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Foreword

Sensorimotor control is a complex phenomenon that spans multiple spatial and temporal
scales, at both the behavioral and neural level. Since when sciérdtstise time, experi-
mental psychologists finally discovere@d the existence of movement (Woodworth,
1899), the body of evidence accumulated in this field has become increasingly rich, if not
alarminglyiat | east fr om a P hiDveshelmihg. iitte presetipeo i n t
sisaims to track down, at least in part, the various scaleski@aticterizenotor control

To this end, this work is divided into threminchapters.

The firsti 6t h e o i ehlaptedp.l 367) may be considered as an introduction to hu-
man motor behavior. It is not a merely introductory chapter, though, sicoddttsthe
content ofa thorougHiteraturereview of thekinematicregulaitiesi i.e., invariants that
characterize human mement addressingnainly i but not onlyi its macroscopiattrib-
utes Far from being acknowledged within an organic branch of the motor control litera-
ture,these invariantaregroupedhere for the first time with a unifying framework

The aim of the first part of the present thesis, therefore, isfter an integrative per-
spective of how we usthe kinematicregularitiesintrinsic in our movemenboth in per-

forming our actionsandin perceivingthe motor repertoiref our conspecifics

The second 6 e mp i T chapeerd(pp. 5986) outlines the main experimental work in
which | have been involveduring my PhD trainingThis studyaddresses a subtle phe-
nomenon which characterizes sensorimotor coritroamely, corticeforce coherence in
the alpha band andthe role that it may playn the visual guidance of ongoing move-
ments.

This part takes a step further with respect todieviousone, as it tves more deeply
into the microstructure of human motor behavior and its organization in sensorimotor
loops.It marks also a transition from the theoretical part of my journey as a PhD student to
a more practical and hards part.

In the third and final 6 t e c hirchapte(pp6b8#110), two ongoingexperimental works
will be describedBoth works address the sarsensorimotorphenomenori i.e., sub-
movementsi but carry out the investigation with differeakperimentalquestions and
techniques, one being a behavioral experiment and the other one an EEG study.
Although yet to bdinished, | still decided to present these ongoing wo@ks the one
hand,in order to report the preliminary results already obtair@ad the other handp
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0cl ose the <cir clievberedWas indreethosougbly supereigedith @ a r t
part in which the experiengained throughout this thrgears journey allowed me to per-

form investigations with more still supervised independence

At the beginning of each chapter, | will describe the role that | had in the gsdpdtand,
as well as the contributions of the other authors involiedll specify also whether the
content of that chapter leddor is currently leading sodntoward a publicationFinally, |
will briefly summarize what | learnedor am still learning from that project, in terms of

both theoretical knowledge and practical skills.

This piece of work coulthereforebe interpreted in three ways. Firstly, like observing hu-

man motor behavior through a magnifying glass and gradually coming closer to it, there-

fore uncovering its subtle microscopic structure out of the more known macroscopic as-
pects that we commonly observe in our and c
grounded journey spanning five quarters of a centuone of the oldestand most im-
portantcitations specifically concerning motor contrdates back to 1890 and hopefully

offering new insights into how classically observed features of human motor behavior can

be interpreted. Thirdly and finally, as a report of my personal path started by knowing little
about sensorimotor control and arrived at a checkpoint in which | still know little, but pos-

sibly a little less littlgKruger & Dunning, 1999)



Motor invariants in action execution and perception

The present chapter includes the content of a review article published in the jBogsal
ics of Life(Torricelli et al., 2023h)It is difficult to describe how much | learned from this
project, but it is worth to mentidmow thishas been a very thorough immersion in the sen-
sorimotor control literature, from classic wortsutmost historical importande very re-
cent contributionghat offered new and interesting insighitsalso gave me the chance to
study branches of literature that | was not familiar with, such as the Bayesian inference
framework(seesectionld.2, pp. 4345). Furthermore, the invited commentaries that fol-
lowed this publication allowed me tmnfront with other intriguing perspectivddie reply
to the commentaries has been published in the same jdiiorakelli et al., 2023aand
will be reportedi with some implementation$or the sake of clarity at the end of this
chapter(seesectionlf, pp. 5357). When used, the first person plural indicates the collec-
tive opinion ofall the authors involveth this work

For what <concer ns dthtles peojact, hdidrthe bibliegm@mphic rei b ut i
search and wrote the manuscript. Alice Tomassini supervised the writing in all its stages
and reviewed the manuscript, with a particular attentitotihe part concerning submove-
ments §ectionlb.5, pp. 16200 . Al essandr o DOAusilio supervi
es and reviewed the manuscript, focusing especially on the speculative p(spotah
Id.4, pp.4749) and conclusionssgctionle, pp. 5152) parts,as well as on the reply to the
invited commentariesséctionlf, pp. 5357). Giovanni Pezzulo reviewed the manusgript
and his contribution was particularly helpful for the Bayesmarpretationgart (section
1d.2, pp. 4345). Finally, the contributions ofuciano Fadiga and Thierry Poza@re fun-

damental in reviewing the work.






(Ia) Introduction

|l magine having a meal with a friend. You a
friend suddenly moves his/her hand to reach for something on the table. While this hap-
pens, yoummediately start to gather information about what is going on and look at the
shape of the hand as it proceeds toward its goal; for example, you may rule out whether
your friend wants to grasp a spoon or a bottle. This information might be so compelling
that if the object is too far from him or her farcomfortable reach, you may even choose
to pass it on to your friend before the actiover. Without even noticing, you have just
taken advantage of one of the kinematic invariants that shape human motor behavior
the example at hand, the maximum grip apertun®t only to understand what was hap-
pening, but also to modulate your own behavior in a socially congruent manner.

A large body of evidence indicates that the motor repertoires of human beingsan-
imals in general are characterized by a number of kinematic invariants. However, an
overview of all these invariant attributes of motor behaviors in a unifying framework is
currently missing. The goal of this review is to assess the state of the art in this vast field of
research on motor control and provide a comprehensive and integrated view on the role
that these characteristics might play in th

The present review comprises three main parts. In the firs{(geationlb, pp. 727),
we will briefly outline some of the most salient invariants of biological kinematics. We
will discuss how these attributes shape human motor behavierdependentlyspanning
multiple hierarchical levels of complexity.

In thesecond parfsectionic, pp. 2940), we will examine the existing evidence for the
role of the same kinematic invariants not just in executing movements, but also in recog-
nizing othersd actions and behavioral goal s
trating how we rely on these characteristics to interpret movements performed by our con-
specifics as their actions unfold.

Finally, in the third par{sectionld, pp. 4£49), we will offer a formal perspective on
how the brain could infer and exploit motor invariants during action observation. Our pro-
posal starts from the standpoint that the brain uses internal models to control movements
and these are tuned to the kinematic invariants embedded in human motor behaviors. Evi-
dence for the existence of internal models encoding robust environmental inviagants
as gravityi already exists, suggesting that the brain is particularly sensitive to regularities
in the external world. Crucially, to the extent that the internal models used by the brain to

control movement are also reused during action observation, the perceptual representations
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that the brain forms of observed movements should be automatically tuned to the same
kinematic invariants. Based on such arguments, we will discuss the speculative proposal
that the main contribution of the motor systerand of its internal modelsto action ob-
servation could be to process kinematic invariants, as these are the most salient and stable

characteristics of observed movements.



(Ib) Kinematic invariants: regular attributes of biological motor behaviors

Bi ol ogi cal mo t i [0.hgeneratedeby biological egerts) sush agi humans
and animalé( Yo v e | & O PpT 384 is eharacterizdddy kinematic invariant at-
tributes which, to the best of our knowledge, have not been outlined previously in a unify-
ing framework. The present section aims to provide a comprehensive description of such
kinematic invariants of biological motion, addressing in particular how they may be overall
interdependent. To this end, we will follow an order of growing complexity from the point
of view of the sensorimotor planning and control processes. Since the study of human kin-
ematic invariants pertains mostly to actions performed with the upper limb (e.g., reaching
movements to either point to or grasp something), unless expressly specified, we will use
the termendeffectorto indicate the hand.

filn the motor control literature, you can fimdany references to invariant characteris-
tics of movements thita mo ment 6 s r e f l yowdan vany anwiimelyour e v e a
want. As your hand or some tool progresses to a chosen target, you can make it go fast, go
slow, go straight, curve, stop along the way, or just give up and do somethiriy else.
(Shadmehr & Wisg2004 p. 495). Despite these lines may appear at odds with the very ti-
tle of the current section, they nonetheless highlight some of the main features of motor
behaviors: That is, theedundancyHirashima & Oya, 2016; Ivaldi et al., 198&), accord-
ing to other perspectives, tlabundance(Latash, 2012; Latash & Zatsiorsky, 2008
well as theequivalencélLashley, 1942; Raibert, 1978j movementsOn the one hand, the
equivalence principle consists in the possibility to perform the same action with different
endeffectors (e.g., writing with the right and the left hand, by holding the pen between the
teeth, etc.; for a classaccount seéashley, 194) by virtue of a higheiorder generaliza-
tion of themotor plans \{Ving, 200Q for aninvestigation of the neuroanatomical and func-
tional bases of this phenomenon, samtjes et al., 1999 On the other hand, the redun-
dancy / abundance feature stems directly from the high number of biomechanical degrees
of freedom that intrinsically characterizes the skeletomotor system, as was first pointed out
in 1967 by the Russian neurophysiologist Nikolai Aleksandrovich Bernstein (Bernstein,
1967,cited in Bongaardt2001; cf. von Helmholtz, 1867¢ited in Gielen2001). In light of
this, the presence of invariants in biological moticas will be described in the following
i might represent a successful strategy shaped by evolution, allowing for a reduction of the
computational load inherent to the sensorimotor control processes while still preserving

and exploiting its extreme flexibility.
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(Ib.1) Speeéaccuracytradeo f f and Fittsdo | aw

In 1899, the psychologist Robert Sessions Woodworth published his doctoral dissertation
under tTheAcdurady bfevoluintary Movement whi ch i s current|l
seminal contribution to the field of sensorimowontrol (see Newell & Vaillancourt
2007). Although another work contemporary to his thissi reported similapbservations
(Martin & Mdller, 1899, cited inHeitz, 2014, Woodworth was in fact the first to thor-
oughly describe the robust and ubiquitous phenomenon which is now known under the
name ofspeedaccuracy tradeoff. By observing human participants while they performed
aiming movements with the upper limb, he noticed that the velocity of a movement is in-
versely related to the accuracy required by aabhe movemeniNoodworth, 1899for re-
views seetlliott et al., 2001, 2010; Heitz, 2014

More than half a century later, the psychologist Paul Morris Fitts Jr. mathematically
formalized such behavior for botterial (Fitts, 1954)andsingle (Fitts & Peterson, 1964)
movements (Figlb.l). Fi t t gefies bnathe principles of information theory (dé@rt-
ley, 1928 Nyquist, 1924 and,in particular, on the 17th of a series of theorems proposed a
few years earlier by the engineer and mathematician Claude Elwood Shanr®ha(c.
non, 1948. Its originalformulation, reported hereafter, describes the linear relation exist-
ing between the amplitude of a movement, the size of its target and the duration of the

same movement:

S 4 4T
r

whered 4 movement time= movement amplitugendss  target width Therefore,
Fitts quantified the accuracy required by a movement as the:n?a{ibetween its ampli-
i

tude and the target radius (assuming a circular shape) and identified in its binary logarithm
i which is commonly used in thibeoretical framework to express information bits (e.qg.,
seeShannon1948 i anindex of difficulty ID, of the movement itselfFitts & Peterson,
1964},

! For the sake of claritythe following is the original formulation of the #Theorem proposed by Shannon in
hi s s e miAMathematical Kheofy of CommunicatiofShannon1948 which, along with othercon-
tributions (e.g., seeMiller, 1953), inspired Fittst oexténd the theory [of information] to the human motor
system (Fitts, 1954, p.381): Thié capacity of a channel of band W perturbed by white thermal noise power

N when the average transmitter power is limited to P is givep by 1 T "'-lH—o (Shannon1948, p. 43
Note the use of thelogarithm to express the transmission of information in terms of binary digdging
back toF i t t s @ogatittamie functionthereforetranslates the ID of a movement in information bitkile

alinear function describethe relation between this quantity and the duration of the same movement.
8
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up used byFitts and Peterson (1964)Vhen one of the two stimulus lights came on, participants were re-
quired to hit the corresponding target as fast as possible with the stylus. (Adaptefitfsof Peterson,
1964.)B. Relation between thimdex of difficulty(ID) and movement timéMT ). Increasing IDs were ob-
tained by either decreasing targets width or increasing movement amplitudes. Single moverdeots{
sisted in one repetition of an aiming movement from the start button to one of the (&itt®et& Peterson,
1964) Serial movementsblacK consisted in continuous repetitions of aiming movements between targets,
without replacing the stylus over the stawtton (Fitts, 1954). (Adaptddom Fitts & Peterson, 1964.)

Although a discussion on what could be the correct mathematical expression of equa-
tion (1) continued over the following years (MacKenzie, 1989Welford, 1968, chap. 5;
Welford et al., 1969; for a review semffmann, 2013 we will not address the details of
this debate as it is beyond the scope of the present review. What seems important to under-
line here is howhe speediccuracy trade f f | as modeled by Fittso
variant attribute of several motor behaviors, involvingt only the upper limb but also
many other eneffectors(e.g., the lower limb, the trunk, etc.; sdeffmann, 201§ That
is, movement duration depends on the accuracy requirement of the task at hand, a require-
ment that, irturn, grows linearly as the movement amplitude increases and/or as the target
width decreases (see Fith.l, B). If we consider reaching for an object with the upper
limb, the time necessary to complete the movement is systematically affected by the dis-
tance that separates the aftectori either the hand or a todlfrom such an object, as
well as by the object size. Interestingly, a closer examination of the temporal evolution of
reaching movements further reveals that object size modulates theffectdr velocity

early after the movement start (i.e xt0% of movement duration, accordingAnsuini et
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al., 2015 we will return to the implications of this important findingsiectionic.2, pp. 3%

33). On the other hand, decreasing movement duration, i.e. increasing its velocity, but
keeping target size and distance unchanged (thus providing with the same accuracy re-
quirement), leads to an increase in the endpoint varialf@ichmidt et al., 1979 Given

that increasing movement velocity requires the generation of strongef, finee/ariance
measured at the endpoint increases as the force developed by muscles increases. This ob-
servation can be interpreted according to a property of biological systems known as the
signaldependent nois@Berret et al., 2011b; Takeda et al., 2018)ch an expression re-

fers to processes in which the noise standard deviation depends on thensigmal
(Shadmehr & Mussévaldi, 2012 chap. 4), a phenomenon that will be recalled again i

this paper (sectiolb.4, pp. 1516).

