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Outline 1. Simulation in robotics
2. Modeling the physics of contacts
3. Optimizing through contacts

2



Simulation in robotics
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Models in the era of “model-free” RL
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http://www.youtube.com/watch?v=TAUiaYAVkfI&t=11


Models in the era of “model-free” RL

1 training: 60 hours with 16384 environments

Approx. 100e9 calls to the simulator ~ 55 years 
of simulation

1000$, 55 kg CO2e ~ 300km by car 5

http://www.youtube.com/watch?v=TAUiaYAVkfI&t=36


What is a simulator ? 
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Simulators in robotics

● Bullet (Google): computer graphics
● MuJoCo (Deepmind): invertible, RL 
● RaiSim (ETHZ): quadrupedal locomotion 
● Isaac Gym (NVIDIA): GPU acceleration
● Simple (Inria Willow): soon… efficient and realistic CPU simulation

These simulators have been designed for different purposes: they are not 
interchangeable in general !

Difference may come from both physical modeling and numerical implementations
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Modeling the physics of contacts
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Free motion with generalized coordinates

Lagrangian equations of motion:
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Free motion with generalized coordinates

Lagrangian equations of motion:

Discrete version (time-stepping methods):
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Contact modelling hypothesis

Contacts in modern simulators are modelled via 4 elementary principles:

● Rigid bodies
● Unilateral contacts 
● Coulombʼs law of friction
● Maximum Dissipation Principle
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Contact modelling hypothesis

Contacts in modern simulators are modelled via 4 elementary principles:

● Rigid bodies
● Unilateral contacts 
● Coulombʼs law of friction
● Maximum Dissipation Principle

Signorini condition
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Modelling unilateral contacts

No interpenetration:
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Modelling unilateral contacts

No interpenetration:

where:                                   and
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Modelling unilateral contacts

Signorini condition:
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Maximum dissipation principle:

Modelling frictions

Coulombʼs law of friction:
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where:                                        ,                                                  and 

The frictional contact problem

Eventually, simulating contacts and frictions requires to solve:
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where:                                        ,                                                  and 

The frictional contact problem

Eventually, simulating contacts and frictions requires to solve:

Sticking
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where:                                        ,                                                  and 

The frictional contact problem

Eventually, simulating contacts and frictions requires to solve:

Sticking

Breaking
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where:                                        ,                                                  and 

The frictional contact problem

Eventually, simulating contacts and frictions requires to solve:

Sticking

Breaking

Slipping
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The frictional contact problem

Simulating contacts and frictions requires to solve:

where the de Saxcé correction is:
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Simulation for robotics
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Simulation for robotics
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http://www.youtube.com/watch?v=i_qg9cTx0NY&t=67


Differentiable simulation and optimization 
through contacts
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Example of non smooth dynamics: unilateral 
contacts
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Example of non smooth dynamics: unilateral 
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Example of non smooth dynamics: unilateral 
contacts

➔ Dynamics are non smooth and gradients are null wrt to control u...

-mg

𝝺n2𝝺n1

u=0

target 
position

-mg

𝝺n2𝝺n1

u=𝞮

target 
position

-mg

u>mg

target 
position

27



Optimal Control Problem (OCP)

We want to minimize a cost (or equivalently maximize a reward) under the dynamics :
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Solving the OCP via single shooting

State x can be substituted by using the dynamics constraint:

where:

This unconstrained optimization problem can be solved by using GD
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Failure mode: non-smooth dynamics
We need informative gradients to solve the unconstrained optimization problem:

In the case of a system with contact and frictions, the dynamics is non-smooth 
(gradients of f may be null) which leads to null gradients during optimization 

and we have                   so 

Gradient descent and DDP fail to solve this problem...
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Smoothed dynamics
Perturbations smoothen contact dynamics (this could also be interpreted as an exploration 
term):
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Averaged gradient >0

31



Smoothed dynamics
Perturbations smoothen contact dynamics (this could also be interpreted as an exploration 
term):
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u=U(N)

Averaged gradient >0

0th order gradient estimate:

1st order gradient estimate:
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How RL solves non-smooth problems
RL smoothes the problem by introducing stochasticity in the policy: 

where:

Policy gradients:
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Randomized smoothing for trajectory optimization
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Conclusion

● Simulating rigid bodies with 
contacts and frictions requires to 
solve a NCP (non convex) which 
leads to non-smooth dynamics

● Optimizing through these 
dynamics is challenging

● Future works: computing smooth 
and informative gradients
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