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WHATHIS MISSINGIN PREVIOUS GLASSES?.

The reference:

Contacts: locations, timings...
Joint / end-effectors reference motion

Environment constraints (collisions...)
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Several hard, interdependent sub-problems...

— High dimensional search space (> 100)
— Instable, discontinuous, non-convex contact dynamics
— Non-convex collision avoidance constraints




INGENERAL, LOCOMOTIONISYNTHESISISTHARD

Several hard, interdependent sub-problems...

... Within a combinatorial contact planning issue
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STORITHAT'SH00IHARDY

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”



THEARMY-ALGORITHM

While(not_ordered_otherwise):
PutBackFootForward()




OKAY, SOWRATFZ

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)



THEPLANEORTHIS GLASS

While(not_ordered_otherwise):
PutBackFootForward()

|. Where precisely is “forward’’ ?

a) Geometric constraints
b) Geometric and dynamic feasibility

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

I1l. Implementation: HPP-rbprm software

discussion



| BAGKSEODT EORWARD




ADISCRETEAPPROACH

We can consider discrete events (contact states)

PutBackFootForward():

Given:
- Current State (feet locations)

Find:

- Next State (feet locations)



HOW DDWEGHOOSE THE FOOTLOCATION?

Geometric constraints:

— Other foot does not move
— Joint limits are not violated

— Foot is in contact (why ?)



ADISCRETEAPPROACH

PutBackFootForward():

Given:

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

Find:

- Next contact state (active contact and locations)



ONESSTEPOUTRUN




ONESSTEPOUTRUN
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function PutBackFootForward(State s)

success = False
r = s.rootPosition() + aX
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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BIASING THESAMPLINGHHROUGH HEURISTIGS

Reduce sampling space Reduce projection cost




ADAPTFTRE METHODTOMULTI=CONTAGH

function PutBackFootForward(State s)

success = False
r = s.rootPosition() + aX
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



ADAPTFTRE METHODTOMULTI=CONTAGH

function ContactSwitchForward(State s)

success = False; r = s.rootPosition() + (xX
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



ADAPTFTRE METHODTOMULTI=CONTAGH

function ContactSwitchForward(State s)

success = False; r = s.rootPosition() + (xX
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



DUR'GENERIGIONE STEP'GENERATOR

states =[]

While(not_ordered_otherwise):

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




DUR'GENERIGIONE STEP'GENERATOR

states =[]
While(not_ordered_otherwise):
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DUR'GENERIGIONE STEP'GENERATOR

states =[]
While(not_ordered_otherwise):

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

Issues ?

Viability of the reached state ?
Feasibility of the transition ?



CONSERVATIVEVIABILITY'GONDITION:

STATIGEQUILIBRIUMICONSTRAINT

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 O velocity



NEWTON EULERIEQUATIONS




LINEARTZED ERIGTIONICONES GONSTRAINTS

f =V B3, where V € R3nexdne
5 c Rélnc = 0




STATIGEQUILIBRIUMIPROBLEM

For a given c’, static equilibrium conditions give:

| 1 0 —m
A3 3 \ - 3x3 | 4 g
Po .« pnc mg 0
N— — N—— N——
G D d

Feasiblity solved by the LP [1]:

find B € R*"¢
s.t. GS=Dc"+d

[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



GONE ANDIREPRESENTATION

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

/ 7

[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 [...]



DUR'GENERIGIONE STEP'GENERATOR

states =[]
While(not_ordered_otherwise):

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

Issues ?

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



THEFEASIBILITY-TRANSITION PROBLEM




CHEGKSEEASIBILITY AS EEEIGIENTLYAS POSSIBLE

For instance, as a 3D linear program




REDUGTION PROPERTN:THE TRANSITIONANSTANT:

Create / Break contact without;:

— Falling

— Violating geometric
constraints




GONSTRAINTS EXPRESSED ATTTHE GOM




DYNAMIGEEASIBILITY
[STATIGIEORNOW)




KINEMATIGEEASIBILITY EORRIGRILEG:..




KINEMATIGEEASIBILITY-EORTHE RIGHIFARM...




KINEMATIGEEASIBILITY-EORTHELEETILEGS..




NEGESSARY KINEMATIGICONDITIONIEOREEASIBILITY,
GIVEN BYINTERSEGTION




BOTHIKINEMATICANDEQUILIBRIUMEEASTBILITY,
== GREENIANDYELLOW POYTOPEINTERSEGTION

c<aANKc<k=Dc=<d




WEREPEATTHE ORERATION FORIPHASE 2




WHAT CONSTRAINTS FORTRE TRANSITIONINSTANI?




