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DESMURGET, M., D. PEISSON, Y. ROSSETTI AND C. PRABLANCFrom eye to hand: planning goal-directed movements
NEUROSCI BIOBEHAV REV22(6) 761-788.—The nature of the neural mechanisms involved in movement planning still remains
widely unknown. We review in the present paper the state of our knowledge of the mechanisms whereby a visual input is transformed
into a motor command. For the sake of generality, we consider the main problems that the nervous system has to solve to generate a
movement, that is: target localization, definition of the initial state of the motor apparatus, and hand trajectory formation. For each of
these problems three questions are addressed. First, what are the main results presented in the literature? Second, are these results
compatible with each other? Third, which factors may account for the existence of incompatibilities between experimental observations
or between theoritical models? This approach allows the explanation of some of the contradictions existing within the movement-
generation literature. It also suggests that the search for general theories may be in vain, the central nervous system being able to use
different strategies both in encoding the target location with respect to the body and in planning hand displacement. In our view, this
conclusion may advance the field by both opening new lines of research and bringing some sterile controversies {0 49%hd.
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INTRODUCTION parallel. We believe that the original orientation given to

. . the present review may be heuristic and helpful to improve
DECADES AFTER the pioneering works of Woodworth o\ quiedge of the processes involved in the elaboration
.(273) and Bernstein (12), the F‘e“ra' mgchanlsms mvolve@f motor commands. Before developing this idea in more
in reaching movement generation are still, to a large exteng\:i '

nknown. The present paper tries to take stock of this lack o etail we briefly introduce the main topics to be addressed.
u wh. P papertn ; ' First, this review pinpoints the key role of gaze informa-
knowledge. Our goal is to describe the state of our,

. tion and retinal signals in building a sharp representation of

knowledge of the mechanisms whereby a visual input igp o - 0ot jocation with respect to the body (Determination
transformed into a motor command. To this end, we con-

! . of the target location section). Three main topics are con-
sider the different problems that the nervous system ha_s Qidered. The first one concerns the mechanisms whereby the
solve to generate a movement; that is, target localizatio

L - nposition of a visual target is encoded in egocentric coordi-
gggg't'ggjggtg:; 'fg':'rﬁ;ﬁgzte ggrth:” n:r?éc;re agﬁ:;%?ﬁé a\?v(lnates. The second one is rela_ted to the nature (afferent ver-
address three issues: : ’ sus.efferent) qf the eye position signal useq in egocentric
) coding. The third one investigates the possibility that target
position encoding is improved by allocentric cues provided

1. what are the main results presented in the literature; .
by structured visual scenes.

2. are these results compatible with each other; and

3. which factors may account for the existence of possible fmgvzﬁzgr?td ﬁg:]tn?; thI\S/vree\i/;ﬁ/\l\e!s(iieitsewvlltﬁetmaeIrntlrt:gl ;g?}?[e
incompatibilities between experimental observations or? f P ¢ g. hi gate. ddition t y
between theoretical models. o perform accurate reaching requires, in addition to a pre-

cise definition of target location, a knowledge of the initial

In our view, this triple level of investigation is essential in configuration of the limb (Determination of the initial con-
understanding how goal-directed movements are plannefiguration of the arm section). This question is, in particular,
and in going beyond the limitations imposed by the classicatrucial to evaluate the validity of the different models of
approach of developing independent motor theories, inrajectory formation.
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The last part of the present review concerns the puzzling123,143,189)). Indeed, reaching at a visual target requires
problem of trajectory formation (Trajectory form anion sec- transformation of visual information about target position
tion). For the sake of clarity, the main models proposed irwith respect to the line of sight, into a frame of reference
the literature with respect to this topic, are grouped intosuitable for the planning of hand movement, i.e. centered on
three classes: the head, the trunk, the shoulder or the hand (see discussions
1. the positional models derived from the equilibrium-pointabOL-Jt body—c_entered refer_ence frames in the followm_g

’ sections). This problem is classically decomposed in

hypothesis; . : : s
> . analytic steps that respectively provide target position
2. the vectorial models, which assume that the movement i formation in an eye, head, and ultimately body frame of

programmed as a mismatch between an initial and a fin eference (85). For the sake of clarity, we follow this

state (the issue of whether this mismatch is defined "brogression to describe the mechanisms encoding retinal

spatial or angular terms is addressed); and information and extra-retinal signals of eye-in-orbit and
3. the optimal control models, which presuppose tha o
movement programming is constrained by energy mini- ead-or_l-tru_nk positions. .
ization principles The first mformayon cor_responds to.thr-__\.angle separating
mization p ples. the target and the line of sight. The reliability of this retinal
In the Trajectory formation section we emphasize thatsignal is constrained by the spatial anisotropy of the retina
most of the theories presented in the literature to accourand visual system. Indeed, because of the gradient of visual
for the spatio-temporal characteristics of goal-directedacuity, the encoding of a target location with respect to the
movements are supported by sound experimental factdine of sight degrades when the stimulus falls in the peri-
This leads us to propose the hypothesis that the nervougheral visual field (192,269,191). This relative inaccuracy
system is able to use different planning strategies dependingf signals from the peripheral retina can be illustrated by
upon context. From this point, it is suggested that the searchand pointing errors observed when the movement is
for a global model of movement control, which appears as @erformed while the foveating saccade is prevented
watermark in several recent articles (179,16,85,76,201,220§26,29,208,219). Despite this limitation, which charac-
may be in vain. Arguments favoring this view are presentedterizes signals related to the position of gaze as well (see
The optimal range of gaze direction cooling subsection), it
is the peripheral part of the retina which is most often
INITIAL STAGES OF MOVEMENT PLANNING involved in the initial localization of a visual target (15).

The present section focuses on the initial programming !N addition to the retinal signal, the position of the eye in
stage of visually triggered movements. Both the nature ofhe orbitis necessary to encode the location of the targetin a
the information required to perform accurate reachingPody-centered frame of reference. Paradoxically, without
and the way by which such information is acquired, are'etinal signal, orbital eye position appears to be only
presented. We first describe the processes that encode visig@arsely encoded by extra-ocular signals. Indeed, when sub-
target location and subsequently review arguments suppor€Cts are required to point in darkness in the direction of
ing the necessity of encoding the limb initial configuration their eyes, final hand position correlates to eye position
to generate accurate responses. It is shown how these d4tdt the scatter is much higher than when the target is a

have influenced theories of movement production. luminous spot (29). The possibility that retinal and extra-
retinal signals do not simply add but also interact with each

o ] other has been raised in two behavioral studies. In the first
Determination of the target location one (206), subjects were asked to point at a peripheral visual
It is self evident that planning a goal-directed arm move-target presented in a.dark room. Whereas vision of the a_rm/
ment requires implicit or explicit knowledge about the limb was never available during the movement, testing
location to reach. Beyond this truism, however, it appear$onditions differed according to the duration of target
important to consider the ways by which this information is Presentation. In two of these conditions the target either
acquired. Knowledge about target localization processedisappeared 120 ms after the completion of the orienting
is desirable in behavioral studies of motor control becauséaccade (interrupted target: IT) or remained illuminated for
it allows one to isolate within the global motor performance? S; & period of time far longer than necessary to complete
the features which are related to the motor system fronoth ocular and manual responses (permanent target: PT). It
those resulting from the target localization mechanismsWas found that the accuracy of the pointing movement was
We first describe in the following the mechanisms whereby'€duced in the IT condition as compared to PT. Since visual
a visual target is encoded in egocentric coordinates (the firdgedback from the limb was not available, this result
three subsections in the determination of the target locatioH'dicated that visual signals from the target could update
section). We then address the role of allocentric cues i refresh an internal representation of the goal which drives

target localization (The role of allocentric cues subsection)the pointing hand. There were two possibilies why this
updating was not optimal in the IT condition: (a) extra-

