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What is missing in previous classes ?What is missing in previous classes ?

The reference:
Contacts: locations, timings...

Joint / end-effectors reference motion

Environment constraints (collisions...)



  

What is multi contact Locomotion ?What is multi contact Locomotion ?
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In general, locomotion synthesis is In general, locomotion synthesis is HARDHARD

Several hard, interdependent sub-problems...
– High dimensional search space (> 100)
– Instable, discontinuous, non-convex contact dynamics
– Non-convex collision avoidance constraints



  

In general, locomotion synthesis is In general, locomotion synthesis is HARDHARD

Several hard, interdependent sub-problems...

… within a combinatorial contact planning issue 



  

STOP! that’s too hard !STOP! that’s too hard !
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STOP! that’s too hard !STOP! that’s too hard !

Do we have other descriptions of motion?

Something pragmatic and  not so elaborated?

let’s ask the French army:
“Walking is putting one foot in front of the other, 
and then starting over”



  

THE ARMY ALGORITHMTHE ARMY ALGORITHM

While(not_ordered_otherwise):
PutBackFootForward()



  

Okay, so what ?Okay, so what ?

Whole point of this class is to advocate for
– Abstraction / reduction properties
– Heuristics

(A theoretically accurate heuristic is a reduction 
property)

Why?
– To efficiently discriminate over huge search space
– To provide generative methods (vs data-based) 



  

The plan for this classThe plan for this class

While(not_ordered_otherwise):
PutBackFootForward()

I. Where precisely is ``forward’’ ? 
a) Geometric constraints
b) Geometric and dynamic feasibility

II. Who gives the orders ?
Global VS local path planning

III. Implementation: HPP-rbprm software
discussion



  

I. back foot forwardI. back foot forward



  

A discrete approachA discrete approach

We can consider discrete events (contact states)

PutBackFootForward():
Given:

- Current State (feet locations)

Find:
 - Next State (feet locations)



  

How do we choose the foot location?How do we choose the foot location?

Geometric constraints:

– Other foot does not move

– Joint limits are not violated

– Foot is in contact (why ?)



  

A discrete approachA discrete approach

PutBackFootForward():
Given:

- Current Contact state (active contacts and locations)
- Possible contact surfaces

Find:
 - Next contact state (active contact and locations)



  

One Step outputOne Step output



  

One Step outputOne Step output
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How do we choose the foot location?How do we choose the foot location?

function PutBackFootForward(State s)

success = False
r = s.rootPosition() + 
while (not success):

target = SampleForwardContactSurface(r)
constraint1 = Position(s.backFoot(), target)
constraint2 = Position(s.frontFoot(), s.frontFoot().position())
success, state = project(s, r, constraint1, constraint2):

return state
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How do we choose the foot location?How do we choose the foot location?

function PutBackFootForward(State s)

success = False
r = s.rootPosition() + 
while (not success):

target = SampleForwardContactSurface(r)
constraint1 = Position(s.backFoot(), target)
constraint2 = Position(s.frontFoot(), s.frontFoot().position())
success, state = project(s, r, constraint1, constraint2):

return state

Drawbacks ? 



  

Biasing the sampling through heuristicsBiasing the sampling through heuristics

Reduce sampling space Reduce projection cost



  

Adapt the method to multi-contact?Adapt the method to multi-contact?

function PutBackFootForward(State s)

success = False
r = s.rootPosition() + 
while (not success):

target = SampleForwardContactSurface(r)
constraint1 = Position(s.backFoot(), target)
constraint2 = Position(s.frontFoot(), s.frontFoot().position())
success, state = project(s, r, constraint1, constraint2):

return state



  

Adapt the method to multi-contact?Adapt the method to multi-contact?

function ContactSwitchForward(State s)

success = False; r = s.rootPosition() + 
while (not success):

nextContact = randomEffector()
if nextContact      s.activeContacts():

maintainedContacts = s.activeContacts() \  nextContact 
else

maintainedContacts = s.activeContacts()  
maintainedContacts = MaybeRemoveRandomContact(maintainedContacts, p)

target = SampleForwardContactSurface(r)
constraint1 = Position(nextContact, target)
constraint2 = Positions(maintainedContacts, maintainedContacts().positions())
success, state = project(s,r,constraint1, constraint2):

return state 



  