TRANSITION EEASIBILITY GIVEN BY ANTERSECTION

Equilibrium cons.
B Feasible COM Set

Dc<dAD?c<d*’=E!"c=<e"?




BY GONVEXITY; STRAIGHT LINES ARE FEASIBLE

TRAJEGTORIES!




THISRESULTSINAQUASTSTATICMOTION




WHYSARE WE HAPPY?

A feasible trajectory < the blue set is defined

The blue set defines a reduction property

find c e R’
s.t. e < ell2}

Any point in the blue set defines a feasible
trajectory!

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




WHYSARE WE HAPPY?

A feasible trajectory < the blue set is defined

The blue set defines a reduction property

find c e R’
s.t. e < ell2}

Any point in the blue set defines a feasible
trajectory!

Issues ?

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




CANWE REASONSIMILARLY EORTHE GENERAL

DYNAMIGIGASE?

Quasi-static case : > Dynamic case

c < H[ m(E€ —g) -}Sh

Non linear W

c(t) € R? w(t) € RO




CANWE REASONSIMILARLY EORTHE GENERAL

DYNAMIGIGASE?

Quasi-static case : > Dynamic case

c = H\[S))H-lql

Non linear W

c(t) € R? w(t) € R°

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

[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™

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™

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 ?



WALKSSTRAIGHTTEORABOUTSIIMETER




THEMOSTILIKELY- CONTAGI SEQUENCE...




- RESULTSINTHE FOLLOWINGIMOTION




IPWHOGIVESTHE ORDERS?




ETH IWHATIABOUT MORE COMPLEX'SCENES 2

LD R o e
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HEURISTIC: ORDERS'COMPUTED
ASIAGUIDE PATH EORTHE RODT
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HEURISTIC: ORDERS'COMPUTED
ASIAGUIDE PATH EORTHE RODT

Constraint:

6D root path must allow contact creation




CONTAGTSINIGONEIGURATION SPACE

W W




BACKTOTHE GURSE OFDIMENSIONALITY:




THEREAGHABILITY-CONDITION

Necessary vs sufficient cond. for contact feasibility [1]

— Obstacles in reachable workspace...
— ... while avoiding collisions

uE X

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



REMINDERONSAMPLING BASED=PLANNING

Probabilistic Road Maps (kavraki et al. 96)
Rapidly exploring Random Trees (Lavalle 98)




DEMONSTRATION




DEMONSTRATION

[ISRR 15 TRO 18 ]



The guide path is then extended into

a full body sequence using a dedicated generator

Complete computation time = 7s




REAGHABILITY BASEDICONTAGIFRLANNING

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 DOESTHAT GOMPARE WITH ORTIMIZATION

BASED SOLVERS;?

Some insight from a collaboration with ETH Zurich




SOMEGONGLUSIONS

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

Contact Whole body motion
Planner generator
| E—




WHATTHASNOIFBEEN DISCUSSED; BUINSTHERE

Heuristics used for contact selection
Collision avoidance (limb rrt)

Reference trajectories



INTERESTING RESEARGH QUESTIONS

Collision avoidance at whole-body level
Relaxing guide constraints / improving guide
Bezier curve formulation within NLPs (TOWR)

CROC for Model Predictive Control



AERSTHTRICKS USINGBEZIER CURVES ALLOWS EORIA

CONTINUOUSFORMULATION OETHE PROBLEM

Lossless reformulation: w(t) = » B'(t/T)Pyw;
1=0

— =
— —
e e —
—_——
——

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

- Check the constraints at the control points.




CONSERVATIVE REFORMULATION O THE TRAJECTORY

c(t) Bezier curve with only one variable y

ct,y)= >  BMNt/T)P;+B§(t/T)y
i€{0,1,2,4,5,6} N

_y Ac

N

bc

P, constant terms given by initial / terminal constraints




CONSERVATIVE REFORMULATION O THE TRAJECTORY

c(t) Bezier curve with only one variable y

ct,y)= > BY(t/T)P;+Bt/T)y
i€{0,1,2,4,5,6} —

_y Ac

N

bc

P, constant terms given by initial / terminal constraints

Py = Cs P, = Cyg .
Pl — qu{” + PO Pn—l — Pn o Cg’_Z{n

P, — és/(nqg;z—l)) +2P, - Py, P, _,=— eg/(%?_n) LoP,_,—P,




ASECONDTRICK: CONSERVATIVE

REEORMULATION OETHE TIRAJEGTORY

c(t,y) =ac(t)y +be(t),y € R?

0 Ety) =awy +be

0 clty) X &(tY) = acxey + boxe

w(t,y) linearly dependent of y My < m
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