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Neural motivation

B Notion that neural networks in the brain
and spinal cord generated a limited set of
temporal templates

B whose weighted superposition is used to
generate any given movement



Evidence for “primitives” in frog
spinal cord

B electrical simulation in
premotor spinal cord
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Evidence for “primitives” in frog
spinal cord

B parallel force-fields in

premotor ares Vs.
convergent force fields

from interneurons...
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[Bizzi, Mussa-lvaldi, Gizter, 1991]



Evidence for “primitives” in frog
spinal cord

B convergent force-fields
occur more often than
expected by chance

[Bizzi, Mussa-lvaldi, Gizter, 1991]



Evidence for “primitives” in frog
spinal cord
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Mathematical abstraction

B with very loose grounding in neurophysiology!!

[ljspeert et al., Neural Computation 25:328-373 (201 3)]



Base oscillator

B damped harmonic
oscillator

B written as two
first order
equations

B has fixed point
attractor

y=a,(B,—y) —y + [,

y: position
ti=a,(B,(§—y) —2) + f.
Ty =2, z: velocity

(z,y) = (0,9) g: goal point



Forcing function

1
B base functions V;(x) =exp (— 72 (X — Ci)z) :

B weighted
superposition
makes forcing
function

Zi’il Wi (t)w;
S ()

f(t) =

—_—

Kernel Activation
o
3,

AL

0.5 1 1.5

co



Time parameter

1

x 0.5

B timing variable, x TX = —. X,

X
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® forcing function tme s

scaled with ZN W (x)w,
timing variable flx) === “x(g — V)
: SN W () :

B and with
amplitude of
movement

Yo initial position
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Example in 2D

x=1.00 x=0.43 x=0.19
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Scaling primitives
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Learning the weights

B with locally
weighted
regression
B base oscillator z—a,(B,(g—Yy) —2)=f.
. forcing fu nction ftarget — tzydemo — U, (le (g o ydemo) R Tydemo)'
from sample
trajectory .
® minimize error i = Z Wi (8) (Srarge (1) — wiE (£))?,
t=1

() = x(t) (g — Yp)



Obstacle avoidance

tz=o,(B,(g—vy) —2)+ f +(,,
M inspired by Schoner/ s /

Dose (in Fajen Ty =2.
Warren form)

. C,=yRyOexp(—p60),
M obstacle avoidance + =V Ry O exp(=p

force-let where
6 = arccos ( TZ : ;)'Ty}() ’
) ® O Obstacle r=(0—y)XxYy.
Velocity ¥

O End-effector position
X



Obstacle avoidance

0.5



But: human obstacle avoidance is
not like that...

B => Grimme, Lipinski, Schoner, 2012



Experiment

15cm

B naturalistic movements: @ (12) (1) .
hand moving objects to [ncm

targets while avoiding  oem (0= | (03)oa) DO 30cm
obstacles @@

Mspatial arrangement of ° Qe S S

obstacles is varied...

B may that apparent
complexity of
movements emerge
from simple invariant
elementary
movements!

[Grimme, Lipinski, Schoner, EBR 2012]
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z-component of trajectory (cm) &
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the plane of movement depends
on the obstacle height
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the plane of movement depends
on the obstacle height
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=> end-effector path

Mis simple and invariant...
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local isochrony




invariance of lift across space
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scaling with movement time
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scaling with movement time
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scaling with movement time
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elementary behaviors

Bbased on planarity

B decompose movement into
transport and lift
component

Transgort
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32 cm

16 cm

Lift und Transport (cm)

lift vs. transport
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scaling lift to amplitude and time
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Lift und Transport (cm)
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lift vs. transport

Minvariance of lift under location of obstacle
along transport

Mapproximate invariance of transport under
height of obstacle

B exact if obstacle is symmetrically half-way between start
and target position of transport



complexity from simple components
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complexity from
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complexity from simple components
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complexity from simple components
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complexity from simple components
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obstacle component
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Theoretical account

B okeit, Grimme, Schoner, 2018

B unnormalized time experiment:

Typical reaching motions (experiment)
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Primitive “neural oscillator”

TU=—u—c-0(v)+h-+ sy

Bneural oscillator 70 =—-v+c-o(u) + h+ s,

2

B solutions u(t) = 7(h + 5) Co [Sin(ct/T)e_t/T + % (Cos(ct/T)e_t/T _ 1)]

v(t) = Cy + 7(h + s)C4 [sin(ct/T) + cos(ct/T)] e /™



Field of neural oscillators

M of varying ri(a,b) = —u(a,b) — c(a) - o(v(a, b)) + h + s(a, b)
frequency, a m0(a,b) = —v(a,b) + c(a) - o(u(a,b)) + h + s(a,b)

B from which

velocity profile
is composed by  Vbank(? N//W a,b)©
projection



Two fields as primitives for lift
and transport

ULIFT (t) _ ‘./slow(t)

UTRANSPORT (t) _ vaa,st (t)
+ QZH(dO)WSIOW (tfslow 9 do)‘./fast (t)
— 1 Wfast (tffast ) do)‘./slovv (t)
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Lift velocity (m/s)

15

Lift velocities (experiment)

Results

central medium height obstacle

near small obstacle
near tall obstacle
far small obstacle
far tall obstacle

1.5

—_

o
o

Lift velocity (m/s)

0.2

0.4

0.6 0.8 1 1.2 1.4

Time (s)

Lift velocities (simulation)

central medium height obstacle
near small obstacle

near tall obstacle

far small obstacle

far tall obstacle

0 0.2

0.4

0.6 0.8 1 1.2 1.4 1.6

Time (s)



Conclusion

MSimple DMP approach enables learning while
retaining equifinality ...

Bbut does not capture timing as obstacles are
avoided.

B New dynamic primitive from multiple
oscillators that capture such timing



