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AI AI

Artificial Intelligence and Autonomous Vehicles
Prof. Alexandre Alahi

Visual Intelligence for 
Transportation
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AI

AI
Social
agent

Social
agent

Social
agent

Social
agent

Social
agent

Social
agent

Social
agent

Forecasting is essential…

“Humans subconsciously forecast the future…
Autonomous Vehicles must have the same forecasting capability to harmlessly and effectively co-exist”, 

Our lab goal.
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time t Autonomous  ✓

t+3 Autonomous ✗
=> engineer was right! The AV would have 

led to a catastrophic collision

t+1 Autonomous  ✓

t+2 Autonomous ✗
=> Disengagement: engineer intervened 

to prevent collision

Mountain View, 2019/05/19

What will the pedestrian do next?
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Perceiving Planning
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Perceiving PlanningForecasting

Forecast to stop
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AI must forecast agent-agent* interactions =   Social Forecasting

98% of AV accidents are due 
to an unexpected stop*

* Favarò,F., et al., "Examining accident reports involving autonomous vehicles." PLoS one , ‘17

Forecast not to stop

*agent = any moving entity in the world (driver, pedestrian, cyclist…)
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t Autonomous  ✓

t+3
Autonomous ✗
=> Our robot does not comply with social norms

t+1 Autonomous  ✓

t+2
Autonomous ✗
=> Our robot freezes in close human proximity

time

Lausanne, 2020/07/15
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Perceiving Planning

Talking

Social Forecasting

Our “AV” in Lausanne
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Social Forecasting

Perceiving Planning

Socially-aware 
AI
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Object detection
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 Body poses + Activities

Walking

+ Relationships
Standing

2.3m 2.1m 2.2m
4.5m

Walking

Standing

Talking

[6] Monoloco: Monocular 3D pedestrian localization and uncertainty estimation, ICCV’19; [7] MonStereo, ICRA’21
[4] Convolutional Relational Machine, CVPR’19; [5] Detecting 32 Pedestrian Attributes, IEEE ITS’21

[1] PifPaf: Composite Fields for Human Pose Estimation, CVPR’19; on-line demo: vitademo.epfl.ch/movements
[2] Keypoints communities, ICCV’21; [3] OpenPifPaf, open-source library, IEEE ITS’21

vitademo.epfl.ch/movements
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[1] Monoloco: Monocular 3D pedestrian localization and uncertainty estimation, ICCV’19; [2] MonStereo, ICRA’21
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[1] Monoloco: Monocular 3D pedestrian localization and uncertainty estimation, ICCV’19; [2] MonStereo, ICRA’21



§
VI

TA

Al
ex

an
dr

e 
Al

ah
i, 

EP
FL

 

14

Object detection then Object tracking
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1 2
45

3

Pose detection with tracking

[1] OpenPifPaf, IEEE transactions on ITS’21 (online demo: https://vitademo.epfl.ch/movements)

https://vitademo.epfl.ch/movements


§
VI

TA

Al
ex

an
dr

e 
Al

ah
i, 

EP
FL

 

16

[1] OpenPifPaf, IEEE transactions on ITS’21 (online demo: https://vitademo.epfl.ch/movements)

https://vitademo.epfl.ch/movements
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[1] on-line demo: vitademo.epfl.ch/movements
[2] Keypoints communities, ICCV’21; [3] OpenPifPaf, open-source library, IEEE transactions on ITS’21

vitademo.epfl.ch/movements
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[1] Detecting 32 Pedestrian Attributes for Autonomous Vehicles, IEEE transactions on ITS’21
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[1] Looking dataset:  https://looking-vita-epfl.github.io/

https://looking-vita-epfl.github.io/
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Intention to cross (in blue), or not (in green)

[1] Pedestrian Intention Prediction: A Convolutional Bottom-Up Multi-task Approach, TRC’21
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Social Forecasting

Perceiving Planning

Socially-aware 
AI
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§ Input: several sequences of states

§ Output: forecast the future states, 
e.g., next 5 seconds

Social Forecasting 
(w/ pedestrians)

23
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§ Input: several sequences of states

§ Output: forecast the future states, 
e.g., next 5 seconds

§ State:
• (xt,yt) coordinates in time 
• Body pose [1]
• Attributes (e.g., on the phone, eye contact) [2]

§ Challenge 1: agent-agent interactions
§ Challenge 2: disentangle physics from social