retinal signals were inaccurate because the eyes were not so
The role of position signals derived from the eyes and headlosely aligned with the extinguished target or (b) extra-
and their neuronal correlates retinal signals were accurate but an optimal updating of
Whereas the spatial performance of a goal-directed hanthrget internal representation also required a permanent
movement obviously depends on an accurate representatioatinal signal. Although the methods did not allow
of the target relative to the body, determining which sourcegjuantitative analysis of absolute eye position, there are
of information are used to build this representation, and hovwsome reasons to believe that gaze was accurately anchored
they combine, is not trivial (see reviews in Refs on the targetin both IT and PT conditions. First, secondary
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saccades were observed in both conditions. Second, pr@&formation. In particular, the visual or fixation-related
vious quantitative analyses have shown that secondargctivity of neurons in many cortical and sub-cortical areas
saccades are truly corrective and fully eliminate anyconforms to retinotopically organized receptive fields but, at
eye-to-target error when the target is extinguished 100 mthe same time, is modulated by extra-retinal signals of eye
after completion of the primary saccade (210) or everposition (7,96,98,167,89,30,232,34,270). Interestingly, this
during the deceleration phase of the primary saccadenultiplicative modulation of neuronal visual responses by
(209). Therefore, it was concluded that accurate encodingye position concurs with psychophysiological data that
of target location requires concomitant foveal and extrasuggested a non-linear interaction between retinal and
retinal signals. This may appear paradoxical as the foveadxtra-retinal signals (23,206). Based on neural network
signals define a null information from an analytical point of modelling, Zipser and Andersen (275) showed that these
view. This paradox may be explained by assuming that theharacteristics of individual neuron discharges are compa-
biological association between an eye position signal and #ible with the existence in the parietal cortex of a distributed
retinal signal does not correspond to the analytical operationode for egocentric target localization. This proposed role is
of addition. Compatible with this hypothesis is anotherconsistent with classical views of parietal function
study (23) that suggested that retinal signals can gatél82,6,142,198). Note, however, that the mere presence of
extra-retinal signals in target localization. In this study, modulations of visual discharges by eye position does not
subjects were asked to make a voluntary saccade in darknefes certain indicate a specific role of a given neural structure
and, after they had returned their eyes to the central fixatiom target localization. Indeed, modulations of this sort have
stimulus, to position a laser spot with a press-button devicédeen found in many structures extending from the early
at the same location they thought they had reached after th&age of the visual system [down to V1 (270) and LGN (167)
initial saccade. This perceptual measure was comparegp to premotor centers (premotor cortex: (34,89), and
between two conditions. In the first one, a laser spot wasuperior colliculus: (194))]. It is at present difficult to
flashed for 200 ms after the saccade such that it stimulatecbonceive how such widely separated brain areas cooperate
the foveal region of the retina. In the second condition, than a common function of visual target localization.
laser flash was replaced by a brief auditory signal coming Looking at how head position signals are integrated to
from a fixed location relative to the subject. Using thisretinal and eye position signals has stimulated less
procedure, the authors observed a significant improvememteurophysiological investigation. Recently, Andersen and
of the estimated post-saccadic eye position in the formecolleagues (42) have reported that the visual response of
condition (higher correlation with actual eye deviation andparietal cortex neurons is modulated by the direction of gaze
smaller constant error). Considering these two psychofintegrating both eye and head components). This result
physical studies together, it appears quite clearly that (ajuggests that the distributed coding hypothesis of target
the biological association between retinal and extra-retinatelative to the head can be generalized to visual target
signals is not linear, and (b) retinal signals contribute moreencoding in trunk-centered coordinates. Thus, target-related
than expected based on a purely analytical basis. Thigformation in a body reference system seems to be dis-
conclusion will have important implications when consider-tributed in large neuronal populations.
ing the underlying neurophysiological basis as well as the Note that the single-unit and distributed concepts are not
capabilities of target encoding as studied in more naturaimutually exclusive. Indeed, symbolic information generated
and structured visual environnements (see subsection dwy distributed neuronal populations may ultimately
The role of allocentric cues). converge at the output level to provide a single-unit repre-
At the neurophysiological level, the search for interac-sentation. For example, the distributed model of Zipser and
tions between retinal and extra-retinal information hasAndersen (275) yields an output signal of target position
stimulated many studies on the neural code of target internaklative to the head which is represented at a single-unit
representations. Two different conceptions have emergedevel. In addition, a recent electrophysiological study of
single-unit versus distributed coding. ventral intraparietal neurons in the monkey showed that the
The single-unit coding concept of integration hypothesizewisual response of single units reveals a continuum between
the existence of individual neurons coding an informationhead-centered coding and retinotopic coding, leading to the
about target position, irrespective of eye position. In supporhypothesis that “space may be represented in the cortex
of this hypothesis, individual neurons sensitive to elementarypoth at the population level and at the single cell level”
variables (retinal and eye eccentricities) and representinf{71), see p. 847]. More generally, a perceptual or motor
symbolic parameters such as target location in a headepresentation coded in a single-unit form has often been
centered or in any other reference system, have beencorporated in conceptual models between sensory and
described in several studies (232,103,89,96,97,121,71jnotor-distributed representations, except for the simple
Among these neuronal activities, those described byase of non-redundant actuators (159).
Graziano et al. (121) seem to code the position of a visual
target in a hand-centered frame of reference. They mighThe afferent and/or efferent nature of positional signals
hypothetically result from an ultimate stage of coordinate Another problem raised by target coding processes is
transformation necessary to direct the hand toward a targetelated to the nature of the positional signals. There has
By contrast to the single-unit conception, the distributedbeen a long debate about the sensory versus motor (efferent)
coding hypothesis assumes a statistical combination afiature of eye position extra-retinal signals [see, for review
elementary information about retinal eccentricity and eyeRefs (139,173)]. The emphasis has been put initially on
position within large neuronal populations. In favor of this efferent information derived from the oculomotor system.
concept, there is a growing body of evidence for population-Three main lines of evidence were successively evoked.
based interactions between retinal and extra-retinal First, some early studies have seriously questioned the
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role of proprioceptive afferents in eye position senseproprioceptive in nature. Note that both these compensatory
Indeed, it has been reported that passive movements oésponses were also observed in the head-unrestrained
the eyes do not provide conscious perception of eyeondition for saccades of gaze (eye-in-space) (196) and
displacement in human subjects (41) and do not evokéhat compensation can occur on-line when the on-going
any stretch reflex in the monkey (153). saccadic eye (or gaze) trajectory is perturbed in-flight [see,
Second, the role of the oculomotor efferent signals infor reviews, Refs (195,152)].
target localization has been shown during perceptual and The notion that an efferent signal of eye position is used
motor tasks in human subjects. In particular, it has beeiy the saccadic system has been initially formalized in a
suggested to account for the past-pointing effect seen imodel centered on an internal (or local) feedback loop that
patients with paralyzed eyes. When these patients attemptedntinuously monitors eye position by using a copy of the
to look and point at a visual target, the hand overshot thenotor commands (217). More recently, a competing varia-
target, suggesting a role of the oculomotor efferent signalsion of this model proposed that the actual feedback signal
in target localization (199). This hand motor effect is does not code the absolute position of the eyes but their
consistent with shifts in the perceptual estimate of targetlisplacement achieved since the saccade onset (144). It is
position (oscillopsia) that are observed when a subject witmot within the scope of this paper to compare these models;
weakened eye muscles attempts to look at visual targetsiore important in the present context is to stress that both
(174). Additional evidence for an efferent contribution to models, as well as all their derivatives [reviewed in Ref.
eye position sense comes from eye-press experiments {264)], use eye-related (position or displacement) informa-
normal subjects. Pressing on one eye of an individual whilgion derived from the oculomotor commands. At the
the other eye is covered results in a shift in the perceivedheurophysiological level, many studies have described
location of the target being fixated. This shift, which can beneuronal activity compatible with the use of an eye position
measured perceptually or by a hand pointing response, wasgnal by the saccadic system to encode targets. The first of
interpreted as a change in the efferent signals related to thteese studies used Hallett and Lightstone’s double stimulus
increased effort to maintain eye fixation (39,36,249). paradigm while recording from SC deep layers (177). The
Third, a large number of studies on the oculomotorauthors first showed that monkeys can compensate for
saccadic system have provided compelling evidence fothe intervening eye movement when programming the
the existence of a non-sensory eye position signal. In theisaccade toward the second target. Regarding the activity
pioneering study, Hallett and Lightstone (127) demon-of deep SC neurons, they showed that one cell type (the
strated that the saccadic system did not only use retinajuasi-visual or QV cells) signaled the separation between
information about the location of a visual target. Subjectshe current eye position and target-remembered location
had to follow a visual target which was presented at two(motor error), rather than the retinal separation between the
locations in rapid succession, in such a way that the secontdrget flash image and the fovea (retinal error) [see also Ref.
target flash had already disappeared when the subject ma48)]. These findings showed that the combination between
the first saccade. If the second saccade was encoded onigtinal and extra-retinal signals, suggested by the behavioral
on the basis of retinal signals evoked when the eyes were afata, occurred upstream from the QV neurons of the deep
their initial position, an error equivalent to the intervening SC. Together with similar findings in cortex [see Refs
eye displacement (i.e. saccade to first target) would b¢§274,247) for reviews], these results suggested that visual
expected. In fact, the results showed that the second saccadetivity in SC and cortical eye fields are remapped with each
landed close to the location of the second target flasheye movement. Interestingly, a recent study suggested that a
indicating that the saccadic system can take into accourmemapping of visual space can even precede the saccade in
the intervening change in eye position without visual feed-the parietal cortex (72). These authors showed that present-
back. Based on these findings, which have been reproducéudg a target when the monkey is preparing a saccade that
in several studies [reviewed in Refs (11,247)], the authorswill bring the neuron’s receptive field toward the target
suggested that a saccade target is encoded in a heddeation can elicit a neuronal discharge at a shorter latency
centered frame of reference, which requires accurat¢han the visual feedback delay and for some neurons, even
monitoring of eye position and adding this signal to thebefore the eyes start to move. The discharge that anticipated
retinal signal. This idea was supported by data from a seriethe actual visual stimulation was interpreted as a pre-
of animal experiments using intracerebral stimulation tosaccadic shift of visual receptive field. For the present
perturb eye position. In a pioneering study, Mays and Sparkdiscussion, this finding indicates that eye position (or dis-
(176) electrically stimulated the motor layers of the superiomplacement) information involved in this anticipatory visual
colliculus during the latency period of a saccadic responseemapping cannot derive from oculomotor reafferent
toward a stimulus flashed in the dark. As in the double-steignals. Altogether, these electrophysiological studies
paradigm, the ocular perturbation evoked in darkness by theuggest that non-proprioceptive eye position (or displace-
electrical stimulation allowed the testing of whether ment) information is available to many brain areas and is
saccades rely only on the initial retinal signal. The resultdikely used to encode target position independent of eye
clearly showed that saccades compensated for the oculatovements. When considered with the above observations
perturbation and landed quite accurately on the location obn perceptual and hand pointing responses, these data on the
the remembered target, which confirmed the original datsaccadic system strongly suggest that efferent signals are
and conclusions of Hallett and Lightstone (127). Moreover,used in eye position coding.
the same group (124) reported that monkeys with deaf- The idea of an exclusive contribution of efferent informa-
ferented eyes can still compensate for electrically inducedion in eye position encoding is difficult to reconcile both
ocular perturbations, which strongly suggested that the eywith the known widespread distribution of extra-ocular
position signal involved in these compensations is nofproprioceptive afferents in neural structures [see Ref. (43)
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Target estimated by manually pressing on the covered eye (36). In
summary, it appears that both efferent and afferent signals
can be used to encode static eye position when guiding a
hand pointing response, with a larger contribution of the
former.
Mechanisms presented so far are involved in encoding the
egocentric direction of a visual target. Note that in a normal
3-D environment, reaching for an object also requires an
evaluation of its absolute distance from the observer. This
requirement of an accurate depth perception can be
evidenced by the reduced pointing performance under
monocular viewing condition relative to binocular viewing
(237). Depth perception is achieved by combining signals
extracted from visual cues (disparity and size of retinal
images) with extra-retinal signals (vergence angle, lens
1 v viation techni visual taraet localizati naccom_modatlon_). However, despite a growing number of
'Iilh(z slub|j3:cststasekei£odr$1aﬁhgllyt?)f)intgltJZ\t/?sitalflcgrgzg\e/liet\?vgde;g(r:l?)cu?;rcl)ybehaV'F’ral studies [e.g. (90,92,54,75,94,261)] and of neu-
The covered eye is displaced passively from its normal orientation (dashetophysiological recordings (5,116,259,230), it appears that
line) using a contact lens secured to the cornea by an air vacuum producdthie mechanisms encoding the target location in depth are
e Sovs o Shoc e sy s e ! st o v 5SS undersiood than those involved in directonal coding.
fesulting changes in localization gre attributed to changes in ocu?/ar muscle As seen above, the tranSf_ormatlon of retinal S|_gnals Into a
proprioception. [Modified from Gauthier et al. (100).] body-centered representation must not only incorporate
knowledge about eye position but also about head position.
Although processes of head position coding have been less
for a review), and with several experiments demonstratingnvestigated than those of eye position coding, it is known
the role of ocular proprioception in spatial perception.that proprioceptive input is essential in providing head-to-
Concerning this latter point, Skavenski (239) used, fortrunk information. Indeed, misreaching of the limb has been
instance, a sensitive forced choice procedure to demonstrateported after injection of local anesthetics in the vicinity of
that subjects could detect the direction of a passive eyéhe dorsal roots at the C1-C3 level, in both monkeys (53,61)
deviation. He further showed that subjects could use thisnd humans (61). Vibration of neck muscles in man also
crude proprioceptive information to maintain gaze directionimpairs pointing responses toward a visual target, and is
aligned with a previously lit target in darkness. Also, accompanied by an illusory sensation of movement of the
Stevens et al. (253) reported that attempts to make eygisual target being fixated by the subject (13,218,256,148).
movements when both eyes were completely paralyzed diSignals from the vestibular system may also contribute to
not induce oscillopsia, suggesting that oscillopsia in parahead position sensing. In essence they provide information
lyzed subjects could result from proprioceptive inflow about the position of the head in space. In addition, they can
related to residual eye movements. Although the experimerdssist proprioceptive information in sensing head-to-trunk
of Stevens et al. seems to rule out the role of efference copyosition. Indeed, the perceptual estimate of passive head
another interpretation of their results can be proposediotation on the stationary body has been shown to be better
Indeed, their measurements were performed in the presen¢wer threshold and more veridical sensation) than that of
of a structured visual background and subsequent studigsassive trunk rotation relative to the stationary head
showed that such visual environments can completely suppre§356,178).
the role of extra-retinal signals in target localization (see
subsection on The role of allocentric cues). Other argumenthe optimal range of gaze direction coding
for the role of extra-ocular proprioception come from studiesin  That the central part of the retina achieves the most
deafferented patients (252,251), from ocular muscle vibratiomletailed sampling of the visual scene is a natural conse-
experiments (218,265) and from passive eye deviatiomuence of its structure, and arguments for an optimal target
paradigms (36,100,101). Gauthier and coworkers (99-4ocalization in the central visual field have already been
101) performed a quantitative evaluation of the contributionpresented above (208,26,29). In contrast, it is not clear
of proprioceptive signals to eye position by inducing in whether a most efficient coding of eye and head position
human subjects an experimental strabismus and testinig the central range of ocular and cephalic motility can be
manual pointing responses toward visual targets (Fig. 1)expected a priori. An answer to this question derives from
Graded deviation of the non-viewing eye led to a significantoehavioral studies suggesting that not only the retina, but the
and proportional hand misreaching, corresponding to abousye and the head each have a central optimal range in
one-sixth of the passive ocular deviation. Since thisproviding positional information (14,219,262,227).
mechanical deviation of the covered eye is supposed ndiltogether, these studies suggest that target encoding
to alter muscle activation in either eye (law of equal capabilities tend to degrade both when the visual target is
innervation), hand misreaching was interpreted as th@resented at increasing eccentricities relative to the retina,
result of the effect of changing ocular muscle propriocep-and when the eyes and head are deviated too far from their
tion. Because proprioceptive signals from both eyes ar@ormal resting position. Thus, some constraints seem to
normally involved (265), the net contribution of proprio- dictate a preferred configuration of the visual/gaze system to
ceptive input to eye position sense was calculated to beefine target localization. This optimal condition would be
about 30% (99-101). This lies close to the 25% contributiorachieved when gaze has captured the target (retinal image
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centered on the fovea), head orientation has re-centered tiBzaubaton (266) who demonstrated that movement final
eyes within their optimal range and, when initial targetaccuracy was improved when a visual context was provided
eccentricity is too large, the trunk has rotated to bring theduring movement planning only. This significant contribution
head back within its optimal range. Under normal circum-of environmental cues on target localization was reproduced
stances of simultaneous activation of gaze and limb motom a recent study (50) but not in others (228,24,258). These
responses, this condition is met only after the arm hasliscrepancies suggest that the implication of allocentric
started to move (15). Therefore, this gaze-related updatingues in target localization may depend on experimental
of target internal representation can potentially influence theonditions. Interestingly, in a recent study, Blouin et al.
on-going hand trajectory by feedback and feedforward24) tested the effect of visual background in a deafferented
mechanisms, the description of which is beyond the scopgatient. In contrast to normal subjects, this patient made
of this paper. large errors in pointing toward a visual target in the absence
In summary, the above review reveals two main feature®f visual background, and these pointing inaccuracies were
of the target localization mechanisms. First, the neuraktrongly attenuated, albeit not eliminated, in the presence of
implementation of the combination between retinal anda structured visual field. The authors concluded that allo-
extra-retinal signals does not correspond to a simple lineacentric cues can be extracted from the visual environment to
addition. Instead, these signals seem to combine synergisttompensate for the patient’s altered abilities to localize a
cally to sharpen the accuracy of target location informationyisual target with respect to his or her body. This study
and this interaction occurs, at least in part, in parallel withintherefore raises the possibility that the role of allocentric
large neuronal populations. The synergistic nature of thigues in target localization is particularly important when the
interaction explains that the overall accuracy in targetnormal operation of the sensori-motor system is perturbed.
localization sometimes exceeds that of the retinal or extra- Probably the most convincing argument for the use of
retinal component studied in isolation. Second, the codingillocentric cues, in the target localization phase of move-
of target direction requires both extra-retinal information of ment generation, was provided by studies dealing with the
conjugate eye position and head position information thatnteraction between a complex retinal signal and extra-
derive from different sources. Eye position information isretinal signals of eye position. In these studies, the effect
largely provided by efferent oculomotor signals with a of various manipulations of eye position sense [attempt to
smaller but significant contribution of extra-ocular proprio- move weakened eyes muscles (174), passive eye deviation
ception; instead, sensory (proprioceptive and vestibularf38), ocular muscle vibration (265)] was tested in the
inputs predominate for head position coding. It will be presence or absence of a structured visual field. Recall
seen below (Determination of the initial configuration of (The afferent and/or efferent nature of positional signals
the arm section) that proprioception also plays a major rolesection) that in the absence of a structured visual field
regarding hand position coding. Thus, the predominance an@arkness condition), these experimental changes in eye
reliability of efferent information in providing eye-related position sense lead to a profound modification in the
information can be explained by the simple geometricalperception of target position, as revealed by both perceptual
and mechanical arrangments of the oculomotor apparatus asid motor responses. Remarkably, mislocalization was

