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In recent years different lines of evidence have led to the idea

that motor actions and movements in both vertebrates and

invertebrates are composed of elementary building blocks.

The entire motor repertoire can be spanned by applying a

well-defined set of operations and transformations to these

primitives and by combining them in many different ways

according to well-defined syntactic rules.Motor andmovement

primitives and modules might exist at the neural, dynamic and

kinematic levels with complicated mapping among the

elementary building blocks subserving these different levels of

representation. Hence, while considerable progress has been

made in recent years in unravelling the nature of these

primitives, new experimental, computational and conceptual

approaches are needed to further advance our understanding

of motor compositionality.
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Introduction
Humans compose words from phonemes, sentences from

words, and so on. This ability to combine and reconfigure

simple elements in many different ways to build complex

patterns, representations and behaviors is crucial, not only

for speech and language but also for visual perception,

action and cognition. Focusing here on motor control,

ample evidence from both higher and lower levels of

vertebrate and invertebrate motor systems suggests that

voluntary actions are composed of simpler elements that

are bonded to each other either simultaneously or serially

in time [1,2,3�,4,5].

Such modular organization can account for the richness

and versatility of animal and human behavior and for the

ability to learn new skills and adapt easily to new envir-

onmental conditions. The existence of a large number of
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redundant modules and the ability to combine them in

many different ways might also account for the motor

equivalence phenomenon, namely that any single motor

task can be performed in many different ways as long as

these include some crucial features that enable achieve-

ment of the desired goals. More importantly, however, is

the assumption that there is a limited vocabulary of

primitives. This can alleviate the curse of dimensionality

and simplify the complexities associated with the redun-

dancy that exists at all the different levels of the motor

hierarchy.

Here, we review recent literature on motor primitives and

compositionality. We focus on three aspects. First, how

are motor and movement primitives defined? Second,

what is the nature of these primitives and how are they

internally represented? And third, what rules govern the

generation of a large repertoire of movements from a

limited set of elements?

Motor primitives
Motor or movement primitives refer loosely to building

blocks at different levels of the motor hierarchy. Motor

primitives might be equivalent to ‘motor schemas’ [6],

‘prototypes’ [7], or ‘control modules’ [8]. They need not

be universal, that is, the same building block need not be

used for all possible behaviors or tasks. Instead, they

might be specific to only a particular level of representa-

tion or task. Their crucial feature is that many different

movements can be derived from a limited number of

stored primitives through appropriate operations and

transformations, and that these movements can be com-

bined through a well defined syntax of action to form

more complex actions. Schaal et al. [8], Del Vecchio et al.
[9] and others have recently attempted to better formalize

the definition. The term ‘movemes’ (as the parallel of

speech phonemes for movement) was used in Del Vec-

chio et al. [9] to refer to motion primitives.

Methods for extracting and inferring primitives include

principal component analysis (PCA), probabilistic PCA,

hidden Markov models (HMM), Isomaps, and automatic

derivation of primitives based on different similarity

measures among, for example, movements or actions

(for review see Jenkins and Mataric [10]).

Primitives can be kinematic [1,11], dynamic [4,12] or

both. Kinematically defined primitives might be called

strokes [1] or submovements [11], whereas dynamic pri-

mitives consist of static force fields [2], temporally varying

muscle and joint torque synergies [12,13�] or control

policies [8].
www.sciencedirect.com
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At the neuronal level, a primitive or a neuronal module

corresponds to a neuron assembly, for example, of spinal

or cortical neurons [4,14]. In some invertebrates (e.g.

Aplysia), it might consist of identifiable neurons compris-

ing a central pattern generator (CPG) [15��].

Behavioral level

Since Bernstein [16], there has been a general consensus

that we try to follow mental templates of motion when

executingmotor tasks. For example, reachingmovements

are composed of straight lines with bell-shaped velocity

profiles. These motion primitives can be selected using

several optimization criteria [17–19]. During reaching, the

shape of the velocity profiles is invariant with changes in

speed, unless there are accuracy demands; then themove-

ments obey Fitts’ law [20]. Reaching movements appear

to be coded in terms of direction and extent [21]. Never-

theless, in spite of their apparent continuity, even pre-

planned reaching movements appear to be composed of

discrete submovements, all with a similar stereotypical,

serially concatenated shape and overlapping in time

[22,23,24�].

Submovements are easier to detect during on-line move-

ment corrections, especially when higher end-point accu-

racy is required [25] or during trajectory modification [26].

