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ABSTRACT

Human dexterity, bipedality, and song/speech vaatbn inHomo are reviewed within a
motor evolution perspective in regard to

() brain expansion in cerebello-cerebral circuitry

(i) enhanced predictive internal modeling of bddglyematics, body kinetics and action
organization,

(iif) motor mastery due to prolonged practice,

(iv) task-determined top-down, and accurately tirfestiforward motor adjustment of
multiple-body/artifact elements, and

(v) reduction in automatic preflex/spinal reflexchanisms that would otherwise restrict such
top-down processes.

Dual-task interference and developmental neurointagesearch argues that such internal
modeling based motor capabilities are concomitattit the evolution of

(vi) enhanced attentional, executive function atieeohigh-level cognitive processes, and
that

(vii) these provide dexterity, bipedality and vazation with effector nonspecific neural
resources.

The possibility is also raised that such neuradueses could
(viii) underlie human internal model based nonmatagnitions.

KEY WORDS motor stabilization; anticipatory postural adjustipdeedforward; internal
models; preflexes; cerebello-cerebral circuitsebigdity; knapping; speech/song vocalization
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1. INTRODUCTION
1.1. Motor stabilization and the evolution of novel motor capabilities

Motor stabilization—the capacity to adjust a movairte counteract a perturbation, or

modify it to fit a particular circumstance—is caitto the proficient execution of any action,
whether done by an insect or by a human. The pmoblemovement instability is an ancient
one faced by nearly every land invertebrate antelegite, and so, is neither recent nor unique
to humans.

However, motor stabilization involves not only venycient low-level processes such as
muscle visco-elastic “preflexes” (Brown and LoeB0@; Nishikawa et al., 2007; van Soest
and Bobbert, 1993), and stereotypical spinal adjast reflexes (Heng and de Leon, 2007),
but also more recently evolved high-level cerebeticebral cortex circuits that create top-
down feedforward motor adjustments. The formereandedded directly in the
musculoskeletal system, while the latter are bapeh temporally accurate predictive
internal models that simulate the complex dynamieractions that happen in the
musculoskeletal system (including attached arsfacid the environment) (Desmurget and
Grafton, 2000; Doya, 1999; Ito, 2006; Ito, 2008 we&so and Gomi, 1992; Wolpert and
Kawato, 1998). Theoretically, these three biologiracesses of stabilization are very
different due to the latter’s ability to supporghiy learnt task-determined and circumstance
modifiable actions. Notably, the two low-level mukiskeletal system processes are
restricted in that they can only enable the exeoubf a stereotypical and limited but highly
reliable repertoire of pre-evolved movements. Intcast, stability based upon the predictive
internal modeling—especially after many years @l@mged motor skill maturation as
happens with humans—allows for top-down fractiosetond multi-body part movement
coordination—and so the execution and stabilizadiba diverse range of nonevolved and
cognitively enhanced motor skills. This articleimvs evidence that iHomo, a shift
occurred to the latter kind of mastery-based mstabilization across the domains of hand
control, anatomically aligned bipedality, and vazation, and this produced the biologically
unique motor faculties found in humans. Moreoueat this shift arose iHlomo due to brain
expansion.

1.2. Topics reviewed

This article in this context reviews the followingerrelated issues.

Human motor abilities are biological novel. Each of the three major motor faculties that
characterize humans (dexterity, bipedality and lroaton) on close examination show

radical differences in their functional and neugsd@al motor biology to their nonhuman
motor equivalents (sections 2, 5, and 6).
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Thisuniqueness hasa similar naturein all three cases and links to enhanced feedforward
stabilization. Human dexterity, bipedality and vocalization alltheir proficiency show a
common shift to a motor control ability based upmticipatorily/feedforward control used to
execute and stabilize highly practiced top-dowretinsoordinated movements across
multiple motor elements (see section 4.3). Suchrate and precise timing of leant action
adjustments can be seen in the task dependengtmhidifferent muscles, for example,
during the anticipatory stabilization of human sfieenotor expertise capacities involved in
stone-tool knapping (section 2.1).

Stabilization by top-down adjustment derived from internal models across independent
body/artifact movement units. The human ability to do top-down timed adjustmesrivees

from the use of highly developed time-based predidhternal modeling of the body’s
kinematics, kinetics and action interactions (sgct). Many actions—such as knapping,
anticipatory postural adjustment while standingj aacal tract synchronization during

human song and speech vocalization—can as a fesaltecuted and stabilized by the use of
several different and separated bodily movemertisate actively orchestrated together in a
centrally determined and precisely timed manners allows that correction movements can
occur in the most effective ways at the millisecemdct times needed to counteract any
disruptive perturbations or unwanted movement sifiects (section 3).

Top-down adjustment derived from internal models requires a protracted period to acquire
expert mastery. Human motor function to acquire fully competent mlag requires

extensive daily practice over many years. Humardgead, have a highly prolonged period of
immaturity before adolescence and adulthood in wimotor skills such as speech and
walking are skillful without having full adult mot@xpertise, a motor mastery most notably
shown in the extreme robustness of adults compgarekdildren against unexpected
disruption. This lack of full adult proficiency ests in spite of the fact that by adolescence
such skills would normally have been in continualyduse for over ten years, and so in many
respects already highly proficient. Likewise, th# mastery rather than mere skillfulness of
the expertise needed for many specialized adulonstdlls is only achieved in many cases,
for example, in sport and musical instrument plgyaiter at least ten years of daily
deliberate practice (see sections 2.7., 3.4., 4ahd 8.2.).

Top-down adjustment derived from internal models interacts with higher-cognition. Internal
models also enhance the higher level executiverozgtional control that provide actions
with cognitive flexibility by enabling them to bg (emporally planned and subtask set
shifted in terms of hierarchized and sequentialgeal priorities, and (ii) monitored and
modified during performance in regard to errors anmdr correction (sections 2.2. and 4.2.2.).
Indeed, a key part of motor skill mastery liesntegrating motor faculties with cognitive

ones that arise from such expanded higher intenoalel based abilities.
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Nonhuman motor function is stabilized by evolved muscul oskeletal system local preflexes

and reflexes. In contrast, to humans, nonhuman motor control enlgbles a limited

repertoire of highly evolved stereotypical movenseiihese are largely stabilized (though see
comments in section, 4.5 upon nonhuman primatefjmihe musculoskeletal system

through preflexes (section 3.2) and spinal adjustmeflexes (section 3.3). They lack as a
result human levels of cognitive-motor complexithdadaask adaptability.

Human motor action involves multiple independent motor elements. Human task-
determined actions usually consist of multiple melements (section 4.4.) that arise either

(1) from the incorporation of artifacts (toolsgpectiles, musical instruments, vehicles)
into motor control, or

(i) from treating existing parts of the musculekdtal system as independent control units
that are otherwise in nonhumans animals “lockedétber as nonindependent
elements by the low-level stabilizing effects ofsouloskeletal preflexes and reflexes.

Human enhanced motor stabilization arises from the expansion of cerebello-cerebral

circuits. The internal model enhancement of human motor obatises directly frontHomo
brain expansion and its enlargement of cerebeltebral cortex circuitry (particularly
involving the posterior parietal, ventral premaoamid prefrontal areas). This expansion
massively increased the capacityHiimo relative to norlomo brains to create
musculoskeletal internal models with (i) fine-le#enporal resolution, and (ii) the action-
organization levels needed to provide enhancedehigbgnitive control over them (sections 7
and 8.3.).

Human motor faculties share neural resources. In the case of each of the three major unique
human motor faculties (dexterity, bipedality andaization), this internal model
enhancement arises, at least in part, from intenualel related attentional, executive and
other capacities that are drawn upon as commonedghand, to some degree, effector
nonspecific neural resources (section 7.1.). Thevidenced, for example, in dual-task
interference during which different areas of matontrol (and even nonmotor faculties) are
compromised in their performance when they attexmpbncurrently employ such resources
(section 7.1.2.), and the developmental neurointagonrelates that exist between them,
particularly in the cerebellum (section 7.2.4).

Motor innovations closely link to human evolution. Since the motor control of bipedality,
dexterity and vocalization need not happen as aoecuactivities during hunter-gathering
(nothing required earlidomo to walk and knap, at the same time, for instartbey,raises the
possibility that their enhancement evolved as apeaific cross-faculty pleiotropic
adaptation.



Nature Precedings : doi:10.1038/npre.2008.2092.1 : Posted 18 Jul 2008

Skoyles 6

0] brain expansion would have largely increasebello-cortical circuitry
nonspecifically, and so

(i) the nonspecific availability of internal mdde that enhances motor skills. Further,

(i)  the enhancement in each of the three madoulties in the form of long-distance
travel, high-energy food extraction tools, and meffective communication would
have worked together in a highly synergetic manner.

The combined effect of them could have been resplenfor the evolutionarily critical shift

by earlyHomo to high-energy food—the hunter-gathering specdilin ofHomo until the
recent advent of agriculture. This is because th@ecement and synergies involved would
have created novel kinds of feedbacks leadingrttién motor function selection (section 7.2
and figs. 3 and 4 ). Notably, high-energy foods M@upport larger brains and the prolonged
nonadult maturation period required for refining thternal models needed for acquiring
highly developed motor skill mastery (section 8).

1.3. Evolutionary vs. Bernsteinian approaches to motor function

Motor control in this review is treated from an &umnary perspective rather than a
Bernsteinian one. Nikolai Bernstein (1896-1966)pmsed that the scientific study of motor
function was the study of motor coordination whighdefined (inspired by engineering
analogies) as the “overcoming excessive degrefrsedom of our movement organs, that is,
turning the movement organs into controllable syste(1996, p.41.), and “the process of
mastering redundant degrees of freedom of the ngamigan, in other words its conversion to
a controllable system” (Bernstein, 1967, p. 12 HisThonevolutionary problem defines the
main research paradigm presently shaping contempsiadies upon motor function. This
review takes this engineering inspired problemd@moncentral issue that is readily
managed by the brain (see section 4.3), and foé¢ustsad upon motor function in terms of
its performance as it has been (in all its neuricldgand functional complexity) actually
evolved.

In particular, the evolutionary motor science pecse in which this review is carried out
requires that the investigation of motor functiatisfies three conditions:

(1) ecological-survival validity,
(i) neurological-involvement validity, and
(i)  developmental-mastery validity.

These methodological requirements need to be rast@duch contemporary experimental
research and theory upon motor function fails tblifthem, and so lacks theoretical and
empirical relevance to the issues raised and aslelilas this review that are used to
understand human motor evolution.
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Ecological-survival validity

This concerns accounting for actually observed modmpetences as expressed in maximally
demanding circumstances, since this relates tomhatations as they have actually been
selected. In the case of humans, this relatestadpacity of humans to engage in biological
unique activities that are central to human biatabfitness such as expert knapping,
challenging bipedal balance (stable carrying; ameuthrowing; in contemporary people,
tennis volleys, soccer tackling) (for the noveluratof human bipedality see section 5), and
human speech/song vocalization.

Neurological- involvement validity

This concerns accounting for the involvement ofgbés of the brain as they are actually
employed when motor functions are maximally chajksh and so the brain capacities that
have actually been evolved to enable evolutionaniycal motor capacities. In the case of
humans, these centre upon cerebello-cerebral coir@xts including those that involve the
prefrontal cortex (Slobounov et al., 2006; Suzukile 2004).

Developmental -mastery validity

This concerns accounting for the fact that humamguely possess a prolonged maturation
period, that includes the biologically novel staj@dolescence in which motor skills are
mastered to a high degree of expertise (Bogin, 1998s is reflected in the continued motor
control refinement in bipedality, dexterity and abzation (Assaiante and Amblard, 1995;
Choudhury et al., 2007; Hirschfed and Forssber§2:18mith and Zelaznik, 2004) that
occurs into late adolescence, and the fact thaadhaisition of specialized hand skills (tool
making, tool using and accurate throwing) can nexjai least ten years of daily practice if
they are to be mastered at an expert level of nuatmpetence (Ericsson and Lehmann,
1996). This need for a prolonged duration of hummaxtor function is also known to be
closely linked to the brain’s neurological develarmand so the evolution of the human
brain protracted maturation (Skoyles, 2008). Indlinals that acquire specialized motor skills
that require many years of practice, such as paauabviolin playing, for example, show
detectable physical changes in their brains (Aman#d., 1997; Elbert et al., 1995;
Hutchinson et al., 2003; Schlaug et al., 1995)sHuggests that human motor skills have
evolved such that they require extensive neuralratiobn before they can provide their full
survival contribution to human evolutionary fithessy account of human motor control
must account for why such prolonged maturatiorergrml to the nature of human but not
nonhuman motor skills.
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Methodology and experimental research

Much general motor control theory implies that hamaotor coordination uses low-level
processes, or that it can be studied effectivetiziatlevel. Such theory typically is based
upon data gained from simplified or nondemandisfggafor example, simple standing,
repetitive actions like hand reaching to spatiedéés, or even research extrapolated from
nonhuman animals. The use of such experimentas thskvever, by their nature do not fully
investigate the actual performance capabilitisurhans. This is potentially problematic,
particularly, if the above requirements are nopeesed, as it can led to theory fitting against
potentially misleading data sets. For example, m®would expect that research done upon
Formula One racing cars driven slowly around icles in small car parks, however precisely
measured and well researched, would led to acctivateies about the nature of their rather
specialized and elaborate engineering. But théssentially how many investigators at
present methodologically research human motortegsili

The issue is important. High-level models of mdtorction are argued here to be central to
understanding human evolution. But, their existdmee been rejected on the grounds that
low-level models upon motor control can equallyvaecount for available experimental data
(for an example of this, Latash and Feldman, 20ldyvever, while such low level
simplification can be important in understandingypdex systems both in theory and
experiment, it must be carried out with appropréetion as to its limits of applicability,
something that is not always the case in human muotatrol theory.

1.4. Overall plan of review

The review is organized into the following sectiolmssection 2, thélomo innovation in

motor adaptation is exemplified with dexterity &®wn in Pleistocene knapping. This is then
followed by a discussion in section 3 of the preessinvolved in motor stabilization, and
then in section 4, with a discussion of internaldele and anticipatory motor adjustment. The
uniqueness and motor stabilization of human bipdaldiscussed in section 5, and that of
human vocalization in section 6. In section 7,gbsesibility that human motor faculties share
neural resources is reviewed in the evolutionantext that their employment need not be
concurrent. Section 8, discusses specific oppdrasnivith which to experimentally explore
the neurobiological origins of human specific mdawulties. Section 9, provides a brief
conclusion.

2. KNAPPING

To illustrate how the examination of motor stalatinn might provide insights into human
neurobiology, and the evolutionary specific natofr@uman motor control, consider knapping
stone tools. Paleoanthropologically this dates a5 mya (Semaw et al., 1997), though
the example examined below that allows the recoatm of the manufacture of such stone
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tools is young at ca. 2.34 mya (Delagnesa and R@5). In knapping, an individual holds
a core stone in the nondominant hand that thelyestvith a hammerstone held in their
dominant one to produce flakes and a modified (fagel.). Reconstruction of surviving
flakes and cores shows (Delagnesa and Roche, Bti3his was done in terms of an overall
knapping action plan (see fig. 2.). There has bé&ssn recent studies upon contemporary
people as to the motor and the neurological presessolved (Marzke, 2006; Marzke et al.,
1998; Roux and David, 2006; Stout et al., 2008utésd al., 2000).

