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Quantifying Morphological Computation

\

MCyw = (D(p(w’'|w, a)||p(w'|a))) MCa = (D(p(w'|w, a)|[p(w'|w)))

(Zahedi & Ay, 2013) (Zahedi & Ay, 2013)

(Ghazi-Zahedi et al., 2016) I \ l

MCw = UI(W’; W\A) + CI(W'; W, A) MCwmi = I(W': W) — I(A:; S)
(Ghazi-Zahedi & Rauh, 2015)/ \ (Ghazi- Zahedl et al., 2016)
MCp = MCyw — MCgy MCsy = (D(prn(w'|w, a)||pspiic(w'|w, a)))
(Ghazi-Zahedi et al., 2017) (Ghazi-Zahedi et al., 2017)

Cw = D(p(s'|s)||p(s"[s))
Ca = CIF(S — S')— CIF(A— &)
(Zahedi & Ay, 2013)



Application to Soft Robotics






Controller Hand

MC

Table Object




MOy

Crasp Disl.

590

390

200

L)

-190







590

390

200

-190



Colored by Object Pose

Colored by Object
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Application to Biomechanics



Fm = A(t) FI(y) Fv(y) Fmax

hopping cycle, T

A(t)

apex touch down mid stance take off

(Haeufle et al., 2012)



MusFib model MusLin model MCMot model
non-linear force-feedback linearised force-feedback kinematic
. . DC-motor
muscle fibre reflex muscle fibre reflex PD-control

force-length force-length

force-velocity

/]

force-velocity

(Haeufle et al., 2012)

7.219 bits 4.975 bits 4.960 bits

MCy = D(p(w'|w, a)||p(w’|a)) (Ghazi-Zahedi et al., 2016)
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What is Morphological Computation®?



How Morphology Contributes to Computation

* Morphological Computation
* Morphological Control

* Pre-processing (Sensors)

» Post-processing (Actuators)
* Brain layout

* Physical processes



How morphology Contributes to Computation

* Morphological Computation

Example: XOR Robot

A B Wheel moves Wheel touches Robot
(M4) ground (M>) moves
TRUE
TRUE TRUE TRUE TRUE
TRUE TRUE TRUE TRUE
TRUE TRUE TRUE

wd

M,

|W2<:>

©
’
'

B A v B

Paul, 2006



How morphology Contributes to Computation

* Morphological Computation

Nakajima et al., 2015




How morphology Contributes to Computation

* Morphological Computation

* Morphological Control

D23 26 o120, force sensor
4l 1T 11 3/
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. - _-A > -
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~ | head

vertebra

2 32 20 12
28 o DT J(silicon block)

(d) rotating plate  string

vertebra motor

intervertebral disk

Socket joint

Zhao et al., 2013



How morphology Contributes to Computation

* Morphological Computation
* Morphological Control

 Pre-processing (Sensors)

lamina  / lobula plate

Franceschini et al.,1992



How morphology Contributes to Computation

* Morphological Computation
* Morphological Control
* Pre-processing (Sensors)

» Post-processing (Actuators)

Haufle et al., 2014
Ghazi-Zahedi et al., 2016



How morphology Contributes to Computation

* Morphological Computation
* Morphological Control

 Pre-processing (Sensors)

» Post-processing (Actuators)

,,Geometrical arrangement of
. the perceptive units in the

* Brain |ayOUt retina reflect the organization of
the processing units into the
Superior Colliculus, thus
simplifying the processing
and the control of eye
movements”

Zambrano et al., 2014



How morphology Contributes to Computation

* Morphological Computation

* Morphological Control BlelC
* Pre-processing (Sensors)

» Post-processing (Actuators)

* Brain layout

BBCWorldwide
h [ Www. .com/watch?v=NWH624|PWQw

* Physical processes

Autumn et al., 2002


https://www.youtube.com/watch?v=NWH624jPW0w

How morphology Contributes to Computation

* Morphological Computation
* Morphological Control

* Pre-processing (Sensors)

» Post-processing (Actuators)
* Brain layout

 Physical processes

e t0 be continued ...

Muller et al., 2017



Morphological Intelligence

Inspired by Krakauer’s notion of intelligence

Morphological Intelligence describes the reduction of computational
cost for the brain resulting from the morphology and its interaction with

the environment.

 Morphological Computation - Post-processing (Actuators)
(XOR Robot)
- Brain layout
 Morphological Control

* Pre-processing (Sensors)
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