Velocity bumps indicate the presence of submovements

even in the absence of visual feedback [27]. Movements

that are generated by stroke patients [11,28�] or those that
are generated during load adaptation tasks [25] show that

hand trajectory can be composed of a few velocity pri-

mitives, all with similar shapes characterized by a mini-

mum-jerk [17] or log-normal function [29]. These

inferred velocity primitives are quite stereotypical, with

a well-preserved linear relationship between speed and

duration [22]. When stroke patients gain better control

over their limb, the number of submovements decreases

and their temporal overlap increases, giving smoother

trajectories [28�]. Babies learn to generate visually guided

reaching by smoothly blending sequential submovements

into continuous movements [30].

Simple curved motions containing several velocity peaks

are regularly observed during curved or obstacle-avoid-

ance movements. Such continuous two- dimensional

trajectories follow the two-thirds power law [31] with a

piecewise constant gain factor. Thus, drawing move-

ments, in spite of their apparent continuity, also appear

to be constructed of individual segments or strokes, which

are either straight or consist of curved segments, for

example parabolic segments, as was shown recently on

the basis of the use of differential geometrical tools [32].

The two-thirds power law was recently shown to be

compatible with a model assuming an underlying objec-

tive of generating maximally smooth hand trajectories.

Movement segmentation based on the existence of a

piecewise constant velocity gain factor might be an epi-
www.sciencedirect.com
phenomenon of trajectory optimization, rather than a

reflection of an underlying segmented control [33,34].

The existence of motor primitives has also been exam-

ined for human and monkey grasping and object manip-

ulation movements. Prehension, such as lifting a full cup,

is composed of reaching, orienting the hand and grasping.

Although these components can be combined in all

possible ways, the three actions are executed as a unified

well-coordinated complex act [35]. In compliant tasks

such as grasping, not only must the positions of the fingers

and motions be appropriately selected and preplanned

but the forces exerted on the object must also be con-

trolled to achieve the goal of the task while securing a

stable grasp [36]. Finger movements and forces have been

decomposed into basic synergies based either on the idea

of uncontrolled manifold [37] or on inverse dynamics

computations [12]. Complicated hand gestures, such as

typing and finger spelling [38], also consist of primitives or

more complicated sequences that can be decomposed

into a series of elementary units of action.

In the field of invertebrates with hard exoskeletons,

locust reaching movements during grooming have been

analyzed. The reaching movement is controlled in joint

space [39], but it is not clear whether movement primi-

tives and force field summation are involved. By contrast,

in the octopus, the totally flexible arm enables the control

system to use a unique space for constructing movement

primitives. During reaching or fetching movements, the

arm is stereotypically configured to fit the task using a

minimal number of degrees of freedom [40,41��].

When fetching a grasped object to themouth, the octopus

arm is configured into a quasi-articulated structure with

three segments and three rotary joints. Joint positions are

adjusted to the site of grasping along the arm, giving a

geometry resembling that of vertebrate arms and some

arthropod appendages. This structural primitive enables

the octopus to have precise control of point-to-point

movements [41��].

Muscle level: synergies

Co-activation of several muscles, a ‘synergy’, produces a

torque about a joint or a force in a particular direction.

Only a few of all possible ‘synergies’ are used [42].

Electromyographic (EMG) recordings from frog hind

limb muscles have been computer analyzed to test

whether natural behavior shows synergies among groups

of muscle activities for an entire set of natural behaviors

[4,13�,42–44]. Similar attempts have been made to find

muscle synergies during human posture and locomotion

[13�,45�,46].

Originally, each muscle was assumed to take part only in

one particular synergy. Such over-simplified attempts

failed, throwing the existence of muscle synergies into
Current Opinion in Neurobiology 2005, 15:660–666
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doubt [45�]. More recently, however, muscle synergies

during a postural task in the cat [45�] have been success-

fully identified based on the use of non-negative matrix

factorization (a linear non-negative approximate data

representation), a technique that was first used in Tresch

et al. [47] for the identification of muscle synergies.

Because several synergies were assumed to act on a given

muscle, the net activation of that muscle is the sum of

activations due to all the synergies.

d’Avella and Bizzi [13�] have employed a similar approach

to extract invariant amplitudes and timing relationships

among muscle activations during more natural behaviors

in intact animals. A combination of synergies that were

shared across behaviors and those that were for specific

behaviors captured the invariance across the entire

observed dataset. These results support a modular orga-

nization of the motor controller and that the motor output

of these modules is combined to control a large set of

behaviors. A similar approach was applied to human

locomotion [46].