Knapping is illustrated using the reconstructedgpiag stones found at Lokalalei 2C
(Kenya) (dated, 2.34 Myr) (Delagnesa and Roche5R0khe refitting group core stone 2
(Delagnesa and Roche, 2005, p. 443) (9.4 cm laygther with the hammerstone 2 (9 cm)
found at the same site are shown.

2.1. Need for impact stabilization

The success of knapping, first, has been foun@peid crucially upon the hammerstone
hitting an appropriately stabilized core. Electragsaphy research shows that there needs to
be a millisecond timed scheduled stiffness adjustrtestabilize the hand holding the core
that prepares the hand for the otherwise perturtnirgg of the hammerstone’s impact
(Marzke et al., 1998) (Fig 2 A and B). At the momehimpact, a coordinated loosening of
hand grasp is also needed to protect the handishatief enough that it does not allow
displacement of the tool [hammerstone]” (MarzkeQ@@. 248). If this timed anticipatory
stiffness is prepared/relaxed incorrectly, not arduld the hand be injured but also the core
will not be stabilized when hit, and as a resultdefective flake or none—will be produced.

2.2. Need for overall manufacture plan

Second, knapping critically depends upon the exees@drmulation of an overall
manufacture plan (Roux and David, 2006) and saadigprojectuality (Amati and Shallice,
2007) (see fig. 2). That is (i) having before comoement, a notion of the final product, (ii)
an ability to treat each knap as intermediate stageich a product, and (iii) capacity to
modify the force, position and manner of each kimnagerms of the changing debitage of the
core to achieve the intended product (the knafigi2 A and C). Since cores can need
secondary modification to enable knapping, and Krtagm fracture the core in nonintended
ways, it also requires, (iv) skill to identify ersoand adjust new knaps to correct for them
within the overall product making plan (as in fB). Thus, the motor faculty of knapping
requires cognitive specializations such as sudaatiention, error detection, short- and long-
term memory, action set shifting, and the hieraaton of ultimate and substage motor
goals. For instance, the sequence illustratedyir2fupon the refitted group core stone 2
found at Lokalalei 2C (Delagnesa and Roche, 2006)dcnot have been done—as they
were—2.34 myr by a brain that lacked the abilityptganize its motor actions by such
executive-type functions.
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Anticipated

stiffening ’

prior to knap Stabilized
hand

Fig 1. Knapping is illustrated using the recongieddknapping stones found at Lokalalei 2C
(Kenya) (dated, 2.34 Myr) . The refitting group €stone 2 (9.4 cm long) together with
hammerstone 2 (9 cm) found at the same site argrsho

B

Fig 2. The refitting group core stone 2 was knappeanine flakes. This happened in three
stages. (A) five flakes, 1, 2, 3, 4 and 5 were k=ab (B) The knapper reshaped the core by
removing a protrusion on the other side of theet¢® and 7 flakes) so creating an edge that
was used (C) to make two more knaps, 8 and 9 (Deksgand Roche, 2005).
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2.3. Human uniqueness
2.3.1. Sone tool making in nonhuman primates

No animal apart fronklomo can anticipatorily adapt in a time accurate manineistiffness in
the core holding hand in regard to the hammerssoingact force, nor engage in the
executive function-like modification of motor coaltiguided by the use of an action plan.
Attempts to tutor the bonobos, to knap, for examipdere been without success (Schick et al.,
1999). This is not because they cannot use motdraldo modify stones, nor because they
lack the idea to make tools. Bonobos, such as KamziPanbanisha are able to grasp the idea
of stone modification—but they are only able to aygin this (even when shown how to
properly knap) through (i) an initial uncontroll&tirust percussive” method of throwing and
braking stones on the ground, and (ii) later withrenexperience by a stabilization using the
ground (Davidson and McGrew, 2005, see fig. 3 are®00 in which Panbanisha holds a
stone against the ground with her left hand). foineer method of stone modification is also
found in wild chimpanzees (Boesch and Boesch, 1B&0cader et al., 2007). Both types of
“thrust percussive” tool making is characterizednby needing the anticipatory coordination
of the two hands, nor highly complex action plaignin

Byrne (2005, p. 166) has noted “it may be very whl no living great ape is capable of
learning the motor skill involved in aiming a pafe and accurate blow at an object held in
the other hand: it is the combination that may é&goind them, because there is no doubt that
living apes have both great limb power and delipaéeision, in separate contexts”. Here this
inability is identified as the lack of a capacitydoordinate energetic force in one hand, while
the other engages in accurately timed adjustedligtthon against its quick forceful impact.

2.3.2. Reasons for human unigueness

What has limited nonhuman primates from possesbmg@bove noted motor dexterity
needed to knap? One explanation might be humanfisgeend anatomy: (i) human fingers
have optimal length to work with the human thumlagitr, 1960), (ii) a stable and extended
pulp region exists on the human thumb for aidimgn fprecision pinches and object holding
(Susman, 1994), and (iii) human wrist bones allowaf power grip (Marzke et al., 1992).
These musculoskeletal adaptations while optimigmeghuman hand for knapping, however,
are not responsible for creating the motor capdoipnticipatorily stiffen effectively the core
holding hand. In addition, human hand anatomy eontio “long standing” assumptions is
not completely unique to the human species ash“eéthe features forming the human
morphological pattern appears variably in at less or more nonhuman primate species”
(Shrewsbury et al., 2003: p. 41). Nor is refinetyér control peculiar to humans: young
chimpanzees, for example, appear to have moreithdilycontrol over their fingers than
humans (Landsmeer, 1993: p. 330).
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2.3.3. Novelty of human motor control and knapping

The human specific motor control that underliespfiag is critically dependent upon its
capacity to be organized within accurate time-basttnal models (see section 4).

® First, these internal models allow the refined tipnediction of the kinematics and
kinetics of the musculoskeletal system of the ufiqeely so that motor control can in a
non-stereotypical timed manner stabilize “stifffi@asone motor element (the core
holding arm) in regard to another independent meliment (the striking
hammerstone) (Marzke et al., 1998).

® Second, such internal models allow the predictioeexded to modify each temporally
successive knap/stabilization in terms of the negments of a complex action plan.

® Third, a factor not discussed in depth due to tzcpace is aiding the generation of the
intersegmental dynamic coordination of forces mdlominant hammerstone holding
arm (Sainburg, 2002; Sainburg and Kalakanis, 200éng and Sainburg, 2007) that is
needed to accurately target the hammerstone asttike impact on the core stone.
Though the emphasize in this paper is upon staliia, internal models also play a
significant role in enhancing the voluntary capasiof musculoskeletal action (see
section 4.3.2.).

In regard to motor ability, hand anatomy is seconpdathe primacy of such human specific
motor competence.

2.4. Nonhuman specific motor stabilization and its limits

Innovations to provide this motor control are rexed humans are to knap since from a
biological perspective, the submovement stabiliratf the core holding hand cannot be
timed in a task-determined manner by the alreadstiag stabling processes found in
nonhuman vertebrates such as preflexes and spijusitanent reflexes (see section 3.2 and
3.3 respectively).

Preflexes and spinal adjustment reflexes embedutdly in the body’s musculature underlie
the motor stabilization of movements in nonhumamaifs. Thet are unlike the anticipatory
motor adjustment of proficiency since these cary belacquired through prolonged practice
when mastering motor expertise in a particular.tasd¢tead, preflexes and spinal adjustment
reflexes are evolutionarily precustomized to prevsgecific stabilizations for (i) frequently
encountered, or (ii) survival critical perturbatsphat are faced during the execution of (iii)
an evolutionarily limited repertoire of highly adad stereotypical motor movements. This
makes such musculoskeletal embedded stabilizaterhamisms functional only for a few
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highly evolved motor employments of the musculostalsystem, not task-determined motor
skills that require prolonged mastery.

Such lower-level musculoskeletal stabilization natgbhms are not able to offer the constantly
modified time-based feedforward motor stabilizat@eeded for knapping (and more
generally, other practice-dependent forms of exgexterity). First, when the two stones
strike, it requires a task specific (not stereatypimed anticipatory coordination between the
two hands that takes many years of practice amditeato master. Second, this anticipatory
and timed adjustment must be situationally highlipoted as it is successively modified for
each knap in terms of action goals (given the sothanging shape and intended core
debitage). Third, knapping illustrates only onghed many different kinds of hand
stabilizations that humans acquired through praddngractice as they make and use diverse
artifacts. Other kinds of motor stabilization witiferent task-determined time accurate
coordination, for example, were needed by eddyno for the expert usage and making of
tools that due to perishable materials—wood, bekie—are not preserved.

2.5. Knapping and internal models

The anticipatory stabilization needed for knappieftects the existence in humans of the
evolution of an expanded neurobiological capaaty(1) making time-organized internal
predictive models of the kinetics, kinematics aotiod organization, and (2) the integration
of them needed to engage in complex and practasdét (section 4). The increased ability in
Homo to practice and refine such models alldwsno to engage in motor control that can for
each occasion be exact and proficient in its grdtory adjustments. As a result, motor
control can stabilize effectively its actions t@guce constant motor effects in spite of
changing circumstances such as when a hammerstsreedore stone of changing weight
and shape. This top-down motor timed adaptatioedapon internal models that
characterizes proficient human motor control uridenhot only for the expert and dexterous
use of the hands (as in knapping) but (as willigeied below) also human bipedality (section
5) and human song/speech vocalization (section 6).

Although not discussed in a paleoanthropologicatext, internal model processes are well
researched, especially in regard to their impleateott in the circuits between the cerebellum
and the cerebral cortex (parietal, motor, prematat prefrontal areas) (Doya, 1999; Ito,
2006; Ito, 2008; Kawato and Gomi, 1992; Wolperalet2003; Wolpert and Kawato, 1998).
Such top-down internal model based motor adaptaipaleoanthropologically important
because these circuits in humans are uniquely eigagacompared to those in nonhuman
primates (MacLeod et al., 2003), particularly igael to the prefrontal cortex (Ramnani,
2006; Ramnani et al., 2006), and in preliminarydewnice thaH. sapiens sapiens under went
specific cerebellum enlargement at the cost ofall/eerebral hemisphere size (Weaver,
2005). They are, moreover, known from studies upebellar agenesis to be involved in
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dexterity (Nowak et al., 2007), and from neuroinmagio be activated during knapping (Stout
et al., 2008; Stout et al., 2000).

Further, humans have a prolonged nonadult stagevelopment, “adolescence” in which the
relationship between gray matter and its conneetivite matter in the brain changes
(Lenroot and Giedd, 2006). These changes can leifispdinked to hand motor skill

mastery. Learning to play the violin to an expewdl thickens the connections between the
two cerebral hemispheres (Schlaug et al., 199%) aats to increase nearly threefold the area
devoted to the left hand (Elbert et al., 1995kegboard players, there is an enlargement of
the motor cortex that is proportional to the numtieyears that they have been practicing
their instrument (Amunts et al., 1997). Musiciatsdave slightly expanded cerebellums—a
difference that increases with the number of ydzasthey have been practicing (Hutchinson
et al., 2003). Consistent with these motor skilsteey changes in the brain linking to
enhanced internal models, there is increased aocdraing adolescent in the internal models
of hand movements, as well as improved fine-mdtidls§Choudhury et al., 2007).

2.6. Knapping, human uniqueness, and motor control summary
Knapping illustrates four things.
® First, that humans can proficiently make actiora tther animals cannot.

® Second, that though anatomy helps (the human Isamyptimized for a power grip), this
is not the explanation: what is critical is the eédnadjustment and coordination of
different movement elements made possible by tiraetenternal models, a form of
motor stabilization that cannot be done by thellpaanbedded preflexes and spinal
adjustment reflexes that underlie the motor cordfalonhuman animals. These
models, moreover, provide the basis for the tem@ord sequential goal hierarchization
that allows for different body movements to be oiged as part of a task action plan.

® Third, that the opportunity to base motor contqebm such internal models depends
upon something unique tdomo—expanded cerebello-cerebral cortex circuits inicigd
those with prefrontal areas, and also the existehegprolonged nonadult maturation
stage needed to refine and integrate them togathexpert motor skills (Skoyles,
2008).

® Fourth, knapping, it can be added, is of great tidapdvantage (it provides sharp
cutting implements essential for the extractiomigh-energy foods such as bone
marrow) (Dominguez-Rodrigo et al., 2005). This nsakee origin of the internal model
based motor stabilization central to any understendf human origins. This is
particularly so—if, as proposed below—that suckernnal models also underlie the
biological distinctive character and utility of hambipedality and human vocalization
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Knapping, thus, shows that there is an evolutiotiakybetween changes in motor
stabilization mechanisms (the shift from prefleges spinal adjustment reflexes to accurately
task timed anticipatory adjustments), and the aimiwf what is peculiar to humans. Further,
that this shift, identifies processes that arerdifieally already well experimentally
investigated.

3.MOTOR STABILIZATION

Motor execution consists of two complementary atgpeawotor planning and motor
stabilization. In motor planning, the brain seleimmmands to spinal and bulbar (brainstem)
motorneurons that articulate musculoskeletal movering determining various control
parameters (suggestions have inclutdsettings, equilibrium points and joint torques)
(Feldman and Levin, 1993; Kelso, 1992; Turvey, )9%0ich motor movements, however,
need to be stabilized with submovements that coacit¢he disruption caused by the external
environment, and the musculoskeletal system itBelf. example, a foot might land in a hole,
a hand while reaching for an object might shift bioely, and with that, the hand itself (by
shifting forward the standing body’s centre of m)aes hitting one stone with another might
make an unstable impact (as discussed above irpkiggpThese are not minor problems,
and as illustrated with knapping, forestalling thienmotor control is critical to the existence
of human specific motor proficiency.

Motor planning also involves the contextual setatibf movements for achieving particular
ends. This is dependent predominantly upon thelitiycbetween the basal ganglia and the
cerebral cortex (Grillner et al., 2005). This s&t@t of movement commands is not discussed
further here since this is widely discussed inrtfwor control literature. This evolutionarily
orientated review, instead, focuses upon the seanddjenerally ignored aspect of motor
execution: the need to achieve such selected aatios smooth and proficient manner. This,
rather than the selected commands (as will be shimaparticularly central to understanding
the unique dextral, bipedal and vocalization cdpas of humans.

3.1.1. Bernstein and motor stabilization

Bernstein recognized (though this is often igndygecheoBernsteinians) that accompanying
submovements (which he called “background corrastiowere needed for planned
movements to aid their stabilization (BernsteirQ@,%p 111-112, 186-189). However, he
assumed that such submovements after being acqlurew the mastering of a motor skill
quickly became automatisms that were carried oatratich lower level than the
“superordinate controller” that organized motor@xen (Bernstein, 1996, pp 188-189). As
will be reviewed below, low-level automatic stab#tion processes do exist in the form of
preflexes and spinal adjustment reflexes, butgatiiscal—if the kinds of motor action
mastered by humans are to be carried out—thatthatior stabilizations is determined at a
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high-level. This is because most forms of humanomexecution depend upon task-
determined adjustments that can only be timed asated in the context of the particular
needs of a task as they are represented in itiqggacquired internal models. Consistent
with this, there is evidence that such submoveraeninitiated in the motor cortex alongside
the primary movements they stabilize (Palmer etl&94; Palmer et al., 1996). Moreover,
normal human motor stabilization is highly sengtio the presence of current cognitive
tasks—which would not be expected, if stabilizatory occurred by low-level automatisms
(de Hoon et al., 2003; Ebersbach et al., 1995; Haal., 2003; Lundin-Olsson et al., 1997,
VanderVelde et al., 2005; Woollacott and ShumwapiC@002; Yardley et al., 2000).
Indeed, where postural erectness is challengeseads extensive stabilization, as for
example on a tread mill or in an unusual virtualitg situation, the prefrontal cortex is
activated (Slobounov et al., 2006; Suzuki et 2104).

