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The study of movement mostly focuses on goal-directed actions

Reaching/Grasping

[Crevecoeur et al. 2020]

Hitting a Target

Dart throw
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[lkegami al. 2014]
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[Rizzoglio et al. 2022]

Interception

[Maselli et al. 2022]

.. and intentional movement

Walking

uphill level downhill
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Stair stepping tasks

upstairs downstairs
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[Dewolf et al. 2021] Sit-to-stand

Phase | Phase Phase 4
Bend Forward Rv.t (l Extend Whe I Body  Stabihize Postu

[Yoshida et al. 2018]




However, movement is not always intentional

Preparatory adjustments

[Image from T. Dos’Santos]

Online motor corrections

[Image from Novembre and lannetti, 2021]
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{ Embodiment lllusions ]
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Fake surrogate bodies are perceived and processed
as if being part of the one’s own body
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The Rubber Hand lllusion

Botvinick M, Cohen J. Rubber hands “feel” touch that eyes see [8]. Nature. 1998



The Rubber Hand lllusion

[from BBC Two Horizon]

Botvinick M, Cohen J. Rubber hands “feel” touch that eyes see [8]. Nature. 1998
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[By A. Bouchard]

what is seen to happen on the fake body is expected
to bring consequences for the physical body



Proprioceptive Drift

Blindly point at the hidden real hand

RUBBER HAND ILLUSION

Perceived Real Hand
Location

Botvinick M, Cohen J. Rubber hands “feel” touch that eyes see [8]. Nature. 1998



Proprioceptive Drift

PERCEPTUAL STRATEGY TO REDUCE THE SENSORY CONFLICT

During the RHI illusion a SENSORY CONFLICT arises:

Update in the Perceived Posture

[llusion of ONE Hand

® TWO sensed
Hand'’s locations




Active strategies for minimizing VP conflict
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Active strategies for minimizing VP conflict

Unintentional Drift Movement
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Asai. lllusory body-ownership entails automatic compensative movement: for the unified representation between body and action . Exp Brain Res. 2015



Which model for Motor Control?

Unintentional Goal-Directed Actions

Intentional Goal-Directed Actions

Unintentional Motor Adjustments
during embodiment




Optimal Control Theory: a reference theoretical framework in motor control
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Which model for Motor Control?

Unintentional Goal-Directed Actions

Intentional Goal-Directed Actions

Unintentional Motor Adjustments
during embodiment




GENERATIVE PROCESS GENERATIVE MODEL

Sensory Input

N
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Actions



GENERATIVE PROCESS GENERATIVE MODEL

Sensory Mapping ]
Vi = g.(x) +w J

Dynamics
x=f,(xa I




GENERATIVE PROCESS GENERATIVE MODEL
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Minimizing free energy corresponds to
performing a Bayes-optimal estimate of the
hidden causes of the sensorium

]:::/Q u ln Q( )
Q F = Dku(Q(u)||P(uly)) — InP(y)




Minimizing free energy corresponds to the
suppression of prediction errors
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GENERATIVE PROCESS

GENERATIVE MODEL
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Action is driven by the intrinsic need
to suppress sensory prediction errors

State estimate
Estimated sensory feedback
State Forward (coroliory discharge)
Dynamic
Model
Efference Sensory
Copy discrepency
Motor L Motor Sensory
Command System System Sensory feedback
A (reafference)
External
influences .
[Miall and Wolpert 1996]
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" Action is driven by the intrinsic need )
to suppress sensory prediction errors

Proprioceptive
prediction

via Reflex Arcs i

. J

Brain Struct Funct (2013) 218:611-643
DOI 10.1007/s00429-012-0475-5

REVIEW

Predictions not commands: active inference in the motor system

Rick A. Adams - Stewart Shipp - Karl J. Friston
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ACTIVE INFERENCE IMPLEMENTATIONS OF MOTOR CONTROL



1DOF AGENT
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1DOF AGENT
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1DOF AGENT
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Reaching behavior in multi-joints agents

& =I,(5-g()
& =TI (Dft, - f(j1))

& =L@-D 7 DoF robotic arm

from reflexes to action

Pio-Lopez et al. (2016). R. Soc. Interface

Friston et al. (2010). Biol. Cybern.

Priorelli et al. (2023). PNAS



Sy Hp WV
M Target p
~ Pred gy
I Visual sv
MOTION

The head maintains the object in the visual field:
X, ‘ J the goal attractor has prediction error zero
PREDICTION - N s when the object is in the center of the image

\ ERROR

Oliver, Lanillos and Cheng, G. (2021). Active inference body perception and action for humanoid robot. IEEE Trans. Cogn. Dev. Syst.



Agents not only dynamically infer the state of their own body, but
also the state of the objects which they could possibly interact




Interception with Active Inference
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Russo, Maselli, Maggiore, Pezzulo (2025). Gravity Prior and Temporal Horizon Shape Interceptive Behavior under Active Inference. Arxiv,




Interception with Active Inference

Internal Dynamics World Dynamics
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Unintentional movement associated with aberrant self-perception
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Rubber Hand lllusion
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STANDARD REACHING EMBODIMENT OF A FAKE HAND
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Maselli, Lanillos, Pezzulo. Active Inference unifies intentional and conflict-resolution imperatives of motor control. PLOS Compt Bio, 2022



Wrapping up ..

» AIF provides a unitary coherent explanation to different forms of motor behaviors

» AIF provides an “upgrade” with respect to optimal control theory for the study of motor
behavior

» AIF inference may provide insights into the different mechanisms underlying intentional and
unintentional movements, and their underlying subjective experience
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