compared to those of the head and arm. much weaker or even completely absent when a structured
visual background was provided (38,174,265). These obser-
The role of allocentric cues vations indicated that the use of eye position signals was

The discussion so far leads to the view that the localizadependent upon the visual context and that retinal signals
tion of visual targets in body-centered coordinates is basedvoked by a complex visual scene can almost completely
on the combination of retinal signals and extra-retinalobliterate conflicting extra-retinal signals. They again stress
signals of eye/gaze position. We have pointed out that thishe non-linear nature of the interaction between retinal and
interaction may be more complex than a simple analyticakbxtra-retinal signals and suggest that the weight of visual
operation and, for instance, some observations suggest thatformation may be related to the richness of the visual
visual information may gate input signals of eye position. Itscene. Recently, some evidence for the use of allocentric
must be stressed that most of the studies reported in theues by the saccadic system was provided by Hayhoe et al.
previous sections were deliberately performed in an im{130). In their study, two targets were presented simul-
poverished visual environment (generally using as visuataneously for a short period of time and after a short delay,
target a small luminous spot in an otherwise dark field). Itone of the two was re-illuminated. Subjects were instructed
is thus worthwhile asking if a visual target can be encodedo make a first saccade toward the re-illuminated location,
more accurately in natural environments. In particular, theand from there a second saccade to the second (remem-
presence of a structured visual background provides landdered) location. In some trials, and unknown to the subjects,
marks that could improve target localization. In the follow- the first saccade target was actually re-illuminated in a
ing, we review arguments for the use of such allocentric (oslightly shifted location, rendering erroneous the allocentric
exocentric) cues in the production of accurate goal-directedues about the second target location. In these trials, the
hand movements. second saccade endpoint also shifted in the same direction,