3.1.2. Evolution and motor stabilization

From an evolutionary perspective, robust stabilirafgainst perturbation is especially
significant for the motor control of terrestriapled animals.

Moreover, it is of particular importance for humaas human are not only biped but
also vertically upright in a manner that can quidkécome unsteady, and so, unless
effectively stabilized by correction movements, casult in falls and serious injury. Further,
not only do humans require and acquire a particolamst means of stabilizing themselves (i)
vertically, but as illustrated in knapping, alsi fnaster hand skills that depend upon
exquisite forms of stabilization if they are to trmh artifacts and manufacture them, and
humans also engage in (iii) speech, that as sh@wh only exists due to motor stabilization
of pulmonary pressure created by respiration usedund production by vocal articulators.

3.1.3. Open loop correction

The use of open loops that adjust motor executiatily with sensory feedback is one
possibility for stabilization correction. Howevéhnge time delays involved in using direct
sensory input can make movements ineffective é&yjddesmurget and Grafton, 2000).
Evolution has therefore created three other kirdgatilization mechanism: (i) preflexes
(Brown and Loeb, 2000; Daley and Biewener, 2006hiiawa et al., 2007; van Soest and
Bobbert, 1993), (ii) spinal adjustment reflexesrig@nd de Leon, 2007), and (iii)
feedforward time-scheduled motor adjustments. Tisétivo are both processes that are local
to the musculoskeletal system, while the thirdsdown from the supraspinal brain based
upon the “virtual” internal simulation of the musaskeletal system, and so not directly part
of it (Desmurget and Grafton, 2000; Doya, 1999; 2006; Ito, 2008; Kawato and Gomi,
1992; Kawato et al., 2003; Wolpert et al., 1998;Ipea and Kawato, 1998).
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3.2. Preflexes

Preflexes are an instantaneous and nonneurolagieahs built physiologically into the
musculoskeletal system to protect it from pertudmatThey arise out of the nonlinear visco-
elastic properties of muscles (Brown and Loeb, 200ghikawa et al., 2007; van Soest and
Bobbert, 1993) within the evolved skeletal and tendonfiguration in which they work
(Blickhan et al., 2007; Valero-Cuevas et al., 20@4) a result of nonlinear visco-elastic
properties, perturbations cause a muscle to auicatigtact to make length and velocity
adjustments that have been evolutionarily selespedifically to counteract common or
survival critical movement disruptions. The effeetiess of their response arises from the fact
that perturbations give muscles in their skeleta #ndon contexts, a different length, or
make them change in length at a different veloéitym that originally commanded. The
evolved nonlinear visco-elastic properties of meschteract with these perturbation induced
velocity and length differences such that the madr properties of muscles counteract
directly as they happen their disruptive effects.

For example, a quail’s leg stepping into a holeqamon disruption against which evolution
has tuned the nonlinear visco-elastic propertigssohuscles) will cause a momentarily
uncommanded velocity and length change in the raagbkt span its various leg joints. This
length/velocity discrepancy interacts with the moedr length- and velocity-force
relationships that have evolved in response to autisruption with the result that the leg
extends further into the hole, and thus keeps tiad’'g body stable and upright (Daley and
Biewener, 2006). It is the intrinsic musculoskdlgt@perties of a frog’s leg, not neurally
mediated spinal reflexes, that stabilize its wipingvements at irritants when the leg
movement is perpetuated (Richardson et al., 2008uman example of a preflex
stabilization is when a person explosively jumpgrom a swat position, and their leg
muscles provide a zero time delay against pertimb&tom the vertical (van Soest and
Bobbert, 1993).

Muscles provide the opportunity for preflex statalion as they are not uniform simple
structures (as suggested in most textbooks) bwgsssa highly composite and so evolvable
internal visco-elastic structure. The deltoid “maescfor example, comprises of at least seven
segments with different bone attachments and neordfol (Brown et al., 2007). Within

each such segment, moreover, exists a more cormérral structure that goes down to one
in which each muscle unit consists of a tendonnapmosis, and a fascicle of active
contractile and passive elements (Brown and Lo@00R Another composite factor is the
variation in the internal architecture of the filmerentation relative to a muscle’s line of
action, for example, as found in pennate muscleg({At al., 2008). The potential
heterogeneity of the different visco-elastic lengthd velocity-force relationships of these
subparts provides the opportunity for structurathynplex muscle biocomposites with highly
task-tuned nonlinear visco-elastic length- velodbyce relationships. Such composite
structures within the musculoskeletal system cas firovide a direct physiological means by
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which evolution can sculpt the visco-elastic reawsi of the musculoskeletal system to
perturbations so that it automatically acts to iitaba movement without higher levels of
control.

3.3. Spinal adjustment reflexes

The spinal cord (and the brainstem in its cranigl@) contains many stabilization reflexes
that are stereotypical but also situational adjstaFor example, spinal adjustment reflexes
enable that rubbing the ear of a standing dogpaitiuce not only repetitive scratching
movements of the same side rear leg, and also ¢her mdjustments in the other three legs
needed to maintain stable standing. The sensguyers of such adjustment reflexes are local
to the body involving its surface, or are in thescuwloskeletal system itself (such as spindle
receptors in muscles and Golgi tendon organs). geftéxes are created when such sensory
input transmits to sensory neurons in the dorsatsrof the spinal cord and then to spinal
motorneurons in the ventral roots that output t@ches. This makes it a process that is local
to the musculoskeletal system. (A similar arrangaregists with cranial nuclei in the
brainstem for bulbar reflexes involving reflex mowents of the head, face, and eyes.)

Spinal adjustment processes have recently beewl fiaucarry out learned correction
responses to perturbations even in the absenagdspinal descending input (Heng and de
Leon, 2007). “These findings indicate that, in diddi to generating fast corrective response,
the lumbar spinal cord generated some adjustmetimdlimb stepping patterns through
experience” (Heng and de Leon, 2007, p. 8561). Puotesses are also under descending
cerebellar (van der Linden et al., 2007) and cadetortical (Kimura et al., 2006) control, and
can even be modified voluntarily in humans aftefdéedback training (Ludvig et al., 2007).

3.4. Top-down feedforward motor adjustments

A third means of stabilization against perturbatian be generated in a feedforward manner
from supraspinal predictive internal models thatidate the musculoskeletal system virtually
in neural circuitry (Desmurget and Grafton, 2000yB, 1999; Ito, 2006; Ito, 2008; Kawato
and Gomi, 1992; Kawato et al., 2003; Wolpert etE)98; Wolpert and Kawato, 1998).
These simulations allow the identification of caenacting submovements with appropriate
timings that can be created to stop the occurrehagperturbation, or otherwise stabilize an
action. Importantly, since they are independenhefactual body, they can be developed for
movements for which the body has not been speliifiesolved, and in regard to qualities
that are not immediate to a movement, such asatsifroation to fit an action plan. These
correction movements can be executed prior to gammimary movements, or through
constant sensory and motor input updating of irdlemmodels that change a movement as it
happens (Desmurget and Grafton, 2000). Such fesdfdrmotor adjustments are
commanded from the motor cortex (Palmer et al.418&lmer et al., 1996). The internal
models themselves are generated in cerebello-@mdmex circuits (Doya, 1999; Ito, 2006;
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Ito, 2008; Kawato and Gomi, 1992; Wolpert and Kawa©98). Controversy exists as to
whether the models so acquired are stored in tfeebum (Kawato et al., 2003), or cerebral
cortex areas such as the parietal area (Wolpatt,et998). The actual submovements so
scheduled for task mastered motor skills mightibectly controlled from the cerebral cortex
(Heffner and Masterton, 1983; Kuyper, 1958; Lissial., 1998; Ludlow, 2005; Maertens de
Noordhout et al., 1999; Teitti et al., 2008), oratve in a hierarchical manner of delegation,
lower areas in the supraspinal nervous system, asithe cerebellum and other subcortical
areas (van der Linden et al., 2007), and/or, pseswer down in the spinal cord (Kimura
et al., 2006; van der Linden et al., 2007). Relaesitop-down control, the supraspinal
adjustment of long-latency (45-100 ms) reflexes aaon draw upon the cerebello-cerebral
internal models of limb dynamics (Kurtzer et aD08).

Due to their cortical nature and the prolonged madion of cerebello-cerebral circuits,
learning such feedforward capacities takes mangsyteaacquire to its fullest adult
competence. This happens not only to the masteigkdfed” skills such as knapping but

also apparently “unskilled” ones such as walkingeigard to postural challenges caused by
sudden pushes and shoves. Even at 14 years dflagehfed and Forssberg, 1992), humans,
for example, are still improving their abilitiesmpared to 10 year olds (who have by then
already had nearly 9 years of bipedal experiente)aintaining balance while walking in
response to unexpected forces (see also, Assaadtdmblard, 1995). Reflecting this
prolonged cortical mastery, there exists contimadiciement of internal models during
adolescence (Choudhury et al., 2007).

4. INTERNAL MODELS

Internal models enhance stabilization and motocetien in a task flexible way by offering
musculoskeletal prediction of two kinds: forwardlanverse (Desmurget and Grafton, 2000;
Doya, 1999; Ito, 2006; Ito, 2008; Kawato and Gob¥i92; Wolpert and Kawato, 1998). In
forward prediction, an internal model mimics thpuhoutput relations that happen in a
system. Thus, for motor control, a forward intenmaldel provides a simulation of the
outcome that would follow a particular change te biody. In inverse prediction, an internal
model mimics a system in terms of identifying thputs needed to produce a specific output.
For motor control, an inverse internal model therefgives a “retrospective” simulation of
the movements that need to be done in a given rasd@letal/ environment situation if the
body is to achieve a particular motor result. Fodiend inverse models can be useful not
only for prediction but also for enabling contrah@n sensory information is incomplete,
noisy, or subject to delays (Desmurget and Gra2000). Internal models in the brain have
diverse and still largely unexplored functions beythe musculoskeletal system such as the
motor control of artifacts and tools (Imamizu et 2D00), motor and environmental
perception (Grush, 2004), motor and visual imag@&mnush, 2004), and even the interpersonal
communication and coordination that happens inataaieraction (Wolpert et al., 2003).
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4.1. Internal models and stabilization

One motor use of the predictive capacities of maemodels is the preparation of top-down
timed movements that counteract perturbations. &ahprediction in this situation (i)

enables the identification of the time sequencaistirbances that will accompany a
movement, while (ii) inverse prediction allows tdentification, given this predicted
disturbance, of the motor adjustments and the gmof their execution elsewhere in the body
needed to neutralize it, and so preserve motoilisgab

An advantage of internal models for creating siadtiion in this way is that they can use
diverse sensory inputs and past experience tdaigrediction of likely instabilities, and
identify corrective changes to prevent them thatuarestricted in regard to which particular
parts of the body that they might employ. Furtlieey can create such stabilization with
accurate timing that is constantly adjusted topeuliarities of each particular instability
situation. This is in marked contrast to spinaliatinent where not only are inputs limited but
so are the body parts and timings that might beuited to correct for instability. Further, the
timings and body parts used in such low-level adioas cannot be flexibly altered given the
task peculiarities of the primary movement theyadte Thus, the use of internal models
radically changes the opportunity by which motdiaats can be stabilized, and thereby the
possibility of making them in a proficient task-eleghined manner.

4.2. Cerebello-cerebral circuitry and internal models

Cerebellar circuits are involved both in creatingernal models (Doya, 1999; Imamizu et al.,
2000), and in timing (Bares et al., 2007; Salm&92). Such circuits are
cytoarchitectonically uniform irrespective of thBarmation provided by the different areas
with which they form input/output information praseng loops (Bloedel, 1992). As a result,
such cerebellar circuits can contribute the samdskof computation to the timing and
modeling needs of very different inputs and outputsluding those of task-determined motor
control. The circuits in the cerebellum work bothhacerebral cortex areas and subcortical
ones (not discussed here due to aid lack of spgoe}he body, these cerebello-cerebral
circuitry loops are made with the motor and posetgparietal cortices and concern
musculoskeletal kinetics (the force and energycedfef movements and posture), and
kinematics (their musculoskeletal configurationah@cteristics). But the cerebello-cerebral
contribution to internal modeling is also openhe higher-order processes in the premotor
and prefrontal cortices concerned with planning lenahitoring events that are useful for
enhancing the organization of motor actions (Ramr2806). Thus, the cerebello-cerebral
generation of internal models can involve such érgiontrol factors as the anticipatory
hierarchization of actions done in the ventral ppeonarea (Fiebach and Schubotz, 2006),
and action hierarchization/sequencing carried otihé dorsal lateral prefrontal ones
(Ramnani et al., 2006). Such high-level cerebediebral input/output connections provide
internal models with the complex planning and perniance prediction abilities needed to
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organize multi-stage actions (such as requiredriapping). Though these levels of internal
models are different with separate types of devalam, a key aspect of motor expertise also
lies in the efficacious integration between thesee(section 4.3.2.).

4.3. Feedforward adjustments
4.3.1. Motor component common to unique humans faculties

Feedforwardelated timed adjustment enabled by internal modietkerlies each of the three
human motor faculties in their species specifiqueness.

Dexterity, as shown above with knapping, needsrately timed anticipatory adjustments in
the nondominant holding hand to ensure the conel steady—a passive type of
stabilization. Such adjustments have also beendfdoitve needed in the dominant upper limb
and body (shoulder, upper arm, lower arm, wrist famgkrs) for the stabilization of active
movements, which in the case of knapping would Iwve/the accurate aiming of an
appropriately forceful blow with the hammerstorfeor(evidence that these different
stabilizations link to the nondominant and dominaends, see (Sainburg, 2002; Sainburg and
Kalakanis, 2000; Wang and Sainburg, 2007)). Faeater identification of the link of the
nondominant and dominant hands to these two fofratabilization, see (Guiard, 1987).

The human form of bipedality (anatomical verticidrmment bipedality) depends upon the
erect vertical body constantly making locomotive apper body task-determined time-
accurate anticipatory postural adjustments to raairts centre of mass over a narrow foot
base (Belen'kii et al., 1967; Bouisset and Zatth®&,7; Cordo and Nashner, 1982; Gelfand et
al., 1971; Massion, 1992). It is interesting toentdtat the foot initiation of energetic human
bipedal locomotion (when sprinting off from stagiblocks) shows a similar nondominant
side specialization for spatial body stabilizat{&ikenberry et al., 2008).