(Ib.2) Straight paths and beihaped velocity profiles

Despite the high dimensionality resulting from the richness of degrees of freedom that
characterizes the skeletomotor syst@&er(istein, 1967, citeth Bongaardt, 2001 in un-
constrained circumstances the aftéctors tend to move approximately alongteight

path (see Shadmehr & Wise, 2004, chag). In 1981, Morasso was the first to describe
such regularity, by observing human participants while they reached for targets placed in
different positions by holding a manipulandum that could move along two dimensions
(Morasso, 1981seeFig. Ib.ll, A). Several studies confirmed this finding in humans
(Abend et al., 1982Flash & Hogan, 1985; Hollerbach & Flash, 19&bechting et al.,

1981 and reported similar results in both Alaman primate§Georgopoulos et al., 1981)

and other animaléGutfreund et al., 1996, 1998; Sumbre et al., 2008bkeworthy, such

regularity is the result of learning processes that occur ealifg ifHeld, 1965) andonce

2 In physical termssuch astatement mape supportedy posing acceleration as an unknown in the equation
oft he second Newt@nod¢$:4# alwo &f Infod i ol- <f weassunemass as

a constant, which is the case when moving a limb or more generally in human movement, the rate of change
in velocity is proportional to the applied force (see Enoka, 2015, pp6B5till, the rate of change in veloc-
ity does notnecessarily imply a higher peak velocity, but rather a steeper increasing of velocity during the
acceleration phase (cf. Fig Ih.IT). In experimentaterms however,it has beemlemonstrated that, in order
fito achieve a high peak velocity of an inertial load, it is necessary to produce larger forces to accelerate the
limbo (Ghez & Martin,1982, p. 123see als@ouisset & Lestienne, 1974) a s & quadraticaredatiof-
ship between velocity and integrated EMG of the [agonist mus(@eluisset & Lestienne, 1974, p. 45&e
also Bouisset & Goubel, 19Y1Given the relationship between EMG discharge rate and force exerted by a
muscle during a voluntary contracti¢for a review sedcnoka & Duchateau, 201,7)ve canderivethat an
increag in peak velocity requires higher force production (for further readings see also Carlton & Newell,
1993; Ulrich & Wing, 1993for an influential different account, cf. Brown & Cooke, 1990ndeed this as-
sumptionlays part of the bases employaldoby the experimental and computational framework investigat-
ing vigor, where the velocity of mainly saccae (e.g., seeReppert et al., 2015nd reaching(e.g., see
Shadmehr et al., 2016)movementss used as a measurerabtor effort(for a review se&hadmehr et al.,
2019 for further readings see alSthhvadmeh®& Ahmed, 2020; cf. section If,4p. 5455).

10
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Fig. Ib.ll. Bell-shaped velocity profiles of unconstrained reaching movements. Axperimental setup

used byMorasso (1981)When one of the six target§1-6) was switched on, participants performed a sim-

ple reaching movement toward the active target by means of a manipulandum. The active target was
switched off as soon as it was reached, then another target became active and participants repeated the
movement. (Adapted frorviorasso, 198) B. When reaching movements are unconstrained;effedtors

move along approximately straight paths. In an experimental paradigm similar to the one deséjht-in
ticipants performed repeated reaching movements from a starting politiok o} toward one of five tar-

gets émpty dotsand backDashed gray lineshow the path of the eraffector in each trialColored lines

show the path of the ereffector in one exemplary trial for each target. (Data from a single partici@ant.)
Kinematic invariants extrapolated from the data showesl, inormalized over movement tim®{). Upper

panel: Sigmoid trajectoryMiddle panel:Bell-shaped tangential velocity profileower panel:Acceleration.

In each panel, the average across all trialack ling is superimposed to the data extracted from the single

exemplary trials for each targeioored line$ displayed irB.

learned, remains robust even after perturbations are introduced to alter sensqoiametor
ning and control processes. The use of glasses with displacing prianmsanipulation
which has been widely (and still is) employed in experimguggthology (e.g., see Ros-

11



enbaum, 2017, chap. b)learly illustrates this point. When subjeetre wearing these de-
vices, their visuomotor control appears at first severely compromised. After a short prac-
tice, they nevertheless become acquainted with the artificial visual displacement and begin
again to perform smooth movements characterized by straight paths. The same phenome-
non but reverted an aftereffect of such manipulation is observed after the glasses are
removed (e.g., seAnguera et al., 2000 Despite some exceptions have been described
when the hand path is on the vertical planeAtfeson & Hollerbach, 1989 acquaniti et
al., 1986;Papaxanthis et al., 1998r when movements are perforneear théooundaries
of thereachable space (desmurget & Prablanc, 1997; Haggard & Richardson, 1396
straightpath of theendeffectors seems to be a robust regularity which is inheoettiet
sensorimotoplanning and control processes (see Figdl, B, previous pageas a result of
early learning and optimization mechanisms. Indeed, the motor system manages to restore
it as rapidly agpossible in the presence of perturbations. But which kinematic variable(s)
could be targeted by such optimization?

When moving an unconstrained eeifflector from its starting position to a target, its tra-
jectoryi i.e. the variation of its path over tinieshows a sigmoid profile that, after taking
its first derivative (which means computing its tangential velocity), becomesHagked.
In other words, the enreffector undergoes a first phase of increasing velocity (positive ac-
celeration), it then reaches the peak velocity (null acceleration), to end its motion with a
second phase of decreasing velocity (negative acceleration) (sel.RigC, previous
pagg. Remarkably, the organization of gahitected movements in two distinct phases
an initial Oi mpul sed phas ei wandgadindimtegpwposegg a 06 ¢
by Woodworth(1899)in his influentialtwo-component modedf limb control (we will re-
turn to this in sectiob.5, pp. 1620; see alsdlliott et al., 2001, 2010 However, photo-
grammetrybased motion analysis had just been pioneered in the 1880s by the photogra-
pher Eadweard Muybridge (for a historical review, €edyer et al., 2018see also the in-
vention of chronophography by the French physiologist Etienne Jules Marey in the same
period, cited inPozzo & Pozzo, 2031and was still far from being widespread at the time
of Woodworth (who used a kymograph), which prevented him from performing thorough
guantitative observations in support of his insight. After similar observations were made
also for saccadic eye movemefits. Clark & Stark, 1975)less than one century later it
became clear that thenimodal belshaped velocity profiles an ubiquitos (Abend et al.,
1982;Flash & Henis, 1991; Flash & Hogan, 1985; Goodman & Gottlieb, 1995; Hollerbach
& Flash, 1982; Morasso, 19880echting et al., 1981crossspecieqBizzi et al., 1982,

1984; Georgopoulos et al., 1981; Gutfreund et al., 1996, 1996; Hogan, 1984a, 1984b;
12



Sumbre et al., 200dhvariant of biological motion, which generalizes for a large class of
movements (e.g., violin bowing and jaw movements; Geeco & Abbs, 1986; Nelson,
1983. Apart from displaying a typical shape, tangential velocity further scales with the
distance covered: Peak velocity increases by increasing the path (@ugttonet al.,
1994 cf. also section If.4pp. 5455). Noteworthy, this characteristic velocity profile re-
mains unchanged despite the different and complex patterns of angles and (angular) veloci-
ties of theinvolved joints(Abend et al., 198X-lash & Hogan, 1985; Hollerbach & Flash,
1982; Morasso, 198Boechting et al., 19§1further, its optimization in humans occurs in
early infancy (von Hofsten, 1979cf. alsosectionlIf.7, p. 5. Overall, these findings
strongly suggest thdlhe beltshaped velocity profile becomes an invariant attribute of bio-
logical motion following a process of optimization aimed at learning to smoothly move

any endeffector along a straight path.
(Ib.3) The twethirds power law and the relation between curvature and velocity

Yet, moving an eneffector along a straight path is not always possible. Indeed, a curved
path is sometimes necessary either because of inherent task constraints (e.g., an obstacle
that must be avoided to reach for an object) or, more simply, because of the specific goals
of the movement at hand (e.g., drawing or handwriting). Although tualked isogony
principle’i i.e. a piecewise constant ratio between the instantaneous tangential velocity and
the curvature radius was initially proposed after observations collected in drawing tasks
(Viviani & Terzuolo, 1982)it turned out that this principle only holds for some simple tra-
jectories and could not be generalized to all the movements performed along curved paths
(Flash & Hogan, 1985; Lacquaniti et al., 1988)was indeed realized that the path usually
appearsmooth but not uniform in curvature, the egftector tangential velocity displays
multiple peaks and the local minima between adjacent velocity peaks are approximately
temporally aligned to the discontinuities in the patihvature(Abend et al., 198X lash &
Hogan, 1985) a robust temporal coupling which can alreba@yobserved in infancy (von
Hofsten, 1979cf. also section If.7p. 56.

In 1983, Lacquaniti, Terzuolo and Viviani successfully modeled the relation between
the instantaneousngular velocity and the patkurvatureof an eneeffector with the fol-

lowing equation, which is now known as tiwe-thirds power law
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velocity (rad/s)

C 2/3

Fig. Ib.lll. The two-thirds power law describes the relation between path curvature and angulareloci-
ty. A. Scribbles provide an example of curved @fiiéctor paths. (Adapted frotracquaniti et al., 1983 B.
Diagram illustrating the twahirds power law. The instantaneous angular velocity of the path showkeis in
plotted @ray) against the patburvature(C) raised to the power of twihirds. The averagedd line exem-
plifies the linear relation between the two variables. (Adapted fracquaniti et al., 1983

where © <« instantaneous angular velocity at tinte velocity gain factor and

F <« path curvature at tim¢ (Lacquaniti et al., 1983Fig. Ib.lll). The value of the ve-
locity gain factor depends on both the movement total time and the length of the trajecto-
ry segmentViviani & McCollum, 1983) but remains approximately constant throughout
the execution of relatively long tracts of the péthcquaniti et al., 1983)ts changes oc-

cur either at points of inflections or, in the particular case of drawing movements, at junc-

tions between figural units (e.g., Séwiani & Cenzato,1985. Given thato <« E and

FeO T (whereo <« instantaneous tangential velocity at timjeand » <« radius

of the path curvature at tim§, by substituting these quantities in equation (2) and after
simplifying, the following relation between the instantangangentialvelocity of an end

effector and theadiusof the path curvature is obtainflcacquaniti et al., 1983)

or its equivalent form:
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In fact, equation (3)Bidet-lldei et al., 2006; Dayan et al., 2007; Flach et al., 2004;
Kandel et al., 2000; LeviBinnun et al., 2006; Meirovitch et al., 20Nayviani et al., 1997;
Viviani & Stucchi, 1992) along with the equivalent equation (#gosta et al., 2016; Ca-
sile et al., 2010; Thoret et al., 2016 the one that is most commonly used in the litera-
ture, so that some works even refer to it asotieethird power law(e.g., sed.evit-Binnun
et al., 2006; Thoret et al., 2016

Overall, the twethirds power law implies a neimear increasing in the velocity of the
endeffector as path curvature decreases (i.e. as the radius increases). By the same token, as
the path radius decreases (i.e. as its curvature increases) tbfeetar velocity shows a
norn-linear decreasing, which is in line with the abenentionedbservatior(Abend et al.,
1982; Soechting et al., 198¢¥on Hofsten, 1979jhat each local mimum between two
peaks in the tangential velocity is roughly temporally aligned with a corresponding local
maximum in the path curvature. Although some violations to this model have been report-
ed (e.g., cfPlamondon & Guerfali, 1998the twathirds power law appears to be a robust
property of uppedimb movements along curved paths (e.g., ¥@@ani & Schneider,
1991). Other studies have shown that the same law applies equally well to movements per-
formed with other engffectors, such as smooth pursuit eye moveméntise 6 Sper at i
Viviani, 1997) speech movemen($asko & Westbury, 2004nd movements of botheh
body center of mass and the faliring gait(Hicheur et al., 2005; Ivanenko et al., 2002)
further supporting its ubiquity in human motor behavior (seeZdgw et al., 2013

(Ib.4) A rule to smooth them all: the minimgeark model

So far, we have outlined two robust kinematic invariants that characterize the trajectories
of biological motion: The unimodal beshaped velocity profilésection Ib.2 pp. 1013) in
movements performed along straight paths, and thethinds power law(previoussec-
tion) which relates instantaneous tangential velocity and curvature in movements per-
formed along nosstraight (i.e, curved) paths. Notably, both these invariant attributes
emerge as solutions adopted by the motor system to address a common problem: Perform-
ing movements characterized by smooth trajectories beginning from a starting point and
ending on a target. In light of this, several works have investigated whether one single kin-
ematic parameter could provide a general explanation fotyghisal motor behavior with-
in a framework derived from optimal control theory (for a review see Todorov, 2007).

In 1982, Hogan analyzed data collected during the performance by human subjects of
voluntary movements with their upper limb and identified such kinematic parameter in the

movement O0jerkoé. Jerk is the third derivat:i
15



of change in the acceleration of the @iféctor. According to this perspective, a move-
ment is smoother the more sensorimotor control processes succeed in minimizing the cost

function expressed by the following equation:

where L total jerk 4| total timg and jerk at timez. Movements with a mini-

mized total jerk are known aptimally-smoothi or minimumjerk i movementgHogan,
1982) This finding was further confirmed by other works in huméflash & Hogan,
1985; Nelson, 1983)nonhuman primategHogan, 1984)as well as other animals
(Gutfreund et al., 1996; Sumbre et al., 2000)is work demonstrated also how the total
jerk minimization could accurately model movements performed along curved paths and,
therefore, already obeying the abaliscussed twahirds power law (se€lash & Hogan,
1985; Todorov & Jordan, 1998; Viviani & Flasi99b).

More generally, it has been argued that each of the invariant attributes of biological mo-
tion that we have outlined so fari . e . F i -shaped veldcidy orofile ptwihirtls
power law and the minimujerk modeli could be explained by a unifyingiinimum
variance theory(Harris & Wolpert, 1998) This theory relies on the assumption that the
sensorimotor processes involved in planning and controlling-djosdted voluntary
movements aim to minimize the sigrddpendent noise (e.g., sénes et al., 2002f. al-
soWang et al., 2016 Whatever the cost functiainif there is (only) ong computed by
the sensorimotor system is, we chose here to outline in particular the miparkumodel
because it is based on a both measurable as well as observable kinematic parameter, which
i better than other derivatives of the egftectors position in spac€&lash & Hogan, 1985;
Richardson & Flash, 2002ee also Shadmehr & Wis2004 chap 18; cf.Berret et al.,
2011a; Polyakov, 2037 robustly describes an invariant attribute of biological motion.
Discussing whether the brain of humans and other animals might have evolved one (or
more) pool(s) and/or network(s) of neurons to compute and minimize movement jerk (or
other cost functions that have been proposed in literature; for a reviehodeev, 2004

is however far beyond the aim of the present review.
(Ib.5) Not so smooth after all: movement is organized into submovements

So far, we have highlighted smoothness as a primary feature efligeeted movements.