The first indication that a structured visual field canbut in a smaller proportion than the shift of the re-
improve target localization was provided by Conti andilluminated target. Thus, in this study the oculomotor
Beaubaton (55) who separately manipulated vision of thesystem appeared to rely in part on allocentric cues provided
hand from vision of the background. They found moderatelyby the simultaneous presentation of the two targets. Other
slow hand pointing to be more accurate when performed in aecent studies also suggested that saccadic programming
structured visual background than in the dark. This observamay benefit from allocentric cues provided by a visual
tion was further confirmed and expanded by Velay andbackground (137) or by two flashed visual targets presented
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without temporal gap (59). Note that in all the above studiellipses for movements directed toward a single target but
showing a consistent effect of allocentric cues, the experirecorded in two separate sessions can lie orthogonal to each
mental procedure introduced a discordance between thesther when only the orientation of the target array differs
cues and the extra-retinal signal of eye position (either bypetween these sessions (224,223). In contrast, no such
perturbing this signal or by changing eye position itself).difference in endpoint distribution is observed for immedi-
This suggests that the role of allocentric cues can be morate pointing movements. This result strongly suggests that
clearly demonstrated when they conflict with extra-retinaldelayed action is more likely to rely on a location informa-
information. tion based on an allocentric representation of space, even
Interestingly, not only the availability of environmental though no external frame of reference was explicitly pro-
cues can determine the way a visual target is encoded, buwtded to the subject.
also some factors related to the requirements of the task. The results presented above (37,222) support the hypothesis
One of these factors is the timing of the motor response witlof two separate representations of space: a “cognitive” one
respect to the visual stimulation [(37), for review, Ref. based on allocentric information and influencing the per-
(222)]. As an illustration, we will present data by Bridgeman ceptual system and a “motor” one driving the sensorimotor
(37) which showed that the delay of a goal-directed handystem with a target position signal coded in egocentric
pointing with respect to the extinction of the visual targetspace [(40,190); see also Refs (118,197) for further experi-
interacted with the visual environment in which the targetmental evidence]. This hypothesis is compatible with the
appeared. The experiments were as follows. Ten subjecexistence of dissociations, in brain-lesioned patients [e.qg.
were presented with a visual stimulus consisting of aRefs (257,44,213)] and monkeys [e.g. Ref. (203)], between
spot enclosed within a visible rectangular frame. Thethe abilities to judge the position of a visual stimulus with
target spot was randomly presented at one of five positionsespect to the body and to estimate its position with respect
relative to the observer; the rectangular frame could beo other features of the visual scene (213). It agrees with
located straight ahead with respect to the observer, osuggestions that localization processes based on egocentric
located asymetrically to the left or to the right of the straightand allocentric cues are implemented in different neural
ahead direction. Both target and visual frame werestructures (190,250).
presented for one second, after which subjects were asked Note that the existence of specific neural mechanisms
either (1) to judge which target had been presented (percepsing allocentric cues can be further illustrated by two
tual response) or (2) to aim at the target with a pointerexamples. The first one is provided by patients suffering
(motor response). Perceptual and motor responses wefom left hemi-neglect [see for review Ref. (198)]. Owing
recorded in different trials that were randomly mixedto a right parietal lesion, these patients have lost any
within single experimental sessions. These responses weo®nscious awareness of stimuli situated in their left hemi-
delivered immediately after the extinction of the visual field, a deficit that cannot be explained by a pure sensory
stimulus or 4 s after stimulus offset, in two separate experidefect. Interestingly, some of these patients continue to
ments. The results were different for perceptual and motoneglect the left part of objects when presented in their
responses. Perceptual responses were systematicalight hemi-field (47,49). Without excluding the presence
affected by the position of the frame such that the targetf deficits affecting the left hemi-field or hemi-space, this
was perceived closer to the nearest border of the framebservation indicates that the lesion has impaired some
(Roelofs effect). This effect was observed for all subjects inmechanisms using allocentric cues to build a conscious
the immediate response experiment and for almost all (eightepresentation of the environment. Another illustration of
out of nine) subjects in the delayed response experiment. Ithe presence of neural processes dealing with allocentric
contrast, motor responses were differentially affectedcues comes from a recent neurophysiological study in the
depending upon their delay from target presentationprimate (187). In this study, the neuronal activity was
Responses delayed by 4 s were, in eight out of nine subjectsampled in the frontal lobe (supplementary eye fields) of
affected by the illusion induced by the position of the visualmonkeys engaged in a saccade task designed to separate the
frame, suggesting that target localization was influenced byculocentric direction of the requested saccade from
allocentric cues. In the case of immediate responses, fivihe object-centered direction (i.e. a rightward saccade could
subjects relied on egocentric cues for locating the targeactually direct the eyes to the left of an object and vice versa).
such that their hand movements were not affected by fram8urprisingly, a majority of neurons showed a higher specifi-
position, while the remaining five subjects had a biased handity in their discharge to the object-centered direction of the
response which denoted an influence of allocentric informasaccade than to its oculocentric direction. This means that a
tion on target localization. These results clearly indicate thatypical neuron would discharge most when the animal intends
the use of allocentric cues in visuo-motor control depend$o make a saccade toward one end of a horizontal bar (e.g.
on the delay of the motor response, with an increasedeft), irrespective of the position of the bar with respect to the
propensity to use these cues when the motor response @imal and thus of the oculocentric direction of the saccade.
delayed [see also (102)]. More recently, it has been showiThese unit recording data provide strong evidence that
that delayed pointing movements towards a visual or aneuronal circuits involved in motor planning can extract
proprioceptive target are influenced by the geometricahllocentric cues from the visual environment.
configuration of the target array used during the experi- In summary, the experimental data that convincingly
mental session [review in Ref. (222)]. Specifically, the support a role of allocentric cues in target localization are
spatial distribution of delayed pointing endpoints to arelatively limited to date. However, this may not be surpris-
given target, as measured by the main orientation of théng as regards the few studies that have specifically
confidence ellipse fitted to the scatter, varies according taddressed this question by using structured visual environ-
the location of the other targets. Indeed, the confidencenents. Also, the use of allocentric cues seems to depend
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upon specific requirements of the task, a possibility that mayoint towards it with an accuracy of about®lintrathecal
render a demonstration more difficult. From the presentieafferentation of the arm territory at the dorsal root
review, it appears that the clearest evidence for the use dével (C2-T3) was then performed and controlled by a
allocentric cues are provided by experimental paradigms thattretch—reflex recording. After recovery from surgery, deaf-
either perturb the normal operation of the sensori-motofferented monkeys were still able to reach the targets with
system (passive eye deviation or vibration, deafferentatiorrelative accuracy. When the elbow angle position was
central lesions) or place it in more challenging situationsunexpectedly modified by transiently loading the arm-
(withheld the motor response during some delay). This lassplint about 150—200 ms prior to movement onset, neither
remark suggests that allocentric cues may be used to improvermal nor deafferented monkeys displayed a significant
target localization when facing challenging conditions. How-decrease in accuracy or precision. The same was also true
ever, a better understanding of the conditions that benefivhen the load was applied to the ongoing elbow movement.
from allocentric cues and of the interaction between allo-From these findings, Polit and Bizzi (204) concluded that
centric and extra-retinal information must await the developjoint movements depended mainly on neural patterns spe-
ment of behavioral and neurophysiological studies testingified before movement onset. They also suggested that,
systematically the effect of different visual environments. through the selection of a muscular equilibrium point, these
preprogrammed patterns defined a mechanical attractor
which could be reached without knowledge of the initial
configuration of the motor apparatus (see The equilibrium-
In order to understand how goal-directed movements arpoint hypothesis section for a more detailed discussion of
generated, it is of prime importance to determine whether othis point).
not the nervous system needs to know the state of the motor The generality of this last conclusion was, however, chal-
apparatus prior to movement onset. As shown in this sedenged by several experimental observations, among which
tion, this question has remained controversial for years, anthree were particularly important. First, the deafferented
contrasting experimental data can be found in the literaturemonkeys trained by Polit and Bizzi (204) were unable to
Initial experiments on monoarticular movements have sugeompensate for perturbations affecting the canonical pos-
gested that accurate pointing can be performed without prature of their upper arm: when the center of rotation of the
prioception in certain conditions, whereas more recentlbow joint was shifted forward by changing the canonical
studies provide evidence that manipulating the informatiorelbow angle, the monkeys were no longer able to accurately
available prior to movement significantly alters the action.reach the targets. In addition, their pointing also became
This latter evidence will have important implications in The inaccurate when the arm-load was sustained throughout the
trajectory formation section when considering the putativemovement. Second, the ability of deafferented patients to
ways in which multiarticular movements are programmedperform relatively accurate monoarticular movements in the
by the CNS. After reviewing the crucial issue of deafferen-dark (19,21,22,154,229,231) could never be generalized to
tation, implication of information about the initial hand multi-joint skills: subjects deprived of proprioception exhi-
position in motor programming will be demonstrated by bit severe deficits when forced to perform multi-joint skills

Determination of the initial configuration of the arm

reviewing specific manipulations of this information. without vision of their limb (33,157,255,229,231,111,112).
Third, manipulating finger starting position [e.g. Ref. (140)]
Deafferentation studies and/or hand posture prior to reaching to grasp initiation