Neural level

Frog wiping behavior is an ideal model for investigating

how a sensory map is transformed into a well-coordinated

motor output (for a review see Tresch et al. [47]). Micro-

stimulation of an interneuronal region in the spinal cord

showed that microcircuits are organized into discrete

modules, each generating a specific force field [2,3�].
Although movements are generated by centrally orga-

nized synergies, sensory feedback adjusts the motor out-

put of complex movements [44]. In the turtle, the motor

output of the spinal cord in deafferented preparations is

similar to that of intact animals [5,48], also indicating the

existence of a CPG, and these appear to be relatively

independent modules [48,49]. Some identified temporal

relations among muscle and motor nerve activities appear

common to several behaviors, whereas others are beha-

viorally specific. Single unit recordings support the mod-

ular organization of spinal neurons at the neural network

level: some neurons are active during several movements,

whereas others are active only during a certain movement

[49]. Similar results have been obtained from single

identified neurons in the feeding system of Aplysia [15��].

In the locust, the specific pattern of motor activity during

grooming can also be generated in deafferented prepara-

tions, suggesting that this motor output also is generated

by a CPG [50].

In the octopus, arm extension in reaching movements

(Figure 1a) is controlled by a simple wave of muscle

stiffening propagating along the arm [51,52]. This stiffen-

ing wave can be viewed as a basic muscle synergy of

simultaneous activation of all arm muscles. A central

command is needed to initiate and scale the movement

parameters [53]. During octopus fetching (Figure 1b), two
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waves of muscle activation propagate along the arm

towards each other. These stiffen the proximal and med-

ial segments of the quasi-articulated arm, their collision

point setting the medial joint location. This is a remark-

ably simple peripheral mechanism for adjusting segment

lengths according to where along the arm the object was

grasped (Sumbre G, Fiorito G, Flash T, Hochner B,

unpublished).

In monkey cortex, electrical microstimulation in primary

motor and premotor cortex evokes complex purposeful

movements involving many joints and even several body

parts [54]. These actions were very similar to gestures

included in the monkey’s natural repertoire. Microstimu-

lation at each site caused the arm to move to a specific

final posture [55]. There, thus, appears to be a cortical

map of joint angles.

Neural recording studies have shown that arm motion can

be reconstructed from the firing of a population of neu-

rons in the motor areas of the vertebrate cortex [56].

Although earlier reports indicated that neural populations

mostly code instantaneous time-varying kinematic or

dynamic variables (e.g. movement direction and velocity

or force), analyses of both single neurons and neural

assemblies have provided evidence for cortical coding

also of more global features, such as a segment geome-

trical shape [57] or the order of the segments within the

sequence [14,58].

Syntax of action
Components can be strung together serially in time or in

parallel. Not all possible combinations are utilized. The

syntax of action is constitutedby rules, such aswhich stroke

can be combined with which. Different syntactic rules,

identified at different levels of themotor hierarchy, consist

of, for example, linear superposition of movement seg-

ments [26], vector summation of spinal force fields [2,3�],
and weighted summation of muscle activities [13�,42,46].
Syntactic rules in the temporal domain involve simple

linear temporal scaling of velocity profiles and their super-

position [24�], ormore complicatednonlinear timewarping

or co-articulation between consecutive elements [59].

In co-articulation, the position of an effector is affected by

the previous and/or following element. With practice,

smoother blending of units can evolve and new chunks

or movement primitives might emerge [60,61�]. Learning
to generate a series of handwriting-like trajectories

through a series of targets shows that co-articulation in

hand movements can reflect the global optimization of a

segment [25,34,61�]. Co-articulation between sequential

elements has also been reported for finger spelling and

sign language gestures [38].

Possible neuronal mechanisms for stringing together or

blending different elements have been described for the
www.sciencedirect.com
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Figure 1

Two examples of stereotypical unconstrained octopus arm movements. (a) Snapshots taken during a reaching movement towards a target

(arm extension). A dorsally oriented bend in the arm (yellow arrow) propagates toward the tip of the arm. In this configuration the suckers are

pointing up-front and only 3DOFs are controlled (Reprinted with permission from [53]. Copyright 2001 AAAS). (b) Fetching movements whereby

a grasped object (red arrow) is brought to the mouth. To achieve this accurate point-to-point movement, the octopus reconfigures its arm into

a quasi-articulated structure in which the two proximal segments (the segments bounded between the blue–yellow and yellow–green arrows)

are of similar lengths. The segments then rotate about the medial ‘joint’ (yellow arrow) to bring the food to the mouth. This movement involves

one DOF for each joint.
turtle spinal cord [5]. Stimulating the dorsolateral funi-

culus elicited forward swimming patterns combined with

specific scratch movements triggered by a mechanical

stimulation [62]. Thus, different movements can be

organized by reconfiguring a small number of motor

output units, some of which are shared, whereas others

are task specific.