Social Forecasting 
(w/ pedestrians)

24

Observed sequence
Forecasted sequence

On the phone Eye contact

[1] PifPaf, CVPR’19
[2] 32 attributes detector, ITS transactions’21
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§ Input: several sequences of states
+ scene infrastructure

§ Output: forecast the future states, 
e.g., next 5 seconds

§ Challenge 1: agent-agent interactions
§ Challenge 2: agent-scene interactions
§ Challenge 3: additional external constraints

Social Forecasting
(w/ vehicles)  

25
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(x2
1, y

2
1)

<latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit>

(x3
1, y

3
1)

<latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit>

Observed sequence
Forecasted sequence
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(x1
1, y

1
1)

<latexit sha1_base64="+n21ZqAo7cNp50CM/OoEUIAD4B0=">AAAB+XicbVC7TsMwFHV4lvIKMLJYtEhFQlXcBcYKFsYi0YfUhshxndaq40S2UxFF/RMWBhBi5U/Y+BucNgO0HOnqHp1zr3x9/JgzpR3n21pb39jc2i7tlHf39g8O7aPjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yW3ud6dUKhaJB53G1A3xSLCAEayN5Nl2tfb0iDx0CdO8XVQ9u+LUnTngKkEFqYACLc/+GgwjkoRUaMKxUn3kxNrNsNSMcDorDxJFY0wmeET7hgocUuVm88tn8NwoQxhE0pTQcK7+3shwqFQa+mYyxHqslr1c/M/rJzq4djMm4kRTQRYPBQmHOoJ5DHDIJCWap4ZgIpm5FZIxlphoE1bZhICWv7xKOo06curovlFp3hRxlMApOAM1gMAVaII70AJtQMAUPINX8GZl1ov1bn0sRtesYucE/IH1+QMgQJFd</latexit><latexit sha1_base64="+n21ZqAo7cNp50CM/OoEUIAD4B0=">AAAB+XicbVC7TsMwFHV4lvIKMLJYtEhFQlXcBcYKFsYi0YfUhshxndaq40S2UxFF/RMWBhBi5U/Y+BucNgO0HOnqHp1zr3x9/JgzpR3n21pb39jc2i7tlHf39g8O7aPjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yW3ud6dUKhaJB53G1A3xSLCAEayN5Nl2tfb0iDx0CdO8XVQ9u+LUnTngKkEFqYACLc/+GgwjkoRUaMKxUn3kxNrNsNSMcDorDxJFY0wmeET7hgocUuVm88tn8NwoQxhE0pTQcK7+3shwqFQa+mYyxHqslr1c/M/rJzq4djMm4kRTQRYPBQmHOoJ5DHDIJCWap4ZgIpm5FZIxlphoE1bZhICWv7xKOo06curovlFp3hRxlMApOAM1gMAVaII70AJtQMAUPINX8GZl1ov1bn0sRtesYucE/IH1+QMgQJFd</latexit><latexit sha1_base64="+n21ZqAo7cNp50CM/OoEUIAD4B0=">AAAB+XicbVC7TsMwFHV4lvIKMLJYtEhFQlXcBcYKFsYi0YfUhshxndaq40S2UxFF/RMWBhBi5U/Y+BucNgO0HOnqHp1zr3x9/JgzpR3n21pb39jc2i7tlHf39g8O7aPjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yW3ud6dUKhaJB53G1A3xSLCAEayN5Nl2tfb0iDx0CdO8XVQ9u+LUnTngKkEFqYACLc/+GgwjkoRUaMKxUn3kxNrNsNSMcDorDxJFY0wmeET7hgocUuVm88tn8NwoQxhE0pTQcK7+3shwqFQa+mYyxHqslr1c/M/rJzq4djMm4kRTQRYPBQmHOoJ5DHDIJCWap4ZgIpm5FZIxlphoE1bZhICWv7xKOo06curovlFp3hRxlMApOAM1gMAVaII70AJtQMAUPINX8GZl1ov1bn0sRtesYucE/IH1+QMgQJFd</latexit><latexit sha1_base64="+n21ZqAo7cNp50CM/OoEUIAD4B0=">AAAB+XicbVC7TsMwFHV4lvIKMLJYtEhFQlXcBcYKFsYi0YfUhshxndaq40S2UxFF/RMWBhBi5U/Y+BucNgO0HOnqHp1zr3x9/JgzpR3n21pb39jc2i7tlHf39g8O7aPjjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yW3ud6dUKhaJB53G1A3xSLCAEayN5Nl2tfb0iDx0CdO8XVQ9u+LUnTngKkEFqYACLc/+GgwjkoRUaMKxUn3kxNrNsNSMcDorDxJFY0wmeET7hgocUuVm88tn8NwoQxhE0pTQcK7+3shwqFQa+mYyxHqslr1c/M/rJzq4djMm4kRTQRYPBQmHOoJ5DHDIJCWap4ZgIpm5FZIxlphoE1bZhICWv7xKOo06curovlFp3hRxlMApOAM1gMAVaII70AJtQMAUPINX8GZl1ov1bn0sRtesYucE/IH1+QMgQJFd</latexit>