Yet, Woodworth(1899)agai n came first to realize that
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ten appear towards the end of an aiming movement, i.e. during what he denoted as the
phase for 0 @eesectemlh,Ppcl®iBt r Wod dwort héds intuitdi
that after the | argest initial wvelocity 06i.1l
formation afford the possibility for applying finer adjustments, improving accuracy at the
(obvious) expense of movement speed. More than half a century later, reflections on the
speedaccuracy tradeoff continued to be invariably intersected with a lively interest in
feedbackbased models of mot@ontrol (Beggs & Howarth 197Q Carlton 1981, Cross-

man & Goodeve, 198Elliott et al, 1991 Keele & Posnerl968 Meyer et al., 1988)The

idea that single aiming movements may actually be composed of multiple, discrefie units
so-called submovementsreflecting feedbaclbased error corrections (see RiglV, Top,

following pagg emerged in these same years and provided the basis for different quantita-
tive accounts of Fi tittshbe |Gadwe t eOnmec od asrelcitd soth €
modeli posited an incremental process of error reduction that unfolds through a series of
submovements, each taking a fixed time to cover a fixed fraction of the remaining distance,
thereforereducing the error from the previous submovement (residual) by a comparable
amount Crossman & Goodeve, 198Reele, 1968). The numbef submovements needed

to travel a certain distance, and thus the total movement time under the model hypothesis,
turns out to increase with t hseeeqgaionf(hemt | D,
sectionlb.1, pp. 810. In the forthcoming years, several revisions of this initial model were
proposedi for example, the Ml uent i al 0stowhmesvame notpdt i mMa dz
Meyerand collaborator§1988 i to incorporate more realistic assumptions on neuromotor

noise and better account for the accumulating observations on variability in submovements
duration and spatial accuracy. The impact of visual feedback manipulations on the fre-
quency and properties of submovements also became an object of intense investigation,
along with the renewed efforts to provide an accurate estioh@isuomotor delay¢Carl-

ton, 1992 Elliott et al., 1991, 2001; Zelaznik et al., 1983)

Indeed, the idea that movement is organized into submovements is historically deeply
intertwined with the notion of anintrinsicldagpr &6 psychol ogi c(@rhik, r ef r ac
1948; Telford, 1931; Vince, 1948)within the visuomotor loop. Largely inspired by engi-
neering models of feedbatlased servo control, investigation on human motor behavior in
response to serial or continuously changing stimuli (e.g., visual tracking) was proceeding
in parallel to the research on aiming movements, and was strongly advocating for a dis-
crete, intermittent nature of motor cont(@raik, 1947; Miall et al., 1985, 1993; Navas &

Stark, 1968; Vince, 1948; Wolpert et al., 1992jsuo-motor tracking became a paradig-

matic task to probe for intermittency in movement as its feedbaskd and (apparently)
17
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Fig. Ib.IV. Pointing and tracking movements are characterized by submovements. ToRxample trajec-
tory (black line, upper pangland velocity (ed line, lowerpane) of the upper limb in a pointing task per-
formed by a human subject. The characteristic discontintitiglseady observable in the trajectdryare
most clearly visible in the velocity profil&sray dotsand numbersindicate salient kinematic landmarks:
Movement onsefl) is followed by the characteristic bedhaped velocity profile of reaching movements, af-
ter which the onset of a corrective submovem@ytprecedes the overall movement off¢g8}. (Adapted
from Meyer et al., 19880riginal nomenclaturgl) movement beginnind?2) primary submovement en(B)
overall movement endBottom. Example of cursor positiorblack line, upper pangland velocity (ed line,
lower pane) in a visuomotor isometric centeut task performed by a ndruman primate. Note the periodic
discontinuities highlighted in the velocity pldiléck arrowheads (Adapted fronHall et al., 20149
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continuous nature enabled to unmask intrinsic discontinuities in the-aedserrect pro-

cess (see Figb.IV, Bottom). A series of studies both in huma(Graik, 1947; Miall,

1996; Miall et al., 1985, 1993; Navas & Stark, 1968; Vince, 1848yell as in noinuman
primates(Miall et al., 1985, 19863howed that continuous tracking behavior is marked by
regular speed pulsési.e. submovements generated witta periodicity of about 23 Hz.

Within this theoretical framework, submovements result ftbmintermittent update of
motor control signals on the basis of sensory feedback, which eventually translates into
small discontinuities in the velocity profilgSawthrop et al., 2011; Miall et al., 1993;
Sakaguchi et al., 2015; Wolpert et al., 199)e extent to which submovements produc-
tion is conditioned by the availability of visual feedback and/or susceptible to various types
of feedback manipulations (e.g., artificially introduced delays) became soon and still is a
matter of debate both in the context of continuous trackdweringer & Hogan, 1998;
Selen et al., 20Q6usilaradeya et al., 20)L8s well as of discrete, aiming moveme(iis

liot et al., 1991; Fradet et al., 2008; Hsieh et al., 2017)

Whereas current views mostly acknowledge the corrective natgtdofovements (Pe-
reira et al., 2017Sakaguchi et al., 2015; Selen et al., 2006; Susilaradeya et al., 2019)
some alternative accounts posit that submovements are not the result of an (intermittent)
feedbackbased controller but rather reflect inherent (neuro)functional (Hagan &
Sternad, 2012pr biomechanical (e.gDounskaia et al., 2005)roperties of movement
production and organization. One of such pr
ic primitiveo, a basic motor unit, whose f|
primitives) gives rise to more complex movement trajectqHegyan & Sternad, 2012)n
particular, when movement is slowed down and/or lengthened beyond a certain limit, it
would be unavoidably and automatically split into discrete, possibly overlapped, sub-
movements owning stereotyped b&laped velocity profile@Park et al., 2017)

Most recently, important evidence is being accumulated also at the neurophysiological
level. Someworks have shown consistent neural modulations-tooked to submove-
ments generatio(Pereiraet al.,2017 Roitman et al., 2009and highlighted the involve-
ment of motor oscillatory activity whose frequency4(Hz) closely matches submove-
mentsperiodicity (Hall et al., 2014 Jerbi et al., 20Q7Susilaradeya et al., 201L%Altoge-
ther, this suggests that intrinsic oscillatory dynamics in the motor system may map directly
into movement intermittency, feeding the ongoing debate on continuous vs. intermittent
models of motor control with novel insights.

Despite being relatively subtle (O6microsc

with other (6macroscopi co) i nvariants (hig
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represent a stable, invariant, property of how movenieetpecially slower ones (> 400

ms) 1 are executedAfter more than one century from when they were first described
(Woodworth, 1899)the neural and computational mechanisms underlguignovements
generation as well as their functional significance yet remain relevant open questions in the

current motor neuroscience literatcé also chaptehil , pp. 87110).
(Ib.6) The relation between maximum grip aperture and object size

When we reach for an object, it is most often to grasp it. Such-teaphsp action im-
plies therefore dedicated processes also for the grasping phase. However, foerieivad
the Omacroscopicd characteristics of reachi
kinematic invariants characterizingthes@a | | ed transportation phas:s
hough factoring in the target size (i.e. the movement goal), considers only the duration of
the reaching phase as its dependent varialdee equation (1) in sectidh.l, pp. 810.
Sensorimotor planning and control processes involved in #teegfasp actions should
nevertheless take into account the distance of the object as well as its size and shape.

In the early 680s, the French neurophysi o
directed reactto-grasp movements in humans and4homan primates. He observed how
the grip begins to form during the transportation pliag@rocess known as hapteshap-
ing T and describes a characteristic biphasic pattern: A first opening phase, in which the
fingers straighten and the grip opens; And a second closing phase, in which the grip aper-
ture decreases in anticipation to the contact with the object until its amplitude matches the
target size (Figlb.V). Remarkably, the end of the opening phiase, in other words, the
time at which thenaximum grip apertures reached occurs consistently after and strong-
ly correlates with the timé&o-peak of the hand tangential veloc{fecchio et al., 2014;
Jeannerod, 1981, 1984; Paulignan et al., 1990, ;199 alsd&artori et al., 2015n non
human primates; for different results deaulignan et al., 1991Importantly, as already
mentioned in sectiotb.1 (pp. 810), the size of the object significantly modulates the grip
aperture from the very beginnin@X0%) of the transportation pha@ensuini et al., 2015)
The amplitude of the maximum grip aperture covaries linearly with the object size
the larger the object the wider the apert@fasuini et al., 2015; Eloka & Franz, 2011;
Jeannerod et al1995 Marteniuk et al.,, 1990; Roy et al., 2000, 2002; Stelmach et al.,
1994) althoughan interesting modulation related to the ultimate goal of the actions se-
guence i.e. graspto-eat vs. grasgo-place identical targets (e.g., Sendall & Gonza-
lez, 20161 has been reported as well. Grip aperture is gradually modulated also by the ob-

ject shapgSantello & Soechting, 1998gspecially whenever undesirable collisions with
20



70 12
&
& o2
- o
O S
p ..:
= o
Q ©
L= Q
8 5
@)

0 0

800

Fig. Ib.V. Grip aperture is preshaped during a reachto-grasp movement.Upper panel.Grip aperture

(red ling is superimposed to the hand tangential velocity profilack ling of a reaching movement, and

both variables are represented as a functianafement timé@T ). Note the characteristic biphasic pattern:

After a first opening phase in which the aperture gradually increases, the maximum finger aperture is reached
(here, atD600 ms) and decreases afterward to fit the size of the target object. (Adaptedefronerod,

1984) Lower panelsPhotograms of an exemplary everyday retmebgrasp movement, approximately corre-
sponding to the timestamps displayed abdlack dotsandnumbers.

some of itsparts have to be avoidedhe higher this risk is, the greater will be the maxi-
mum grip aperture (Cuijpers et al., 2004; Verheij et al., 2014; Verheij & Smeets, 2018)
Finally, this invariant kinematic attribute appears to hold robustly even when the involved
sensorimotor processes are challenged by either low visual resqi@aoel et al., 2012,
2014; Holmes et al., 2011or a different interpretation ctitz et al., 2015 or illusory ef-

fects (e.g., the Ebbinghaus illusion; s¢&ffenden et al., 200kf. alsoSmeets & Brenner,
2019, suggesting that both the planning and the control mechanisms underlyingoreach
grasp movements are pboii if at all 7 affected by ambiguous contextual information
(Danckert et al., 20Q2or different conclusions ctslover & Dixon, 2002.

(Ib.7) Intentional effects: endtate comfort and grasp height

When reachingo-grasp an object, the ultimate movement goal is hardly limited to the ac-
tual grasping itself. Indeed, we most often intend to use that object for a future purpose,

whereby the grasping action represents only one of a more complex sequence of actions
21



starting final

hand position hand position
’
>
=
Ie)
©
o)
O
| .
Q
0.2
1 2 3 4 5 6 7 8

final hand position

Fig. Ib.VI. The endstate comfort is an example of secondrder grasp posture planning. A.Experimental

setup used bZoelhoand coworkerg2014. At the beginning of each triastarting hand position, I&ft partici-

pants grasped a horizontal handia¢k) fixed over a wheeldgray). After a 90 rotation dashed red arroyy

they were required to place the left (as in the case shown) or right end of the handle over fan&rganhd po-

sition, righf). The numbers indicate both staaihd enepoints (Adapted fromRosenbaum et al., 2034. Prob-

ability that the final hand position (as numbered above) for the tagkaifiects the choice to place the thumb
toward the pointer in the starting hand position. The more extreme would have been the final hand position, the

lowest was the probabilityAdapted fromRosenbaum et al., 20)4.
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aiming at that same purpose. In such a scenario, the intentionality behind the entireemotor
qguence may set an important constraintliier selection of the appropriate movemeattgct-
ing the way in which a firsbrder motor command is planned in favor of a more comfortable,
goalspecific seconarder posture. Whereas the first accounts of this type of intentional ef-
fects were praided for movements different from grasping (e.g., degteniuk et al., 1987
they were then thoroughly reported for redcigrasp movements by the psychologist David
Rosenbaum and his group in a series of work
led to outline the welknown endstate comfort(Rosenbaum et al., 1990) agdasp height
(Cohen & Rosenbaum, 200ghenomea (for reviews seklerbort et al., 2014; Rosenbaum et
al., 2012, 2018

The endstate comfort effect consists in performing a grasping movement embedded in a
motor sequence by engaging in an effort which is greater than the one required by that same
movement when performed in isolation (Fig.VI); Such an extra effort serves the purpose
of ending the grasping with a hand posture that is most comfortable for performing the next
actions (Rosenbaum et al., 1990). A classic examplee one outlined hereafter: In front of a
tray full of inverted glasses, a waiter may decide to grasp one of them with an awkward hand
positioni e.g., with his thumb pointing downwardwith the purpose to lifit up, flip it, and
therefore ending with his thumb pointing upward to comfortably fill it with a beverage; That
is, he may choose to sacrifice the comfort of his-brsier grasp planning by engaging initial-
ly in an effortful hand posture to accomplish the actual gotietntire motor sequence in a
comfortable, secondrder planned posture of graspi(lRosenbaum et al., 1990, 1992Zhe
endstatecomfort effect is learned during childhood, and some empirical findimdjsate
that it is fully developed only around the age ef®yeargAdalbjornsson et al., 200&een
et al., 2014; Knudsen et al., 2012; Krajenbrink et al., 202€igelt & Schack, 2010/Vunsch
et al., 2015for a review seeWunsch et al., 20)3althoughother results point toward a far
earlier development of simpler seceowdier grasp planning processes (e.g.,3egton et al.,
2003 cf. also section If..7p. 5. Noteworthy, the endtate comfort effect has been widely
documented also in several species of-homan primate§Chapman et al., 2010; Frey &
Povinelli, 2012; E. L. Nelson et al., 2011; Weiss et al., 2007; Zander et al., 201i&) sug-
gests how such a capacity may have been selected as advantageous during the evolution of
primatesin general (see Rosenbaum, 2017, chap. 2).