Since the end of the 19th century, deafferentation ha§158) have been found to alter movement characteristics in
provided a key means to investigate the role of initialnormal subjects. This latter evidence will be addressed in
hand position in motor control. Humans or animals deprivedmore detail in the manipulating information on the static
of proprioception were initially shown to be unable to locatehand section.
their arm in the dark and thus to produce accurate move- When considered together, deafferentation studies
ments [(238), for a review, see Ref. (143)]. However, latersuggest that the ability to perform accurate multi-joint
studies in deafferented patients and monkeys did not fullymovements requires the knowledge of the position of the
confirm these pioneering observations and suggested thhmb segments with respect to the body.
accurate movements were possible in the absence of
peripheral afferents [e.g. Ref. (170)]. In the 1960s, Lashley'sManipulating information on the static hand
idea was reformulated by Feldman who proposed that the The previous results provide only a partial demonstration
limb configuration to be achieved could be determinedthat defining the initial state of the effector is a necessary
irrespective of the starting configuration, by specifying step of movement planning. Indeed, the specification of the
only the intended end position [(80), review in Ref. (78)]. intended end-position may involve the proprioceptive sys-
This influential view gave rise to several lines of researchtem (77,76). In addition, complete deafferentation affects
[review in Ref. (16)]. Experimental support for this theory both the planning and the execution phase of the movement.
was first obtained for head movements in deafferentedrinally, as noted by Feldman (78), movement generation
monkeys (21,22), and then replicated for arm pointingmight involve different processes in intact and abnormal
(204). In the latter experiment three monkeys were trainedubjects. For these different reasons, deficits following
to perform single joint pointing toward visual targets complete deprivation of proprioceptive inputs cannot be
presented in a dark room, with their arm fixed in a manip-unambiguously attributed to an altered coding of initial limb
ulandum (only the elbow joint was allowed to move in the conditions.
horizontal plane). The visual target, randomly chosen To overcome these limitations, one may seek for a pos-
among a set of 17 LEDs distributed every ib front of  sible relationship between the pointing accuracy in normal
the monkey, was randomly presented and the animal had teubjects and the available sensory information of the initial
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state of the motor apparatus. For instance, vision of the handbration was applied to the biceps prior to movement onset
prior to movement initiation has been shown to greatly(169). These two experiments demonstrated that accuracy of
improve the accuracy of movements performed by deafferarm movements was linked to the sensory encoding of the
ented patients (111,112). A method to test the effect ofnitial state of the motor apparatus.
visual information of the limb on movement accuracy The interference between movement amplitude and
consists of specifically allowing and disallowing the view location information, a well-known phenomenon in
of the hand prior to movement. This was initially done by motor—short term memory research (268) provides further
Prablanc et al. (207) who compared the accuracy of visuallarguments for the crucial role played by the information
directed movements performed under two different condi-about the finger starting position. It manifests itself in a
tions. In the first one, vision of the hand was never allowedcharacteristic pattern of response bias, such that, when the
to the subjects (FOL: full open loop). In the second onestarting position for a reproduction movement is different
vision of the hand was allowed only in static position prior from that of a criterion movement (without the subject being
to movement onset (DOL: dynamic open loop). Resultsnformed about this modification), the movement end-point
showed that movement accuracy was significantly better imeproduced by the subject is systematically biased in the
the DOL than in the FOL condition. These data, whichdirection of the change in initial position. One particularly
were subsequently reproduced by several author8nportant aspect of this phenomenon was that even when
(73,74,68,226,113), were interpreted in terms of optimizassubjects are instructed to concentrate on the end-location of
tion of the hand localization process when vision wasthe criterion movement and to ignore its amplitude, the
available in addition to proprioception. The validity of reproduction movement is unavoidably influenced by
this interpretation was, however, questioned by recenthe actual starting position (140). Thus, this more cognitive
studies suggesting that the positive effect of viewing thdine of research also demonstrates that initial hand position
arm at rest could be related, not to a better estimation ofs a crucial parameter for programming a movement to a
the initial state of the motor apparatus, but to the simultapreviously encoded location. Note that the result reported by
neous vision of the hand and target during movementmanaka and Abernethy are congruent with the observation
planning (211,24,226,214). In order to test this hypothesisthat end-point errors tend to accumulate during sequential
Desmurget et al. (66) analyzed whether viewing the rightpointing performed without vision of the limb (28,25).
hand in static position prior to movement could affect the
accuracy of pointing movements performed towardElectrophysiological studies
the unseen left hand. Results of this analysis showed that As there is a convergence between psychophysics and
end-point accuracy was significantly better in the DOL thanelectrophysiology in the study of target encoding (Determi-
in the FOL condition. These data indicated that viewing thenation of the target location section), it is interesting to seek
right hand prior to motion was sufficient to improve electrophysiological evidence supporting the hypothesis
the subsequent movement, and hence suggested that actinat the initial arm position is used to plan the movement.
racy of pointing to visual targets did not only depend on theUnfortunately, most emphasis has been put on the vectorial
simultaneous vision of the goal and the effector duringaspect of movement coding [(108); reviews in Refs
movement planning. Such a finding confirmed that knowledg€106,104)], and there are only a few studies in the literature
of the initial upper limb configuration (or hand position) was that attempted to systematically investigate the coding of
necessary to accurately plan multi-joint movements. arm position by cortical neurons in the context of action.
Another fruitful method to investigate the contribution of There is some evidence that static arm position is encoded in
the knowledge of the initial state of the motor apparatus orthe parietal cortex [e.g. Ref. (107)] and in the motor cortex
performance is to alter the view of the limb prior to move- [e.g. Ref. (155)]. More specifically, the modulation of
ment onset. For instance a sensory conflict can be introaeuronal activity with arm position was shown to be con-
duced between the visual and proprioceptive cues relatetihgent upon motor preparation in both the motor and
to the initial hand position. This was done by Rossetti et alpremotor areas (10). In the posterior parietal cortex, some
(225) [see also Ref. (141)] who asked human subjects toeurons in area 5 seem to discharge prior to and during the
point toward visual targets without visual reafference frommovement in accordance with initial position (81,162). In
their moving hand in two conditions (Fig. 2). In the first addition, the observation that the coding of target location
condition, the pointing fingertip was viewed through prismscan be affected by the arm position in space provides further
that created a visual displacement, while the target waarguments for the implication of initial hand position in the
presented outside the shifted field and thus was normallypeuronal coding of action [Determination of the target
seen not only the lower part of the visual field. Presence ofocation section (121)]. Taken as a whole, electrophysiolo-
the proprioceptive—visual mismatch was not detected byical studies do not place much emphasis on the coding of
most of the subjects. In the second condition, both the indeinitial hand position. However, the most recent results seem
fingertip and the target were seen normally, i.e. the relationto follow the psychophysical evidence for a coding of initial
ship between the hand and the target was not alteredhand position in the motor system.
Comparison between these two conditions showed that the In summary, the elimination or the alteration of visual
visual shift of the fingertip position prior to movement and sensory information about the limb prior to movement
induced a systematic bias of the movement end-point, in alearly affects pointing accuracy. The data presented in this
direction opposite to the visual shift. Note that a relatedsection provide converging evidence that defining the state
method to manipulate the information about the initial handof the effector prior to motion is a necessary step of
position is to alter proprioceptive signals through tendonmovement planning. The question of knowing whether
vibration. Human subjects were found to be inaccurate irthis definition is performed in angular (postural configura-
reproducing a learned position of the elbow joint when ation of the upper limb), or spatial (position of final effector,
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FIG. 2. Relationship between the movement end-point accuracy and the information available to estimate the initial state of the motor apjeststus. Sub
were required to point in the dark toward visual targets presented in the right hemi-field. Two conditions were considered (upper panel). Ceatairtthe

viewed position of the finger (LED on the fingertip) were the same. Shifted: the hand was viewed through prisms that created a visual displacement to the
right (the targets were not displaced). Comparison of these two conditions showed that virtually shifting finger position before movementaatset indu
systematic bias along theaxis, in a direction opposite to the initial shift (middle panel). No significant bias was observed alyraxth¢lower panel). This

result is consistent with the hypothesis that visually directed movements are planned vectorially, that is as a mismatch between an initialséaie .a final
They also suggest that both visual and proprioceptive information, when available, are used to estimate the finger starting position. [FretraR 22Bjti
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F F2 F1 F2 control appears if one considers that the muscles tend to
behave like springs whose stiffness may be controlled by
the CNS (175,79,212,184). Indeed, the spring-like proper-
ties of the biological actuators suggest that an economical
way to move the hand to a given spatial position is to set the
length—tension curves of all the muscles acting on the upper
limb in such a way that the torques exerted by agonist and
antagonist muscles nullify each other when the hand is at the
desired position. Note, to avoid any ambiguity, the accom-
plishment of this apparently simple mapping is, in fact, far
from trivial for complex systems such as the human arm.
o ) ] ] ) Due to muscular redundancy, the correct length—tension
FIG. 3. Schematic diagram illustrating the theoretical foundations of thecurve of the muscles cannot be unequivocally determined.
equilibrium-point hypothesis. When the forces;( F,) exerted by the . . .
springs (S1, S2) are equal, the masss in equilibrium. When the stiff- That .'S' eaqh pos_|t|(_)n_ of the hand in space .Can. be
nesses of S1 and/or S2 are modified the massoves to reach a new associated with an infinite number of muscle combinations

e AT
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muscle
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Shoulder
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equilibrium state. If follows that a simple way to control the spatial location (151)_

of mis to adjust the stiffnesses of the springs acting on it. Extrapolating
from this observation one may suggest that an economical way to bring th
hand at a given spatial position is to set the length—tension curves of all th
muscles acting on the upper limb in such a way that the torques exerted b
agonist and antagonist muscles nullify each other when the hand is at t
desired position (see additional comments in the text).

