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Motivation

Point-To-Point
[Abend, Bizzi, and Morasso 1982]

Plate-To-Plate
[Fitts 1954]

Multiple points
[Harris and Wolpert 1998]

Point-To-Bar
[Berret et al. 2011]
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Motivation

• arm movements are stereotypical for pointing tasks

• musculoskeletal system is redundant

• evolution: development of optimal control strategies
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Overview
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Arm Model
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Cost Functions

Kinematic models

Angle acceleration: JACC =
T∫
0

(
ϕ̈2 + ψ̈2)

d t

Hand jerk: JHJ =
T∫
0

(...
x 2 + ...z 2)

d t

Angle jerk: JAJ =
T∫
0

(...
ϕ2 + ...ψ2

)
d t

Energetic models

Energy: JEN =
T∫
0

(|ϕ̇ ·τ1|+ |ψ̇ ·τ2|
)

d t

Dynamic models

Torque: JT =
T∫
0

(
τ2

1 +τ2
2

)
d t

Torque change: JTC =
T∫
0

(
τ̇2

1 + τ̇2
2

)
d t

Neural models

Effort: JEFF =
6∑

i=1
u2

i

Hybrid models

Hybrid jerk and energy: JJE =
T∫
0

(|ϕ̇ ·τ1|+ |ψ̇ ·τ2|
)

d t +10−3 ·
T∫
0

(...
ϕ2 + ...ψ2

)
d t
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Bayesian Optimization

[Brochu, Cora, and De Freitas 2010]
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Bayesian Optimization

Algorithm Bayesian optimization algorithm

for n = 1,2,... do

select muscle stimulation un ∈R6 by optimizing the acquisition function aUCB

un = argmax
u∈U

aUCB(u;Dn−1)

Run dynamic simulation of musculoskeletal system to obtain ξ(un )

Evaluate the cost function J (ξ(un ))

Augment the data Dn =Dn−1 ∪ {(un , J (ξ(un )))}

Update Gaussian process model of the cost function

end for
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Workflow
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Experimental Results

Experimental Setup

[Berret et al. 2011]

Recorded Trajectories
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Numerical Setup

Numerical Setup External Task Constraint

Jtotal = ||xT −x?||2+0.01·Jopt (1)
xT : reached x-position of the hand

x? : desired horizontal end position

(location of the bar) [Li and Todorov 2007]
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Take Home Message

• evidence that human movement is optimal

• evidence for composite cost functions

• potential of point-to-manifold experiments

to show optimality

• Bayesian optimization as representation of

natural learning

• it is necessary to use muscle systems for

optimality investigations rather than torque-

driven systems
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Questions?