The grasp height effect is another example of secoddr grasp planning, whereby an ob-
ject is grasped at different points depending on the purpose intended for that same object, with
the aim of preventing ending up the action chain with an extreme p¢Stoinen & Rosen-

baum, 2004)A common example is the following: Grasping for a toilet plunger on the floor
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Fig. Ib.VIl. The graspheight effect reflects the height at which we intend to move an object. &xperi-

mental setup used b@ohenand Rosenbaunf2004). Participants were asked to move a toilet plunger from a
starting shelf to a target shetlgshed red arrows either higherléft) or lower fight). (Adapted fromRosen-

baum et al., 201%1B. Relation between the height of the target shelf and the height at which participants grasped
the toilet plunger in the experiment illustratedAn The higher was the shelf to which the plunger had to be

moved, the lower participants grasped its handle. (AdaptedRasenbaum et al., 20)4.
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to move it to a high placemente.g., a shelf implies grabbing the plunger lower on his han-

dle; Conversely, when moving the same object from a high placement to a lower one, grab-
bing itshandle higher is advantageous (the choice of this seemingly awkward example is not
a random one: sgeohen & Rosenbaum, 2004; Rosenbaum et al.,;Z6961b.VII).

The description of the invariant attributes which characterize the kinematics of biological mo-

tor behaviors allows us to point out two considerations:

1 Kinematic invariants of biological motion span multiple hierarchical levels of com-
plexity. Grasping an object implies not only the capacity to produce an optimally smooth,
minimumjerk movemen{Flash & Hogan, 1985; Hogan, 1982; W. L. Nelson, 1988)
velocity scaling according to the accuracy requirements set by the object physical proper-
ties (relative position, sizfitts, 1954; Fitts &eterson, 1964; Woodworth, 189%)in-
volves also an anticipatory pshaping of grip aperture according to the object shape
(Becchio et al., 2014; Jeannerod, 1981, 1984; Paulignan et al., 1990, 1991, 1997; Santello
& Soechting, 1998and, more importantly, the ability to incorporate in the ongoing motor
plan knowledge about the future intended use of that ofadten & Rosenbaum, 2004;
Rosenbaum et al., 1990, 1992, 20@&)ch a description retraces backwards thedtn
hierarchical organization of the sensorimotor planning and control processes: That is,
from an action ultimate goal to the specification of dewel kinematic paramete(see
Fig. Ib.VIII, following pagg. Notably, this hierarchical organization modulates all the in-
variant attributef the kinematics of a goalirected movement to match its final pur-
pose, arobservation that brings us to the following point.

1 Kinematic invariants of biological motion are interdependent.Grasping a knife to cut
something involves a motor plan that is completely different from the one required by
grasping a glass to drink its content. Importantly, such differences are subtler than the
most evident one involving the final purpose of each action sequence. Retracing both
reachto-grasp movements starting from their end, emerge different grip postures (i.e.
thumb downward vs. thumb sideward), a different maximum grip aperture (smaller vs.
larger;Ansuini et al., 2015; Eloka & Franz, 2011; Jeannerod et al., 1995; Marteniuk et al.,
1990; Roy et al., 2000, 2002 different tangential velocity profile (longer deceleration
vs. shorter deceleration, independently from the path ské#gsh) & Hogan, 1985; Hogan,
1982; W. L. Nelson, 1983nd a different requirement in accuracy (higher vs. lofigs
& Peterson, 196¢ which in turn leads to a different movement duration (longer vs. short-
er; Fitts, 1954 Woodworth, 1899 The sam@bservations hold if we consider grasping a

25



{peeAd:curﬁrcey—d)éf Mi ni muer k Maxi mum Grip I ntentional
o " . - =
. Iy
o 5
© g
v = £
MT (ms) =
- ime (onmy el e il e
('5 Mo r a $1s90§ 1 Jeann @roggdd Ro s e nbeatu. @ ) 4
U _________________________________________
0p] ° Submovemen}s
5 ®
= P
8} o
=

time (&)
Meyet. Ry g8laetl. 2094

Compl exity

Fig. Ib.VIIl. Summary of the kinematic invariants of human motor behavior.The x axis indicates the in-

creasing complexity of the motor plan involved, whereas/theis divides kinematic invariants between a mac-

ro- and a microscopic scale. Such subdivision may be interpreted in both space and time. Indeed, submovements
ithe only Omicroscopi c 6i skoivbahnadawer amplittde as wellas & higheefrei e we d
quency than those of the movements in which the other invariants are more commonly obsefZpthisede

et al., 2024cf. also section llapp. 6166). For the sake of clarity, minimwjerk movements are here represent-

ed only by the belshaped velocity profile, whereas intentional effects are shown only by the ity phe-

nomenon. (Adapted frorRitts & Peterson, 1964; Hall et al., 2014; Jeannerod, 1984; Meyer et al., 1988; Moras-

so, 1981; Rosenbaum et al., 2014

knife to either cut something or pass it to somebody. Each-teagiasp movement in-
volves a different posture of both the upper limb in general (arm adducted vs. arm abduct-
ed) and the hand in particular (thumb leftward vs. thumb rightward, with respect to the
knife handle;Rosenbaum et al., 1990, 199a% well a§ most likelyi a different maxi-

mum grip aperture (smaller vs. larger, to avoid, for example, accidentally hitting its blade;
Cuijpers et al., 2004; Verheij et al., 2014; Verheij & Smeets, RFA8thermore, it entails

a different tangential velocity profile (shorter deceleration vs. longer deceleration), a dif-
ferent accuracy requirement (lower vs. higher) and, therefore, a different movement dura-

tion (shorter vs. longer).

These observations show that the sensorimotor system actively modulates the invariant kine-
matic characteristics of movements for providing solutiob®th adaptive and effectivieto
problems which are intrinsically placed by the processes of sensorimotor planning and con-
trol. In such a perspective, their invariant nature should be interpreted in a broader sense, es-
pecially when compared to other invariants that characterize the environment (e.g., gravity;

we will return to this specific case in sectioi3, pp. 4547).
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Returning to what reported at the beginning of the present s€sterp. 7)not only it is
true that human beings can modify their kinematic invarianistime (Shadmehr & Wise,
2004, chap. 25), but they can also explicitly shape them for delgzereaningful information
to observergVesper et al., 2010)a phenomenon known @&gnsorimotor communication
(Pezzulo et al., 2013or a perspective article s&&esper & Sevdalis, 2020or a review see
Pezzulo et al., 2039In fact, such a richness of possibilities is provided by the redundancy
(Hirashima & Oya, 2016; Ivaldi et al., 198&r abundanceLatash, 2012; Latash &
Zatsiorsky, 2009)f biomechanical degrees of freedom that intrinsically characterizes the
skeletomotor system (Bernstein, 1967, cite@ongaardt, 2001). Furthermorie phenome-
non of motor equivalence results in a higbedter generalization of motor programs, which in
turn allows to perform the same action regardless of small local changes that contribute to in-
formational coupling withothers (Lashley, 1942; Raibert, 1978; Wing, 200@ further
source of such behavioral variability may be represented by the adoption of individual sen-
sorimotor strategies (e.g., sBerret et al., 201,8in reaching behavior€esqui et al., 2012,
20186 in interceptive behaviordlaselli et al., 2017in throwing behaviors). Thedgnematic
fingerprints (Runeson & Frykholm, 19833lynamic identity signaturggiahn et al., 201,6in
gait) or perceptualmotor styles(Vidal & Lacquaniti, 2021)characterize the way in which
each different person moves, and may be a possible consequence of how the richness of bio-
mechanical degrees of freedaominfluenced by individual variations in anatomical propor-
tions, distribution of masses between lloely segments (Bernstein, 1967, cited in Bongaardt
2007, see alsd&kuneson & Frykholm, 19832nd even emotional states and/or personality traits
(e.g., see the macroscopic gait differences during the triggering to maniac phases in bipolar
patients, aslescribed irKang et al., 2018cf. sectionf.2, pp. 5354).

In sum, as we will discuss in thiellowing section, the invariant kinematic attributes pro-

vide the observer with an extremely rich set of information.
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(Ic) Sensorimotor processes underlie the perception of biological motion

As we have outlined so far, biological motion features several reguldritiesinvariants. In
this section, we ask whether the brain could also use the same invariants during the recogni-
tion (as opposed to the execution) of biological motion.

First of all, it is instructive to start from the problem that the brain has to solve when ob-
servingl and trying to make sense ofactions executed by another person. It is widely rec-
ognized that people can potentially execute movements with a richness of biomechanical de-
grees of freedom at theitisposal (Bernstein, 1967, cited in Bongaa2®01). While a lot of
research asked whether the availability of several degrees of freedom is a problem or a bless
for the person who executes the action (d.gtash, 2012see also Rosenbay2017, chap
4), here we are more concerned with the fact that it posesaegtigible problem for anyone
who isobservinghim/her in action (for a review sé&&6 Aus i | i o). Ehe intransicre- 2015
dundancy of the motor system is further exacerbated by theindigrdual variation in per-
ceptualmotor styles(Vidal & Lacquaniti, 2021) providing theobservero f anot her per
movement with an extremely challenging tf8kolpert et al., 2003)And yet, such a task is
performed effortlessly by human beings on a daily kaksw is this possible?

Starting from the early 0690s, a s ehumama l ser
primates(Di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996; Umilta et al.,

2001) and humangFadiga et al., 199%)rought to light the existence of tineirror-neuron

system(for an opinion article se®izzolatti et al., 2001for reviews seeRizzolatti &

Craighero, 2004; Rizzolatti & Luppino, 2001; Rizzolatti & Sinigaglia, 20Which contrib-

utes to action encoding through observati®y discharging during both the performance and

the observation of estritthh@mngruend selcli )i cormoa elmre @
mo v e mehrdadly cgngruert ¢ €Gallese)et al., 1996. 601 and followingy mirror

neurons transform the visual information into an internal motor representation, the outcome of
whi ch, i mportantl vy, b el on gRizzdlatii ettalh 2001pRizzoe r v e r G
latti & Craighero, 2004)Based on these findings, several works have later explored the pos-

sibility that action encoding may indeed rely on meaningful, though subtle, kinematic cues.
(Ic.1) Decoding action intentions via intentional effects

Early behavioral works employembint light display(PLD) manipulationg a technique first
introduced in 1973 by the Swedish psychophysicist Gunnar Johadsg@mgson, 1973ee
alsoJohansson, 1976 to investigate whether human observers are capable of gathering kin-
ematic information to understand the intentions underlying whotly movements. To this
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end, one classic attem{uneson & Frykholm, 1983glied on the saalled principle okin-

ematic specification of dynami¢kSD), according to which events causal factors are speci-
fied by m[dwJmamecrdctera iqfldences the kinematic shape of movenint

[then] the kinematics d¥1 specifyad Runeson & Frykholm, 198%p. 596; see aldRuneson

& Frykholm, 198J). It was shown that human observers are capable of distinguishing the ac-
torsd6 deceptive action goals by viewing only
lifted a heavy box or pretended to do so.

Most recently, a similar PLD paradigm has been used to investigate whether human ob-
servers are capable of extracting and decoding meaningful kinematic information to under-
stand whether a reatb-grasp movement towards a bottle is performed with the goal of ei-
ther drinking or pouring its contefilanera et al., 2011Humans not only can infer the ulti-
mate purpose of a motor sequence from the observation of its kinematics: They appear to rely
on the same kinematic attributes when both minimal (PLD) and full-d i.e., natural
stimuli) information is provided. In other words, the use of kinematic cues to decode the in-
tention of an observed action may not be limited to (artificial) situations in which no other in-
formation is available but could actually play a role also in richer (natural) contexts. Several
other studies exploited similar gragpdrink vs. grasgo-pour (and graspo-place;Koul et
al., 201§ manipulations in more natural (néh.D) settinggCavallo et al., 2016; Koul et al.,
2019)or different jointaction paradigmgScorolli et al., 2014)o shed further light on action
decoding mechanisms (for perspective articlesAgeiini et al., 2014; Becchio et al., 2012;
Sciutti et al., 2015for a review sednsuini et al., 201p Altogether, these studies confirm
the initial insight for a critical (@Cable of Kk
lo et al., 2016; Scorolli et al., 2014nd further show that reliance on kinematic information
can be strong enough to override initial cortieased expectation(®oul et al., 2019) Yet,
this capacity may be affected by individual sensorimotor strategiesHg®e et al., 2016;
Runeson & Frykholm, 1983; Vidal & Lacquaniti, 202%. pp. 2627), which may represent a
sort of kinematic threshol@allowing to discriminate between more and less predictable mo-
tor behavi or s: l ndeed, the actordés motor st
observer, with some individual kinematic attributes being consistently less predictable com-
pared to others (e.g., sKeul et al., 2015

The behavioral evidence is supported also by accumulating neurophysiological evidence
(Koul et al., 2018; Patri et al., 2020; Soriano et al., 2018; Southgate et al., ROACMRI
study,Koul and colleague@018)describe the activation of a bilaterally distributed frontopa-
rietal network comprising thiaferior (IPL) andsuperior(SPL) parietal lobulesand theinfe-

rior (IFG) andmiddle (MFG) frontal gyri while participants observed reatdigrasp move-
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ments to either drink or pour but found no significant difference between the two conditions.
Patriand collaborator§2020)targeted two of the same network no@lds., the left anterior

IPL and the left IFG' by perturbing their activity witrcontinuous theta burst stimulation
(cTBS) during observationf the same type of (gragp-drink vs. grasgo-pour) actions; they
show that the | eft anterior | PL, butscamot t he
pacity to decode action intentions. Compelling evidence that kinematic cues trigger an implic-
it decoding of the ultimate goal of an observed action sequence comes from a sg&aly by
riano et al. (2018)They exploited singlpulsetranscranial magnetic stimulatiofTMS) to

probe thecorticobulbar(CB) excitability for a muscle involved in mouth opening and deglu-
tition i i.e, the mylohyoidi on participants observing again grasgdrink vs. grasgo-pour
actions and demonstrated anticipatory motor activation only in the formei ¢asewhen

the future scope of the action (to drink) involves the same muscle recruitment. Such a capaci-
ty to distinguish the intentions underlying, at least simple, movements by observing their kin-
ematic features might be learned very early in life, as suggested by infants showing signifi-
canteventrelated desynchronizatiofiERD) of the sensorimotor mu rhythrd8-10 Hz, con-
sidered as a proxy of motor activation; st et al., 1998; Muthukumaraswamy et al., 2004

for a review seddari & Salmelin 1997)only during observation of actions whose final out-
come / goal is nclambiguougSouthgate et al., 2016f. alsoGeangu et al., 2015ee section

If.7, p. 58. Given that anovement, to activate a motor representation, should belong to the
observer 6 s mRizzaatti etrak, 2@01; Riazolatte& CGraighero, 2QGke also
Bonini et al., 2013y this latter finding may be in line with evidence showing a relatively early
development of simple secodder grasp planning (e.g., €laxton et al., 2003see section

Ib.7, pp. 2125).