The cortical synfire chain was conceived to explain pre-

cise spike patterns in multiple single unit recordings. The

so-called ‘binding mechanism’ was proposed for binding

the elements of a composite object to each other. Given

that activities in synfire chains might bind and form a

hierarchy of representations as required for language [63],
www.sciencedirect.com
they might also offer a unique neural mechanism for

compositionality of motor elements [64].

Motor learning and robotics
Using a small set of modifiable and adjustable primitives

tremendously simplifies the task of learning new skills or

adapting to new environments. Constructing internal

neural representations from a linear combination of a

reduced set of basis functions might be crucial for gen-

eralizing to novel tasks and new environmental conditions

[65]. Particular choices of basis functions might further

reduce the number of functions required to represent

learned information successfully [66]. These basis func-

tions undergo tuning with learning [67] andmight depend
Current Opinion in Neurobiology 2005, 15:660–666



664 Motor systems
either on velocity [68] or on both position and velocity and

be gain modulated [69]. Particular choices of variables or

the use of contraction fields can yield more stable repre-

sentations [70].

Using a reduced set of movements, control policies or

actuator synergies have attracted great interest in robotics

research [8,71–73]. A limited set of primitives can con-

siderably reduce the high dimensionality and complexity

associated with robot control problems. Thus, several

robotic studies have focused on, for example, what is a

good set of primitives, how they can be mathematically

extracted [10] and formalized [8,9], and how they can be

used for robot learning by imitating human movements

[7,72,73]. Schaal et al. [8] used point attractors and limit

cycles based on non-linear dynamic descriptions and

suggested a repertoire composed of both discrete and

rhythmic movements, similar to vertebrate and inverte-

brate motor pattern generators. Recent brain mapping

studies have also shown that the generation of discrete

movements involves a greater number of cortical areas

than the generation of rhythmic movements [74].

The language connection
How did humans evolve their remarkable ability to com-

municate in words? One theory is that language might

have evolved from the use of gestures rather than voca-

lizations [75��]. This idea is supported by the discovery of

mirror neurons in monkeys [76,77] and of a similar system

in humans [78]. This theory is also supported by the

following three observations: first, the availability of a

neural system participating in both action production and

observation, second, the analogy between Broca’s area

and F5 in the monkey brain, and third, the coding for

nonlinguistic actions in Broca’s area [79]. Nowhere is

there a tighter connection between hand movement

and language than in sign language. A recent study of

the hand movements in Nicaraguan sign language

describes the emergence of discreteness and a combina-

torial linear structure within motion event expressions,

particularly in later learners [80�]. Children possess the

learning abilities that give language its structure. A study

involving the analysis of babbling-like hand movements

in sign-exposed hearing children claims that babbling is

fundamentally a linguistic [81] and not a motoric activity

in contrast to the claim made by MacNeilage [82].

Conclusions
We have reviewed recently published studies that aim to

extract, characterize and model motor and movement

primitives at different levels of the motor hierarchy

and to seek the principles underlying motor composition-

ality. Although recent studies have been successful in

extracting muscle synergies and decomposing point-

to-point movements into stereotypical submovements,

further mathematical tools and more advanced ap-

proaches are needed to segment continuous trajectories
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into basic elements. Further neurophysiological studies

are also needed to unravel the neural representations used

for encoding whole strokes or primitives and the mechan-

isms used for the concatenation of these ‘movemes’

(primitives of motion in analogy to phonemes, see [9])

into motor words and sentences. Some of the laws reg-

ulating movement production might also be responsible

for action perception. Hence, further advances in our

understanding of motor compositionality might shed

new light not only on motor production, learning and

skill acquisition but also on motor imitation and percep-

tual learning, and might advance our ability to develop

versatile and adaptive robotic systems.

