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RWTHAACHEN
UNIVERSITY

RWTH Computer Graphics & Multimedia Group

e Prof. Dr. Leif Kobbelt

» Computer Graphics
> Geometric Modelling

e Prof. Dr. Bastian Leibe
> Computer Vision
> Machine Learning

Lehrstuhl Informatik 8 & .
Computergrafik und
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UMIC Research Centre
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RWTHAACHEN
UNJVERSITY

Research Focus: Mobile Vision Applications

e Three main scenarios

Mobile phones, Mobile robotics, Intelligent vehicles
Wearable computing Personal mobility

B. Leibe
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Research Directions

e Mobile Visual Search
» Recognition from mobile phones
> Automatic content creation
» Towards mobile AR applications...

 Mobile Object Detection and Tracking
~ Object categorization
~ Scene geometry estimation
> Multi-person tracking
- Detailed body pose analysis
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RWNTH
Target Scenario: Pedestrian Navigation

Aachen

* Mobile visual search
> Simply point the camera to any object/building of interest.
> Images are transmitted to a central server for recognition.

» Object-specific information is sent back to be displayed on the
mobile phone (mobile AR).
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System Overview

e How can we make
this scalable for an
entire city?

Geographic Coordinates Loéaﬁ?é??”
and Orientation

Rendering Server Localization Server

Geotagged
Image Database

B. Leibe
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R ONVERSITY
World-Scale Mining for Content Creation

flickr“

ﬂﬂ' L e
XTI,

@-w

F !i iy

= Zlia O = Ill!lﬂ!

bR Lt s R | 1Ry

Mining geotagged images Extracted Image clusters

Auto-
annotation

You can support Wikipedia by making a tax-deductible donalion,

article | [ discussion edit this page | [ fisiory

Arc de Triomphe du Carrousel

From Wikipedia, the free encyciopedia

The Free Encyclopedia

museunm louvre .

muUseum WIKIPEDIA: I @ Thearice does not e any Feferences o Sources, imer 57

The Are de Triomphe du Carrousel is a tiumphal arch in Paris, France. Itis located on the Place

= Main Page
du Carrousel, justto the westof the Louvre,
carrousel i
= Foaured content Designed by Charles Percier and Pierre Léonard Fontatine, the arch was made between
I 3 h = Current events 1806-1808 by the Emperor Napoleon | on the model of the Arch of Septimius Severus in Rome. It
carrousal triomphe e s i was commissioned to commemorate France'smiliary victores n 1605.twas originally

‘surmounted by the famous horses of Saint Mark's Cathedral in Venice, captured by Napoleon, but

- ineraction
I h these were retumed to Venice in 1515. They were replaced by & quadriga sculpted by Baron
farrouse tr 1om P £an ) oot Wit Frangois Joseph Bosio, depicting Peace riding in a triumphal chariot led by gilded Victories on
|: arr |:| LI S-E I tr i|:| m ph E ar{ d LI both sides. The composition commemorales the Restoration of the Bourbons following Napoleon's
carrousel tfriomphe du s o oo o g adrs 10 Enpr. 1 o < seean e T,
bas-reliefs depict:

downfall
n
Carrousze I arc Tm— = the Arms of the Kingdom of lialy with figures representing History and the Arts

Gommunity portal
Recent changes

Contact Wiipedia:

Donate to Wikipedia The highest arch i flanked by another two emaller ones. Around its exterior are eight Corinthian

sl T = the Arms of the French Empire with Victory, Fame, History and Abundance
Carrouss| arnC au = Wisdom and Strength holding the ams of the Kingdom of faly, aceampanied by Prudence and
Hookiox Victory.