(x2
1, y

2
1)

<latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit><latexit sha1_base64="muLqeJ8kQaHtOCSyLcY+YEsR3Zo=">AAAB+XicbVDLSsNAFL3xWesr6tLNYCtUkJJ0o8uiG5cV7APaGCbTSTt08mBmUgyhf+LGhSJu/RN3/o2TNgttPXC5h3PuZe4cL+ZMKsv6NtbWNza3tks75d29/YND8+i4I6NEENomEY9Ez8OSchbStmKK014sKA48Trve5Db3u1MqJIvCB5XG1AnwKGQ+I1hpyTXNau3pseHalyjN20XVNStW3ZoDrRK7IBUo0HLNr8EwIklAQ0U4lrJvW7FyMiwUI5zOyoNE0hiTCR7RvqYhDqh0svnlM3SulSHyI6ErVGiu/t7IcCBlGnh6MsBqLJe9XPzP6yfKv3YyFsaJoiFZPOQnHKkI5TGgIROUKJ5qgolg+lZExlhgonRYZR2CvfzlVdJp1G2rbt83Ks2bIo4SnMIZ1MCGK2jCHbSgDQSm8Ayv8GZkxovxbnwsRteMYucE/sD4/AEjV5Ff</latexit>

(x3
1, y

3
1)

<latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit><latexit sha1_base64="z75BlCzBinrRIJXq/9lNBnuTxW4=">AAAB+XicbVDLSsNAFL2pr1pfUZduBluhgpSkLnRZdOOygn1AG8NkOmmHTh7MTIol9E/cuFDErX/izr9x0mahrQcu93DOvcyd48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW8zvzOhQrIofFDTmDoBHobMZwQrLbmmWak+PV669gWaZu284pplq2bNgVaJnZMy5Gi65ld/EJEkoKEiHEvZs61YOSkWihFOZ6V+ImmMyRgPaU/TEAdUOun88hk608oA+ZHQFSo0V39vpDiQchp4ejLAaiSXvUz8z+slyr92UhbGiaIhWTzkJxypCGUxoAETlCg+1QQTwfStiIywwETpsEo6BHv5y6ukXa/ZVs2+r5cbN3kcRTiBU6iCDVfQgDtoQgsITOAZXuHNSI0X4934WIwWjHznGP7A+PwBJm6RYQ==</latexit>

Observed sequence
Forecasted sequence

Social Forecasting 
(w/ pedestrians)

(x1
1, y

1
1)
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Robustness

Social Forecasting
(w/ vehicles)  
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Learning paradigms 27

We collected the largest crowd dataset
(42 millions of examples)

SF = Social Force
IGP = Interacting Gaussian Processes
RVO = Reciprocal Velocity Obstacle
ORCA = Optimal reciprocal collision-
avoidance 
LSTM = Long Short-Term Memory
GAN = Generative Adversarial Network
TTT = Test-Time Training

✓ Accuracy
✗ interpretability
✗ Robustness 

✗ Accuracy
✓ Interpretability
✓ Robustness

Knowledge Data

✓ Accuracy
✓ Interpretability
✓ Robustness

Data+knowledge
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§ Open-source library (> 15 models)
• https://github.com/vita-

epfl/trajnetplusplusdata

§ Data+evaluation protocols
§ Challenge on Aicrowd

• https://www.aicrowd.com/challenges/trajn
et-a-trajectory-forecasting-challenge

Trajnet++ 28

https://github.com/vita-epfl/trajnetplusplusdata
https://www.aicrowd.com/challenges/trajnet-a-trajectory-forecasting-challenge
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✗ Not Robust