Vocalization in both song and speech (sectiore@lires (to give only one example of vocal
stabilization) that the muscles controlling pulmgnaressure constantly adjust in a timed
manner for upcoming phone and song note sequehweesalizations (Ghazanfar and
Rendall, 2008; Hixon, 1973; Ladefoged, 1960; Maabarand Hewitt, 1999; Proctor, 1986;
Provine, 1996). Critically, these motor adjustmemntsalso ones that cannot be done (or are
interfered with) by preflexes and reflexes, sugggdhat human evolution changed motor
control both by expanding the role of timing in @ation submovements (enabled by
increased internal modeling), and also in par&tiehis, by limiting the potentially disruptive
involvement of preflexes and reflexes.
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4.3.2. Internal models, expertise and prolonged practice

One issue in the evolutionary understanding of humator control is that it can require
extensive practice after apparently proficientlskake initially acquired. Notably, even
seemingly simple and universal skills such as waktalking and fine-finger dexterity
continue to mature during adolescence (Assaiardeédanblard, 1995; Choudhury et al.,
2007; Hirschfed and Forssberg, 1992; Smith andzaéta2004). Moreover, highly
specialized and culturally dependent motor skilishsas those in music playing also require
continuous daily attentive practice for at leastyears (Ericsson and Lehmann, 1996), and
this produces MRI detectable changes in the b/amuhts et al., 1997; Elbert et al., 1995;
Hutchinson et al., 2003; Schlaug et al., 1995kdtld seem that humans as a result have an
unique capacity to gain a motor mastery in whidlisskre exquisitely refined in their
performance over many years of daily practice.

In a skill such as knapping, this enhanced praiicydinks to the ability to stabilize the core
holding hand against the hammerstone strike, sifittas is done slightly incorrectly, the
knap will either injure the hand, result in a ussl#ake, or stop the core being useable for
further knapping. In locomotion, skill is neededstabilize the body against unexpected
perturbations that would otherwise cause a fallwskible injury. Stabilization is also

critical if the upper body is to engage in complgper body actions such as throwing.
Musicians need to learn how to adjust their finggiin regard to different note combinations,
the composer’s playing instructions, and their peas phrasing and aesthetic interpretation.
An important recent finding is that the accuracyndérnal models continues to increase
during adolescence (Choudhury et al., 2007). Huggests that the development required to
stabilize the demanding specialized motor skillsdeel for adult life only exist due to the
acquisition by the brain of complex predicative mlaty, and that these processes are so
extensive that they cause in it physical changes.

Consistent with this continual refinement is thetiae tuition is species specific to humans
(for a review, see Csibra, 2007). Young humans, i@sult, have the opportunity to sharpen
up their internal model using the refinements aeglby others who have already mastered
the skills they are acquiring. This could consitdgrdoroaden the types of culturally acquired
motor skill mastered by humans, while also at Hraestime increasing the need for an
expanded capacity for being able to engage sopaiet internal modeling to take advantage
of such tuition.

4.3.2. Interface between musculoskeletal stabilization and action planning

It is the nature of task-determined actions thay téwe specific to the particular circumstances
in which they take place, and this can alter eactiqular motor action. As a result of this
dependence upon circumstances, the timing of agatiaiy adjustments needs to be
recalculated for each movement. In knapping, fanexe, with each strike, how the core
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stone is held and positioned is different, while kimap itself needs to be modified in regard
to the kinematics and kinetics of its individuatde, angle and location upon the core (Roux
and David, 2006). A knap done at the end will diffem that at the start since it will happen,
for example, upon a smaller and differently shapa@. This makes such adjustment an
ongoing activity that needs to be constantly meditas determined by higher-level action
plans. Internal models, in consequence, for mudhemotor control done by humans (such
as knapping), must not only work out timed antitiypa adjustments in the musculoskeletal
system, but also do so in constant interaction wittvement changes determined by higher
level action plans. Indeed, much of the skill oftaranastery could concern the ability to
develop internal models both at a low and higheellso that they can adeptly interact
together in this manner.

The opportunity exists for such communication bemvthe various levels of internal models
involved in motor control since their cortical asesre adjacent in the frontal lobe (with higher
levels being anterior (prefrontal cortex) to loveeres (premotor and motor cortices). Further,
in human evolution, the cerebello-cerebral coriesuiry greatly expanded with the
prefrontal cortex (Ramnani, 2006; Ramnani et &06), and which enlarged the capacity for
the modeling of the non-routine multi-level opevas needed to organize motor action in the
motor cortex with higher-level executive functidAsnati and Shallice, 2007). Consistent
with this evolutionary change, white matter conitats in the cerebral cortex, including the
prefrontal cortex and corticospinal pathways camgito undergo refinement changes into
adolescence and afterwards (Ashtari et al., 20@ds Rt al., 1999). Where the specific
acquisition of highly practiced motor skills occunsoreover, the cerebellum (Hutchinson et
al., 2003), the cerebral cortical somatosensorynmareas (Amunts et al., 1997; Elbert et al.,
1995), and the connections between them (Schlaalg, d1995) can also undergo motor skill
mastery related change.

One consequence of developing interactions bettoesr and higher levels of internal
models is the ability to use higher level ones tmitor motor performance in other
individuals. This is a crucial for the capacityttor, a phenomena, (which appears to be
unique to the humans (Csibra, 2007)), that is baped the identification of motor mistakes
in another individual. It is also central to imitat where complex actions are copied in terms
of the higher-level action organization observedniother’s performance rather than the low-
level particular kinematics of its particular movemts (Whiten et al., 2006). Such imitation
appears to be unique to humans (Whiten et al.,)2@Qdther, it has been recently found that
low-level kinematics of actions—such as reaching placing one of two wood blocks in the
centre of a work surface with another individudd@ing the other one) can vary in regard to
whether they are done in cooperative, competitiveenitral context in spite of them

involving the same movement (Georgiou et al., 200f)s effect requires that such
movement kinematics are determined at a high-letwelre they can be shaped by issues of
interpersonal interaction dynamics (see also Wokgteal., 2003). This level of motor
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cooperation could include the use of mirror neurtmnanticipate in a complimentary
interdependent manner the movements of others (N@adorlund et al., 2008).

4.4. Control over multiple elements
4.4.1. Degrees of freedom and muscul oskel etal |ocking

Bernstein (1967; 1996) suggested that the artiedlatusculoskeletal system created a control
problem for motor actions since any planned moveroan be done in a great number of
ways due to the articulated human body having aessively large number of degrees of
freedom. Bernstein’s solution, and that of reseanslfollowing him (Feldman and Levin,

1993; Kelso, 1992; Turvey, 1990), is a superordircantroller that issues commands to
subordinate mechanisms that organize movemengsrrstof functional “synergies”. This
approach to motor control, however, fails to take iaccount of the importance, particularly

in nonhuman animals, of the capacity of recentbgavered preflexes (Brown and Loeb,
2000; van Soest and Bobbert, 1993) and spinal eudg@rg reflexes (Heng and de Leon, 2007)
to tackle the degrees of freedom problem of theylatickctly at a low-level.

A more basic problem with degrees of freedom gsrabllem”, however, is that neural
networks can identify such degrees of freedom tjinazarrying out, in effect, independent
component analysis (Karhunen et al., 1997). Thisiges a means by which the brain can
discover control strategies that for isolating metdated vectors relevant to achieving a task
from those that are irrelevant (Todorov, 2004) tdke an example of such independent
component analysis in a nonmotor faculty, considersimulation of word meaning and its
acquisition and use by Latent Semantic Analysis’A)L&SA is a successful method of
constructing semantic vectors based upon the gxtnadrom textual input data of what are,
in effect, hundreds of hidden degrees of freedomhith words and their meanings are
located relative each other in a vast multi-dimenal semantic space (Landauer and Dumais,
1997; Landauer et al., 2007). This extraction gfual information in terms of hundreds of
vectors provides an effective means of simulatictga performance data upon how people
learn and use meaning, particularly in regard & tbemantic context. Notably, it can explain
experimental phenomena that has been previoushcitable to computer modeling
(Landauer and Dumais, 1997; Landauer et al., 200¥$. suggests that at some broad level
the multi-dimensional analysis it performs is afeme in the brain as part of its learning and
use of words and their meaning. The existenceistilocomputational capacity is important
since Bernstein’s problem is only a problem if hunbaains find it difficult to convert
musculoskeletal information similarly into high-demsional vector spaces that describe its
various “latent” degrees of freedom. Since, LSAw$fithat such biocomputations can be
readily carried out by the brain’s neural netwotkss argues that the degree of freedom
problem identified by Bernstein (who died before #itart of research into neural networks) is
unlikely to be neurobiologically a major constraupion the brain’s capacity to control its
body.
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4.4.2. Preflexes and reflexes and degrees of available freedom

One degree of freedom problem, however, does paligrgxist in the human body—that
concerned with the lack of them. In the nonhumadlylareflexes and reflexes act to restrict
movement as part of the process by which evolutesselected a small set of survival
critical actions so that they are done in a pegtion resistant manner (reducing perturbation
involves putting limits upon the kinematic “envelap which movements happen). But, in
humans such perturbation resistance (if not redueedld place restrictions upon potential
movements, and so could act to hinder higher mmidex top-down control of the body.
Thus, instead of too many degrees of freedom bejmgpblem for motor control, it could be
that due to preflexes and reflexes, that the emoiudgf human motor coordination faced the
problem that its degrees of freedom wigseifficient.

Bernstein, indeed, recognized the importance oatlagability for motor control of having
extra degrees of freedom: “enormously excessiveedsgf freedom, apparently give us
considerable advantages” (Bernstein, 1996, p.A&7].“An experienced master will always
prefer an instrument with more degrees of freedbat,is, with fewer rails and props, than an
instrument that might be easier to use but that @sstrains the worker” (Bernstein, 1996, p.
37).

4.4.3. Overriding of preflex and reflex synergies

There is direct evidence, that increased involvdroéthe cerebral cortex in motor function
in humans has led to the human neuromusculoskeltt#m being “unlocked” in regard to
some of the lower level perturbation resistanceéoun nonhuman animals to provide more
degrees of freedom for top-down control.

First, reflexes in humans have been lost or conaelugreater inhibitory control. Humans
initially show many "primitive” reflexes that arshibited with increasing cortical maturation
early in infancy (Schott and Rossor, 2002), buteaerge following cortical injury, or age-
related frontal impairment (Schott and Rossor, 20Bdrther, musculoskeletally more
specific ones such as the reflexes that occuhargirimates across the elbow are not found
in humans (lllert and Kummel, 1999). Moreover, whezflexes occur, the human cerebral
cortex can directly control their properties (Kirawgt al., 2006). Indeed, humans can
voluntarily learn to control them when trained wittlofeedback (Ludvig et al., 2007),
suggesting that humans have the capacity, if neetblselectively limit their inappropriate
involvement in movements.

Second, the human motor cortex has gained diredtalmf the musculoskeletal system that
allows it to bypass spinal reflex processes. Famgle, the human cerebral cortex has
considerably enhanced access to spinal motorne(itenson, 2008) and so gained direct
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control over finger and hand muscles (Heffner arabtdrton, 1983; Teitti et al., 2008), and
lower limb ones (Maertens de Noordhout et al., }98#nilarly humans show direct control
over the larynx and face (Ghazanfar and Rendall32Ruyper, 1958; Liscic et al., 1998;
Ludlow, 2005).

Third, reflecting this increased freedom of confrom reflexes, humans can do actions that
nonhuman primates cannot perform such as conteol lbineathing, and voluntarily suppress
and activate (in the absence of sensory triggensylting and sniffing (see section 6.2.).
Further, the human musculoskeletal system has ed@wnhanced musculoskeletal flexibility,
for example, humans are the only mammals that satomically make gymnastic backbends
(Ward and Latimer, 2005).

4.5. Precursors to human internal modeling

Internal models are not specific to human mototr@dnwhat is unique instead is the
substantial increase in their predictive abilitihg temporal accuracy and complexity of what
they model, and the sophistication of the intecangithat happen between the musculoskeletal
and action planning and other cognitively relaggels. In nonhuman animals, particularly
apes and monkeys, internal models exist at a simaple less developed level, and these can
be an important component of their motor contioéythave moderately developed cerebello-
cerebral cortex circuitry). Indeed, research updernal models has involved Japanese
monkeys WMacaca fuscata) (Obayashi et al., 2001). However, such internadlets are used
only for single, not multiple element movement coht

For example, a chimpanzee hitting a nut placed @pstone "anvil" with a hammerstone
(Boesch and Boesch, 1990) would do this in regaidternal models and cortically mediated
visual monitoring. Nut cracking, however, requitieat that cortical motor control
manipulates only one musculoskeletal element—tinel halding the hammerstone, and this
does not involve synchronized time-scheduling betwaifferent body parts. The nut and
anvil are passive to this action (though corticalcesses are needed for their visual/tackle
positioning relative to the percussive hand hedahea). Nor does this task place strong
demands upon interbody part stabilization. The humaovation (due to brain expansion and
very prolonged skill and internal model maturatignto and after adolescence) is having
highly accurate and refined internal models so thatior control can time the interactions of
several motor elements (body parts and artifaats), moreover, do so in highly precise,
complex, perturbation resilient, and hierarchicalhd cognitively organized ways.

It should be acknowledged, however, that the plenggf the internal model capacity is still
poorly understood. It is known that the relativeesof the cerebellum and the cerebral cortex
has increased in the evolution from monkeys to §Rékng and Insel, 1998). While there is
no specific research to show that apes have arlosttkfferent capacity to generate internal
models than monkeys, this is likely in view of thenhanced motor abilities. Evolutionarily
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apes engage a much more complex form of arboreairotion to monkeys that involves
orthograde (vertical) scrambling or brachial swiggirather than compliant pronograde
(horizontal) quadrupedility (Povinelli and Cant,98). Anatomically, this is reflected in apes
having a stiff spinal column (needed for uprighddmotion) (Ward, 1993) with an absence of
a tail (that functions in pronograde quadrupditisyan “inertia paddle”). Scrambling and
brachial swinging require an exacting ability tdiapate and interaction with the
surrounding “graspable” arboreal holds and supibatt would reasonably be inferred to
depend upon the capacity to generate complex @temndels “schemata” of the kinetics and
kinematics of the interaction of the body and thenediate environment (Povinelli and Cant,
1995).

4.6. Internal models and cognition.

Though, it goes outside the core concerns of thiew, it should be acknowledged that
models since Kenneth J. W. Craik (1943, pp. 50k@d/e been central to understanding
human cognition. This raises the question whetmgr tvider use derives from motor control
related processes. In this context, one can obskeate

® Internal models provide a rich variety of framewst& organize and consolidate motor
related memories both short- and long-term (Shadm ueth Brashers-Krug, 1997). Such
a role (together with sequential timing) could urdigehe involvement of cerebello-
cerebral cortical circuits in working and verbalmmay (Fliessbach et al., 2007; Hayter
et al., 2007).

® Motor control based around internal models allowrsstructural musculoskeletal
matching between the brain’s own musculoskeletstiesy and that perceived in others
(and so the possibility of exploiting “mirror nemsJ for enabling complex imitation)
(Mail, 2003; Oztop et al., 2006). Indeed, the ermeament of internal models in humans
could be why mirror neurons exist in nonhuman ptesavithout them producing the
high-level imitative abilities found in humans (\iém et al., 2004).