= Whatlinks here

Freq uent tags ot aalll [t bt i
http://en. WIklpedla.ﬂrg#’mklfArc de Trmmphe du_Carrousel

7
B. Leibe [Quack, Leibe, Van Gool, CIVR’08]



RWTHAACHEN
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Example Results: Famous Tourist Sights

-

Cluster image

http://en.wikipedia.org/wiki/Basilica_of_the_Sacr%C3%A9_C%C5%93ur
426 Elements, 233 users, 287 days. Precision: 100%

httpWen.wikip-edia.c;rg/wiki;}Notre_Dame_de_Paris
588 elements, 287 users, 334 days. Precision: 100%

[Quack, Leibe, Van Gool, CIVR’08]
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RWTHAACHEN
NIVERSITY

Example Results: Matching Under Occlusion

\

http://en.wikipedia.org/wiki/Old_Town_Square_(Prague)
262 elements, 122 users, 195 days. Precision: 98%.

http://en.wikipedia.org/wiki/Colosseum

582 elements, 190 users, 252 days. Precision: 100%
B. Leibe |Quack, Leibe, van Gool, CIVR’08]

()]
=
©

c

«
i)

()

S

()
©

=
=

()

| e

Q

(&)
({p]
‘©

=
&
>
Q2
B

(@)
=

(2]
T

S

«©

3
|—



Research Directions

e Mobile Visual Search a
» Recognition from mobile phones 2, V
» Automatic content creation (% 4
» Towards mobile AR applications... -

 Mobile Object Detection and Tracking
~ Object categorization
~ Scene geometry estimation
> Multi-person tracking
- Detailed body pose analysis

Joint work with: Andreas Ess Konrad Schindler
Stephan Gammeter (TU Darmstadt)
Luc Van Gool

(ETH Zurich) 11
B. Leibe
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UNIVE%IIw
Towards Visual Scene Understanding

PRI LR
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e Objectives e Challenges
» Detect & track people in environment > We are moving
» Interpret their motion » Objects are moving
» Predict their future behavior - Significant occlusions ,,
B. Leibe




UNIVE%IIw
Towards Visual Scene Understanding
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e Objectives e Challenges
~ Detect & track objects in environment - We are moving
» Interpret their motion » Objects are moving
» Predict their future behavior - Significant occlusions
B. Leibe



RWNTH
Integration Principle: Cognitive Loops

3D Motion Models
@const@ ; > GrackinD

Independent Motion

Integrate different vision modalities through
Cognitive Feedback

14
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Outline

e Object Recognition
> Implicit Shape Model (ISM) approach

e Integration with Scene Geometry
~ Coupled object detection & 3D estimation

e Temporal Integration
> Multi-hypothesis tracking-by-detection

e Visual Odometry
» Feedback from detection and tracking

e Putting It All Together...

» Mobile pedestrian tracking
~ Articulated tracking under egomotion

B. Leibe
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RO INNERSITY
Object Categorization & Detection

e ISM Object Detection

Original Image Interest Points Matched Codebook Probabilistic

Entries
\

_~ o
A .._-_ - e gy e - ¥ T
- - |-
- W a H % % 3D Votiné szla(:ex
Segmentation (continuous)

Refined Hypotheses Backprojected Backprojection
(optional) Hypotheses of Maxima

[Leibe, Leonardis, Schiele, 1JCV’07]

e Pedestrian Detection in Crowds

[Leibe, Seemann, Schiele, CVPR’05]
16

Bastian Leibe
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Outline

e Integration with Scene Geometry
~ Coupled object detection & 3D estimation
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B. Leibe
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Scene Geometry Estimation

e Goal: Find the ground plane
~ Restrict object location
> Assume Gaussian size prior
= Significantly reduced search space

Structure-from-Motion

Search
corridor

Y

X
Search Space

/™Y

Dense stereo
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RWTHAACHEN
UNJVERSITY

Detections Using Ground Plane Constraints

left camera
1175 frames
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RWTH
Object & Ground-plane Reasoning

e Probabilistic combination in Bayesian network

i=l.n Groundplane 7T

Object detections 0;

Depth measurements d,

y—— = . W

Groundplane measurements Object detections (ISM) Depth verification
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RWTH
Object & Ground-plane Reasoning

recording setup

Pedestrian detector output

isual Scene Understanding

o Effect:
> Reliable detections from scene context
> Accurate 3D positioning from depth map