(Ic.2) Inferring a target object by observing the grip maximum aperture

A number of behavioral studies, employing either perceptual discrimination meg&nres

brosini et al., 2015; Ansuini et al., 2016; Campanella et al., 2@¥&}racking(Ambrosini et

al., 2011) or a combination of bot{Rotman et al., 2006have investigated whether human
observers are capable of using kinematic cues for successfully predicting the object toward
which a reacHo-grasp action is aimed to. Earlier works had already pointed out that the ob-
serversb6 gaze proactively shifts toward the
Flanagan & Johansson, 2QGd that this anticipatory, taskecific eye shift closely match-

es the one performed by the actors themselves when they actually reach for, grasp and manip-
ulate an object (e.g., sdehansson et al., 2001; Land et al., 1999; Land & Furneaux; 1997

for reviews seddayhoe & Ballard, 2005; Land, 20p9More recent works show that human
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observers can effectively predict both the size and the shape of an object toward which a
reachto-grasp action is performed, be the observed movements either fully yisrhleosi-

ni et al., 2011, 2015; Rotman et al., 2Q0@artially occludedAnsuini et al., 2016pr even
PLD-manipulatedCampanella et al., 2011urthermore, the explicit perceptual judgments
(Ambrosini et al., 2015; Ansuini et al., 2016; Campanella et al., 2&d)the implicit ocu-
lomotor behaviolAmbrosini et al., 2011appear to be highly correlated in tir(fiRotman et

al., 2006) Notably, as the action gradually unfolds observers rely increasingly more on the
kinematic cues related to the grip preshaping and discard potentially ambiguous infofmation
e.g., the actordés gaze orientation toward
ject (Ambrosini et al., 2015)Such a disentangling process is surprisingly fast, occurring soon
after the beginning of the observed movem@mnhbrosini et al., 2011, 2015; Ansuini et al.,
2016; Campanella et al., 2011; Rotman et al., 2086)ilarly to what was already described

for the discrimination of actions goals (s&esuini et al., 2015; Holmes et al., 2011; Santello

& Soechting, 1998 This is particularly remarkable considering that the maximum grip aper-
ture during the hand transportation phase is reached approximately when -steaped ve-
locity profile is at its peaKBecchio et al., 2014; Jeannerd®81, 1984; Paulignan et al.,
1990,1991,1997) i.e. roughly halfway with respect to the entimnevement duratiofAbend

et al., 1982flash & Hogan, 1985; Hollerbach & Flash, 1982; Morasso, 1981; Soechting &
Lacquaniti, 1981)or even later on (cAnsuini et al., 201p suggesting thdtuman beings are
capable of using subtle kinematic information as soon as it begins to provide meaningful hints
to understand the grasping goal.

The motor system is likely to be directly involved in such predictive procdskserand
collaboratorq2013)deliveredrepetitive(r) TMS to either the hand or foot motor areas (M1)
during the observation of a PLD reaithgrasp action toward an occluded object and found
that only the former (i.e., effector congruent) significantly delayed the observers predictive
gaze shifts. In a following fMRI work, subjects observed a similar re&ginasp movement
and showed a significant involvement of frontoparietal areas and the dorsal visualistream
with foci located in theventral premotor cortePMv), thepostcentral sulcugPoCS and the
anterior intraparietal sulcugalPS) i as long as the tbe-grasped object remained occluded.
When the movement was displayed in full view (iveith the object completely visible), a
strong involvement of the ventral visual stream (for reviews of the ventral and dorsal visual
streams se&oodale & Milner, 1992; Milner & Goodale, 200&aselicited (Thioux & Key-
sers, 2015)As suggested also by the studies reviewdtienprevioussection (cf.Koul et al.,

2018; Patri et al., 2020; Soriano et al., 20Hh effectorspecific involvement of MXElsner

et al.,, 2013)and a broader recruitment of a frontoparietal network and of the dorsal visual
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stream(Thioux & Keysers, 2015 re-enact the observed actions seems to be crucial when

the interpretation of othersd actions requi.l
when the objects which represent the movements goals are occluded). The importance of such

a reenactmeninay nevertheless be contalépendent: When other reliable visuospatial in-
formation is available, it may be complemented by the involvement of the ventral visual
stream(Goodale & Milner, 1992Milner & Goodale, 2008to improve the overall accuracy

of action understanding@ fiioux & Keysers, 201,5or an opinion article segilner, 201J).

(Ic.3) Discriminating biological from noibiological motion

To the best of our knowledge, no work has specifically investigated whether the mimimum
jerk model is used by human observers to discriminate biological frorbintogical motion.
Nevertheless, several experiments have employed visual stimuli moving along straight or
curved paths according to two kinematic invaridntee beltshaped velocity profil§section

Ib.2, pp. 1013) and the twethirds power law(section Ib.3 pp. 1315) i that can both be in-
scribed within the minimurerk model (seélash & Hogan, 1985; Todorov & Jordan, 1998;
Viviani & Flash, 195; recall equation (5) in sectidib.4, pp. 1516). These studies are re-

viewed in the following:

1 Recognizing a biological stimulus moving along straight and slightly curved paths.
Behavioral works investigated whether human beings may have a dedicated internal mod-
el that allows them to discriminate a biologically compatible velocity frombiological
ones(Bisio et al., 2010, 2012, 2014, 2016; Bouquet et al., 2007; Gavazzi et al., 2013;
Pozzo et al., 200&f. alsoHayes et al., 209)6In an early work it was suggested that ob-
servers can rely on their motor competences to reconstruct the occluded part of a dot tra-
jectory, as long as its velocity is compatible with the kinematics of biological motion
(Pozzo et al., 2006 Motion capture techniques further revealed how both healthy people
(Bisio et al., 2010; Bouquet et al., 20@#f)d neurological patientsin this particular case,
suffering from (Bdiozehat,i2002 2036 show eghemrmaoe conta-
gion (for a review se®lakemore & Frith, 200bor automatic imitation(for a review see
Heyes, 2011 processes triggered by the observation of a biologically compatible kinemat-
ics and independent of the specific visual context (e.g., moving dot vs. human model; see
Bisio et al., 2010 These processes similarly hold also when the shape of the biologically
moving artificial stimulus increases in complexity (e.g., humanoid robotBsée et al.,

20149. Interestingly, human observers are both more accurate as well as more precise in

estimating the temporal properties (duration) of moving visual stimuli when their velocity
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matches a biological (bedhaped) vs. a nebiological (constant) profiléGavazzi et al.,
2013)
When the path curvature is not slight at all.A number of behavioral work®idet-lldei
et al ., 2006 ; dedSperat.i & Stucchi, -1995;
Binnun et al., 2006; Thoret et al., ) Viviani et al., 1987, 1997; Viani & Mounoud,
1990; Viviani & Stucchi, 1989, 19923ddressed the same hypothesis by means of trajec-
tories occurring along a curved path. Early experiments provided evidence that human be-
ings are perceptually tuned to visual stimuli when their motion along elliptical paths obeys
the twothirds power law(Viviani & Mounoud, 1990; Viviani & Stucchi, 19895uch an
attunement to biological stimuli causes strong percejptimath visual(Viviani & Stuc-
chi, 1992)and kinesthetici illusions. On the one hand, the visual illusion results in the
perception of the biological velocity as being uniform and, conversely, of the non
biological (constant) velocity as being strongly aerform (Viviani & Stucchi, 1992)
whereas it is actually thepposite cas@Abend et al., 1982; Lacquaniti et al., 1983; Vivi-
ani & Terzuolo, 1982recall egations (2), (3) and (4) in sectidh.3, pp. 1315). Im-
portantly, the involvement of smooth pursuit eye movements in this robust illusion has
beenruledou¢t de 6 Sper at i ,&herSforaiexauting,a pokstble Sonfounding
role of concurrent oculomotor commands. On the other hand, the kinesthetic illusion
causes a perceptual spatial stretching of motion trajectory along the direction oflespeed
creasgViviani et al., 1997) More recent behavioral workarther show how such a tun-
ing to biological kinematics improves visual motion predictiBidetlidei et al., 2006;
Flach et al., 2004; Kandel et al., 20@0d is likely rooted in sensorimotor processes (see
Levit-Binnun et al., 2006; Thoret et al., 2016

Neurophysiological evidence further supports the notion that biological motion is en-
coded within specific / dedicated mechanisms grounded in the motor si/sgesta et
al., 2016; Casile & Giese, 2006; Dayan et al., 2007; Meirovitch et al., 2816¥t fMRI
study performed byayanand coworkerg2007)found significantly stronger activation
of a large network of brain aredsncluding M1 and thesuperior temporal sulcugSTS)
in the right hemisphere, PMv and IPL in the left hemisphere andaitsal premotor cor-
tex (PMd) bilaterallyi when viewing a cloud of dots moving according to the-tinals
power law compared to other nbiological types of motionCasile and colleagues
(2010) employed the same technique while participants observed a human avatar dis-
played on a screen, moving either according to thetlivds power law or not: Different-
ly from the widespread network described in the previous experifdagan et al., 2007)

a more focused activation pattern involving only regions in the left frontal lobe with a sig-
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nificant focus within PMd was found, suggesting that processing the information related
to a biologically moving human shape might require the activation of a more restricted
brain network compared with that recruited by artificial stimuli moving in the same fash-
ion. This hypothesis was corroboratedAnyostaand collaborator§2016) who employed
singlepulse TMS to stimulate the representation of the right hand in the left M1 while
subjects observed either a dot (@ayan et al., 20Q7or a human avatar (cCasile et al.,
2010 following a biological (twethirds power law) or a nehiological (created by ma-
nipulating the exponent in equation (4), see sedbd) pp. 1315) motion trajectory. In-
terestingly, although both the dot and the human avatar biological motion significantly
modul at ed t leaticgsmnal(Cs) excitakality,tswectd a modulation was tightly
correlated with the stimulus instantaneous velocity only for the hdikesstimulus. This
might be in line with other neurophysiological evidence, which suggests that the distin-
guishing features of biological kinematics may be unnecessary to elicit an automatic mo-
tor activation during action observation as indexed by modulation of the CS excitability
by means of singlpulse TMS(Craighero et al., 2016Finally, in anelectroencephalo-
graphic (EEG) experimentMeirovitch and coworkerg2015)found a strong and wide-
spread ERD of both alphalocalized in the central electrodesnd betd involving also
prefrontal electrodes brain rhythmic activity when subjects observed PLD stimuli mov-
ing in compliance to the twthirds power law, with respect to other, Aoinlogical, types

of motion (cf.Southgate et al., 2010

An optimally-smooth, minimurjerk kinematics(Flash & Hogan, 1985; Gutfreund et al.,
1996; Hogan, 1982, 1984; W. L. Nelson, 1983; Sumbre et al., 26€4ll equation (5) in sec-

tion 1b.4, pp. 1516) along straight as well as curved paths appears therefore to convey mean-
ingful information that allows human beingsitat least implicitlyi recognize it and discrim-

inate it from norbiological onegBidetlldei et al., 2006; Bisio et al., 2010, 2012, 2014; Bou-
qguet et al ., 2007; dedSperati & Stucchi, 19
et al., 2000; LeviBinnun et al., 2006; Pozzo et al., 2006; Thoret et al., 2016; Viviani et al.,
1987, 1997; Viviani & Mounoud, 1990; Viviani & Stucchi, 1989, 1992)sum, people are
capable of using these implicit cues to predict the spatial course of visual stimuli moving ac-
cording to biological motioriBidetIldei et al., 2006; Flach et al., 2004; Kandel et al., 2000;
Pozzo et al., 2006)make an accurate and precise temporal estimation of their trajéGiry

vazzi et al., 2013and also effectively imitate their kinemati&isio et al., 2010, 2012, 2014;
Bouquet et al., 20075uch capacities may be mediated by the involvement of a widespread
frontoparietal networfAgosta et al., 2016; Casile et al., 2010; Dayan et al., 2007; Meirovitch
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et al., 2015pnd these kinematic hints are sufficiently strong to even induce perceptual distor-
tions, on both the visugl d e 6 Sper at i & SBinouo etfali, 20061\dvéati & L e v i
Stucchi, 1992)and thekinesthetic(Thoret et al., 2016; Viviani et al., 199@pmain.Sanme

works appear to suggest that such kinematic information may be meaningful enough to drive
the observersdé behavior even wheniicetwhenr vi su
both the path of the observed movement and the shape of theffectdr are fully visible

(e.g., sedBisio et al., 201] in line with other results previously reported for both the inten-

tional effects (cfManera et al., 20)1and the maximum grip aperture (&fmbrosini et al.,

2011, 201% Nevertheless, the possibility that kinematic cues are sufficient to override other
informationi even when it is seemingly more readily availdbhaight be restricted to condi-

tions in which the information density contained in the visual stimuli is limited, as other re-
sults also suggesFlach et al., 2004cf. Pozzo et al., 20061t might be that the more we go

down levels in the kinematic hierarchy, the more we enter a blurred zone whereby task
independent kinematic invariants of biological motion progressively lose importance to the
eyes of human observers, as long as other reliable sources of information can be easily gath-
ered.

Observers are certainly tuned to the invariants that characterize biological motion at a
Omacroscopicd | evel, but are they capable o
Omi croscopicbd structure of othersd movement s
movements can be consistendigad oubal so i n ot hersd movements a

for fine interpersonal movement coordinat{®azzaro et al., 2023; Tomassini et al., 2022)
(Ic.4) Observing the grip preshaping might not be so strictly necessary after all

In principle, basean the speedccuracy tradeff (Elliott et al., 2001, 201,0Heitz, 2014
Woodworth, 1899an d  Flawt (Fitts ©954; Fitts & Peterson, 1964Hoffmann, 2016recall

equation (1) in sectiotb.1, pp. 810), an observer should still be capable to infer the size of

the tobe-grasped object even when observation of the fingers preshaping is imipeldedl,

a behavioral workMcCormick et al., 2013¢xamined eyes movements while participants ex-
ecuted and (separately) observed the same ty
that fixations, despite being different in number, showed comparable duration in the two con-
ditions. Furthermore, activation of cortical (M1 asupplementary motor aréaSMA) and
subcortical (basal gangl i a) mot or regions d
with the difficulty 1 i.e. the ID (seeFitts & Peterson, 194 of the task(Eskenazi et al.,

2012)
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In light of the evidence reviewed so far, we can now draw four considerations:

1 The kinematic invariants of human motor behavior can be proactively shaped by ac-
tors. Especially when involved in a social context, human beings may deliberately choose
to vary the invariant attributes of their movements attang (Shadmehr & Wise2004
chap. 25). To this end, they can exploit the many degoédreedom afforded by their
skeletomotorsystem (Bernstein, 1967, cited in Bongaa2@0l) to effectivelyshape the
redundancy / abundan¢Elirashima & Oya, 2016; Ivaldi et al., 1988; Latash, 2012; Lat-
ash & Zatsiorsky, 20099nd theequivalence (Lashle¥942 Raibert, 1978 Wing, 2000
intrinsic to their motor behaviors, with the specific purpose of making their actions goal
more transparent (sd&ezzulo et al., 20)3ven in spite of other available irrelevant or
misleading cues (se® 6 Ausi | i o ).eSuch alsensorimdtdr lcBmmunication
(Pezzulo et al., 2013, 2019esper et al., 20)0Gstrongly depends on thimalleabilityd of
human kinematic invariants, a characteristic that cannot be found in any other environ-
mental invariant attribute (e.g., cf. Sun & Peroh898 Mamassian & Goutcher, 2001
Girshick et al., 201;1J6rges & LopeaMoliner, 2017, 2020see sectiond.2, pp. 4345,
andsectionld.3, pp. 4547).

