing
Interior design guidelines
L

|

[ZLDM16] [MSL*11]
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CJAsu\ 2620 Visualization and fabrication
VIRTUAL

Assembly visualization Fabrication

[MYY*10] [LOMI11]

215



¢)As|A23;g Robotics and AI
VIRTUAL

Affordance detection for grasping SAPIEN: interactive 3D simulation

~~ @k &

Affordance score

» © b o

Contact constraint

g = -
O Rl

Task-specific grasps

[KSHK17] [XQM*20]
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VIRTUA

» Many application domains
 Functionality critical for both analysis and synthesis tasks

* Despite much recent work, open research questions abound
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Future Directions
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r’ ASIA 2620 Different levels of functional entities
VIRTUAL

(b) Object-union (c) Object (d) Part-union (e) Part

Multi-level treatment? Hierarchical representation?
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ASIA 2620 Interaction representation

VIRTUAL

\

More informative
representation?
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i’s‘i?'ié?é Input data type

VIRTUA
Mesh [HLK*17] Point cloud [Z\WK14] Volumetric data Parametric surface

incomplete / partially regions

8

/~\
9o ' 't? presence imperfect
Q of noise registration

Constructive solid geometry Raw scan [FSL+15]
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VIRTUAI

Mesh [HLK*17] Point cloud [Z\WK14] Volumetric data Parametric surface

/?\ - /‘5\ + RGB image
P o & [ZFFF14]
/ v\
<

Constructive solid geometry Raw scan [FSL+15]
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CJASIA 2020 Static vs. dynamic
VIRTUAL

[HLK*17]

[WXL*11]

(

1)
T —
\ - )=

[PKH*17]

[FAVK*14] Real data collection? g%




C | Asmza;g Handcrafted vs. data-driven
VIRTUAL

prior
knowledge
handcrafted
features
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amy
N—~

Large-scale 3D functionality dataset Machine learning advances

[Image source: Icons made by Pause08 www.flaticon.com] [Image source: Icons made by Becris www.flaticon.com]
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 Materials for physical reasoning
 Acoustic properties for sound-based functions

0 &1

/

®
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O

* Functionality-guided scene synthesis
* Functionality-driven AR/VR
 Functionality-driven interactive 3D simulation

[MGC*19]

[XQM*20]
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agsuzgg Full understanding of 3D shape
VIRTUAL

Same functionality
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Asu\ze;'; Full understanding of 3D shape

VIRTUAL

O

Same functionality Same style
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QAslAzozo “Grand challenge”
VIRTUA

» Model covering a range of functionality aspects
« Human-object
 Object-object
* Dynamic settings
 Physical properties

 Use the model for analysis and synthesis

» E.g., realistic shape and scene synthesis
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QASIA 2020 Summary

VIRTUA

« Comprehensive survey of work on functionality
* Definition of functionality: geometry + interaction

 Three classes of methods:
geometry-only, geometry + interaction, geometry + agent

* Factorization into intrinsic and extrinsic properties
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CJASIA 2620 Limitations

VIRTUA

 Functionality definition is not complete or perfect

» What are other ways of encoding functionality?

« What are the fundamental properties of parts, objects, scenes?

 Key question: form from function or function from form?
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QASIA 2620 Thank you!

VIRTUA

« Reasoning about functionality is ubiquitous

* Emerging connections between applications in graphics, vision,
robotics, and Al

e Check out the course website for more information and for our
contact details!

https://learn3dfunc.github.io/
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