Adapt the method to multi-contact?Adapt the method to multi-contact?

function ContactSwitchForward(State s)

success = False; r = s.rootPosition() + 
while (not success):

nextContact = randomEffector()
if nextContact      s.activeContacts():

maintainedContacts = s.activeContacts() \  nextContact 
else

maintainedContacts = s.activeContacts()  
maintainedContacts = MaybeRemoveRandomContact(maintainedContacts, p)

target = SampleForwardContactSurface(r)
constraint1 = Position(nextContact, target)
constraint2 = Positions(maintainedContacts, maintainedContacts().positions())
success, state = project(s,r,constraint1, constraint2):

return state 



  

Our Generic One step generatorOur Generic One step generator

states = []

While(not_ordered_otherwise):

states.insert(ContactSwitchForward(states.last()))
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Our Generic One step generatorOur Generic One step generator

states = []

While(not_ordered_otherwise):

states.insert(ContactSwitchForward(states.last()))

Issues ?
Viability of the reached state ?
Feasibility of the transition ? 



  

Conservative viability condition: Conservative viability condition: 
static equilibrium constraintstatic equilibrium constraint

Sufficient condition for state viability:
– Posture collision free

– Joint limits respected

– Static equililbrium is ensured:
There exists a set of contact forces that compensate
for gravity interaction while the COM is at 0 velocity



  

Newton euler equationsNewton euler equations



  

Linearized Friction cones constraintsLinearized Friction cones constraints



  

Static equilibrium problemStatic equilibrium problem

For a given    , static equilibrium conditions give:

Feasiblity solved by the LP [1]:

[1] Del Prete et al., Fast Algorithms to Test Robust Static Equilibrium for Legged Robots, ICRA 16

[2] Fernbach et al., A Kinodynamic steering-method for legged multi-contact locomotion, IROS 17



  

Cone and representationCone and representation

Solution space is a 3D cone, (6D in general) [1,2]

[1] Qiu et al., Human motions analysis and simulation based on a general criterion of stability 

[2] Caron et al., Leveraging Cone Double Description for Multi-contact Stability of Humanoids [...]



  

Our Generic One step generatorOur Generic One step generator

states = []

While(not_ordered_otherwise):

State s = ContactSwitchForward(states.last()))
if Viable(s):

states.insert(s)

Issues ?
Viability of the reached state ?
Feasibility of the transition ? 



  

The feasibility transition problemThe feasibility transition problem

?



  

For instance, as a 3D linear program

Check feasibility as efficiently as possibleCheck feasibility as efficiently as possible



  

Reduction property: the transition instantReduction property: the transition instant

Create / Break contact without:

– Falling

– Violating geometric 
constraints



  

constraints expressed at the comconstraints expressed at the com



  

Dynamic feasibilityDynamic feasibility
(static for now)(static for now)



  

kinematic feasibility for right leg...kinematic feasibility for right leg...



  

kinematic feasibility for the right arm...kinematic feasibility for the right arm...



  

kinematic feasibility for the left Leg...kinematic feasibility for the left Leg...



  

Necessary kinematic condition for feasibility Necessary kinematic condition for feasibility 
given by intersectiongiven by intersection



  

Both kinematic and equilibrium feasibility Both kinematic and equilibrium feasibility 
=> green and yellow poytope intersection=> green and yellow poytope intersection



  

We repeat the operation for phase 2We repeat the operation for phase 2



  

What constraints for the transition instant ?What constraints for the transition instant ?



  

Transition feasibility given by intersectionTransition feasibility given by intersection



  

By convexity, straight lines are feasible By convexity, straight lines are feasible 
trajectories!trajectories!



  

This results in a quasi static motionThis results in a quasi static motion



  

A feasible trajectory       the blue set is defined
The blue set defines a reduction property  

Any point in the blue set defines a feasible 
trajectory!

Why are we happy?Why are we happy?

[1] Tonneau et al., 2PAC: 2 Point Attractors for Center of mass trajectories in multi-contact scenarios



  

A feasible trajectory       the blue set is defined
The blue set defines a reduction property  

Any point in the blue set defines a feasible 
trajectory!
Issues ?

Why are we happy?Why are we happy?