[Ess, Leibe, Van Gool, ICCV’07]*



Outline

e Temporal Integration
> Multi-hypothesis tracking-by-detection
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UNI\IE%II%IQI
Coupled Detection and Tracking

Object detections Spacetime trajectories

\ /

Model
selection

(Quadratic Boolean Optimization)

23
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RWTHAACHEN
Multi-Object Tracking by Detection

UNIVERSITY
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RWTHAACHEN
Multi-Object Tracking by Detection

Hypotheses Selected tracks

UNIVERSITY

e Multi-hypothesis tracking with model selection in each frame
e Ability to recover temporarily lost tracks

25
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RWTHAACHEN
UNIVERSITY

Dynamic Scene Analysis

150%,

30° 4|

N -
,,,,,,,,,,,

[Leibe, Cornelis, Cornelis, Van Gool, CVPR’07]
26
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Original 3D Reconstruction
(\.

“Cognltwe *.

B Loop N;(s

(@)]
=
e

c

(1]
i)

()]

p -

(]
e

c
|

()]

c

(]

O
n
©

-
2
>
Q
o)

O
=

(7))
T

] |5

© [

3
=

27
[Cornelis, Leibe, Cornelis, Van Gool, 1JCV’08]



Outline

e Visual Odometry
» Feedback from detection and tracking
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Visual Odometry

e Defines common coordinate frame

. .%&:\\
~ Basis for tracking-by-detection in 3D >

e Stereo-based Structure-from-Motion . _
~ Similar to Nister et al., CVPR’04 : = \;éf’j*":‘"j"’“”'

Feature detection

A 4

3D-2D matching

Pose estimation

\ 4

4

A

Triangulate points

A

Bundle adjustment
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RWTHAACHEN
UNIVERSITY

Feedback to Visual Odometry

* Not all parts of scene are static
» Detector / Tracker give semantic information

> Mask out moving parts
= Restrict localization efforts to static parts

» Feedback
_ from tracker

\ 4
\ 4

A

r
Predict position Feature detection 3D-2D matching Pose estimation

A A

Y
Failure detection

A

A

Update position [« Triangulate points Bundle adjustment

A

A

Create new VO
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RWTHAACHEN
UNIVERSITY

Feedback to Visual Odometry

Camera path

D ey AR :
) R R
o) i
= N S PR
O E
c i
© :
ajd g
(7)) ;
S .
()] fa GEE s IR
© ;
c :
- :
Q i
0 2 [t it e g ...............
3] :
/) ;
S :
- | D_j ...............
& ;
> 5
2 5
e} 5 i
®)] o 2 4
E b3
% Standard VO
= Failure detection, no masking
= Failure detection + maskin3%
|9 B. Leibe



Outline

e Putting It All Together...
> Mobile Pedestrian Tracking

> Articulated tracking under egomotion
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UNIVEF%IIw
Mobile Tracking Through Crowds

Ky ¥
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[Ess, Leibe, Schindler, Van Gool, CVPR’08]
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An Extreme Case...
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[Ess, Leibe, Schindler, Van Gool, CVPR’08]



| | R w im B

Predicting Behavior of Dynamic Obstacles

(Cooperation with Toyota Motor Corporation)
38
[Ess, Leibe, Schindler, Van Gool, ICRA’09]
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RWTHAACHEN
UNIVERSITY

Application in Cars

(Cooperation with Toyota Motor Corporation)
39
[Ess, Leibe, Schindler, Van Gool, PAMI’09]
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RWTH
Multi-Person Tracking as new Basic Unit

it psron
ragRlng

3D Sibhouettesiels

. e — iculated
(_ ragmettatiion . “Tresidhg

IByromidPaséiBrion

e Many interesting ways to go on from here...