2.

e.g. the fingertip) coordinates, will be considered in the
section on Trajectory formation.

3.

TRAJECTORY FORMATION

Although widely addressed during the past decades, th{ae

problem of knowing how goal-directed movements are

objective of the present section is to take stock of this
issue. To this end, we review the main theories presenteﬁ
in the literature to account for the characteristics of goal-
directed movements. For the sake of clarity, these theorie
are examined in three successive sections addressing t
equilibrium-point hypothesis and its related models, the

Cartesian and joint space coding hypotheses and the hypoth-

eses related to the optimimal control theories. Beyond this
survey we have a double goal: (1) identifying the factors

which may account for differences between experimental

observations or theoretical models; and (2) providing evi-

dence that the CNS may use different strategies to plan arm
movements depending on the constraints of the task. In our
view, the examination of this latter hypothesis may advance
the field by both opening new lines of research and bringing
some sterile controversies to an end.

The equilibrium-point hypothesis

For the sake of clarity, let us introduce the theoretical
foundations of the equilibrium-point hypothesis on the
basis of a very simple example (Fig. 3). Consider a mass
(m) subject to the influence of two springs (S1 and S2). The
magnitude of the force$-¢ andF,) exerted ormdepends of
both the stiffnessk) and the lengthlf of S1 and S2K = k).
When F; equalsF,, mis in equilibrium. If one modifies
suddenly the stiffness of S2 the masanoves to reach a
new equilibrium state. This indicates that a simple way to
control the position ofnis to adjust the relative stiffnesses
of the springs acting on it. The relation between this
elementary observation and the general problem of motor

As pointed out by Bizzi et al. (16) the equilibrium-point

E\ypothesis is very attractive for, at least, three reasons:

. no prior “knowledge” about the effector configuration is

needed to program the movement;

when an unexpected external perturbation transiently
causes the arm to deviate from its trajectory elastic
restoring forces are automatically generated and the
movement’s final accuracy is not affected; and

because the hand driving torques result from the spring-
like properties of the muscles, complex inverse dynamics
computations are avoided.

A reformulation of each of these points in predictive

rms generates three hypotheses: (P1l), movement final
—accuracy should not depend on the ability to locate the
Mimb prior to movement; (P2), movement final accuracy
hould not depend on the occurrence of transient perturba-
ons during the hand displacement; and (P3), modifications
f the inertial properties of the arm should consistently
odify the path and trajectory of the movement. Let us
ﬁefly consider these three points.

P1: As pointed out in previously, several experimental
arguments supporting P1 have been provided by Bizzi's
group in the context of monoarticular movements per-
formed by deafferented monkeys (cf. Deafferentation
studies section). These arguments were, however, subse-
quently challenged in a large number of studies indicating
that knowledge of the initial state of the upper limb was
necessary to accurately plan multi-joint movements (see
section on the Determination of the initial configuration
of the arm for detalil).

P2: Experimental observations favoring the hypothesis
that transient perturbations did not affect movement
accuracy were provided by Bizzi et al. (see the Deaf-
ferentation studies section). As for P1, however, the
generality of these observations was strongly questionned
in several subsequent studies involving deafferented
subjects (60,229,231). Rothwell et al. (229) trained, for
instance, a deafferented patient to make rapid flexions of
the thumb to a fixed end-position. Whereas the subject
was quite accurate in performing this task he was unable
to compensate for transient disturbance applied during
the movement. Interestingly, a congruent observation was
reported in normal subjects by Coello et al. (51,52) and by
Lackner and Dizio (161,70). These authors studied reach-
ing movements performed in a room rotating at constant
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velocity. The rotation, which was not perceived by the planned to follow a straight line path it can appear slightly
subjects, perturbed reaching movements by addingurved due to the existence of uncompensated inertial and
Coriolis forces to the displacement of the arm. Becauseiscous forces. To test this hypothesis Flash simulated the
these forces are proportional to limb velocity they can bearm dynamics and compared the trajectories predicted with
considered as transient from a functional point of viewthose experimentally observed. She showed a very good
(they are null at the begining and at the end of theagreement between her model and the behavioral observa-
movement). The first reaching movements performedions. With respect to this result, however, two points must
by the subjects presented a consistent shift with respedie stressed. First, Flash only considered movements
to a control condition (no rotation). This indicates that performed at low velocity. Second, she used stiffness
transient perturbations strongly influenced the movemenparameters defined from static postural measurements
final accuracy. (184). These two points were shown to be critical by

P3: If visually directed movements are generated byKawato and colleagues (149,117). Indeed, these authors

changing an equilibrium position defined by elasticdemonstrated (a) that muscular stiffness recorded during

actuators, the inertial properties of the arm shouldvisually directed movements was much lower than those

consistently influence the charateristics of the hand disebserved during postural maintenance. With adequate stiff-
placement. As a consequence, the hand trajectory shoultess parameters, the curvature predicted by Flash’s model
vary both when the arm is loaded with a mass, and whemvould have been much larger than those experimentally

the subject is required to perform the same movemenbbserved; (b) that the “equilibrium trajectory theory”

(amplitude, direction) in different areas of the workspacewould require the implementation of biologically unrealistic

[arm inertia varies with limb posture; (133)]. With respect stiffness values to account for the straightness of reaching

to these predictions, Atkeson and Hollerbach (9) showednovements performed at medium or fast velocities; and (c)

that adding a constant mass to the arm did not consistentlhat the only way to preserve the plausibility of the “equili-

affect the hand trajectory [see also Ref. (165)]. At thebrium trajectory theory” was to postulate the existence of
same time, Morasso (181) demonstrated that the hanldighly complex virtual trajectories which obviously oblit-
path remained roughly invariant irrespective of the initalerate the advocated computational advantage of this model
and final locations of the movements [see also Refgas pointed out by Katayama and Kawato defining these

(1,88,120)]. None of these stabilities was predicted bytrajectories seems to be as complicated as performing

the equilibrium-point model. inverse dynamic computations).

In addition to the computational evidence put forward by

The observation that the hand followed invariant paths inrkawato and colleagues, it is worth mentioning that the
the Cartesian space led several authors to hypothesize thaquilibrium trajectory theory” is also challenged by sev-
the equilibrium configuration of the arm did not shift sud- eral psychophysical arguments. These arguments are related
denly to its terminal state but moved gradually along ato the large end-point errors observed during reaching
reference trajectory (20,19,133,134,76). Evidence supportmovements transiently perturbed by the application of arti-
ing this view was initially provided by Bizzi et al. (19) in the ficial inertial forces (51,52,161,70). They are also associated
context of single-joint movements. These authors trainedvith the existence of modifications of the end-point
three monkeys to perform forearm movements toward accuracy when the initial hand location is misperceived
visual target presented in a dark room. The performance d{28,113,225); cf the Determination of the initial configura-
the animals was tested prior to and after a bilateral dorsaion of the arm section]. It is important to clarify this last
rhizotomy. Two conditions were considered: arm held in thepoint since it is sometimes misunderstood (it might seem
intial position (H), arm displaced toward the target atobvious that the nervous system cannot plan a virtual
movement onset (D). As would have been expected if thérajectory if it doesn’'t know the hand starting point). If
CNS had programmed a gradual shift of the arm equilibriummovement is generated by shifting an equilibrium position
position, Bizzi et al. observed for both the intact and deaf-defined by elastic actuators, a deviation from the intended
ferented animals (a) that, in H condition, the hand initial path should result in restoring forces “pulling” the hand
acceleration increased gradually with the duration of theoward the planned trajectory (18,272). As a consequence,
holding period; (b) that, in D condition, the forearm moved in case of discrepancy between the initial hand position, and
back in the direction of movement starting point whenthe position from which the movement is planned, the hand
initially displaced to the target position. This backward should “automatically” return to the planned path (which
displacement was followed by a forward movement allow-behaves like a mechanical attractor), and the final accuracy
ing the animal to reach the target. should not be affected by the initial error.

Evidence supporting a generalization of the “equilibrium  Before concluding this section, it is worth noting that
trajectory theory” from single to multi-joint movements neurophysiological data provided by Bizzi’'s group
was mainly provided by modelling studies combining (16,17,115) apparently support the equilibrium-point
experimental observations and computer simulationgsheory in the context of multi-joint movements. These
(87,84,129,122). Among these studies, that presented bguthors microstimulated the spinal gray matter of spinal
Flash (87) is indisputably the most classical. This authoifrogs and recorded the force generated by the leg. At the
assumed that visually directed movements were planned byegining of each trial the frog’s ankle was placed at one
shifting the arm equilibrium point along a straight line. Shedifferent location in the workspace. The results showed that
also stressed that this planned path could be significantlthe force vectors elicited by the stimulation varied as a
different from the actual path because the elastic forcegunction of the leg inital location. Remarkably, the distribu-
generating the movement interact with the arm dynamicgion of these force vectors converged toward a single
during hand displacement. That is, even if the movement igequilibrium point. That is, all the force vectors were
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oriented to bring the frog’s ankle to a given spatial location Joint Coordinates: According to this view, the CNS first
irrespective of the initial configuration of the limb. transforms the spatial coordinates of the target into a set
Although these results were not directly contested it must of arm and forearm orientations (i.e. a final posture to
be stressed that their significance was vigorously ques- reach). Then, it defines the joint path required to move
tioned. As observed by Cavalerri [(48), p. 723; see also from the initial to the final posture. Because the relation
Ref. (172)], “stimulation of any given point in the cord linking cartesian and joint variables are non-linear, mor-
will almost necessarily activate several different pathways phologically invariant paths in the joint space correspond
and exite many groups of motor neurons. The related muscle to morphologically variable paths in the Cartesian space.
contraction will in turn generate a distributed pattern of For instance, invariant straight line paths in the joint
elastic forces that will balance in a single equilibrium point”.  space are associated with Cartesian paths whose curva-
In summary, the previous observations suggest that the ture varies according to the absolute positions of the hand
equilibrium-point hypothesis is mainly supported by and target (the path followed by the hand in the external
psychophysical studies involving single-joint movements. world is not directly defined. It is only the consequence of
The lack of direct behavioral confirmation in the context variations planned at the joint level).
of multi-joint movements has led several authors to propose Th . ks indicate that hand displ N
a revised theory through the concept of equilibrium trajec- € previous remarks indicate that hand displacemen

tory. This revised theory raises two major problems. First, jtcan be theoretically encoded in two different ways. They

abandons the simplicity of the initial model by forcing the fﬂso S:Jv?gerﬁt ttr?aé ai ptoslsiblls faf?rzoac)t‘i ttondecidfemb?tvr\:een
CNS to define an entire (and potentially complex) virtual ese two methods 1S 1o look Tor the existence of morpho-

path instead of just an end-point to reach. Second, it i‘i’ogical regularities in either the task or the joint space. As

undermined by a wide range of experimental observations\t’;'g gﬁlf/hgr\{\én in the following this privileged solution is not