[1] Tonneau et al., 2PAC: 2 Point Attractors for Center of mass trajectories in multi-contact scenarios



  

Can we reason similarly for the generalCan we reason similarly for the general
 Dynamic case? Dynamic case?

Quasi-static case                      Dynamic case

Non linear



  

Can we reason similarly for the generalCan we reason similarly for the general
 Dynamic case? Dynamic case?

Quasi-static case                      Dynamic case

Remove non linearity with a conservative trick[1,2]
(if  there’s time and interest)

Non linear

[1] Fernbach et al., CROC: Convex Resolution Of Centroidal dynamics trajectories[…], IROS 17

[2] Fernbach et al., C-CROC: Continuous and Convex Resolution Of Centroidal dynamics trajectories[…]



  

So Where are we ?So Where are we ?

states = []

While(not_ordered_otherwise):

State s = ContactSwitchForward(states.last()))
if Viable(s) and TransitionFeasible(s, states.last()) :

states.insert(s)

Issues ?



  

So Where are we ?So Where are we ?

states = []

While(not_ordered_otherwise):

State s = ContactSwitchForward(states.last()))
if Viable(s) and TransitionFeasible(s, states.last()) :

states.insert(s)

Issues ?
Kinematic feasibility 
Angular momentum
Collisions ?



  

  walk straight for about 1 meterwalk straight for about 1 meter



  

The most likely contact sequence...The most likely contact sequence...



  

… … results in the following motionresults in the following motion



  

II. Who gives the orders ?II. Who gives the orders ?



  

What about more complex scenes ?What about more complex scenes ?



  

What about more complex scenes ?What about more complex scenes ?



  

Heuristic: Orders computed Heuristic: Orders computed 
as a guide path for the rootas a guide path for the root



  

Heuristic: Orders computed Heuristic: Orders computed 
as a guide path for the rootas a guide path for the root

Contact
Planner
(steps)

Guide path planner
(orders)



  

Heuristic: Orders computed Heuristic: Orders computed 
as a guide path for the rootas a guide path for the root

Constraint:
     6D root path must allow contact creation



  

Contacts in configuration spaceContacts in configuration space



  

Back to the curse of dimensionalityBack to the curse of dimensionality



  

The reachability condition The reachability condition 

Necessary vs sufficient cond. for contact feasibility [1]

– Obstacles in reachable workspace...
– … while avoiding collisions

[1] Tonneau et al., an efficient acyclic contact planner for multiped robots,  TRO 18



  

Reminder on sampling based-planningReminder on sampling based-planning

Probabilistic Road Maps (Kavraki et al. 96)

Rapidly exploring Random Trees (Lavalle 98)

xx



  

DemonstrationDemonstration



  

DEMONSTRATIONDEMONSTRATION

[ISRR 15  TRO 18 ]



  



  

Reachability based contact planningReachability based contact planning

states = []

guide = ComputeGuidePath(s_start, s_goal)

rootPostures = guide.discretize()

for(r in rootPostures):

while (True):
State s = ContactSwitchForward(r, states.last()))
if Viable(s) and TransitionFeasible(s, states.last()) :

states.insert(s)
break

Limitations?



  

How does that compare with optimizationHow does that compare with optimization
based solvers  ?based solvers  ?

Some insight from a collaboration with ETH Zurich



  

Some conclusionsSome conclusions

Heuristics / reduction properties are required to 
allow for  efficient “divide and conquer” approach

Contact
PlannerGlobal path planner Whole body motion

generator



  

What has not been discussed, but is thereWhat has not been discussed, but is there

Heuristics used for contact selection

Collision avoidance (limb rrt)

Reference trajectories



  

Interesting research questionsInteresting research questions

Collision avoidance at whole-body level

Relaxing guide constraints / improving guide

Bezier curve formulation within NLPs (TOWR)

CROC for Model Predictive Control



  

A first trick: using bezier curves allows for a A first trick: using bezier curves allows for a 
continuous formulation of the problemcontinuous formulation of the problem

Lossless reformulation:                       

“A Bézier curve is bounded by the convex hull of it's control points.”

Check the constraints at the control points.



  

Conservative reformulation of the trajectoryConservative reformulation of the trajectory



  

Conservative reformulation of the trajectoryConservative reformulation of the trajectory



  

A Second trick: ConservativeA Second trick: Conservative
 reformulation of the trajectory reformulation of the trajectory
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