T The observerodés individual mot or Besideggmthat ur e (
specific intention / strategy of conveying sensorimotor (communicative) signals, every
person moves according to his or her own kinematic fingerprints / dynamic identity signa-
tures / perceptuahotor styles(Hahn et al., 2016; Runeson & Frykholm, 1983; Vidal &
Lacquaniti, 2021cf. p. 273, which may be successfully encodethe the person already
known or nofi by the observer(s) to recognize who is performing the a¢iidh& Pol-
lick, 2000; Sevdalis & Keller, 2011; Troje et al., 200&r areviewse¥ ovel & OO6Tool
2019 . Further mor e, previous knowledge of th
sometimes even be crucial to correctly interpret the observed action. According to neuro-
physiological evidence, this may lead to an increasing modulation of the CS excitability
during the observation of sensorimotor str.
(Hilt et al., 2020)

1 The strong prior knowledge deriving from expertise plays a crucial role in actions
encoding.Whereas the kinematics of everyday movemérgsy., a reacto-graspi can
deliver meaningful information to any healthy human being (e.g.$egano et al., 2018
for an eloquent account), the same point does not hold anymore when a less common,
highly skilled actioni e.g., an athletic gestuieis observed: In this case, the role of ex-
pertisei i.e. the repeated exposure to both the performance and the observation of a spe-
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cific set of motor act$ plays a fundamental role in making predictions of the movement
outcome(Abernethy et al., 2001, 2008; Abernethy & Zawi, 2007; Aglioti et al., 2008; Ida

et al., 2012; Muller & Abernethy, 2012; Shim et al., 2005; Vicario et al., 2017; Vignais et

al., 2009) Motor training especially seems to be critically involved (e.g. Bssss et al.,

2010; Casile & Giese, 2006, in |ine with the i mportance
toire in understanding actiolfRizzolatti et al., 2001; Rizzolatti & Craighero, 2004)

Studies in the field of sport sciences have investigated to which extent expert players
are better than either amateursiovices in extracting, especially under time pressure, in-
formation concerning the intentisf an opponent by observing his/her movement kine-
matics (for a review sedliller & Abernethy, 201p For example, experiments with
squash(Abernethy et al., 2001}ennis(lda et al., 2012; Shim et al., 200%adminton
(Abernethy et al., 2008; Abernethy & Zawi, 200aH)d handbal(Vignais et al., 2009)
players pointed out how expertise in a specific discipline facilitates the prediction of the
direction (Abernethy et al., 2001; Abernethy & Zawi, 2007; Shim et al., 2008) depth
(Abernethy et al., 2001, 2008 nd the type of strok@da et al., 2012; Shim et al., 2005)
that is about to be executed by the opponent. Such an improvement (due to expertise) re-
mains intact when visual information is impoverished by using-Riabipulated stimuli
instead of videogAbernethy et al., 2001, 2008; Abernethy & Zawi, 2007; Muller & Ab-
ernethy, 2012; Shim et al., 200%)though the two types of stimuli may prompt different
strategies (e.g., c¥ignais et al., 2000

Besides conferring finer granularity to t
pertise may also optimize the prediction of future kinematic cues. For instsglostj
and colleague$2008) applied singlepulse TMS on the right hand representation in the
left M1 of both basketball experts and novice subjects while they observed the execution
of free shots (a motor behavior which, i n
Results showed that elite basketball athletes can predict the success of the free shots earli-
erieven before the balilandneoeacewately than bgihl othgre r 6 s
experts and novices, and they display a t#pecific motor activation during the observa-
tion of erroneous throws (see algwario et al., 201Y. These findings suggest that motor
expertise translates into corresponding ex|
ing with kinematic priors, which are fingrained and have a longer temporal horizon
Contextual environmental information may be decisive in encoding ambiguous kin-
ematics. Although informative in many situations, kinematic cues may sometimes be in-
sufficient or ambiguous (e.g., s€éach et al., 2004; Thioux & Keysers, 2015 these

cases, contextual information becomes decisive in complementing kinematic information.
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Parallel to several findings outlining either a complementary (e.g.Akeeida et al.,

2013; Kalénine & Buxbaum, 2016f. alsoVankov & Kokinov, 2013 or interferent (e.g.,
seeBorghi et al., 2012; Randerath et al., 2D18le of contextual information in sen-
sorimotor planning and control process®égatson & Buxbaum, 2015or a review see

Van Elk et al., 201} recent results point out the importance that such information plays

al so i n under st anAmomnug etalt, 2026 2018; Aaoraso & Urgesi,( s e e
2016; Anelli et al., 20LZcf. alsoAmoruso et al., 2019

In summary, while observing the movements of conspecifics, human beings rely on at least
two sources of information. On the one hand, the invariant kinematic attributes which charac-
terize both the actor 6s iahomughlyndescribed si¢he preer 6 s 1
vious sectiori are progressively gathered as the observed actions unfold. Given the interde-
pendency of such kinematic invariants, they likely provide with a continuous batidtow
of (visual) information which evolves and accumulates over time. On the other hand, contex-
tual information inherent to the physical and social environment in which the actions are tak-
ing place allows the observer to make-tpgvnpr edi cti ons concerning
Such topdown beliefs (intended in a Bayesian sense, see sddtignpp. 4345) on what
goaldirected behaviors are more likely to take place within a given environmental context are
complemented by and integrated with the strprigr knowledge of the invariants character-
izing human kinematics, derived by the lifelong experience with both performed and observed
movements.

These processés bottomup evidence accumulation and tdpwn predictioni unfold
online and in parallel, and their interplay eventually provides with the most likely interpreta-
tion of the observed action. How such an integration is actually performed likely depends on
how reliable the available sources of information are weighted. On the one hand, the invariant
kinematic attributes may be abundant and eloquent enough either because the movement is
overtrained (e.g., se@avallo et al., 2016; Koul et al., 2019; Manera et al., 2011; Scorolli et
al., 2014 or because the actor proactively shapes his/her own kinematics to facilitate the ob-
server in an interactive contefRezzulo et al., 2013, 2019; Vesper & Sevdalis, 20@03uch
a scenario, the observer might rapidly and successfully match the accumulating-ugmttom
visual information with the topown kinematic priors, and this match could be so compelling
to even override other ambiguous or incongruent contextual information (e.gunbeesini
et al., 2015; Koul etal.,2019) On t he ot her hand, the actords
sufficiently reliable i nformation, for insta
repertoire(Abernethy et al., 2001, 2008; Abernethy & Zawi, 2007; Aglioti et al., 2008; Ida et
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al., 2012; Miller & Abernethy, 2012; Shim et al., 2005; Vicario et al., 2017; Vignais et al.,
2009) when the sensorimotor strategy adopted by the actor is poorly predictable (e.g., see
Koul et al., 201§ or, more simply, when visual information is pdQraighero et al., 2016)
insufficient(NogueiraCampos et al., 2019 ambiguougFlach et al., 2004; Thioux & Key-

sers, 2015)In this case, toglown contextual priors could effectively take over the inferential
process and make up for the limited kinematic informafldmoruso et al., 2016, 2018;
Amoruso & Urgesi, 2016; Anelli et al., 2012)
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(Id) Internal models across motor control and action observation

So far, we have reviewed a large body of evidence indicating the prominence of kinematic in-
variants in motor control. Furthermore, we discussed how the same kinematic invariants can
be exploited during the recognition of the actions performed by others. This raises the ques-
tion of how exactly the brain reuses invariants across motor execution and action observation.
Here, we argue that this is possible because the brain forms internal models for motor control
and exploits them during action observation and, more broadly, action simulation. We firstly
discuss the notion of internal models and then suggest the speculative hypothesis that it is
precisely the existence of kinematic invariants that licenses (and perhaps directly triggers) the
use of internal models for motor control during action observation tasks.
il f the organi smad a&r rmeakersal rdalityoehdnad its lown possible

actions within its head, it is able to try out various alternatives, conclude which is the best of
them, react to future situations before they arise, utilise the knowledge of past events in deal-

ing with the present and future, and in every way to react in a much fuller, safer, and more

competent manner to the emergencies which fageit. These | i nes, writte
Scottish philosopher and psychologist Kenneth Cfpik6l) i n h i sTheeNatara of ExA
planatiob, represent perhaps the first explicit

the world, as well as for their biological role. Although his tragic and premature departure two
years later prevented Craik to develop these insights further, his assumptions have been wide-
ly supported and expanded in the neuroscientific research starting from the second half of the

680s up to the present ti me.
(Id.1) Forward internal models and motor prediction

The neuroscientific investigation of internal models first emerged consistently in the literature
concerning computational motor control, which uses approaches derived from engineering
and, more specifically, the mathematical framework provided by optimal control theory (for a
reviewsee Todorg, 2007, to addreseow movements are planned and performed.

In general, internal models are theoretical constructs that are supposed to mimic the behav-
ior of a naturalprocess(Miall & Wolpert, 1996; Wolpert et al., 1995; Wolpert & Kawato,
1998) From the persmtive of computational motor control, internal models are representa-
tions generated by the nervous system, used to account for the properties of the motor appa-
ratus (e.g., limbs lengths and masses, joint angles) and the environment (e.g., objects features)
(Bizzi et al., 2000; Grush, 2004, 2005; Musgaldi, 1999; Wolpert et al., 2011puch repre-
sentations encode the sensorimotor transformations that, starting from these properties, gener-
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ate the motor commandequired to perform a desired movemghtkeson, 1989; Lacquaniti

et al., 1992; Neilson et al., 1988; Stein, 200 already outlined in several reviews (e.g.,
seeMiall & Wolpert, 1996 Grush, 2004; Mussbkvaldi, 1999; Wolpert et al., 1998; Wolpert

& Ghahramani, 2000) first relevant distinction is that between inverse and forward models.
Being the former inherently concerned with tbentrol side of motor performance (see
Imamizu et al., 1995; Neilson et al., 19&hadmehr & Mussévaldi, 1994 for a review, see
Atkeson,1989, they will not be described further in the present work. Conversely, the latter
deal with thepredictionpart of motor contro{Flanagan et al., 2003nd, therefore, are par-
ticularly relevant to the topic at hand.

Forward models also termedipredictor (e.g., seeWNolpert & Ghahramani, 2000or
fiemulator® (e.g., seeGrush, 20041 encode the causal relationship occurring between ac-
tions and their outcomeg&hasia et al., 2008; Muss$ealdi, 1999; Stein, 2009; Wolpert &
Kawato, 1998)allowing to predict thduture state of the motor system and the environment
(Jordan, 1990; Jordan & Rumelhart, 19&%tush, 2004; Lacquaniti et al., 1992; Wolpert et
al., 1998; Wolpert & Ghahramani, 2000) terms of expected sensory consequences of ac-
tions (Cooper, 2010; Flanagan et al., 200B) do so, a forward model receives as input an
efferencgor efferen} copy(Festinger & Canon, 1965; Haruno et 4098 Von Holst, 1954;
Wolpert et al., 2011pf the outgoing motor command, a concept which was first theorized in
1867 by the German scientist Hermann L. F. vsimholtz (1867, cited in Gieler2007),
and generates an internal sensory signakooollary discharge(Sperry, 1950 Bell et al.,

1997 for a review, seMatthews, 198p as output(Miall & Wolpert, 1996; Pickering &
Clark, 2014)

In light of this, it has been proposed that using forward models could be advantageous for
sensorimotor control in at least five wai@hadmehr et al., 2010; Wolpert et al., 1995)st,
forward model could support the anticipation and suppression of the sensory effects of a
movement, oreafferencesThis allows minimizing the neural responses to predicted sensory
features, therefore permitting to enhance more relamtortnation(Bell et al., 1997; Miall &
Wolpert, 1996; Wolpert & Ghahramani, 200econd, fovard models could support the
prediction of action outcomes before any actual feedback becomes available. This would
permit overcoming the intrinsic noise and delays in sensorimotor loops, which often make
feedbackbased motor control inaccurate and/or too s{@eoper, 2010; Ghasia et al., 2008;
Mussalvaldi, 1999; Stein, 2009; Wolpert et al., 1998; Wolpert & Ghahramani, 2000,
&chaining multiple predictions generated by the forward model while external stimuli and
motor outputs are suppressed affords a form of mental simulation of future outcomes, which

could be useful for goalirected planning and imaginati¢@rush, 2004; Wolpert & Ghah-
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ramani, 200Q) Fourth, forward models could support the transformation of errors between
predicted and actual outcomes in the sensory domain into corresponding prediction errors in
the motor domain, hence providing fappropriate motor learning signal€ooper, 2010;
Flanagan et al., 2003ordan, 1990; Jordan & Rumelhart, 199&all & Wolpert, 1996;

Stein, 2009; Wolpert et al., 1998; Wolpert & Kawato, 19%8th, forward models can sup-

port state estimation, by combining the next state prediction with reafferent sensory correc-
tions for accurate motor contr@Volpert et al., 1998; Wolpert & Kawato, 1998)

Besides the sensorimotor domain, forward models can be generalized to several cognitive
domains depending on the behaviors that are represented, by embedding knowledge of a giv-
en environmental property in order to predict future states o&tkernal world(Miall &
Wolpert, 1996; Wolpert et al., 1998yhese estimates provide a framwek for interpreting
sensory inputs, allow for anticipating and minimizing processing conflicts and are subject to
modification on the basis of sensory informati@ooper, 2010; Grush, 2004; Pickering &
Clark, 2014) Therefore, forward models embed features of natural processes which may in-
volve either the body, the environment or their mutual interac{MMudpert et al., 2011)

(Id.2) Bayesian interpretations of the idea of internal models

The large body of work on internal models reviewed so far sitswitklin a broader perspec-
tive of the brain as an inferential machine, known as the Bayesian brain hypdéhiesis (et
al., 2006 Kappel et al., 20L5for opinion and perspective articles s¢€all & Pouget, 2004
Clark, 2013 Meyniel et al., 2015for reviews sed-riston, 2012 Pouget et al., 2013Jor
further readings see Rao et @002 Doya et al.2007 McNamee & Wolpert, 2019 The ba-
sis of this interpretation relies on a theorem that was proposed in 1761 by the English mathe-
matician Thomas Bayes and which, given two random variahlasmodel variable (our hy-
pothesis), and , an observed variable (our data), that are not statistically independent from
each other, derives the relation between their respective distributions / densities (for discrete /
continuous variables, respectively) with the following equation:
o5 -t SO mmo

 (
wheremme Se posterior probability(of the model variable after an observation of the
variabled), =m¢ S®  generative modedr likelihood (of an observation of the variabie
assuming that the hypothesiss correct)==®  prior probability (of the model variable,

independently of any observation of the variab)e and mm¢ marginal probability (of
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making an observation of the variabBleused as a normalization factor). In words, equation
(6) formalizes how théeliefof a certain hypothesis should be updated according to how ac-
curately that sambypothesis predicted the observed data (for further readings see Doya &
Ishii., 2007 Shadmehr & Mussévaldi, 2012 chap. 5).