Acknowledgements
We thank M Abeles for valuable and inspiring discussions and useful
suggestions and J Kien for editorial assistance. This work was supported
in part by the DARPA grant N66001-03-R-8043 and by the Israel
Science Foundation grant 580/02 to B Hochner and T Flash. Additional
support was provided by the DIP grant and by the HFSP grant, both
to T Flash. T Flash is an incumbent of the Hymie Morros professorial
chair.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Viviani P: Do units of motor action really exist? In Generation
and Modulation of Action Patterns. Edited by Heuer H, Fromm C.
Springer ; 1986:201-216.

2. Mussa-Ivaldi FA, Bizzi E: Motor learning through the
combination of primitives. Philos Trans Roy Soc Lon Ser B-Biol
Sci 2000, 355:1755-1769.

3.
�

Mussa-Ivaldi FA, Solla SA: Neural primitives for motion control.
IEEE Journal of Oceanic Engineering 2004, 29:640-650.

The authors present a comprehensive review of the topic of motor
primitives. They also summarize earlier findings showing that muscle
synergies activated through the stimulation of specific loci along the
spinal cord provide evidence for the existence of a vocabulary of motor
primitives.

4. Hart CB, Giszter SF: Modular premotor drives and unit bursts
as primitives for frog motor behaviors. J Neurosci 2004,
24:5269-5282.

5. Stein PSG: Neuronal control of turtle hind limb motor rhythms.
J Comp Physiol [A] 2005, 191:213-229.

6. Arbib MA: Schema theory. In The Encyclopedia of Artificial
Intelligence, Edited by Shapiro S. Wiley Interscience 2nd edition;
1992:1427-1443.

7. Jeannerod M, Arbib MA, Rizzolatti G, Sakata H: Grasping
objects- the cortical mechanism of bisuomotor
transformation. Trends Neurosci 1995, 18:314-320.

8. Schaal S, Ijspeert A, Billard A: Computational approaches to
motor learning by imitation. Philos Trans R Soc Lond B Biol Sci
2003, 358:537-547.

9. Del Vecchio D, Murray RM, Perona P: Decomposition of human
motion into dynamics-based primitives with application to
drawing tasks. Automatica 2003, 39:2085-2098.

10. Jenkins OC, Mataric MJ: Automated derivation of behavior
vocabularies for autonomous humanoid motion. 2003, AAMAS
2003: 225-232. (DOI: 10.1145/860612).

11. Rohrer B, Fasoli S, Krebs HI, Hughes R, Volpe B, Frontera WR,
Stein J, Hogan N: Movement smoothness changes during
stroke recovery. J Neurosci 2002, 22:8297-8304.
www.sciencedirect.com



Motor primitives in vertebrates and invertebrates Flash and Hochner 665
12. Grinyagin IV, Biryukova EV, Maier MA: Kinematic and dynamic
synergies of human precision-grip movements. J Neurophysiol
2005, 94:2284-2294.

13.
�

d’Avella A, Bizzi E: Shared and specific muscle synergies in
natural motor behaviors. Proc Natl Acad Sci USA 2005,
102:3076-3081.

The authors recorded EMG activity from the muscles of the hind limb of
intact and freely moving frogs during jumping, swimming and walking.
Multidimensional factorization techniques and various decomposition
techniques were used and both synchronous and time-varying muscle
synergies were extracted.

14. Averbeck BB, Chafee MV, Crowe DA, Georgopoulos AP:
Parallel processing of serial movements in prefrontal cortex.
Proc Natl Acad Sci USA 2002, 99:13172-13177.

15.
��

Jing J, Cropper EC, Hurwitz I, Weiss KR: The construction of
movement with behavior-specific and behavior-independent
modules. J Neurosci 2004, 24:6315-6325.

A small neural network controlling the feeding behavior of Aplysia was
used to examine organizational principles of a network coordinating one
set of muscles to execute several tasks.

16. Bernstein N: The Coordination and Regulation of Movements.
Oxford: Pergamon Press; 1967.

17. Flash T, Hogan N: The coordination of arm movements – an
experimentally confirmed mathematical model. J Neurosci
1985, 5:1688-1703.

18. Harris CM, Wolpert DM: Signal-dependent noise determines
motor planning. Nature 1998, 394:780-784.

19. Todorov E: Stochastic optimal control and estimationmethods
adapted to the noise characteristics of the sensorimotor
system. Neural Comput 2005, 17:1084-1108.

20. Fitts PM: The information capacity of the human motor system
in controlling the amplitude of movement. J Exp Psychol 1954,
47:381-391.