® Internal models in the motor system can be useddtcomprehension by enabling the
prediction of the actions of other people (Gru€Q4£ Wilson and Knoblich, 2005), and
by simulating events described in language thatl@einternally the properties of their
various entities and their interactions (Pickeramgl Garrod, 2007).

® Once an action can be analyzed in terms of otl¢estit then becomes possible to map
that action as an entity within another higher lemedel. Indeed, this is essential if
stabilization is to be adjusted to each particsiaration as determined by an action
plan. In this way, not only can models be made ot@ments, but such models can
become parts of abstract action schemata thatoathemselves directly physical. The
movements, for example, of tennis are organizednlytto enable the volleying back
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of tennis balls but also so that this is done withie constraints of arbitrary tennis rules.
Thus, once the musculoskeletal system becomesiaeghim terms of models, then
these models are potentially open to further modah terms of constructing other
informational (including symbolic) structures.

5. BIPEDALITY

While the term “dexterity” is exclusively used airhans, the term “bipedality” is not. The
simple act of positioning the body on two legs idegpread amongst terrestrial vertebrates
(Alexander, 2004). Humans are, however, unique gstagxtant animals in three respects.
Humans use

(1) a biped bauplan (literally “building plan”) bed upon anatomical vertical alignment
(Borelli, 1989/1680, proposition CXXXV),

(i) this fully extended upright posture is striyagobust against vigorous or disruptive
perturbation, including those that occur when sbipedality is combined with expert upper
body actions (such as accurate throwing, carryaugers of easily spilt fluids), or when
footing is temporarily or potentially lost (duritigps and fights), and

(i) this upright arrangement is constantly accamigd by an unconscious
musculoskeletal “dance” of anticipatory and feedfand postural adjustments (Belen'kii et
al., 1967; Bouisset and Zattara, 1987; Cordo arehiNer, 1982; Gelfand et al., 1971,
Gurfinkel et al., 1971; Hodges et al., 2002; Massi992).

This section argues that it is the uniquely enhdragacity of humans for predictive internal
models that by enabling continuous timed stabitjadjustments, that allows humans, and
only humans, to uniquely stand and move their bzadyiage in fully extended vertical
alignment. Further, and again uniquely, that tHmas humans to have the capacity to engage
with robust stability in secondary (and quick cemtemass shifting) upper and lower body
part expert actions. Whether, and far, these tchigsacterized Australopiths is also discussed.

5.1. Anatomical vertical alignment bauplan

The human body is structured nearly entirely ugmndompressive anatomical arrangement
of bones, ligaments, joints and cartilage suppmatd$” (menisci). As a result, the human

body lacks flexion between each of the body caersggments—head, thorax, thigh, shank—
as they are stacked in vertical alignment abové etteer. The ankle and metatarsophalangeal
articulation in the feet are the only joints thatrtans properly flex normally in standing
stance, and in the ground contact stages of walkmniginning, the knee also is flexed but this
links to the separate factor in which the runnieg flunctions as a shock absorber when it hits
the ground (Nigg et al., 1987). Remarkably, thiatamical vertical compressive alignment
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bauplan is not employed, even occasionally, byahgr extant terrestrial biped. Penguins
and meerkats (temporarily) may appear to be spiea#ict but they balance with a tripod use
of their tails, and their bodies and legs are,loseexamination, in fact flexed. Changes to
foot anatomy (which reduced its flexion and enhdntecompressive stability) suggest the
full development of such alignment dates at lea&.2-2.36 myr and earifomo (Gebo and
Schwartz, 2006b).

In contrast to humans, all nonhuman bipeds (begnct dinosaurs and primates) use a
variety of flexion biped bauplan in which the bathrriage segments are angled relative to
each other. In the case of nonhuman primates wiegndccasionally stand or walk bipedally,
their limbs are flexed and their thorax is benivard (Alexander, 2004; Okada, 1985;
Schmitt, 2003). As a result, when upright they filegir legs and thorax in a "bent-knee, bent
hip" or compliant manner (Alexander, 2004; Okad#3;, Schmitt, 2003). Even anatomically
aligned ratites such as ostriches limit such alignito only one of their four leg joints (their
extended “knee"—actually the joint between thdirdiand tarso-metatarsus), and this in spite
of appearances is slightly flexed with its body gieibeing only partial transmitted
compressively directly down the joint (personal coumication, Jonas Rubenson). Large
>900 kg “graviportal” quadruped animals (Gregoryl2puse alignment and compression but
again this is confined to the legs, and they, airse, have the benefit of the stability that
comes from a four cornered quadruped “support”.

5.2. Instability and bipedal risk of falls

Borelli (1989/1680) was the first to note that #r@tomical vertical alignment bauplan is
intrinsically unstable and so needs constant moskeletal adjustment if fall and injury are
not to occur: “the erect position is unstable assalt of the slipperiness of the joints.... They
[humans] need their muscles to correct displacesreemd prevent falling” Borelli

(1989/1680: p. 130) (see also Skoyles submitted).

Human anatomically aligned verticality is a partaly precipitous and unstable posture due
to several factors.

® The erect standing body oscillates over a narrgypst base at between 0.12. and 0.39
Hz (Thomas and Whitney, 1959).

® When humans walk, uprightness becomes unstable giedbody spends 80-90% of the
time supported only upon one leg.

® Running is even more unstable since at no timee$bdy supported except by one leg,
and the body is engaged in leaps such that it nlighih contact with the ground for
only 27% of the time (Alexander, 1992).
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® In fast walking the body axis is destabilized dpmvard lean (Thorstensson et al.,
1984; Weber and Weber, 1992/1825, Tables. VII ait.V

® In upright standing, 2/3 of body mass of the eheghan body (head, arms, thorax—
HAT) is positioned 2/3 up a vertical pillar of uxdéid body segments above a narrow
foot support (each leg contains 0.161% of the todaly mass (Winter, 1991, Table
3.1)).

® Humans, constantly engage in diverse upper bodynwaty movements, such as lifting
objects with hands that, because they are higheathe/foot support base, can quickly
move the body’s centre of mass off-balance (CortbMNashner, 1982).

® In running, the body leaps and carries consideraioieard moment and requires an
elaborate counter-torquing by the upper body toteract the lateral torque produced
with each step (Witte et al., 1991).

® When running, the body faces the problem of it iggping and stumbling on uneven,
rough and slippery ground (Hsiao and Robinovit@98).

® Unlike chimpanzees and gorillas that have sligltthger arms than legs (the ratios
respectively are 1.017 and 1.164) (Reno et al.5p0tumans have shorter arms than
their legs (ratio 0.712). Thus, if humans lose giprbalance, they cannot safely fall
upon their hands (unlike other apes) (see Skogldanitted).

This lack of stability and the need for constargtpoal adjustment particularly in fast walking
and running puts the body at risk of postural awbmotive interruption due to falls, and
more importantly, creates the risk of severe I¢gryn and as a result, temporary or even
permanent immobilization. This is because the kirertergy held in the upright adult human
body compared to that needed to break a femur isdia@ order of magnitude greater than
the maximum value of the work to fracture and nefawkenty times the average work to
fracture (Lotz and Hayes, 1990: p. 698). In additio this, as humans get taller in stature, the
strength of their long support bones fails to keppn their osteological strength with the
forces that impact upon them from standing heighs.fA child can fall, for example, with
only a bruise but an adult can suffer a substaimjaty. (The effect is marked and nonlinear:
osteological strength decreaseéshe square root relative to increased heighta feview of
the riskiness of bipedally see Skoyles submitted).

5.3 Sability and engineering
The flexion biped bauplan, in contrast to anatottyadigned bipedality, provides

opportunities for low-level self-stabilizing. Whepright, putting support limbs or the body at
an angle allows that shifts of the body’s centemaks over its support base can be corrected



Nature Precedings : doi:10.1038/npre.2008.2092.1 : Posted 18 Jul 2008

Skoyles 31

by changing slightly that angle. Even simple spangngements such as found in articulated
(anglepoise) lamps can be arranged to do this aitcatly (French and Widden, 2000). Not
only does flexion allow this greater opportunity uick equilibrium management, but flexed
limbs and thorax, can be further initially angleatis that preflexes and spinal adjustment
reflexes are to optimal for aiding this automatipuatment. This option to stabilize the
upright body, however, does not exist if limbs #imel thorax are not angled. Instead, the
extended erect body to maintain its centre of noass its feet must actively and constantly
shift masses distant to the legs including chanthegoosture of the spine and thorax (Hodges
et al., 2002). The need for such changes due tprdeariousness of human unflexed
uprightness is illustrated by the fact that theyy@ren made to correct the shifts in the centre
of mass projection created by respiration (Gurfirgtal., 1971; Hodges et al., 2002).

5.4. Utility of the human bauplan

The anatomical vertical alignment bauplan of huma&asld not have arisen without
advantages that compensate for its intrinsic inisabnd unsafeness. These are significant.
Notably, humans can economically stand erect fiog jeeriods since they use only 7% more
energy standing than when laying down; in contaabsd kg dog when quadrupedally standing
uses 70% more than when supine (Abitbol, 1988)s Thbecause anatomical alignment does
not require energy expenditure to maintain muscdlesstate of flexion. A further utility of

the anatomically aligned bauplan is that when wagkithe stiff compressive axis through the
upright body allows it to temporarily store potahtnergy (in the form of a raised center of
mass at midstance) from forward kinetic energyt{dacomotion is also known as strident or
inverted pendulum walking) (Cavagna et al., 19%6¥uch strident walking, the stiff leg
temporarily vaults up the mass of the body and@@s potential energy that can be reused to
swing forth the leg to make the next step. In asiirbent knee, bent hip walking used by
other primates in their occasional bipedalism rexguabout four times the energy due to the
need in addition to moving the body forward of ntaining flexed muscles in a constant state
of tension (Sockol et al., 2007). There are alsglyito be other advantages linked to
enhanced maneuverability of the upper body (Skoyhegreparation).

The existence of these advantages raises the prafleshy evolution has only exploited
them in one extant primate. Given the instabilitpipedal anatomical alignment, this
suggests that evolution has only found in the paldr case oHomo, an effective means to
balance constantly such an intrinsically unsteady difficult to stabilize anatomical aligned
posture, particularly when engaging in complex fewhbipedality such as rough ground
running and doing upper body actions (such as iceyiand throwing). It is suggested here
that this was linked to brain expansion, and thesequently increased ability to constantly
engage in top-down anticipatory postural adjustsient
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5.5. Australopithecine bipedality

Considerable controversy exists over the natusustralopithecine terrestrial bipedality as
to whether it was stiff gait (and so anatomicallgreed) (Latimer, 1991; Lovejoy, 2006;
Ohman et al., 1997), or compliant (Stern, 2000n&rset al., 1984). Evidence arguing for
anatomical alignment and stiff gait are musculostetlfeatures such as femoral bicondylar
angle, and the increase in total cancellous bompeimary joints of lower limbs (Latimer,
2005). Another factor is the biomechanical modebhthe efficiency of hominin walking
(Crompton et al., 1998). A further factor is thedagaques after initial training in bipedal erect
standing can be trained successfully in semi-aniatdraligned strident walking (Hirasakia et
al., 2004). This argues that the primate engagemaestiff gait walking is only to a limited
extent related to lack of anatomical adaptatiohetise it could not be acquired by
behavioral modification as in macaques. This suggaher nonanatomical factors (such as
ecological utility) are responsible for its homirgdoption, with anatomical changes being
secondary to these behavioral ones.

The above listed instability factors are greatesfdst walking and running, that are specific
to Homo. Foot anatomy of pi¢omo (unlike Homo) suggests that their feet (Berillon, 2004;
Gebo and Schwartz, 2006a) were not optimal foringras was the lack of the lateral
stabilization provided by Blomo-like gluteus maximus, (Lieberman et al., 2006)arBble

and Lieberman (2004) have identified diverse musskeéletal adaptations needed for
endurance running iHomo that are absent in g#®mo hominins. Thus, the stabilization
problem faced byiomo is much more severe than that faced by Austrdiep&ince the
balancing for slow walking can be acquired by madeained bipedal macaques (Hirasakia et
al., 2004)), this level of postural stabilizati@likely to be within the already existing

postural capacities of gr®mo brains.

Further, Australopiths were less at risk from félanHomo.

® They had shorter statue theomo so the impact forces that result from falls woloéd
smaller as the relative bone strength to resishtimereases in a positive nonlinear
manner (by the square) with height.

® The Australopith habitus in contrast with thatHgmo was more padded and covered
with fur which would have better absorb impact &sc

® As their arms were longer than their legs, theyat@all upon their hands from a lower
body height, and if they injured a leg, they maasily adopt a quadruped gait and so
avoid lower limb injury and immobilization.

These habitus factors (that Australopiths sharbk ailher apes) have been argued elsewhere
(submitted) relate to the need to minimize therynjisk of arboreal falls. However, they
would have also as a side consequence allowed &aisiths to be bipedal without also
needing an highly developed capacity to stabileeupright body. In contragtiomo
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individuals when running without the protective hab of earlier hominins and arboreal apes
would place themselves at constant risk, giverbty’s momentum, of immobilization if
they slipped or tripped injuring a lower limb. Peeting this requires considerable motor skill
not only in controlling body falls in such circurastes, but also the ability to integrate into
locomotion visual and other information about thegh ground ahead to constantly make
safe footings.

How might we understand Australopith bipedality?iAmportant factor here is that human
bipedality even in simple walking and standing cafly changes after childhood as internal
model competence expands, in terms of motor gealguch as greater postural robustness
(Hirschfeld and Forssberg, 1992), and stabilizatibthe head and vision (Assaiante and
Amblard, 1995). This changes involves a reorgaiunah how the erect body is controlled
(Assaiante and Amblard, 1995). An adult flexiblyapts their balance mobility across their
head, upper arms, lower arms, hands, thorax antieldyobjects. However, they are "locked
together” in children as they lack the sophistidatdult ability needed to stabilize and control
all their separate degrees of freedom as a singériatic mobility (Assaiante and Amblard,
1995). EarlyHomo show minor anatomical changes such as to the fistaur at adolescence
(Tardieu, 1998) that suggest this change to a smphisticated stabilization of balance only
occurred inrHomo evolution. The more simple "locked together" anadtal alignment found

in modern children not present befétemo adolescence would have been adequate for the
more limited locomotion needs of Australopiths. $hwhile anatomical aligned bipedality
may be unigue to hominins, the combination of tiik highly developed internal model
based postural adjustment might be a developmkmigtd to adult and adolescedbmo.

5.6. Vertical alignment bauplan, internal models and cerebello-cerebral circuits

Research since the 1960s shows that humans (aki Boggested three centuries earlier)
stabilize their upright bodies by continuous musskeéletal adjustment (Belen'kii et al., 1967;
Bouisset and Zattara, 1987; Cordo and Nashner,; X8&8#and et al., 1971; Gurfinkel et al.,
1971; Hodges et al., 2002; Massion, 1992). In tnistor commands that will cause a forward
displacement of body mass such as moving an anvafdrto reach an object, are
accompanied by top-down timed anticipatory postadgistments that ensure that it is
accompanied by an equal and opposite counter-posif) of body mass (Cordo and Nashner,
1982). Not only do such adjustments stabilize tdytbut such timed postural
submovements accompanying walking steps help fogbtbem and make locomotion more
steady and efficient (MacKinnon et al., 2007). Ferglard processes incorporating sensory
inputs into internal models (Desmurget and Grafg0) are also likely to be particularly
important, where anticipation is limited such wimeaking stepping reactions if erectness is
threatened (Hughey and Fung, 2005; Marigold eR8D3; Pai et al., 2006; Zettel et al.,
2002); and the organized control of body collapsé falls in a manner that minimises injury
(Hsiao and Robinovitch, 1998).