40
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RWTH
Recovering Articulations

1...N
‘Multi-Person Tracker "\ (Articulated Tracker Tracklet;
Top-down ,ﬁ]%
Prior ﬁ\
Human Multi-Person 71
[1 : o VM E -
S Detection Tracking | ‘./.k
R Body i Body Pose L\
Seqmefrntation Estirriation ;
L / \_ Shape prediction Body Pos‘?

e |dea: Only perform articulated tracking where it’s easy!

e Multi-person tracking
~ Solves hard data association problem

e Articulated tracking
> Only on individual “tracklets” between occlusions
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[Gammeter, Ess, Jaeggli, Schindler, Leibe, Van Gool, ECCV’08]



Articulated Multi-Person Tracking

i
EURET

e Multi-Person tracking
~ Recovers trajectories and solves data association

e Articulated Tracking
- Estimates detailed body pose for each tracked person
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[Gammeter, Ess, Jaeggli, Schindler, Leibe, Van Gool, ECCV’08]



Articulated Tracking under Egomotion

-
Jil
Il

i
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e Guided segmentation for each frame
> No reliance on background modeling
~ Approach applicable to scenarios with moving camera
~ Feedback from body pose estimate to improve segmentation
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[Gammeter, Ess, Jaeggli, Schindler, Leibe, Van Gool, ECCV’08]



RWTHAACHEN
. . UNIVERSITY
Typical Failure Cases

e Too big pedestrians
» Not completely visible
» Separate detector necessary

e False positives on reflections, trees, trashcans, ...
> Multi-class detector?
> OK for path planning: in most cases, still an obstacle

45

Towards Mobile Visual Scene Understanding



Keys for Success

e Bayesian network for detection
> Allow modification of bounding boxes
> Use of confident depth information
> No hard decision about ground plane
~ Spatial prior from tracker

e Multi-hypothesis tracking
~ Per-frame model selection
~ Depth information for localization

e Visual Odometry
» Feedback from Tracking/Detection
» Failure detection
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1111
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Conclusion

e Visual scene understanding
~ Vision is becoming feasible in the real world.
> Many individual components are getting sufficiently mature.
> Robust performance possible through combination.

e Perspective for Augmented/Mixed Reality
» Currently still restricted to high-power hardware...
» But real-time reachable within next 2 years.

~ Novel capabilities for AR applications?
- Object categorization
- Reaction to people
- Augmenting categorical objects

e What use can we make of this for AR/MR applications?
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Thank you very much!

Local Features
K. Mikolajczyk
N. Cornelis

T. Quack

Obj. Detection
E. Seemann

M. Fritz

A. Thomas

A. Lehmann
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A. Leonardis

B. Schiele

Tracking
K. Schindler
A. Ess

Collaborators

]
[

lh
IIuH, i
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B. Leibe

RWTHAACHEN
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Body Pose Est.
T. Jaeggli
S. Gammeter

SfM & Stereo
N. Cornelis

K. Cornelis

A. Ess

T. Weise

System Integr.
A. Ess

K. Schindler

L. Van Gool
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Timing

e C/C++ implementation
» Without detector currently 3-4 fps

 Many calculations can be cached
e Detector current bottleneck

~ Faster detectors can be plugged in (e.g. fastHOG on GPU)
~ Parallelization possible

Component CPU | GPU Time
Detector x 2x 15s
Depth map x x 1155/ 0.020s
Bayesian Network x 0.200s
Visual odometry x x 0.020s
Tracking x 0.100s

(per frame)
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Large Datasets Available

e ICCV’07 Data

> 4 Sequences

> ~2200 frame pairs total

> ~10,900 Pedestrian annotations
~ Cameras + groundplane from SfM
~ Various baseline performances

e CVPR’08 Data

> 3 New sequences

> ~2750 additional frame pairs

- Pedestrian annotations (every 4t" frm)
~ Camera + groundplane from SfM

~ Various baseline performances

Data available at
http://www.vision.ethz.ch/aess 50
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Lehrstuhl Informatik 8 RWMCHEN
C fik und
Miltmedia UNIVERSITY

Mobile Multi-Person Tracking in Highly
Dynamic Environments

RWTH Aacher

MIRACLE Workshop,
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Lehrstuhl Informatik 8 RWMCHEN
C fik und
Miltmedia UNIVERSITY

Visual Scene Understanding in Highly
Dynamic Environments

RWTH Aacher

MIRACLE Workshop,

Towards Mobile Scene Understanding

| lumic
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