21. Ghez C, Favilla M, Ghilardi MF, Gordon J, Bermejo J, Pullman S:
Discrete and continuous planning of hand movements and
isometric force trajectories. Exp Brain Res 1997, 115:217-233.

22. Roitman AV, Massaquoi SG, Takahashi K, Ebner TJ: Kinematic
analysis of manual tracking in monkeys: characterization
of movement intermittencies during a circular tracking task.
J Neurophysiol 2004, 91:901-911.

23. Pasalar S, Roitman AV, Ebner TJ: Effects of speeds and force
fields on submovements during circular manual tracking in
humans. Exp Brain Res 2005, 163:214-225.

24.
�

Fishbach A, Roy SA, Bastianen C, Miller LE, Houk JC: Kinematic
properties of on-line error corrections in the monkey.
Experimental Brain Research 2005, 164:442-457.

The authors present a novel method for analyzing irregular movements
and decomposing them into their discrete movement primitives. On the
basis of the analysis of monkeys’ wrist movements, the observed irre-
gularities are claimed to result from an intermittent control mechanism.

25. Novak KE, Miller LE, Houk JC: Features of motor performance
that drive adaptation in rapid hand movements. Exp Brain Res
2003, 148:388-400.

26. Flash T, Henis E: Arm trajectory modifications during reaching
towards visual targets. J Cogn Neurosci 1991, 3:220-230.

27. Doeringer JA, Hogan N: Intermittency in preplanned elbow
movements persists in the absence of visual feedback.
J Neurophysiol 1998, 80:1787-1799.

28.
�

Rohrer B, Fasoli S, Krebs HI, Volpe B, Frontera WR, Stein J,
Hogan N: Submovements grow larger, fewer, and more
blended during stroke recovery.Motor Control 2004, 8:472-483.

Using a novel algorithm, the authors extracted submovements from the
point-to-point movements of people recovering from stroke. Analysis of
the extracted submovements showed that, over the course of therapy,
the patients’ submovements tended to increase in peak speed and
duration and their number tended to decrease.

29. Woch A, Plamondon R: Using the framework of the kinematic
theory for the definition of amovement primitive.Motor Control
2004, 8:547-557.
www.sciencedirect.com
30. Berthier N, Rosenstein MT, Barto AG: Approximate optimal
control as a model for motor learning the kinematics of
reaching by a dynamical arm. Psychol Rev 2005,
112:329-346.

31. Lacquaniti F, Terzuolo C, Viviani P: The law relating the
kinematic and figural aspects of drawing movements.
Acta Psychol (Amst) 1983, 54:115-130.

32. Polyakov P, Flash T, Abeles M, Ben-Shaul Y, Drori R, Zoltan N:
Analysis of motion planning and learning in monkey scribbling
movements. In Proceedings of the 10th biennial conference of the
International Graphonomics Society, 2001, Nijmegen,
The Netherlands. 2001:78-83.

33. Sternad D, Schaal S: Segmentation of endpoint trajectories
does not imply segmented control. Exp Brain Res 1999,
124:118-136.

34. Richardson MJE, Flash T: Comparing smooth arm
movements with the two-thirds power law and the
related segmented-control hypothesis. J Neurosci 2002,
22:8201-8211.

35. JeannerodM:Object oriented action. In Insights into the reach to
graspmovement. Edited byBennett KMB, Castiello U. Elsevier and
North-Holland ; 1994:3-15.

36. Friedmann J, Flash T: Task dependent selection of grasp
kinematics and stiffness in human object manipulation.
Cortex 2005, in press.

37. Kang N, Shinohara M, Zatsiorsky VM, Latash ML: Learning multi-
finger synergies: an uncontrolled manifold analysis.
Exp Brain Res 2004, 157:336-350.

38. Jerde TE, Flanders M: Coarticulation in fluent fingerspelling.
J Neurosci 2003, 23:2383-2393.

39. Durr V, Matheson T: Graded limb targeting in an insect is
caused by the shift of a single movement pattern.
J Neurophysiol 2003, 90:1754-1765.

40. Gutfreund Y, Flash T, Yarom Y, Fiorito G, Segev I, Hochner B:
Organization of octopus arm movements: a model system
for studying the control of flexible arms. J Neurosci 1996,
16:7297-7307.

41.
��

Sumbre G, Fiorito G, Flash T, Hochner B: Neurobiology
motor control of flexible octopus arms. Nature 2005,
433:595-596.