Nature Precedings : doi:10.1038/npre.2008.2092.1 : Posted 18 Jul 2008

Skoyles 34

Consistent with this dependence of human bipedafpityn continuous timed postural
adjustment, there is considerable evidence thahaldnuman bipedality is supraspinal and
involves the cerebellum working with the cerebiaitex. Dual-tasks, for example, show that
postural adjustment requires cognitive resourced by other motor faculties such as vocal
articulators (repeating syllables, talking) (de Ha al., 2003; Lundin-Olsson et al., 1997;
VanderVelde et al., 2005; Yardley et al., 2000xtdety (Ebersbach et al., 1995), and even
higher cognitions such as spatial tasks, mathematid Stroop (Hauer et al., 2003; Maki and
Mcllroy, 2007; VanderVelde et al., 2005; Woollacatid Shumway-Cook, 2002). The close
study of maintaining stance and walking shows ithiatstabilized by central control

(Morasso and Schieppati, 1999), and involves cdeberebral cortex circuits (Jacobs and
Horak, 2007; Maki and Mcllroy, 2007). It can inckse-if balance is particularly
challenging—also the involvement of the prefromi@itex, for example, when people walk
on treadmills (Suzuki et al., 2004), or if a perstends in a virtual reality that lacks visual
clues as to the floor and the ceiling (Slobounoalt2006). People can motor empathize with
the postural upright stability in other individué&Sheng et al., 2005; Slobounov et al., 2000),
and this occurs through cortical mirror neuronsg@et al., 2005). This is all suggestive or
consistent with a dependence upon postural adjustbased upon cerebello-cerebral cortex
predictive internal models.

5.7. Noninternal model bipedal alternatives

Anticipatory postural adjustments and such intematlel based top-down stabilization, it
needs to be noted, is not required, however, fdoahs of bipedal stiff standing and
walking. Mechanical toys and robots can be desigueth that their passive mechanical
properties can cause them to walk in a human-tikensanner on flat surfaces (Collins et al.,
2005; Fallis, 1888). Empirical research suggestsdtable upright posture can be achieved
with only an open loop ankle stiffness control (¥émet al., 1998), or a closed loop involving
muscle spindle and monosynaptic spinal feedbackaresms (He et al., 1991). Robots have
even been designed that can recover from pertoristuring walking with only open loop
methods of stabilization (Mombaur et al., 2005)n§lstent with this, people with cerebellar
agenesis or cerebellar dysfunction (developmelasion, or alcohol intoxication) can stand
and walk with compromised supraspinal processdsr{ianlio et al., 2005, see particularly
the associated video to this case report), ashzaetwith spinal cord injuries when given
partial hoist support following intensive multi-ygahysiotherapy (van Hedel et al., 2005).

However, from an evolutionary perspective, thetexise of such non-top-down supraspinal
internal model based bipedal stabilization mechmasis less relevant than it might appear.
This is because such mechanisms are too limitétkin perturbation resistance to enhance an
individual’s survival fithess, as would have happegmvhen the evolution of human motor
abilities occurred during the Pleistocene. Peofile are “drunk”, for example, maybe able to
stand and walk but such inebriated individuals lexict temporal organization in their
movements, and as a result, they are, in manyctsgesabled, as they easily fall, or are
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limited in what they can do in a stable manner. Btfachuman locomotion, moreover, is
much easier in terms of maintaining upright balathe® it was in Pleistocene times: the
modern walking environment is mostly paved, fldtew carpeted, and kept clear of footing
hazards by health and safety legal requirementsrionize accidents. In contrast, the
Pleistocene environment was rough and full of ueeigd footing hazards that could
potentially trip or slip up walkers and runnerseTdoncern in this review is exclusively with
the processes that enable the exquisite and highlyst balance shown by human adults
when engaged in evolutionarily exacting upper boighed skills (such as accurate throwing),
or challenging circumstances (avoiding trips amglssivhere there are footing hazards as
when rough ground running), as only these are agleto the past selection of human specific
bipedal motor functions.

5.8. Summary of human bipedality and internal models

This brief discussion of human bipedality provigesliminary evidence to suggest that like
dexterity, its uniqueness derives from anticipatoned motor stabilization based upon
internal models. Another source of evidence is tigatroanatomically, like dexterity, lesion
and neuroimaging shows that it depends upon tlebe#o-cerebral cortex circuits (loffe et
al., 2007; Jacobs and Horak, 2007; Maki and Mc|I&807; Morton and Bastian, 2004)
including prefrontal ones (Slobounov et al., 2086zuki et al., 2004) that underlie such
internal models.

6. HOMO VOCALIZATION
6.1. Humans are unique vocalizers

The art of vocalization is widespread amongst atsnirds are, in particular considered, to
be exquisite songsters. While speech, is apprectatbe biologically unique to humans,
human song, in an albeit hidden way, is also bickdly unique. Bird song, unlike humans
song, is done with minibreaths between each syl@hith the exception of high frequency
"trills" at ca.30s in canaries, and 18sn cardinals (Suthers et al., 1999)). Birds carhi®
because they use a different respiratory appatatmmmals. This employs anterior and
posterior air sacs to create a unidirectional@wfthrough their lungs, and this allows for the
insertion of such minibreaths in between their sooigs (Suthers et al., 1999).

Such minibreaths suggest bird vocalization is huplbn low-level reflexive processes that
ensure adequate concurrent respiration. Humanghehi® speech or song, in contrast,
produce multiple vocalization upon prolonged singlé¢-breaths, a phenomena called
“thoracic breathing”, that in terms of normal resgion is distinct from the everyday
nonvocal and reflex controlled form of “quiet” résgtory breathing (Ghazanfar and Rendall,
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2008; Hixon, 1973; Ladefoged, 1960; MacLarnon aeavit, 1999; Proctor, 1986; Provine,
1996). As with the human uniqueness in bipedaltity dexterity, this respiratory phenomena
is argued here to link to an unique competenceduarately timed motor stabilization (in this
case the stabilization of subglottal pulmonary pues) that results from expanded cerebello-
cerebral circuits and internal modeling that owesi a lower level of preflex and reflex motor
control. Further, this capacity for such timed cohin vocalization, even more than for
dexterity and bipedality, allows for the constrootof the novel kinds of complex motor
executions; in this case, the interarticulatoragiin the vocal tract that create the phonetic
features that provide different phones with thétidct phonetic identities (Lofgvist and
Gracco, 1999).

There exist several unique related traits in huptaralization.
6.1.1. Hierarchically stringing of units

Humans generate vocalizations strung togethenvatraevels of hierarchical organization.
Such vocalization can be made up of speech phagballes, words, clauses, sentences), or
song notes (beats, meter, phrases, melodies).

6.1.2. Diverse recombinable units

Human vocalization is done in regard to a largeofetcombinable phone/note units (most
languages contain 20 to 45 vowel, consonant, golatlibng phones; there are 12 semitones
in an octave and most singers can range acroseafevde International Phonetic Alphabet
(International Phonetic Association, 1999) listsdonsonants 12 places and nine types of
articulation that can be either voiced or unvoi(@ds five types of anterior release clicks);

for vowels it lists five positions and seven masng@us being rounded or not). In addition, it
notes the existence of three kinds of suprasegisesttass (seven types), tone (15 types), and
intonation (four types). Such features create gel@ool of potential phones: for example, in
one sample of 317 human languages, there wereiiféiedt kinds of phones (Maddieson,
1981).

6.1.3. Diverse uses and modes of production

Humans modify and use their vocalizations in digergstered ways as distinct as falsetto,
esophageal speech (after laryngectomies), yodeiihigptle speech, throat singing, and
entertainment ventriloquism. Further, some humartdrs learn to imitate the vocalizations
of their prey to stalk them (Willerslev, 2004).
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6.1.4. Optional subcomponents

The various components of human vocalization predidy the lung (pulmonary), glottis
(vocal cords), larynx, and supralaryngeal vocaittcan be isolated, omitted, or used for other
purposes. Humans can, for example, speak withottiagjphonation, as in whistle speech, or
without normal pulmonary pressure and phonatioim @ophageal speech or buccal-source
speech (also called ‘Donald Duck’ talk). (In thise vocal tract is partially blocked by the
back of the tongue, and teeth, cheeks, and oratpre is created by the tongue that causes
the arches in the back of the mouth to vibrate (§mMi994: p. 4221). Following spinal
injuries, the pulmonary control of thoracic breathcan shift to being based upon the
diaphragm without employing the normally used abuhafand intercostal muscles (Meyer,
2003). Respiration control is used for nonvocaiaratctivities such as playing woodwind
and brass instruments. In addition to such respiyatontrol, saxophonists and clarinetists
can modify their instrument’s sound in the altissimagister by changing their vocal trait
resonance (Chen et al., 2008; Fritz and Wolfe, 2005

6.1.5. Unique amongst primates

Human vocal capacities are of particular biologafahterest because no nonhuman primate
makes any comparable vocalizations. This is irespithonhuman primates already having
many of the required competences: they can prosingelarly some of the phonetic units of
human speech (Richman, 1976), hear them (Steinslghret al., 1982), and if trained, can
comprehend the pronunciation of spoken words (Sa¥agnbaugh and Lewin, 1994), and
intersperse vocalizations with human and other peciss interactors in a conversational
manner (Savage-Rumbaugh et al., 2004). Howeven, with these vocal-related advantages,
while nonhuman primates can be tutored to commitmiwéh gesture and sign-board based
languages, they cannot be tutored to talk (Hay@s])l The language tutored, Kanzi, for
example, is no more able in his vocal interactithras to contextually modulate the spectral
and temporal features of his vocalizations—a netabhtrast to his considerable abilities to
communicate manually with a sign board (Tagliakattlal., 2003). This is odd since
gesturing and sign board pointing would seem ofjgamaible motor complexity to speech,
and, nonhuman primates already use vocalizatiolik@usign boards) to communicate.
Indeed, evolution has enhanced nonhuman ape vatahzn a manner not found in humans
in the form of vocal sacs (Ghazanfar and Rend@b82 Nishimura et al., 2007). The shape of
the hyoid bone in a partidlustral opithecus afarensis skeletal suggests interestingly that
preHomo hominins also might have possessed such vocalassaseged et al., 2006, p.
300). Such vocal sacs enable chimpanzees (andgseoltizer apes) to produce very loud
piercing calls that in the case of chimpanzeesraée of two simultaneous tones that are
three octaves distant from each other (Yerkes aained, 1925, pp. 61-62).
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6.2. Unlocked vocal chain

Much less is understood about motor stabilizatrohuman vocalization than for bipedality
and dexterity, (it is known though that the vodadilcallators adjust quickly after perturbation
(Gracco and Lofgvist, 1994)). Research upon atterapteach higher apes to make
voluntarily vocalizations suggest a link to an w&dhuman ability to control the
respiratory/vocal tract musculoskeletal system.r@lage two such accounts (Furness, 1916;
Hayes, 1951); both report difficulties in directdgntrolling the vocal apparatus. The account
provided upon Viki is most detailed.

Viki could create some speech sounds but this digzeapon her first being prompted with
external help (Hayes, 1951). Keith (her human dpédor) trained Viki by positioning his
fingers in her mouth to open and shut them to fepeech syllables. This was because Viki
could make an “asking sound” but without such exdehelp she could not modify it on her
own into other sounds. As his wife Catherine Hay&gd in her book upon Viki (1951: p.
67.): "She soon got the idea and began to inhéitaksking sound until Keith’s fingers were
on her lips. If he was too slow in getting readiki\ften took his hand and put it in the
helping positions". Much earlier William Furnes®18) reported upon his attempts to teach
an orangutan. In order to say “cup”, he used autpéb push her tongue make to the /k/
phone: “after several lessons .. she would draw bac tongue to the position even before
the spatula had touched it, but she would noksaynless | place my finger over her nose.
The next advance was that she herself would placénger over her nose and then said it
without any use of the spatula” (Furness, 191634).2

To take the case of Viki, she could create the pualany pressure and phonation needed for a
particular “asking” vocalization, and she couldoatsanipulate her lips to create a different
one (as evidenced when triggered to do so by keltahd). What she could not do, or found
very difficult, was combine them as independentanetements so she could pronounce on
her own a new type of nonevolved vocalization. mbarest she could do was use another
part of her motor system (her hands) to get holdeth’s hand to reshape her mouth, and so
use this indirect and external means to controlvbeal articulation. A similar phenomena
seems also to have characterized the attemptsroé$si orangutan to vocalize. This suggests
that nonhuman apes have problems unlocking theaepausculoskeletal elements that
make up the vocalization chain to create the modordination that underlies the motor
production of human speech. That the nonhuman \at@ah should be locked in this way
makes evolutionary sense in the view of the ciliiitgportance of the links of respiration to
cardiovascular and locomotion (Lee and Banzett/],%nd that the larynx is involved not
only in phonation but also in several survivalicat reflexive actions such as swallowing,
respiration and cough (Ludlow, 2005).

Reflecting this innate locking, while breathinguisder voluntary control in humans (Loucks
et al., 2007; Simonyan et al., 2007), it is difftdo train in nonhuman primates such as
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chimpanzees (Hayes, 1951: p. 69). Humans also sague in related voluntary respiratory
abilities such as suppressing and voluntarily atithg (in the absence of sensory triggers)
coughing and sniffing (Simonyan et al., 2007). Namlan vocalizations, when made,
moreover, are nearly always done in emotional castend performed in a highly
stereotypically and a genetically determined manhieis is evidenced in the strong
correlations that exist between the vocalizatidnshanpanzees and bonobos (in spite of
them being two species), a correlation that do¢exist, in contrast, for their manual
gestures (Pollick and de Waal, 2007). The humaim lo@ntrol needed for voluntary
respiratory such as that for exhalation and thelypcbon of sound syllables also seem to be
closely related in that they involve similar cerédeerebral circuit activations (except for the
auditory cortices) (Loucks et al., 2007).

6.3. Subglottal pressure stabilization

To control pulmonary pressure requires that theramiscles can stabilize lung exhalation as
a separate motor control element in a time seesitianner from the later ones in the vocal
chain involved in phonation (voicing), vocal resno@ change (vowels), and its gestural
modification (consonants). There is here a diracalel with anticipatory adjustment used in
human bipedality and dexterity, but in regardshi® gtabilization of the motor parameter of
pulmonary pressure below the glottis (vocal cordib)s, for functional speech, needs to be
maintained at a constant level (for a given degfdeudness) throughout successive strings
of vocalizations in spite of this producing consat#e decrease in lung volume (Hixon, 1973;
Ladefoged, 1960; Proctor, 1986). For this pulmormmagssure stability to exist requires that
the muscles controlling it are anticipatorily ad@dsin regard to each upcoming vocalization
and its particular subglottal pressure needs (whiiht vary, for example, in regard to its
individual phones, vocalization loudness, and pidasstress and emotional emphasis). There
also needs to be in regard to forthcoming speedlsang pauses action planning of thoracic
muscles as to when to refill the lung (Whalen amasKlla-Shaw, 1997).