By applying such statistical framework in neuroscience, the Bayesian brain hypothesis
suggests that neural circuits encode and compute probabilities to represent and process senso-
ry information(Garrido et al., 2013; Kolossa et al., 2015; Meyniel et al., 2B&gdause envi-
ronmental events occur simultaneously in a seemingly chaotical way and their obsérvation
if not wrong(Beck et al., 2012) is noisy and often ambiguoyBiser et al., 201Q}his prob-
abilistic inferential processing must rely on prior knowledge about event occufiacet
al., 2006; Quax et al., 2021%uch priors are derived by encoding the statistics of the envi-
ronmental propertie€Girshick et al., 2011; Hohwy, 2013@nhd undergo a continuous experi-
encebased reshaping during the life of an individg@uax et al., 2021)These updating
mechanisms are possible by comparing the internal forward representation of the posterior
probability distribution of an event with the actually observed environmental distribution of
that same ever{Girshick et al., 2011)Therefore, the Bayesian interpretation provides a use-

f ul mat hemat i cal framewor k within which f orn

is computed by the sensorimotor system and used to refine forward r(tedatbnehr et al.,
2010; Wolpert et al., 2011; Wolpert & Ghahramani, 20@)ch probabilistic inferences ul-
timately allow animals to perform decisiomaking processes inapproximately (seécerbi

et al., 20137 Bayesoptimal waygFriston, 2012; Kérding & Wolpert, 2004, 2007; Ma et al.,
2006; Quax et al., 2021; Wolpert & Landy, 2012)

One recent evolution of the Bayesian brain hypothesis is the active inference framework,
which assumes that both perception and action processes in the brain can be described in
terms of an approximation ®ayesian inferencé&he minimization of (variational) free ener-
gy (Friston et al., 2006; Parr et al., 2022; Pezzulo et al., 2@t &)ifference with the theories
of motor control reviewed abovactive inference assumes that the brain only needs forward
models, but dispenses with inverse modets better, it only uses a much simpler kind of in-
verse model compared to what assumed by classical theories of motor control (feby side
side comparison of the notions of internal models in active inference and optimal control the-
ory seeFriston, 201).

Despite their differences, all the formal accounts of motor control based on some form of
Bayesian inference would assume that the brain encodes statistical regularities and invariants
in its internal model$ perhaps as priors that reflect tmatural statisticof visual or audito-

ry scenes, or sensorimotor contingenéiesd uses them during perceptual processes, such as
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action prediction and recognition. In keeping, several works have successfully modeled sen-
sory (Girshick et al., 2011; Mamassian & Goutcher, 20@Ecisioamaking (Gallivan et al.,

2018; Kolossa et al., 2015; Lepora & Pezzulo, 2Cibvell as motofKording & Wolpert,

2004, 2007; Wolpert et al., 201fpjocesses in humans according to a Bayesian perspective.
Similar findings supporting (nedoptimal behaviors in hehuman primategViejo et al.,
2018)and other animals (e.g., sSReh et al., 201phave been provided as well, extending the
Bayesian tenets to a broader biological con{deyniel et al., 2015)As it might be ex-
pected, a very consistent environmental attribute encoded by the prior will result in a smaller
error between the predicted posterior probability and the actual observation of the event and,
as a consequence, will determine a closer to optimal behavior: This is, for example, the case
of priors concerning the source of (naturimination (assumed to come from above; see
Sun & Peronal998 Mamassian & Goutcher, 20Q)1as well as the cardinal orientation of a
visual scenéGirshick et al., 2011)

Therefore, it should be expected that a robust invariant characterizing the environment
could represent a benchmark paradigm to test the reliability of an internal model. Indeed, an
environmental attribute which is highly consistent in its strength and ubiquity would likely
lead to a neanull prediction erroii i.e., to a negligible difference between the estimated pos-
terior probability and its current observation. A conspicuous amount of empirical data indi-
cates that, among all the existing environmental invariants, gravitational acceleration best ex-
emplifies the case of internal models, which lead to Bayptisnal behaviors. Hence, below
we discuss empirical evidence that the brain internal models might encode gravity, as a com-

pelling example of the fact that they might encode statistical invariants at large.
(Id.3) Gravity is encoded in a robust forward model

The reason why developing a forward model of gravitational acceleration would be advanta-
geousis at least twofold. On the one hand, human beings perform generally poor in the visual
discrimination of accelerations, especially during short viewing periods (e.dBrcaewer et

al., 2002 for a review se@ago et al., 2009 The sensorimotor delays thaas already men-

tionedi inherently affect the inverse modé€lmmamizu et al., 1995; Neilson et al., 1988t

therefore be compensated somehow. On the other hand, by acting on the body mass, gravita-
tional acceleration produces a noegligible inertia of the effector@/Nhite et al., 2020)

When planning a movemeiteven a simple one, such as a reaching with the upperilimb
this effect has to be anticipated. Starting
vided evidence in support of an internal model of gravity. Because most of this work has been

already extensively discussed in several reviews (e.g.Bgseo et al., 2015; White et al.,
45



2020; Zago & Lacquaniti, 2005a, 2005hat follows will be just drief summary of the
main evidence in this respect.

Empirical findings suggest that, when intercepting an object falling along the vertical axis,
predictive temporal estimates reflect an integration between visual cues about its motion and
prior knowledge of the gravitational effed8ago et al., 2009)The strongest evidence sup-
porting this view comes from experiments performed in the absence of giwriigg space
i or parabolic (training) flights, astronauts intercepting falling objects perform overly antic-
ipatory movements, which are subsequently interruptedverted in direction (Mcintyre et
al., 2001 Senot et al., 201 Zor a review sedcintyre et al., 1998 In such a unique condi-
tion, it seems therefore that fast, feedforwpl@hned, interceptions undergo an important
feedbackbased errerorrecting phase as soon as the violation of the expected gravitational
effects is detected. In addition, the kinematics of the upper limb shows adjustments consistent
with the hypothesis that the sensorimotor system takes into account the action that gravity ex-
erts on the motor effecto®apaxanthis et al., 1998; White et al., 20ZBperiments on
Earth, performed on both human beings and-maman primates, shed further light on this
latter phenomenon and suggest the existence of an-efftamization strategy which relies on
effective motor plans (i.e. that take into account the gravitational effects) to minimize muscles
effort (e.g.,seeGaveau et al., 2021; Poirier et al., 2R20ther studies have further disentan-
gled the anticipatory processes involved in the interceptive behaviors by addressing-the time
to-contact estimation and interception of falling objects in both ver{i®ahot et al., 2005;

Zago et al., 2004and projectile(Bosco et al., 2012; Delle Monache et al., 20d®tions or

for objects rolling down an inclined plankea(Scaleia et al., 201#Mi j at ovi [),aad al . ,
extended the investigation to other more complex interceptive actions, such as batting move-
ments (e.g., sekatsumata & Russell, 2012nd object manipulation (e.g., sEéema et al.,

2020. Overall, these results show that interceptive performance is largely more accurate and
precise for o6énaturallydéd falling objects c¢om
files violating gravity (e.g., inverted or doubled gravitational acceleration, constant velocity,

etc.; sedBosco et al., 2012; Zago et al., 2010) general, the pattern of errors indicates a pre-
dominance of predictive mechanisms consistent with spatial and temporal estimates relying

on the expectation of the gravitational effd@ssco et al., 2015; La Scaleia et al., 2015)

Rather than reflecting an accurate internalization of the Newtonian principles of gravity,
these predictions likely represent a naiiviee., only approximately corredt heuristic of the
physical laws Ceccarelli et al., 20t8or a review se#iubbard, 202D Nevertheless, the en-
coding of this robust environmental invariant starts early in life and gives rise to a highly reli-

able internal model allowing for an immedigterception of its violationgSpelke et al.,
46



1992) Once learned, the extreme robustness and ubiquity of this invariant evouldfford,

if anything, a negligible experiend®msed tuning of the corresponding internal mddel
noteworthydifference from the erretorrecting process which continuously reshapes other
priors during the life of an individual (e.g., as elucidated by thewseght illusion affecting

object manipulationseeFlanagan & Beltzner, 2000%inceprediction errors would therefore
result almost entirely from environmental and/or sensorimotor noise, unexpected violations of
gravitational effects can be detected unusually fast and, by the same token, might be rather
challenging tacompensate faf Mcintyre et al., 2001White et al., 202Q)leading to an adap-
tation of the preexistent model itself rather than to the creation of another internal representa-
tion ex nova(Bosco et al., 2012; Hubbard, 2020; Zago et al., 2004, 2005; Zago & Lacquaniti,
2005b) Altogether, these findings indicate that gravity is internalized as a particularly robust
Bayesian priorAlberts et al., 2016; Jorges & Lopsioliner, 2017, 2020; MacNeilage et al.,
2007 see also Shadmehr & Muskaldi, 2012 chap. 5) with clear consequences on sen-

sorimotor behavior.
(Id.4) Summary and speculative proposal

In this section, we discussed the widespread idea that the brain might learn and use internal
models for perception and motor control (and more broadly, for several facetgrofive
processing) and then we reviewed empirical evidence suggesting that internal models could
encode robust environmental invariants, such as gravity. Clearly, if the main role of genera-
tive modelsis learning about (and simulating or emulatirsgatistical regularities, their con-
tribution should not be restricted to gravity, but also to other invariants that we encounter (or
produce) constantly including the kinematic invariants that have been the focus ofltlais-

ter. Interestingly, if we assume that internal models for movement control encode kinematic
invariants and that they can be reused for action perception (and imagination), then the conse-
guence is that our internal models should make us exquisitely sensitive to perceiving the same
kinematic invariants that we use during movement. Crucially, because kinematic invariants
are (by definition) the most stable traits of our movements, they should be also the most stable
information that we are able to perceive and decode during action observation.

This leads to the speculative proposal that the main contribution of the motor system (and
of its internal models) to action observation is to process kinematic invariants, as these are the
most salient and stable characteristics of observed movements. If this hypothesis is correct,
then the presence (or the expectation) of kinematic invariants could be suffieadtper-
haps necessailyto engage internal models for the control of movement during action obser-

vation; Whereas the same models would not be engaged (or engaged to a significantly lower
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Fig. Id.l. Theoretical representation of an internal model tuned to kinematic invariants for action execu-
tion and perception.In this diagram, a classical representation oindéernal model(e.g., see Miall & Wolpert,
1996) is adapted to include also tr@or knowledgeg(e.g., see Hohwy, 201 provided bykinematic invariants
The internal model is therefore shared betweerather and theobserver which also share the same invariants

that characterize their motor behavior. This prior knowledge enters therefore the shared internal model that, in

the case of the observer, generatgwredicted outcomevhich is compared to the actuabservationof the

movement performed by the actor. This comparison may lead to the generatipnedfcéion error(e.g., see

Shadmehr et al., 2010)hich in turn updates the prior knowledge.

extent) during the processing of perceptual streams that lack kinematic invaNailesthis

is clearly a speculative proposal, it could help conceptualizing the large body of evidence de-

scribed in thigeviewabout the importance of motor invariants during action observation.

Potentially, the models capacity to process kinematic invariants could serve multiple roles,

such as inferring / predicting biological movements and their underlying intentions (action

prediction and intention recognition), guiding attention towards the kinematic features of

movement that are expected to be more

movements to be more informative for-actors (sensorimotor communicatiofgee Fig.

nf or

Id.l). All these (and other) capabilities have been linked to the functioning of internal models
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in a way or another. Future research is needed to establish whether it is specifically the capa-
bility to process motor invariants that renders internal models so useful.

Finally, if theabove hypotheses are correct, it could be possible to reconsider neurophysio-
| ogi cal evidence of motor activation during
ematic invariants of movement and the subsequent exploitation of these invariants to infer the
actions and intentions of our conspecifics, as well as forming social (cooperative and competi-
tive) plans. The rationale of this idea is that while-nwotor systems (e.g., the visual system)
can robustly learn and process information about the statistics of movements, the motor sys-
tem is especially well suited to pick up kinematic invaridnas it is already tuned to such in-
variants for the sake of motor control. Testing this idea would require systematically varying
the amount (and reliability) of kinematic and other invariants during movement perception
and testing whether the motor system plays a privileged role (or perhaps a causal role, by us-

ing inactivations) when motor invariants are key.
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(le) Conclusions

The presenthapterwas aimed at presenting, within a unified framework and in a single
place, an extensive description of all human motor invariants so far consolidated in literature.
That of invariants in motor behavior is certainly an-faishioned concept that is substantiated

by plenty of evidences, which however are often overlooked in recent studies that either re-
discover old results or worse, collide with basic knowledge about how movement is generat-
ed, organized and planned. A better understanding of motor invariants also offers a robust
theoretical and empirical ground for the investigation of higinder phenomena such as in-
terpersonal coordination, sensorimotor communication, action perception or intention decod-
ing. In fact, motor invariants are a set of measurable objective properties of movement, most
often the only true observable in behavior. Invariants are indeed the only thing we can use to
reverse engineer the properties and functions of internal modeish represeninstead a

purely speculative construct. Interestingly, motor invariants are not only measurable by exper-
imenters in their lab but can actually be read and used by conspecifics during real life. Here,
transitioning from an empirical to a theoretical ground, movement invariants (and variations
upon them) constitute the only shared informational medium between animals, given that lan-
guage is a relatively recent acquisition in evolution. This basic fact alone should lead to
acknowledge this framework as the only meaningful one when approaching the investigation
of social interaction. Rather, social interaction is often investigated as if human beiags
ispeci alidadadevelopadl hghly sophisticated cognitive abilities by losing such a
primitive sensorimotor communicative function in favor of abstract or symbolic thinking.
Well, we should not be so optimistic about us being so different from animals.