Observed sequence
Forecasted sequence by [1]

✗ Collision
✗

[1]  Ynet, ICCV’21, Top ranked model in Trajnet++ public challenge 

Learned Representation

Generator     Encoder
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 Current paradigm 30

Learned Representation

Generator     

Because
1. Imbalanced/missing data

Solution
§ Knowledge-Data

Encoder

Current paradigm: 

Use data to learn the task of 
navigation from scratch

Our proposed paradigm: 

Use data to only learn concepts we struggle to explain 
(e.g., our social norms) 

✗ Not Robust
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Physical laws

31

Learned Social Residual

Encoder Generator     

Know
ledge-driven
m

ethod

Social rules

Because
1. Imbalanced/missing data

Solution
§ Knowledge-Data

• Knowledge as input

Social rules

Learned residual from data.
Physically constrained space

Physical laws

Output of knowledge

Proposed Knowledge-Data paradigm

[1] Injecting knowledge in data-driven vehicle trajectory predictors, TRC’21
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Learned Disentangled Social Representation

Physical laws

32

✓ Generalizable
(low-shot transfer)

Outcome

Social rules

Because
1. Imbalanced/missing data

Solution
§ Knowledge-Data

• Knowledge as input
• Knowledge within

Proposed Knowledge-Data paradigm

[1] Towards Robust and Adaptive Motion Forecasting: A Causal Representation Perspective, CVPR’22
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Because
1. Imbalanced/missing data

Learned Disentangled Social Representation

Physical laws

Social rules

Repulsive

Attractive

Solution
§ Knowledge-Data

• Knowledge as input
• Knowledge within
• Knowledge as supervision

Proposed Knowledge-Data paradigm

[1] Interpretable Social Anchors, CVPR’21
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 Knoweldge-data driven 
mathematical framework

34

Discrete Choice Models 

Utility  Systematic   Random

U = V +   ε

Predicted choice

[1] Enhancing Discrete Choice Models with Representation Learning, TRB’20
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 Knoweldge-data driven 
mathematical framework

35

Encoder

Discrete Choice Models
+    r

Encoder 

Learned 
Representation

U = f attractive + f repulsive +   ε

Encoder Encoder 

Encoder Encoder

& Representation Learning [1]

[1] Enhancing Discrete Choice Models with Representation Learning, TRB’20
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 Knoweldge-data driven 
mathematical framework

36

Discrete Choice Models
+    r

Learned 
Representation

U = f attractive + f repulsive +   ε

Encoder Encoder

& Representation Learning [1]
+R

R

R

Predicted anchors
Neural-network refinement
Final predicted future sequence

R

[1] Interpretable Social Anchors, CVPR’21
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Because
1. Imbalanced/missing data

Learned Disentangled Social Representation

Physical laws

Social rules

Repulsive

Attractive

Tasks

Solution
§ Knowledge-Data

• Knowledge as input
• Knowledge within
• Knowledge as supervision

Proposed Knowledge-Data paradigm
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Tasks

Because Solution
1. Imbalanced/missing data
2. Positive examples only

§ Knowledge-Data
§ w/ Opposite principle

38

Learned Disentangled Social Representation

Physical laws

Social rules

Repulsive

Attractive

Social
Loss [1]

Proposed Knowledge-Data paradigm

[1] Social NCE, ICCV’21
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History Observation

Future Prediction

✗

✓Negative data augmentation

[1] Social NCE, ICCV’21
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Because Solution
1. Imbalanced/missing data
2. Positive examples only
3. Distributional shifts 

§ Knowledge-Data
§ w/ Opposite principle
§ w/ Low-rank principle

40

Learned Disentangled Social Representation

Physical laws

Social rules

Repulsive

Attractive

✓ Robust
✓ Generalizable
✓ Interpretable

Outcome

Social
Loss

Test-time Adaptation [1]

Proposed Knowledge-Data paradigm

[1] Test Time Training++, NeurIPS’21
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✗ Not Robust

Observed sequence
Forecasted sequence by [2]
Perturbed  observation by < 7 cm
Forecasted sequence leading to collision

✗ Collision

✗

✗

[2]  Ynet, ICCV’21, Top ranked model in Trajnet++ public challenge 

✓ New evaluation based 
on realistic adverserial 
examples [1]
✓ Robust training

Outcome

Learned Representation

Generator     Encoder

[1] S-attack library, https://s-attack.github.io/



§
VI

TA

Al
ex

an
dr

e 
Al

ah
i, 

EP
FL

 