In particular, it is challenged by the observations that the
movement final accuracy depends on the ability to Iocater K lanni
the limb prior to movement; that transient perturbations ash space panmfng lici ificat fthe h h
applied during the movements are not compensated in deaf- The existence of an explicit specification of the _and pat
ferented or normal subjects; that the modification of thel" € task space, prior to movement onset, is mainly
inertial properties of the arm does not consistently influence | PPOMed by two lines of er\]ndenCﬁ showing (13 thzat tr?e
the movement path; and that the muscular stiffness Cann%ﬁovementl IS Irrl]varr]lan(tj ('jr.‘ tl e task space; an .( ) that
reach a sufficiently high level to account for the small "€ CNS planst ﬁ ahn ISp zli_ce(;nent gsd‘? Ca_rtesmv\? ver::ttl)lr,
curvature observed during planar pointing movements perJ-'ek' as anhentlty that has "?‘mﬁ’]'t”f ﬁ and direction. We sha
formed at medium or high velocity. Although most of theseta € Up these two issues in the following.
problems have been acknowledged by Bizzi's group (16),
they have not been satisfactorily addressed yet. Thisgovement path invariances in the task spade. a
obviously cast some doubt on the credibility of the equili- pioneering study, Morasso (181) required human subjects
brium-point models. to perform planar point-to-point movements in different
areas of the workspace. He observed that hand trajectories
were extremely variable when expressed in joint
Task space and joint space hypotheses coordinates, and remarkably stable when described in

As emphasized in the sections on Initial stages of movegarte"s""’m coordinates. With regard to this latter

: ; ; bservation, Morasso showed that hand displacements
ment planning and Trajectory formation, a large number of y ; ;
experiments dealing with multi-joint movements hastended to follow a straight line path and a bell-shaped

demonstrated that both the initial and desired hand position}eIOCity profile irrespective of the initial and final

were essential parameters of motor programs. This2Cations of the hand. These results, which were
observation led many authors to the conclusion tha ubsequently faithfully reproduced in numerous studies

goal-directed movements were encoded as a displac (1’136’8.8’_120’271’113’126); see Fig. .4]’ supported th_e
ment of the hand along a given pre-established trajector ypothesis: (a) that the hand trajectory in the task space is

(181,28,120,225,220,66,237). From a theoretical point o he primary variable computed during movement planning;

view, such a pre-established trajectory can be specifie nd (b) that t_he joint covariation pattern consfitutes a
either in Cartesian or joint coordinates. Let us briefly dEPendent variable computed secondarily in order to allow
examine these two possibilities the hand to move along the planned trajectory. Note that this

inverse computation is not trivial (56,8). It requires, because
Cartesian Coordinates: According to this view, the CNSof joint redundancy, the existence of functional constraints
first selects a given path in the task space. Then, ithat translate a Cartesian position of the hand into a unique
transforms this path into a pattern of joint covariation. angular configuration of the upper limb. As shown by
With regard to this transformation it is worth noting that Gielen et al. (114), the nature of these constraints remain
the relation beween the Cartesian and joint spaces iwidely unknown. We shall return to this issue later.
complex and non-linear. This point is important because In contrast to the results initially presented by Morasso,
it implies that the path curvature in the joint spaceseveral experiments have suggested that goal-directed
presents consistent variations when the hand trajectorsnovements were not invariant when expressed in a
remains invariant in the Cartesian space. For instance;artesian frame of reference (9,163,205,67,65,220,125).
invariant straight paths in the task space are associatd@rablanc and Martin (205) observed, for example, during
with joint paths whose curvature varies according to thea pointing task that the hand path curvature tended to
absolute positions of the hand and target. increase with the eccentricity of the target. Likewise,



774 DESMURGET ET AL.

UNRESTRAINED COMPLIANT

Y AXIS (mm)

FREE PATH

Y AXIS (mm)

STRAIGHT LINE PATH
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FIG. 5. Morphological invariances are not a general rule. This figure dis-
o ) ) ) ) ) lays individual movements performed in four different conditions. UF: the

FIG. 4. Morpholog_lcal invariances in the task s_pace'durlng visually dlrecte(ﬁand was free to move, and the subjects did not receive any instruction
movements. Subjects were required to point with a hand-held cursofqt the path to follow. US: the hand was free to move, and the subjects
(compliant movement) from a given starting position toward visual targetsyere explicitly required to follow a straight line path. CF: the hand dis-
(circles) distributed within the workspace. In this situation one can observe)|;cement was physically constrained in a plane, and the subjects did not
invariant straight hand paths, and symmetric bell-shaped velocity profile3eceive any instruction about the path to follow. CS: the hand displacement
irrespective of _the movement direction or amplitude. [From Gordon et al.;aq physically constrained in a plane, and the subjects were explicitly
(120); see additional comments in the text] required to follow a straight line path. For the constrained (or compliant)
movements, the paths were always straight, irrespective of both the instruc-
tion and the target eccentricity. In addition, the end-point distributions were

lliptical and elongated in the movement direction. For the unconstrained
Atkeson and qulerbaCh (9) showed that th.e amount Ofree path movements, the hand trajectory presented a consistent curvature,
curvature of vertical reaching movements varied as a funcme amount of which varied significantly as a function of the movement
tion of the initial and final location of the hand within the direction. Moreover, the end-point distribution was roughly circular. The

workspace. Three main hypotheses were proposed tgraight hand paths and typically elongated end-point distributions observed
account for these observations: for the US movements suggest that the difference observed between UF and

the other conditions was not fully related to biomechanical factors. This
1. imperfect control processes causing the real motion téesult is consistent with the hypothesis that unconstrained movements are,
; ; by contrast to constrained movements, not planned to follow a straight line
deviate from the Ce.r.]tr".i"y pr_ogrammed .trajecf[ory path. [From Desmurget et al. (64); see additional comments in the text.]
[(87,133); see The equilibrium-point hypothesis section];
2. visual anisotropies inducing variations in the perception

of the straightness in some part of the workspace,. . .
(91,271); and intermediate tool” used to record the movement (hand-