6.4. Time-scheduling and phone articulation construction

Humans not only engage in thoracic breathing sd alhen articulating phones, engage in
exquisite “dexterity” of the vocal tract. The reador this, | suggest, is that in nonhuman
animals, pulmonary pressure and the vocal tractemteicted by reflexes to articulating a
limited set of evolved vocalizations. But becauamhn vocal tract actions are “unlocked”
from such reflexes in humans by direct corticaltoa(Ghazanfar and Rendall, 2008;
Kuyper, 1958; Liscic et al., 1998; Ludlow, 2005;flieet al., 2008), it can be synchronized
and motor coordinated in complex sequences of sivand differently timed glottal,
laryngeal and supralaryngeal movements. It isahibty to combine as independent motor
elements glottal phonation, laryngeal/ supralarghgesture and vocal tract modifications
(Lofgvist and Gracco, 1999) with timed anticipatongtor adjustment that, could be
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responsible for enabling the human motor systeordate, and then string together, its rich
diversity of speech phones into spoken words @&sdhin section 6.1.2.).

If glottal phonation, for example, can be adjustetependently and anticipatorily to the rest
of the vocal chain, it can be time-schedule synuizex to create speech sounds that differ in
the timing between their glottal onset and theouwstic shaping by vocal tract gestures
(voiced/ unvoiced contrast; glottal phones). Likssyiif the laryngeal shape is not reflexively
locked to articulators higher up the vocal chdwentits resonance “vowel” quality can be
changed independent of them so that vowel voca@dizaican be conjoined in a time exact
manner with a great variety of gestures in differarcal tract locations (bilabial, labio-dental,
dental, alveolar, post-alveolar, retroflex, palatalar, uvular, pharyngeal, epiglottal, and
glottal), and manners (nasal, plosive, fricatiygraximant, trill, tap/flap, and their lateral
variants). As a result, vowels can be provided witterse kinds of associated consonantal
sounds. For example, using data from the InternatiBhonetic Alphabet (International
Phonetic Association, 1999), the movement of thg (bilabiality) can create six consonants
depending upon their timing with the on-start obpation in the glottis (voiced vs.

unvoiced), the presence or not of nasality (/m#@dted by soft palette opening), and how that
lip movement is carried out (plosive, /p/, Ib/chtive, b/, I13/; or trill, &/). The lips with such
top-down control can create further pronunciatismsh as anterior release “click” consonants
that do not even use pulmonary air pressure. Thi®nability to independently stabilize
different vocal components explains the diverghgt was noted in sections, 6.1.2. and 6.1.3
with which the human vocal apparatus can be used.

In this context, it is interesting to note thatimal models in the cerebellum upon the
auditory signal of phone production have been sstggeto underlie phone perception (Callan
et al., 2006), vocal tract articulation (right ig€allan et al., 2007) and speech prosody (left
side) (Callan et al., 2007). There is evidence phaine perception involves processes used in
its production (Liberman et al., 1967; Pulvermubiérl., 2006). This research suggests that
there may be a considerable opportunity to exgdaenomena already identified in phonetic
and speech sciences with the internal model presgbsat became more complex when the
human brain expanded.

6.5. Possible link to syntax

As with knapping, the nature of internal modelswhB that such musculoskeletal level
predictive internal models can engage in complexanchical interaction with higher internal
model ones. As noted in section 6.1.1., it is aipacty of human vocalization that it is made
in the context of several layers of hierarchicgamization that concern not only productive
ones (such as in speech syllable, word, phrasesameénce) but also those involved in
communication such as semantics, syntax, pragmatig®€motions. There is even evidence
that the speech production system does not onlthaigerception of speech (Liberman et al.,
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1967; Pulvermuller et al., 2006) but provides pcedn and imitation abilities that also aids
higher level language comprehension (Pickering@adod, 2007).

Of particular importance in this context is thairgjs of phones are made into units that are
organized and arranged in planned syntactic wayis. Syntax level directly interacts down
upon the lower musculoskeletal ones—a phenomena&dhnabe seen in the way that syntactic
tense can modify vowel vocalization such as in isWi'swum®, "swam". This suggests that
the syntax and musculoskeletal levels are in somealosely interlinked. While any ideas in
this area are necessarily preliminary, this raisegossibility that the internal models needed
for low-level musculoskeletal control of the vot@ct could have created the opportunity by
which higher-level models are constructed in motortrol upon them so that the speech units
that they create can be structured to support camuation and semantics. It is interesting to
note that the Broca’'s area, a brain region in tieenptor cortex traditionally associated with
syntax, and more recently, syntactic working men{éigbach et al., 2005), has also been
recently identified as underlying the anticipatbrgrarchization of actions (Fiebach and
Schubotz, 2006). This is consistent with lower méd¢gel models in vocalization providing
the basis for the development of higher-level dhas have come in their organization of
lower ones to possess what are analyzed as synfiaicttions.

6.6. Summary of vocalization and internal models

These brief observations show that human vocatimatnd voluntary respiration control

could gain their evolutionary novelty like humarxtity and bipedality from top-down
internal model timed motor stabilization. Like thetmis is consistent with them being linked
to the cerebello-cerebral cortex circuits (Callaale 2007; Callan et al., 2006; Dresel et al.,
2005; Loucks et al., 2007; Murphy et al., 1997; 8zt al., 2005; Spencer and Slocomb,
2007). Further, like dexterity and bipedality, #ieematics of speech production continues to
be refined into adolescence and after (Smith analzdé, 2004).

7.HUMAN BRAIN EVOLUTION

There are two possibilities by which top-down tieeeurate motor feedforward adjustment
might have evolved to underlie the human uniqueaegsed above to exist in dexterity,
bipedality and speech/song vocalization.

(1) That it was independently selected in eacle,cas
(2) that (as will be argued below) it was a resfih common pleiotropic selection
(namely, for increased cerebello-cerebral cortesudry linked to brain expansion).

The reason for proposing the latter is that emglimesearch (section 7.1) suggests, at least
provisionally, that the above three domains of metthancement use partially overlapping
and shared neural resources. Given that the aatidmpedal locomotion, dexterity and
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vocalization need not, and in fact rarely, occgetber, enhancement by sharing common
neurological components would be optimal. Thisasduse it would provide three talents for
the adaptive cost of one—a phenomena that ecoronaBt‘economies of scope”. Thus, the
human evolution of the above faculties could hasenbpart of one common brain expansion
linked general motor control enhancement pleiotr@giaptation.

Note, a qualification needs to be made in regagpa®ech. In both dexterity and bipedality, it
has been argued above, that it was stabilizatibareement rather than motor primary
execution that was improved by an increased alidityme motor movements (though this is
not to deny that their execution would not havenbex@hanced also to some degree).
However, in speech, accurate interarticulator tsolkeeduling is critical to the generation of
the particular identities of phones (Lofgvist ano, 1999), suggesting that this might
have required a further additional enhancememtefmal modeling beyond that needed to
enable human dexterity and bipedality. This preigtgpiis unique to speech language since
gesture-speech does not require such tight timealaof its articulators which instead
depend upon the accuracy of their visuospatialgesiag (Campbell and Woll, 2003). Thus,
the enhancements needed for full speech may (ubigedality and dexterity, for which there
is paleoanthropological evidence for an early origiHomo) might have only existed since
the rise of the present human species, with ealeno only having “protospeech” vocal
capacities. This would be consistent with it depegdipon cerebellum expansion and related
brain changes that seems to have occurred spdgificdd. sapiens sapiens (Weaver, 2005).

There are two steps of argument here. (i) How gedle evidence for such neural sharing?
And (ii) would such pleiotropic evolution make asgnse for understanding the specific
changes that happenedHomo from an evolutionary perspective? There alsora tissue
(discussed in section 8): how far can this issueebearched to provided new data into the
role of internal models and timed enhancement dbmmontrol that arose in human
evolution?

7.1. Shared neural resources
7.1.1. Cerebellumand cerebral cortex nonspecificness

Cerebellar circuits are cytoarchitectonically unmfiowith differences in their processing
arising from their inputs and outputs (Bloedel, 2980, 2006). Prefrontal cortex areas—one
of the cortical regions to which the cerebellummeets and forms circuits—Ilack specific
domains and instead apply their functions adaptiwéiere they are relevant to motor and
nonmotor tasks (Duncan, 2001). Parts of the cdnzdor system such as the posterior
parietal cortex also show evidence of not beingadlir specific as, for example, they control
both eye saccades and hand reaches (Levy et @F).Z0erebral cortex areas are more
generally open to represent different parts ofotbay as shown after hand amputations when
sensorimotor networks shift from representing taedto the face (Elbert et al., 1994), a
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situation (including also the feet) that arisesuradty in those born without arms and hands
(Kamping et al., 2004). The corticospinal tracbatsnot strongly tied to specific motor
domains: surgical intervention after brachial pexwulsion, for example, can reestablish arm
and hand control by reinnervation to spinal motaroas that previously controlled

respiration (Carlstedt et al., 2004). More gengra#search upon developmental neural
plasticity (such as that upon those born blindjuas that considerable functional
reassignment of function can occur during develagmeon the brain’s neural networks (for
a review of the importance of such noninnatenesgofal circuit function to human

evolution see (Skoyles and Sagan, 2002)).

7.1.2. Dual-task evidence of neural sharing

Interference occurs between tasks when done aatine time such as between bipedal
balance and dexterity, for example, when walkingevbpening and closing a coat button
(Ebersbach et al., 1995); and with vocal articalatas when standing and repeating syllables
(Yardley et al., 2000). In the elderly such corflibecome more evident (probably due to
impairments that curtail the effective functionaize” of their brains), and extend to balance
and language to the degree that some individualsatdoth walk and talk (de Hoon et al.,
2003; Lundin-Olsson et al., 1997). Dual-task irdeghce can derive from several factors
including bottlenecks in drawing upon limited gealattentional resources, but the effects are
specific here as balance (Hauer et al., 2003; \fafelée et al., 2005; Woollacott and
Shumway-Cook, 2002), for example, is more effettedpatial higher cognition tasks than
nonspatial ones (Vander Velde and Woollacott, 20@8iderVelde et al., 2005). This
suggests that they share processes in common.

7.1.2. Cross motor entrainment and priming

Entrainment occurs across different motor faculthile this for anatomical and
physiological reasons might be expected betweekimgabnd breathing, it also occurs where
there are no functional couplings such as betwgem®vements and finger movements, and
finger movements upon breathing patterns (Rallak,e1996). Further, certain pairs of tasks
are impossible to time independently of each otlieh as reciting nursery rhymes with
proper intonation while tapping a 1-3-123 rhythneté®s, 1977) see also (Ramachandran,
2006). Priming effects also occur across vocal,uaband ocular motor effectors (Eimer and
Schlaghecken, 2001). These effects are consisténtwetor faculties using shared processes
in common.

7.1.4. Developmental correlation and neural overlap
Consistent with the existence of neural sharirthas the early infant acquisition of bipedality

correlates with enhanced executive skills at treed33-35; moreover, half the activated
voxels in the cerebellum linked to such adult exieewskills also link to those that
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retrospectively associated with early bipedalityd{& et al., 2006) (see also further comment
in section 7.3). In this context, it should be miotieat frontal activations in infants as young as
6 months accompany the maturation of motor skilthsas eye saccades depend upon
internal models, and, then only later in adultsft $b posterior areas when they become
highly automated (Csibra et al., 2001). It wouldglseem that motor skills such as bipedality
and eye saccade control depend critically uporr@nédl neural resources, even though this
ceases, in most normal circumstances—at least whemallenging—once they are fully
mastered.

7.1.5. Subprocessesin common

Functional imaging shows that motor skills (andeied nonmotor ones) share subcomponent
processes in the brain. For example, the concémiraeeded to mentally count targets of a
particular color and shape activates an "atterfimtspot” in the lateral cerebellum that is
identical to one briefly activated at the onsethaf motor act of responding to every member
of a series of targets (irrespective of color aap) (Allen et al., 1997) (see also more
comment below). Another study has found the excserf a general and widespread sharing
of cortical areas in the human brain by differesgritive tasks, with an average sharing of
5.97 (range 1-38) tasks per cortical area (Ander2oa?).

This diverse variety of evidences suggests or sipplioe idea that some of the neural circuits
employed by the three major human motor facultreshat necessarily tied to specific
musculoskeletal effectors. At least some aspediseoénhancement of their motor control as
a result could therefore derive from the crossislgasf neural resources.

7.2. Synergetic enhancement in high-energy food hunter-gathering.

Pleiotropic selection of such shared neural ressuvwould make particular sense if
economies of scope applied to enhancing skillsdlsat worked synergistically together (but
never concurrently) in strengthening the evolutrgrfaness ofHomo. This appears to be the
case with the three human unique motor facultied,the human unique subsistence niche:
high-energy food hunter-gathering.

Paleoanthropological isotopic evidence suggestsihstralopiths eat a predominately
vegetarian diet (Spoonheimer et al., 2006; Teadmodl Ungar, 2000), and that this changed
with Homo to one dominated by high-energy foods acquirediolg territory based hunter-
gathering (Foley, 2002). The actual nature of tigh{energy foods acquired by hunting and
gathering is controversial with eatjomo having been variously suggested to having
engaged in purposeful small game hunting, the etktrmand cooking of tubers (O'Connell et
al., 1999), passive scavenging (Shipman, 1986)epasaavenging (chasing off predators
from their kills) (Bunn, 2002), big game (Domingtiendrigo, 2002) and persistent “running
down” hunting (Liebenberg, 2006). The existenca shift to high-energy foods, however, is
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not in question since the concomitant brain expanand the prolongation of immaturity in
Homo could have only occurred in the context of theeased ability to acquire calories
(Foley, 2002). In particular, human children haeaildle the resting metabolism of adults in
their cerebral cortex between 4-10 years of agdaeélto the needs of brain development
(Chugani, 1998; Skoyles, 2008, for a review). Thigease causes the brain to consume 60%
of their total body resting metabolism since it dones a doubling of metabolism with a total
resting body metabolism in children that is arotatf that of adults (Skoyles, 2008). This
would have made humans, as a biological speciescydarly vulnerable to disruptions in the
availability of high-energy foods so requiring thia¢y had also evolved the skills that could
always ensure with good reliability that they welb#ainable.

No other primate engages in a comparable fornfeslyle. Three factors, notably make it a
difficult option: high-energy foods (of whatevertnge, tubers, game or carcasses) tend to be
widely dispersed (big game animals alive or deadsporadic, tubers occur only in scattered
locations), hard to access (deep in the groundrawaocked in bones), and require for their
maximum exploitation information sharing (tubergwrcin patches, large animal carcasses
and game occur rarely), information storage (seslsoovements of animals, degree of
harvesting of tuber areas) and social collaborggbaring of information, the care of infants
while hunter-gathering) (Aiello, 1996). Thus, hungathering has a highly synergetic need
for diverse motor competences to come togethesettioat enable (i) travel over wide areas,
(i) extracting hard to access foods, and (iiieefive information transfer between
individuals.