42

Baseline Original 
collision rate

Under attack 
collision rate

Perturbation 
size (m)

S-LSTM (CVPR’16) 7.8% 89.8% 0.03

S-Att (ICRA’18) 9.4% 86.4% 0.06

S-GAN (CVPR’18) 13.9% 85.0% 0.03

D-Pool (ITS’2021) 7.3% 88.0% 0.04

S-STGCNN 
(CVPR’20)

16.3% 59.1% 0.11

PECNet (ECCV’20) 15.0% 64.9% 0.07

Quantitative results

✗

✗

[1] S-attack library, https://s-attack.github.io/

=> 6.5% w/ aug



§
VI

TA

Al
ex

an
dr

e 
Al

ah
i, 

EP
FL

 

43Qualitative results

D-Pool[ITS’2021]                                     S-STGCNN[CVPR’20]                              S-GAN[CVPR’18]

[1] S-attack library, https://s-attack.github.io/
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 New evaluation protocol 44

✗ Not Robust

Observed sequence
Forecasted sequence by [2]
Perturbed  observation by < 7 cm
Forecasted sequence leading to collision

✗ Collision

✗

✗

[2]  Ynet, ICCV’21, Top ranked model in Trajnet++ public challenge 

✓ New evaluation based 
on realistic adverserial 
examples [1]
✓ Robust training

Outcome

Learned Representation

Generator     Encoder

[1] S-attack library, https://s-attack.github.io/
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✓ New evaluation based 
on realistic adverserial 
examples [1]
✓ Robust training

Outcome

New evaluation protocol 45

Off-road Off-road

[2] LaneGCN, ECCV’20, Top ranked model in Argoverse public challenge 

[2]

Learned Representation

Generator     Encoder

[1] Vehicle trajectory prediction works, but not everywhere, CVPR’22
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Atomic scene generation functions

Scene generation 46

Simple turn Double turn Ripple road

[1] Vehicle trajectory prediction works, but not everywhere, CVPR’22
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Baseline Original
off-road

Generated (ours)
off-road

DATF (ECCV20) 2% 82%

WIMP (arXiv20) 1% 63%

LaneGCN (ECCV’20) 1% 66%

47Quantitative results

=> 46% w/ aug

[1] Vehicle trajectory prediction works, but not everywhere, CVPR’22
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48Discussions

[1] Vehicle trajectory prediction works, but not everywhere, CVPR’22
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Social Forecasting

Perceiving Planning

Socially-aware 
AI
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50Crowd-Robot Interaction [1]

Previous works
[1] HRI, Chen, C., et al., IROS’17 
[2] HRI, Everett, M., et al., IROS’18
Our work
[3] Crowd-Robot Interaction, ICRA’19

Human-Robot Interaction [1,2]
&

Our Human-Human Interaction [3]

Output Actions

En
v

Reward

Acting: Reinforcement Learning

Encoder Generator     

z
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51Human-Robot Tandem Race
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Social Forecasting

Perceiving Planning

Socially-aware 
AI
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Thank you!
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Perception:
[1] S. Kreiss et al., OpenPifPaf library for pose estimation, CVPR’19, ICCV’21 (licensed)
[2] L. Bertoni et al., 3D perception library, ICCV’19, ICRA’21
[3] L. Bertoni et al., Perceiving Social Distancing, ITS’20
[4] G. Adaimi et al., Deep Visual Re-identification with Confidence, TRC’21
[5] T. Mordan et al., Detecting 32 human attributes, ITS’21
Prediction:
[6] Kothari et al., Trajnet++ library for spatio-temporal forecasting tasks (>15 implemented models)
[7] Kothari et al., Social Anchor, ICCV’21
[8] Liu et al., Social NCE, ICCV’21
Planning:
[9] C. Chen et al., Crowd-Robot Interaction, ICRA’19
Generative models:
[10] Y. Liu* et al., Collaborative Sampling in GAN, AAAI’20
[11] A. Carlier et al., Deep SVG, NeurIPS’20
DCM + NN
[12] B. Sifringer et al., L-MNL, TRB’20
Test-time training:
[13] Y. Liu* et al., TTT++, NeurIPS’21
Tools
[14] Video Ultimate labeling
[15] S-attack library, CVPR’22

Code on-line: vita.epfl.ch/code

#Open Science