Nevertheless, it should be straightforward to accept that, given the existence of motor in-
variants, any Darwinian agent should be sens
ior. In fact, motor invariants not only save us time and resources when makidgwaopdi-
rected inferencedut actually contribute to make up a social saliency map whereby certain
spatiotemporal spots are destined to attract our best efforts. Biological motion invarignts (i.e.
Fi tt s 0-sHamedvwelochyeptofile or the 2/3 power law) isolate humans (or animals) from
the background. Maxiom finger aperture or the end state comfort, willingly or not, project
human intentions outside their own body right before they are needed to our conspecifics to
read and exploit them appropriately. Finally, it is worth mentioning that all of these features
are visual in nature but are inherently constrained by biomechanical and neuromotor princi-
ples. Considering that such principles are intrinsically present in action planning and execu-

tion, our claim is that the internalized knowledge of how inertia, gravity, the viscoelastic
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properties of muscles or how the for@aentraction coupling for muscle recruitment (and so
on) works, constitutes the most basic set of
tions classification and predictibriwhen motor neurophysiologists discuss motor theories of
perception, they should have this in mind, certainly not the demonstration that BA4 or BAG6 is
active in an fMRI action observation study. The motor system is far more than that, and we
should not forget that Nature has solved these biomechanical problems since we crawled out
of water; For millions of years, expressing motor invaridnéd being able to regtlem in

othersi probably made the difference in terms of survival, mating and feeding opportunities
within a species hallmarked by its social life. To make sense of this, we advanced the specula-
tive hypothesis that the main contribution of the motor sy$tamd its internal models dur-

ing action observation could be processing stable kinematic invariants. This hypothesis,
which remains to be tested in future studies, points towards the centrality of kinematic invari-
ants not just for action generation, but also to engage the brain internal models in sophisticat-

ed social cognition.

3 The role of the context in which movements are performed is not covered in this conclusive section, but its im-
portancé along with the conditions in which itight override invariant kinematic priors in the process of ac-
tion perceptiori has been already mentioned previously in this review [fseeesection Ic, pp. 389, andsec-
tion Ic.3, p 36).
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(If) Actions are all we need for cognition, but dowve know enough about them? Reply to

comments on AMotor i nvariants in action exec
(If.1) Introduction

The contributorgo the invited commentaries came freery different backgrounds and areas
of expertiseand their unique viewpoints greatly enriched the conversatiorseoenmen-
taries highlighted crucial outstanding issues in this area, whmesents fundamental step
in developing the disciplindn the following, weacknowledge the most relevant theoretical
questions and findings contributed hwacquaniti, La Scaleia and Zago (2028)orasso
(2023) Labaune and Berret (2023) 6 Av el | a, Russo, B,&Chegonr,ISi- and M
mar and Cebolla (2023Bardi, Langford and Gstofori (2023) Dessalene rad Aloimonos
(2023)
When necessary, the text from tiwgginal article (Torricelli et al., 2023ayvill be adapted
and mplementedvith a brief summary of the content for each commentarprder to pro-

vide the required contexb understand the discussion
(If.2) Nonrinvariants may be used for sociallglevant perceptual decisions

Lacquanitiand colleaguef2023) pointed out that obsengcould rely more upon kinematic
variations of an action on a singlgal basis tomake socially relevant perceptual decisions,
and that these variations might be tailored to suit a specific context (e.g.uiseet al.,
2022 cf. alsopart ofthe final considerations isectionlb, p. 27,andsectionic, p. 37. Fur-
thermore, they underlined the importance of facioesmong these, gender and personality
traitsi that cannot be extracted from kinematic invariahse(but seeKang et al., 2018&or
what concern$ pathologicali personality traitscf. alsopart ofthe final considerations in
sectionlb, p. 27. Finally, they argued whether the mirmeeuron networkseesectionlc, p.
29) might overlap with orconversely be separated by the mentalizing brain netwBikxe et
al., 2004) which is thought to participate in the decoding of intentions.

Thanks tathis insightful commentary, weveregiven the chance to clarify one fundamen-
tal aspect that was not explored in our piece. Namely, the idea that there is not just one way to
extract relevant information from observed actions. The dual path to action understanding
(Kilner, 201% cf. also section Ic,2pp. 3133) or, the idea that the smlled mentalizing and
mirror-neuron networks are necessarily integrated at some point, clearly suggests redundancy
as well as complementariffrith & Frith, 2003) Part of this complementarity may reside

precisely in the remarkable sensitivity of human beings to those factors that modulate action
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productioni e.g., gender, personality or other seaftective component$ but do not
properly fit in the definition of motor invariants (i.e., biomechanics and neural controller
properties). | nthe trhie uses kinematic isvariants @s adtemplatéiagainst
which a given action implementation is compared to extract the individual compdbact
quaniti et al., 2023p. 61, and we agree with this view to the extent tat grouprecently

produced empirical evidence in this direct{seeHilt et al., 2020)
(If.3) Taming the abundance of degrees of freedom

Morasso(2023)addresse a key concern that we fully share. In fact, by embracing a cognitive
robotics perspectivée.g., seé/ernon et al., 2015 his commentary focuses on the fact that
any model can work at a specific level, namely to explor&MRAT (computationgl, WHY
(algorithmic), or HOW (implementationdphysica) of a theoryThe author argued that solv-
ing the degreesf-freedom problem (sesectionlb, p. 7 and p. 2 might havemotivated and
supportedhe evolution of kinematic invarianis human motor behavioHe further posited
that, in analogy to the representation and production of speech by concatenating phonemes,
kinematic invariants could have satisfied twolutionary need for the representation and
production of general gestures. Finally, he concludesetfiabiting kinematic invariants in a
social context may be possilden | ifywe #igree that the motor cognitive gesture representa-
tion and production system is shared by all humans, in the first place, as a common gestural
languag® (Morasso, 2023p. 168.

We fully agree that our piece is fundamentally descriptive in scopdarafatt, was moti-
vated by the lack of a unified and historically grounded treati$epafssiblyi all motor in-
variants. More precisely, we covered only some of the possible invariants (or modulation
thereof).For historical reasonsve indeedlimited our exploration to the kinematic dimension
of actions, neglecting the whole area of kinetics. Just to give one partial but recent example, it

has been shown that joint stiffness can be decoded by obsgtuber et al., 2019)
(If.4) The vigor law as a kinematic invariant at work in percepit@jnitive processes

LabauneandBerret(2023)provided an exhaustive explanation of the concept of vigatjs
the spontaneous speed with which each individual executes-digezed action (i.e., the in-
dividual temporal dosing of forcefor a review se&shadmehr et al., 201%or further read-
ings, see also Shadmehr &med 2020. Noteworthy, heyoutlinedanother kinematic invar-
iant of human motor behavior that our reviewly referred toin relation to the belshaped

velocity profilei i.e., theisochrony principlg(Viviani & Flash, 1995; cf. als&ordon et al.,
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1994 see section Ib,2pp. 1013), which is different from theisogony principlepreviously
mentionedas well(Viviani & Terzuolo, 1982 see section Ib,3. 13 7 and proposedn intri-
guinginterpretatiorof vigor as a modernization of that same invagianti n r dhHesub-i on t o
jectivesensitivity to time and effar{Labaune & Berret, 2023. 3. Applying this new lens

to human motion opens up a number of key interconnected areas of investigation, such as de-
cision making, individual differencgshatinclude alsopersonality traits as well aghe do-

paminergic value system. This is a completely new approach to exploring motor invariants in
action execution and perception, and we could not agree more that this line of research will
soon bear important fruisome of which have recently been contributed by these ayde®s

Labaune et al., 2022)

Ultimately, we believe that the description of true observabies., all those phenomena
thatwe can identify in movemenisis the necessary prerequisite for any attempt to explain
their meaning and function (i.e¢he why andthe how, seeprevioussectior), through hypo-
thetical computational constructs. Of course, this does not imply that any attempt to under-
stand the inner computational mechanisms should be left behind. In this regard, we are grate-
ful to Morasso(2023)who accepted the challenge of sketchinghgy andhowto account for

the phenomena examined in our review.
(If.5) Neuromuscular invariants in action execution and perception

A similar attempt has been madedy A v andl doworker$2023) who proposd a different
perspective for the investigation of thiay andhow. These authors focedtheir attention on
neuromuscular invariants, capitalizing on the solid neurophysiological foundation and analyt-
ical tools originated from the study of muscle synergi@s.this basis,hey suggestd that
kinematic invariants may arise from invariants present at the neuromuscularweich,
could represent a set of constraints intrinsic in the architecture of the skeletomotor system.
This approach, postulating a ledimensionality space mapping between neuromuscular
and kinematic invariants, proposes the existence of a direct mechanism based on an interme-
diate representational level to functionally link action and perception. This idea is very intri-
guing and, given its direct testability, can certainly pave the way for a number of new studies

(for an early, but still highly incompletattempt seélilt et al., 2017.
(If.6) The oscillatory nature of the motor and perceptive kinematics invariants

I'n |ine with M@023 sssection If.3pud),cardspushimgowards neuro-
physiologically grounded mechanisms asdird Av e | | (28023eske peevioussectior),
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Cheronand collaborator$2023) centeed their proposal around the rather influential oscilla-
tory framework: namely, the idea that communication between neurocomputational nodes can
be mediated by spatiotemporal tuning of oscillati(eg., sed-ries, 2005, 2015More than
that, these authors provii@ historical and enjoyable overview of the neurophysiological
substrates of oculomotor control to lay the basis for an analogy with the control of voluntary
movementf theupperlimb. Such an analogy is certainly powerful and, in fact, has found
recent theoretical intere¢Benedetto et al., 202@nd empirical supportBenedetto et al.,
2021; Tomassini et al ., 2015, th @h# field of 2® 2 O ;
tion-perception coupling.

For what specifically concerns the present thesis, this topic will be more thoroughly ad-
dressed in the following chapger

(If.7) Visual sensitivity to biological motion invariants in humans at birth

Bardi and colleague§023)exploral another key aspect that we have not touched on in our
text, that is, the ontogenesis of motor invariants. As these authors masterfully explained, it is
not possible to isolate the presumed relationship between motor invariants and action percep-
tion without considering its developmental trajectdnyparticular, they brought to our atten-
tion findings concerning how visual sensitivity to the kinematic invariants of human motor
behavior may begin tarise already during the earliest stages of development (e.g., see
Craighero et al., 2020; Méary et al., 20@Y. also section Ic.1,.@31), forming a sort of
fiprimitive sensorimotor associatiom@Bardi et al., 2023, p. 123)

This commentary providka clear and insightful overview of the emergence of biological
motion perception, suggesting that a metdormed visual filtering operation could be per-
formed early in development.

(If.8) Motor-invariants for action understanding in video

Interestingly,Dessaleneand Aloimonos (2023) also propose the idea of visual filters, but

from a very different perspective. In fact, these authors are engaged in designing computer vi-
sion and robotics solutions to the problem of action perception. Their applied perspective
aligns very well with the idea that the nervous system evolves according to a principle of fru-
gality, which sees learnindpy-doing and learnindpy-observing asecessarily sharing key
computations. Interestingly, these authors bring to the table direct demonstrations of how to

incorporate motor invariants to solve re@arld action perception problengs.g., sedDessa-
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lene et al., 2023 In a sense, their proposal amounts to a pragmatic attempt to define a possi-

ble how.
(If.9) Conclusions

In conclusion, all commentaries were particularly relevant and contributed to significantly ex-

tend the discussion to important areas we had not exp{Baadli et al., 2023; Labaune &

Berret, 2023; Lacquaniti et al., 202@&) to advance very wefbunded mechanistic proposals
(Cheron et al ., 2023; d6Avell a et al ., 2023
The commentaries were distributed among different expertise, from rolfpessalene &
Aloimonos, 2023; Morasso, 20230 neurophysiologyBardi et al., 2023; Cheron et al.,
2023; déoAvella et al ., 2023; L a b,aaucognitivé Ber r
psychology(Bardi et al., 2023; Labaune & Berret, 2023; Lacquaniti et al., 2828)compu-

tational science¢ d 6 Avel | a et al ., 2023; Dessal ene &
2023; Morasso, 2023}hus significantly diversifying the conversation. This last point is cru-

cial since we all agree that actions, performed or perceived, are the common currency of
communication and, one way or another, we must face the challenge of understanding how

we plan, organize and execute movements, if we are still to understand cognition.
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Cortico-motor multiscale dynamics subtending visuomotor catrol

In this chapter, | will describe the mastudyin which | have been involvedt. is also the first
EEG experiment in which | participated. During this work experience, | learnt more thorough-
ly how to design and carry out an experimental study and how to organiZeatrdast in
parti analyze neural dat#. has also been a chance to familiarize with the literature concern-
ing sensorimotor loops, physiological tremor and contiemior coherence, which will be
summarized in the followindinally, it is also worth to mention how this study marked the
beginning of a great effort in terms of hardware assembling and setup building, that in part
lead also to a following work (see section llpp. 8999) and is still ongoing at the present
moment. As is commonly known, this even more practical part oéxperimentalwork is
hard to describe and even harder to quanftigvertheless, since it represented a-non
negligible portion of my PhD journey, | will try to provide a brief summary at the beginning
of the following chapte(see p. 87)

Regarding the authorsé contributions to thi
and of the task, collected the data and carried out a minor part of the analyses. Alice Tomassi-
ni supervised the work in all its stagesllected the datand carried out the major part of the
anal yses. Al essandro DOAusi |les dhe studp saimost s ed t

completeand soon to be submitted.
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(l1a) Introduction
(lla.1) Sensorimotor loops in the nervous system

It is now commonly accepted that the sensorimotor system is functionally organized in loops
(Scott, 2016)and that this functional architecture mirrors its neuroanatomical stry€ituz

et al., 2023) These sensorimotor loops are thought to tightly intertwine the sampling of in-
formation from sensory afferences with the control of efferent motor comn{8mds &
Ajemian, 2020) Evidence for such organization has received increasing support over the
years from various experimental works, performed in both ani@Ahissar, 2003; Oya et al.,
2020) and human beings at the neurophysiolog{d@an et al., 2014as well as behavioral
(Nazzaro et al., 2023evel. These findings are far from suggesting an interpretation of the
sensory and motor sides of the brain as serial and discrete elements of a functional chain. Ra-
ther, sensorimotor loops might have been shaped by evo(@isek, 2022}o work in paral-

lel over different sensory modalitiéScott et al., 2015)n order to finely coordinate the mo-

tor output and ultimately fulfill the environmental requests for flexible and adaptive behaviors
(Pezzulo et al., 2022)

Such processes, however, do not operate like continuous streams of information flowing
through the nervous system. Either considered at the single cell level or up to a whole system
dimension, neural activity is indeed intrinsically characterized by oscillatory phenomena
(Hari & Salmelin