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The dynamics of
walking

On a Rat ground, the
Center of Pressure

¥ LetOs focus on the horizontal momenta
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Flat walking

¥ LetOs consider walking ORatO:

mcZ ey |1y y
e conv{p” }

appears to be a linear Differential Inclusi

The Viabllity kernel

fall

fall‘/"\
T T =< - ==
p ~-_____-- S
/
!
L]

\
\
Il \

The dynamics of fallir

a

Viability

¥ Avoiding to fall is a Viability objective

¥ Anticipation is the key




The dynamics of fallir

a

Model Predictive
Control
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Regulate the
Center of Mass

¥ Any derivative of the motion of the Cente
of Mass allows discriminating falling

motions
t

¥Optimal Control may be a solution to the
Viability objective
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Optimal feedback

Tpt1 = f(Tr, ug)

V*(zp) = min Z Iz, uk)
0

UQy---

¥ ui(zo) is asymptotically stabilizing if the
system is controllable

¥ v*(z,) as Lyapunov function
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The Bellman equatiol
(expanded)

V(o) = H}Llon (w0, u0) + V™ (f(z0,u0))

N—-1

V*(z0) = Inin > lwkun) + V(f(2n, un))

¥ How to turn this into a bnite algorithm?
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Optimality Is not
necessary

¥ Scokaert 1999 ITAC
1

VN (zo,ug,...) = Z l(xg,ur) with zy =0
0
Vi (zo, uo, - -.) = V(f(xo, uo), ug, - - )

[uo, - - - | < o(llzol]) in Be)

¥ Vi (z0,u0,...) as a Lyapunov function
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Terminal constraint

¥ Keerthi 1988 JOTA (a milestone)
N—-1

V3 (z9) = min Z l(xg,ur) with zy =0
UQ .- 0

V(o) = Vi ya (o) = -

-2 V(o)

Vi (zo) = Ul(zo, up) + Vi (f (20, up))

¥ Vi (z0) as Lyapunov function
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Feasibility is sufPcier

¥ Alamir 1999 EJC

find ug, ... such that zny =0

¥Compute a new plan only in case of a
diverging perturbation
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General approach

¥Mayne 2000 A (the best review paper)

N-1
V(o) = min Z Wzg,up) + V(zy) with zy € X
UQy--- 0

V(zn) > lay, d(zy)) + V(f(zn, i(zy)))

¥ Quasi-inbnite or dual mode, etc.
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Biped walking
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Horizon long enough

¥ Alamir 1995 A N1
Vi (zo) = Egin Z l(xg, ug)
e £
V(o) = U(wo, uy) + Var (f (2o, ug)) — Uz, u*y)

VN > N, l(ay,u*y) < e
¥ You can do withoukexplicitterminal cost
and constraint with a horizon long enoug

18

Regulate the
Center of Mass

¥ Any derivative of the motion of the Cente
of Mass allows discriminating falling

motions:
/[

¥ Model Predictive Control is a solution to
the Viability objective

M| dt < oo
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Herdt 2010 RSJAR
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¥ A fall would imply an exponentially
diverging speed

Walking without
thinking about it

Walking without
thinking about it
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LetOs see what are ti
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Herdt 2010 RSJAR
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Cost function
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Detailled formulas
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Cost function
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Constraints on the Co
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Active constraints
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Computation time

Computation time for QL, PLDP, with Warm Start (WS), with Limited Time (LT) on HRP-2
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Key aspects

¥ Close to no iterations thanks to warm
start shift + delayed optimization

¥ Still more expensive than unconstrained
problem

32




Get rid of the
constraint matrix

Faster computations’

¥ YouOre never fast enough: there is alway
value in being faster

Dimitrov 2011 ICRA
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¥ In the case of rectangular feet,= |

Algorithms for the
Dynamics of Robots
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Constrained Dynamic
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The constraint force
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Schur complement
(block Gaussian eliminatic
J(e+ Ha,@dG=0
M (d) g+ N(a.@) d= F + J(q)"!
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Inequality constraints
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Computing the
Kinematics

Differential kinematic:
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Chain of rigid motions
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Me(a) = Ma(t1) ! Ma(12)! ...1 Me(le)

Horner scheme

ap+ aiX + ax?+ ...= ap+ x(ar + x(az + ...))




Jacobian matrix?
Some simple geometi

~Computing the
OinverseO dynamic

Some simple geometi
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Lagrangian dynamic
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Recursive Newton-
Euler Algorithm

¥ Forward recursion: differential kinematics

X, Vi, %, Wk

¥ Backward recursion: inertial effects
(Newton and Euler equations)
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Lagrangian dynamic
M(a)a+ N(q.d g=F
&= M (@ “(F! N(q,9

¥ Articulated Body Algorithm?
(R!Featherstone)
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Computing the Odirec
dynamics
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EfPciency compariso

¥ ABA becomes faster than RNEA+CRBA
(Composite Rigid Body Algorithm) for
serial robots with more than ~7 joints or
humanoid robots with more than ~35
joints
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Serial / humanoid
robots

Inequality constraints
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