The authors found that the octopus reconfigures its arm in each move-
ment to the grasping site along the arm. Therefore, the proximal and
medial segments are nearly equal in length, resembling the general
structure of vertebrate arms and some arthropod appendages.

42. d’Avella A, Saltiel P, Bizzi E: Combinations of muscle synergies
in the construction of a natural motor behavior. Nat Neurosci
2003, 6:300-308.

43. Tresch MC, Saltiel P, Bizzi E: The construction of movement by
the spinal cord. Nat Neurosci 1999, 2:162-167.

44. Cheung VCK, d’Avella A, TreschMC, Bizzi E:Central and sensory
contributions to the activation and organization of muscle
synergies during natural motor behaviors. J Neurosci 2005,
25:6419-6434.

45.
�

Ting LH, Macpherson JM: A limited set of muscle synergies for
force control during a postural task. J Neurophysiol 2005,
93:609-613.

The authors used a non-negative factorization approach to identify
muscle synergies during postural responses in the cat. It is suggested
that within the context of active balance control, postural synergies reflect
a neural command signal that specifies endpoint force of a limb.

46. Ivanenko YP, Cappellini G, Dominici N, Poppele RE, Lacquaniti F:
Coordination of locomotion with voluntary movements in
humans. J Neurosci 2005, 25:7238-7253.

47. Tresch MC, Saltiel P, d’Avella A, Bizzi E: Coordination and
localization in spinal motor systems. Brain Res Brain Res Rev
2002, 40:66-79.

48. Stein PSG, Daniels-McQueen S: Modular organization of turtle
spinal interneurons during normal and deletion fictive rostral
scratching. J Neurosci 2002, 22:6800-6809.
Current Opinion in Neurobiology 2005, 15:660–666



666 Motor systems
49. Berkowitz A: Both shared and specialized spinal circuitry for
scratching and swimming in turtles. J Comp Physiol A
Neuroethol Sens Neural Behav Physiol 2002, 188:225-234.

50. Berkowitz A, Laurent G: Central generation of grooming motor
patterns and interlimb coordination in locusts. J Neurosci 1996,
16:8079-8091.

51. Yekutieli Y, Sagiv-Zohar R, Aharonov R, Engel Y, Hochner B,
Flash T: Dynamic model of the octopus arm. I. Biomechanics
of the octopus reaching movement. J Neurophysiol 2005,
94:1443-1458.

52. Yekutieli Y, Sagiv-Zohar R, Hochner B, Flash T: Dynamic model
of the octopus arm. II. Control of reaching movements.
J Neurophysiol 2005, 94:1459-1468.

53. Sumbre G, Gutfreund Y, Fiorito G, Flash T, Hochner B: Control of
octopus arm extension by a peripheral motor program.
Science 2001, 293:1845-1848.

54. Graziano MSA, Taylor CSR, Moore T, Cooke DF: The cortical
control of movement revisited. Neuron 2002, 36:349-362.

55. Graziano MSA, Patel KT, Taylor CSR: Mapping from motor
cortex to biceps and triceps altered by elbow angle.
J Neurophysiol 2004, 92:395-407.

56. Georgopoulos AP, Schwartz AB, Kettner RE: Neuronal
population coding of movement direction. Science 1986,
233:1416-1419.

57. Averbeck BB, Chafee MV, Crowe DA, Georgopoulos AP: Neural
activity in prefrontal cortex during copying geometrical
shapes - I. Single cells encode shape, sequence, and metric
parameters. Exp Brain Res 2003, 150:127-141.

58. Averbeck BB, Crowe DA, Chafee MV, Georgopoulos AP: Neural
activity in prefrontal cortex during copying geometrical
shapes - II. Decoding shape segments from neural ensembles.
Exp Brain Res 2003, 150:142-153.

59. Ilg W, Giese M: Modeling of movement sequences based on
hierarchical spatial-temporal correspondence of movement
primitives. Biologically Motivated Computer Vision, In
Proceedings Lecture Notes in Computer Science 2002,
Springer-Verlag 2525:528-537.

60. Sakai K, Kitaguchi K, Hikosaka O: Chunking during human
visuomotor sequence learning. Exp Brain Res 2003,
152:229-242.

61.
�

Sosnik R, Flash T: When practice leads to co-articulation: the
evolution of geometrically defined movement primitives.
Exp Brain Res 2004, 156:422-438.

The authors demonstrate that extensive training on a sequence of planar
hand trajectories passing through several targets results in the co-articu-
lation of movement components, and in the formation of new movement
primitives.