In consequence, an evolutionary self-sustainingldaek process would occur if an
adaptation arose that enhanced the multiple métlbs that worked synergistically together
in hunter-gathering, and that they were not coremnily employed. Moreover, such feedback
could self-maintain itself producing yet furthempaptunities for evolutionary change. This
would suggest that the pleiotropic enhancementaibnfaculties through expanded
cerebello-cerebral cortex circuitry and top-dowatbdization might have been an important
mechanism (and one that is researchable, see lreksetion 8) in giving rise to, and then
acting to shape, human evolution (see fig 3).



Nature Precedings : doi:10.1038/npre.2008.2092.1 : Posted 18 Jul 2008

Skoyles 46

HUMAN UNIQUENESS HIGH-ENERGY FOOD HUNTER-GATHERING
Stabilization of Eul Efficient
anatomical ull erect icien .
vertical bipedality stance & {_ongl-dlstance
alignment walking ravel
inter-arm ; ) tools extract Synergetic
stabilization Dexterity Knapping high-energy <=3  Working
foods together
pulmonary /
e sso:egéh Multiple enhanced
stabilization p vocalizations communication
] ||
-
|
|
|
INTERNAL MODELS INCREASED FOOD PROVISION
Multiple motor element organization (motor and premotor cortices) [— v
Top-down unlocking Artifacts Anticipatory PLEIOTROPIC
of preflexes/ reflexes motor adjustment SELECTION

EXPANDED CEREBELLO
Shared Iresources
-CEREBRAL CIRCUITRY ared neura ire
I I o 1 | Nonconcurrent activity
Increased encephalization E ) P
Executive functions  (prefrontal and premotor cortices) Adolescence conomies or scope

Abstraction Hierarchization

Sequencing of goals

Fig. 3.

Outline of the main components of the proposed nibiEory in the context dlomo origins.
In the center of HUMAN UNIQUENESS is listed eachtloé major motor faculties:
bipedality, dexterity and vocalization. To the leftthem are the motor stabilizations that
underlie their uniqueness, and to the right, thgusbehavioral competence that they enable.
To the right of HUMAN UNIQUENESS, lines connect laeforal competences tdomo
ecological behavior in HIGH-ENERGY FOOD HUNTER-GAERING. For example, the
stabilization of anatomical vertical alignment kdpéty allows efficient stance and walking,
and so enablddomo to engage in long-distance travel. The three gpcéd behaviors are
shown to act synergistically together with eacteotind also the social competences that
derive from executive functions that also derivarirINTERNAL MODELS (shown by a
link running at the bottom). HIGH-ENERGY FOOD HUNREGATHERING is shown to
link to PLEIOTROPIC SELECTION. The motor facultiage not concurrently done, and so
permit the possibility of them relying upon sharediral resources (economies of scope).
HIGH-ENERGY FOOD HUNTER-GATHERING also results NCREASED FOOD
PROVISION. This supports the prolonged nonaduljestaf adolescence and increased
encephalization and so EXPANDED CEREBELLO-CEREBRAIRCUITRY. This
produces an increased capacity for INTERNAL MODEf8 so the HUMAN
UNIQUENESS.
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7.3. Neural resource sharing and nonmotor faculties

This theory of shared neural resources faces tloblgm” that some of the empirical support
that motor skills share neural resources comes é&wigence that such sharing occurs
between motor and nonmotor skills. If a motor telséares an attentional subprocess with an
higher cognitive one (Allen et al., 1997), thersiteasonable to assume that other motor
faculties will also share that attentional subpssce.ikewise, if developmentally a motor
ability such as bipedality correlates not onlyemts of a later competence for executive
function but also in 48% of its voxels in the cezilim (Ridler et al., 2006), it is reasonable to
assume that the subprocesses responsible fosthisd shared to a similar or greater extent
with other motor faculties.

No particular division exists in the prefrontal &t between motor areas and nonmotor areas
as it is activated as much by motor tasks as noomootes (Duncan, 2001). The prefrontal
cortex, indeed seems to act both as a higher argdanning, sequencing, monitoring and
selecting appropriate motor actions, and as anfareting these computational operations
for cognitive processes (Abe et al., 2007; Mushietkal., 2006; Slachevsky et al., 2003). As
noted above, internal models can underlie a divensge of nonmotor-type cognitions. This
argues the enhancement found in the three majoahumotor faculties could have endowed
theHomo brain with abilities that would have changed ctignimore generally than just by
enhancing motor functions.

This is consistent with the existence of closedittkat have already been suggested or found
to exist between the motor system and general ttognirhe founder of child development
science, Piaget, argued that the initial stageoghitive development upon which the intellect
was built was a sensorimotor period (Piaget, 19P8¢ work mentioned earlier that links
early bipedality and executive skills (Ridler et 2006) is inspired by the theory of cognitive
dysmetria by which the cerebellum coordination aivement is conjectured to underlie a
coordination also of thought (and impaired in @®ination in schizophrenia) (Andreasen et
al., 1998). The nature of concepts has been sugghasbe grounded upon the sensory-motor
system (Gallese and Lakoff, 2005). Anticipatiorewénts in the external world has been
proposed to use the motor system (Schubotz, 28@Tipn words associate with the motor
parts of the brain that control their actions (Feahatller et al., 2000). Mentally, counting or
putting any elements into an order series actiiadéesl motor circuits (Andres et al., 2007).
Phenomena such as the short-term phonologicalinefbeesent nonmotor ideas in terms of
their phonological articulations (Baddeley et #884), and in ASL speakers, manual gestures
(Wilson and Emmorey, 1997). Silent reading and éinvoice” associate with
electromyclographic activity in the vocal tract Kdtov, 1972). Moreover, purely mental
activities recruit respiratory and cardiovascutaess responses (Brod et al., 1959). This
recruitment suggests that they use processesdtairiginally a motor function, and that
when they are activated, that this in a vestigiahmer still prepares the body for a physical



Nature Precedings : doi:10.1038/npre.2008.2092.1 : Posted 18 Jul 2008

Skoyles 48

response. Thus, diverse phenomena are consistintnetor control enhancement found in
humans having effects beyond those directly engnuiotor functions.

The idea that motor processes used in motor comight also underlie nonmotor cognitions
is not novel. The greater complexity of motor cohtreeded for arboreal clambering of apes
has been suggested to underlie their greater selfesmess cognitive abilities (Povinelli and
Cant, 1995). Most of those researching motor irlemmodels assume that they also underlie
cognitive ones (Imamizu et al., 2000; Ito, 2006; R008; Wolpert et al., 2003). For example,
“We further speculate that the cerebellum assidtsination processing in cerebral areas by
providing general internal models of extended ailgd objects in the external world such as
concepts, symbols and languages (Imamizu et &@0,38 195).

This raises a question for the nature of humanutimi. If human evolution pleiotropically
enhanced motor faculties, might it not also haegopiopically enhanceboth motor and
nonmotor ones? High-energy food hunter-gatheringadern humans is highly dependent
not only upon motor skills but also cognitive plarg) communication and social
cooperation. This suggests a second loop might teelkd added to that suggested for motor
enhanced long-distance travel, tool making and arse& vocal communication linked to
cognition (see fig. 4).
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Another loop is added to the boxes in fig 3 thattstfrom the bottom of INTERNAL
MODELS in the “executive functions” box. This enedlhonmotor functions that enhance
HIGH-ENERGY FOOD HUNTER-GATHERING, and so INCREASEHDOD
PROVISION for EXPANDED CEREBELLO-CEREBRAL CIRCUITR¥nd so better
INTERNAL MODELS.

8. EXPERIMENTAL IMPLICATIONS

This review presents two levels of observationstrit identifies a previously unappreciated
neurobiological commonality between human dextehtyman bipedality and human
vocalization that is also a characteristic thabsafes them from superficially similar
activities done by closely related nonhuman prisa&econd, it identifies how human
evolution might have selected cross-motor facuftlyasmcement by exploiting economies of
scope by the use of shared neural resources. Bstrations are interesting in that they
identify novel opportunities for research into ntgpoocesses and human origins. These
possibilities will be briefly reviewed.

8.1. Neurodevel opment correlations

The opportunity to empirical explore neural reseushbaring is raised particularly by Ridler et
al (2006) and their finding that the age of acaugrbipedality links with later executive skills,
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for example, that they share 48% of their cerebgl&els in common. Three notable things
exist about this research. First, prior cognitivedry does not predict this strong link between
bipedality and executive functions. Second, thigaech at present is unique in its exploration
upon such developmental correlations. Third, iestigated only two of a large number of
possible evolutionary relevant motor and nonmotmgnitions. In the context of this review
article, this type of research can be predictgabtentially identify many other motor-motor
and motor-nonmotor correlations. More importanglych research could identify the

differing contribution and role of neural resoursbsiring between motor and nonmotor
faculties in terms of their degrees or not of capyland so provide information about how
past selection might have acted through them tpestfée human brain.

8.2. Adolescence

Another research issue is the evolution of adolesEeThis is unique in occurring only in
humans but there is much uncertainty as to itsldpugental role (Bogin, 1999). Research
suggests it is a period of refinement of internabels (Choudhury et al., 2007), and also of
motor skills (Assaiante and Amblard, 1995; Chouglteitral., 2007; Hirschfed and Forssberg,
1992; Smith and Zelaznik, 2004). But human childseuld seem superficially to have
mastered motor skills to an apparently adequatd t&\proficiency already before
adolescence. One factor is that the adolescent iodigrgoes various changes such as
lengthening of its trunk and legs, and, after thrsjncrease in muscular strength (Bogin,
1999). However, such body changes will require dinéyminor modification of previously
acquired motor skills. Another possibility is tiskills mature during adolescence in a less
obvious manner such as in regards to their robsstagainst unexpected and complex
perturbations. Such stability would have been paldrly important to Pleistocene high-
energy hunter-gathering adults. Contemporary hurina@$n a carpeted and artificially flat
world, in contrast, premodern people walked andoae-footed on an environment littered
with footing hazards that could trip them. Moregwubey faced the possibility of unexpected
predators and so a need for locomotive proficiesugh that they did not stumble when they
ran to escaped. Superiorly enhanced skills acquiveithg adolescence therefore might have
once had a much greater importance to survival ithaontemporary people. Indeed, it is
possible that the physical changes that happedalescence have, in part, been delayed until
the brain can safely embody a taller, strongersamohore difficult to stabilize body before it
starts to do more demanding adult activities. Aacay for motor enhancement could
therefore be expected that might seem redundamantemporary humans (except in activities
that uses it for recreation such as music, dandespart). Nonetheless during adolescence
such capacities would still continue to be acquiesttl be closely linked with adolescence
neurological changes such as the development afeggraccuracy in internal models.
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8.3. Encephalization links to internal model dependent motor and cognitive capacities

An additional research related issue is the evatudif the increased human encephalization
index. Brain size both absolute and relative toylgide has increased from Australopiths up
to H. sapiens sapiens (Rightmire, 2004). Further, intriguingly, a shiftlarain volume

between the cerebral hemispheres to the cerebélhisnbeen argued to have occurred
between early Neanderthal and Cro-Maghbsapiens and extant humans (Weaver, 2005).
In the context of this review article, one woulgegt brain size differences to closely link to
the human capacity to engage in motor stabilizatios shared use by different motor
faculties and nonmotor ones of neural resources.

The opportunity to explore them exists: occasignadsearch and clinical case papers report
the existence of individuals with small brain sys¢ apparently normal cognition (for a
literature review of such individuals in the corttekthe 1Q debate, (see Skoyles, 1999).
Indeed, modern humans with normal range IQ exit tiains as low as 750 cc, and so in the
low range foH. erectus (Skoyles, 1999). For example, children that hasmaispherectomy
(removal or functional disconnection of one of tiwe cerebral hemispheres) have (assuming
a normal initial sized brain) 548 cc of corticalsie removed leaving them with a brain of
around 823 cc (750 cc if female) (Skoyles, 199%ni€al accounts of such individuals report
that they can have normal or higher than normafdQexample, P.G., had a Wechsler verbal
test 1Q of 118, and a performance one of 94; 15sykesder, the Wechslers remained relatively
unchanged at 121 (verbal) and 91 (performance]jf{f@rand Davidson, 1966). Individuals
with hydrocephalus can have a markedly reducedcarbemispheres and yet can be
cognitively normal: for example, the case of thatevbollar worker recently described with
accompanying MRI scan in thencet (Feuillet et al., 2007). Other cases are described
Skoyles (1999). There is, however, as yet littterapt to study such individuals to investigate
the link between brain size, human cognition, as@volution. Even the more limited
variation found in normal brain imaging recruitméntarely studied except in the context of
IQ. For example, one study (Giedd et al., 1996)uieed 624 4-18 year-olds, of which after
carefully screening with psychometric tests, apdychiatric interview, only 112 meet their
stringent criteria for 'normality’. Within this gip striking variance was found in cerebral
hemisphere volume ranging from 735 cc (a 10 yedmmdle) to 1470 cc (a 14 year-old male)
(Giedd et al., 1996, Fig. 4). A 10 year-old male lohs a brain at least 95% the size of an
adult, and given normal proportions this individsabtal brain size would be 850.7 cc, and
888 cc as an adult, calculations in (Skoyles, 198B)is, even in carefully selected MRI
scanning studies, normal individuals exist with llosain volumes.

Research upon such individuals could provide a smuvce of data upon the factors that
shaped past human selection, particularly if comtbwith measures of different motor/
nonmotor faculty proficiency, timing of motor sthbation and coordination, and neural
resource probes involving dual-tasks, entrainmedtaoss-faculty priming. For example,
does the capacity for motor stabilization and tgréiccuracy in internal models link to the
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size and so availability of cerebello-cerebral wit€? Is there such a link with cerebello-
prefrontal ones? What is the relationship betweaaimltsize and shared neural resources (for
example, in the context of the development cori@tatfound in (Ridler et al., 2006))? Do
individuals with smaller brains compensate by iasesl cross-faculty neural sharing, or do
they experience timing related proficiency ceilinggn their motor skills? If modern humans
traded-off cerebral hemisphere volume for enlarggrebellums, is there population variation
in the relative size of these two parts of therrand if so, how does it correlates with motor
execution—particularly in speech—and nonmotor skdind their cognitive development?
The phenomena identified in this review are theeefoithin the domain of present research,
and provide the opportunity for more detailed irigegion.

9. CONCLUSION

This article has reviewed the stabilization accashphents in the three major motor faculties
(dexterity, bipedality, and vocalization) that cigiuish humans from nonhuman animals, and
has identified a trait that closely links with tbegnitive capacities that associate with
increased encephalization. This trait is the muelaigr use of feedforward control in the
accurate timing in motor control, particularly tmaguired for the top-down stabilization
against perturbation. Such feedforward controhievin to link to cerebello-cerebral circuitry,
and this circuitry has markedly expandedHirsapiens sapiens compared td. sapiens

archaic (Weaver, 2005), and in humans generallypaoet to other nonhuman primates
(MacLeod et al., 2003). This review has furthemniifeed that such a change would most
parsimoniously occurred if the three major humarnanfaculties shared neural resources.
There is preliminary evidence from dual-task resiedat this is indeed the case. These
observations are interesting in that they idemiidyel opportunities for research into motor
processes and human origins.
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