62. Earhart GM, Stein PSG: Scratch-swim hybrids in the spinal
turtle: blending of rostral scratch and forward swim.
J Neurophysiol 2000, 83:156-165.

63. Bienenstock E: A model of neocortex. Network-computation in
neural systems 1995, 6:179-224.

64. Abeles M, Hayon G, Lehmann D: Modeling compositionality by
dynamic binding of synfire chains. J Comput Neurosci 2004,
17:179-201.

65. Poggio T, Bizzi E: Generalization in vision and motor control.
Nature 2004, 431:768-774.
Current Opinion in Neurobiology 2005, 15:660–666
66. Pouget A, Sejnowski TJ: Spatial transformations in the
parietal cortex using basis functions. J Cogn Neurosci 1997,
9:222-237.

67. Padoa-Schioppa C, Li CSR, Bizzi E: Neuronal activity in the
supplementary motor area of monkeys adapting to a new
dynamic environment. J Neurophysiol 2004, 91:449-473.

68. Donchin O, Francis JT, Shadmehr R: Quantifying generalization
from trial-by-trial behavior of adaptive systems that learn with
basis functions: Theory and experiments in human motor
control. J Neurosci 2003, 23:9032-9045.

69. Hwang EJ, Donchin O, Smith MA, Shadmehr R: A gain-field
encoding of limb position and velocity in the internal model of
arm dynamics. PLoS Biol 2003, 1:E25.

70. Slotine JJE, Wang W: A study of synchronization and group
cooperation using partial contraction theory. Cooperative
Control Lecture Notes in Control and Information Sciences 2005,
309:207-228.

71. Jenkins OC, Mataric MJ: Performance-derived behavior
vocabularies: data-driven acquisition of skills from motion.
International Journal of Humanoid Robotics June 2004:237-288.

72. Bentivegna DC, Atkeson CG, Cheng G: Learning tasks from
observation and practice. Rob Auton Syst 2004, 47:163-169.

73. Billard A, Epars Y, Calinon S, Schaal S, Cheng G: Discovering
optimal imitation strategies. Rob Auton Syst 2004, 47:69-77.

74. Schaal S, Sternad D, OsuR, KawatoM:Rhythmic armmovement
is not discrete. Nat Neurosci 2004, 7:1136-1143.

75.
��

Arbib MA: From monkey-like action recognition to human
language: An evolutionary framework for neurolinguistics.
Behav Brain Sci 2005, 28:105-167.

Using the discovery of the ‘mirror system’ as a starting point, the author
offers hypotheses on the evolutionary changes within and outside the
mirror systems that might have occurred to equip humans with a lan-
guage-ready brain.

76. Rizzolatti G, Fadiga L, Gallese V, Fogassi L: Premotor cortex and
the recognition of motor actions. Brain Res Cogn Brain Res
1996, 3:131-141.

77. Gallese V, Fadiga L, Fogassi L, Rizzolatti G: Action recognition in
the premotor cortex. Brain 1996, 119:593-609.

78. Iacoboni M, Molnar-Szakacs I, Gallese V, Buccino G,
Mazziotta JC, Rizzolatti G: Grasping the intentions of others
with one’s own mirror neuron system. PLoS Biol 2005, 3:e79.

79. Binkofski F, Buccino G: Motor functions of the Broca’s region.
Brain Lang 2004, 89:362-369.

80.
�

Senghas A, Kita S, Ozyurek A:Children creating core properties
of language: evidence from an emerging sign language in
Nicaragua. Science 2004, 305:1779-1782.

On the basis of analysis of a new sign language, created by deaf
Nicaraguans during the past 25 years, the authors demonstrate that
children analyzed complex events into basic elements and sequenced
them into hierarchically structured expressions according to principles
not observed in gestures accompanying speech.

81. Petitto LA, Holowka S, Sergio LE, Levy B, Ostry DJ: Baby hands
that move to the rhythm of language: hearing babies acquiring
sign languages babble silently on the hands. Cognition 2004,
93:43-73.

82. MacNeilage PF: The frame/content theory of evolution of
speech production. Behav Brain Sci 1998, 21:499-546.
www.sciencedirect.com


	Motor primitives in vertebrates and invertebrates
	Introduction
	Motor primitives
	Behavioral level
	Muscle level: synergies
	Neural level

	Syntax of action
	Motor learning and robotics
	The language connection
	Conclusions
	Acknowledgements
	References and recommended reading