; held cursor, pen, manipulandg. Whereas the experiments
3. movement planning processes (260,220,65,188). showing consistently curved paths (9,163,205,188) involved
In order to distinguish experimentally between these dif-unconstrained movements, the studies emphasizing the
ferent possibilities, Osu et al. (188) required human subjectinearity of arm trajectory (181,88) involved compliant
to perform unconstrained visually directed movementsmotions (i.e. motions constrained in a plane by external
between points set on a horizontal table. Two maincontact). This observation might suggest that the level of
conditions were considered: no-path instruction (NI) andconstraint imposed on the movement is critical with regard
instruction to move the hand along a straight line (Sl).to the existence of spatial invariances in the external (or
Results showed that subjects generated much straightéaisk) space. In order to address this hypothesis, Desmurget
movements in Sl than in NI. As shown by electromyogramset al. (64) required human subjects to perform visually
this difference could not be related to an increase in armdirected movements between points located in a horizontal
stiffness. On the basis of these findings, Osu et al. (188plane. Two types of movement were compared: uncon-
concluded that path curvature was the result of the movestrained (U; the hand was free to move along all the
ment planning process. directions of the 3-D workspace), and compliant (C; a
As shown in the previous paragraphs, divergent resultsnouse constrained the hand movement in the pointing
have been reported in the literature concerning the questioplane). Two different path instructions were considered:
of knowing whether or not visually directed movements areFree (F; the subjects were instructed to “move the fingertip
morphologically invariant in the external space. It may befrom the starting position to the target as quickly and
worth noting that an important methodological differenceaccurately as possible”), and Straight (S; the subjects
generally exists between the experiments describing straightere instructed to “move the fingertip from the starting
and curved motions: i.e. the presence or absence of gposition to the target as quickly and accurately as possible
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following a straight line path”). The results revealed (Fig. tend to induce similar schemes of solution (200,215), it is
5) that the compliant movements were straight and invarianpossible to evoke transferential processes to explain why
irrespective of the path instruction and that the uncon-compliant motions are controlled in the task space. One may
strained movements were much straighter in the S than ispeculate that the requirement to move an object in a plane
the F condition. On the basis of these findings, Desmurget davors the emergence of a representation of the hand path in
al. concluded that compliant and unconstrained movementhe task space by suggesting, as for a drawing or writting
involved different planning strategies. They also suggestethsk, to “trace a line” between the hand starting point and
that, under free path instruction, compliant motions werethe target location. This implicit representation may be
planned in the task space whereas unconstrained movebsent for unconstrained movements which just impose to
ments were not. Although Desmurget et al did not provide d'bring the final effector to a given spatial location”.
clear explanation for this result in their original paper, Economical factorslt is generally admitted that the CNS
several factors can be evoked to explain why complianis an “optimized” system which tends to select the most
and unconstrained movements are planned differentlyeconomical solution to perform a given task (12,186,150).
Among these factors, four seem to be particularly importantWith respect to this assumption it is worth noting that the
Let us briefly present these factors in the following. relations linking extrinsic and intrinsic variables are non-
Mechanical factorslt may be that the general solution linear and very complex from a computational point of view
used by the CNS to generate unconstrained movements c#9,56). This suggests that a planning scheme which would
no longer be used when the hand displacement isransform an extrinsically specified trajectory into an
constrained in a plane, i.e. when some of the degrees aftrinsically specified trajectory would be more “costly”
freedom of the arm are frozen. As an illustration of thisthan a planning scheme which would avoid this
point, which is well documented in robotics (35,56,8), transformation. In other words, due to the complexity of
consider the recent work of Soechting et al. (240). Thesehe relationship linking extrinsic and intrinsic variables it
authors provided evidence that visually directed movementseems to be reasonable to postulate that an extrinsic coding
were planned to minimize the amount of work that must beis more expensive than an intrinsic coding. This may explain
done to reach the target. According to this hypothesis handhy this latter strategy could be privileged by the CNS
displacement should maximize the amount of rotation aboutluring unconstrained movements (163,220,65,240,188).
the humeral axis (the moment of inertia of the arm isConcerning the compliant movements we have already
minimal for humeral rotations). Obviously, however, noticed that a purely intrinsic coding was not applicable.
when the hand displacement is constrained in a particulaindeed, for compliant movements the hand trajectory must
plane the solution given by this maximization process issatisfy a specific morphological requirement. This implies
generally not acceptable. That is, the commonthat the hand displacement cannot be defined without
strategy used by the CNS is no longer relevant to achieveeference to Cartesian variables. Considering the
the task. complexity of the relations linking extrinsic and intrinsic
Functional factors.For unconstrained movements the variables it seems reasonnable to suppose that a planning
only objective requirement is to bring the final effector to scheme which would define hand trajectory by mixing
the target. That is, a specification of the characteristics of thetrinsic and extrinsic constraints would be more “costly”
hand path in the Cartesian space is, although possible, néttan a planning scheme which would consider only one of
imposed by the task. It follows that a purely intrinsic coding those variables at a time. This may explain why a task space
is theoretically plausible for this type of movement. Such iscoding is privileged by the CNS during compliant
not the case for compliant displacements. In this lattetmovements (181,88,120,271).
situation, indeed, the subject faces a double constraint: (1) The previous observations indicate that compliant and
bringing the final effector to the target; and (2) following a unconstrained movements are not similar at all, as it is
planar path in the task space. That is, the trajectory cannatsually assumed, but fundamentally different in several
be defined exclusively in an intrinsic space. It must conformaspects. This may explain why these categories of move-
to a standard specified in Cartesian coordinates: foments involve distinct planning processes.
compliant movements the acceleration of the end-point
effector has to remain parallel to the pointing table.The movement is planned as a spatial vectérom a
Considering this point, it is conceivable that the wholedescriptive point of view any Cartesian displacement can
trajectory is defined in the task space for thosebe represented as a vector, i.e. as an entity that can be
movements. This solution presents the advantage afharacterized by its amplitude and its direction. Several
simplicity. It indeed allows the nervous system to defineauthors have suggested that this analytic description may be
hand trajectory without switching between intrinsic andan operational principle for the organization of the motor
extrinsic constraints (see above). system (120,267). According to this view the CNS is
Cognitive factors. All the compliant movements assumed to plan the movement by specifying
commonly performed by humans require a control of theindependently its amplitude and its direction in the
hand displacement in the task space. This is obvious fo€artesian space. Arguments supporting this hypothesis
drawing or hand writting. This is also the case for computewill be presented in the following.
mouse manipulation. In this case, because there is no spatial Visually directed movements are characterized by
compatibility between the motor (hand motion) andreaction times (RT) of about 200-500 ms (110,207).
the visual coordinates (displacement of the pointer on thdhese RTs are supposed to reflect the time needed by the
screen), the subject has to control the movement of the endSNS to plan an adequate movement. Interestingly, several
point effector (screen-pointer) in the external space. If oneauthors have noticed that a partial knowledge of either the
considers that situations perceived as similar by the CN@mplitude or the direction of the upcoming movement
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distributions during planar movements (267,64). Consider
C as an illustration the pioneering study carried out by Gordon
) et al. (120). These authors analyzed pointing movements
/_> performed from a given starting location toward 16 visual
osr , targets presented on a screen. They observed for each target
® that the spatial distribution of the movement end-points
were elliptical in shape (subjects were required to perform
6 24 movements toward each target). Remarkably, they also
found that the major axis of the end-point ellipses was

F / systematically oriented along the line (L) joining the move-

Z(cm)

ment starting point to the mean movement final error (see
p r Fig. 5 for an illustration). This typical organization
o indicated, from a statistical point of view, that the variability
— , j - observed along L was independent of the variability
observed along an axis which was orthogonal to L. Since
movement amplitude and direction are, by definition
colinear and orthogonal to L, respectively, this result
showed that variability observed in movement amplitude
was statistically independent of variability observed in the
movement direction. As pointed out by Gordon et al, such
an independence would not have been expected if the
movement amplitude and direction were not planned inde-
pendently by the CNS. Further argument supporting this
FIG. 6. Inval_'iant pattern ofjt_)int covari_ation during_visually directed move- conclusion was provided by the fact that variable errors in
ments. Subjects were required to point toward visual targets located in Birection and amplitude were differentially affected by the

vertical plane. Panel A shows individual hand paths in the Cartesian space .. .
for six different targets. Panel B displays the same curvesin ajoints@:‘.ace(”"'t'a-I distance between the hand and target. Note that an

shoulder anglep: eloow angle). Panels C—H represent elbow velocity as aindependent specification of the extent and direction com-
function of shoulder velocity (phase plane). The curves reported in panelponents of the movement were not observed by Desmurget
A-C are superimposed in panel I (only the portion beginning after the pealgt 5| (64) for unconstrained movements. As shown by these

velocity of the shoulder is reported). As shown in the panels C-I, the . N .
angular velocities of the shoulder and elbow reach their maximum roughl)ﬁu'[hors' the movement end-point distributions tended to be

at the same time. In addition, the ratio of the elbow and shoulder velocitie§OUghly circular when the hand displacement was not
are constant and close to one during the movement deceleration phase. Tigonstrained in a plane (Fig. 5). This reinforced the hypo-
invariant pattern of joint covariation is compatible with the hypothesis thatthesjs  that compliant and unconstrained movements
movement is _o_rgamzed in an intrinsic frame of re_ference. [From Soechtlnqnvolved different planning processes (see above).
and Lacquaniti (246); see additional comments in the text.] . . h . .
A last major piece of evidence suggesting that visually
directed movements are planned vectorially comes from
significantly reduced RT (31,221). Consider as an illustra-electrophysiological studies showing a modulation of neu-
tion a recent experiment of Bock and Arnold (27). Theseronal discharge with changes in movement amplitude or
authors required human subjects to perform pointing movesdirection [for a review see Ref. (104)]. This observation is
ments in a vertical plane. They observed that a specificatiomery attractive from a conceptual point of view. Indeed, the
(even partial) of the amplitude or direction of the upcomingagreement between the neural signal variations and
movement significantly reduced RT. This result indicatedthe modifications of the movement characteristics (direction
that one component of the movement could be plannedr amplitude) might represent the neurophysiological under-
without information about the other. Such an autonomypinning of trajectory planning in spatial coordinates. As will
strongly suggested that the amplitude and direction of goalbe shown in the following, however, this interpretation still
directed movements were planned independently. In ordaemains very controversial.
to address this hypothesis more deeply Bock and Arnold A modulation of the neuronal discharge with change in
checked that the precues related to the direction or extent ehovement amplitude was observed in several cerebral areas
the upcoming movement were not used in advance to seleatcluding the globus pallidus and the subthalamic nuclei
a small number of potentially relevant motor responseg108), the premotor cortex (216,160,95,82), and the motor
(119). To this end they presented the visual targets t@ortex (95,82). From a conceptual point of view, this result
reach to within ring-sectors whose angular opening wasuggests that the movement amplitude is represented as an
invariant but whose distance from the hand starting poinindependent parameter within the nervous system. This
was variable. In this situation the amplitude and directioninterpretation is, however, not totally unequivocal. As
uncertainty were kept constant whereas the pointing arepointed out by Georgopoulos et al. (108) or Fu et al. (95),
(A) was modified. Results showed that RT was totallymovement distance is tightly coupled with several para-
independent of A. This strongly reinforced the idea thatmeters such as the hand initial acceleration, the force
movement preparation was a parametric process involvingeveloped, the muscle activity, the movement duration,
an independent specification of the amplitude and directionhe hand initial acceleration or the amplitude of the joint
components of the upcoming displacement. motions. As a consequence, modulation of the neuronal
Additional evidence supporting the hypothesis that goal-discharge with change in movement amplitude may reflect
directed movements are planned vectorially has been providetie coding of an intrinsic parameter rather than an explicit
by behavioral studies examining the end-point errorspecification of the movement extent.
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In a pioneering study Georgopoulos et al. (109) recordedrirst, the spatial coordinates of the target have to be con-
neuronal activity within the motor cortex of behaving verted into a set of arm and forearm angles. Second, a joint
monkeys performing a two-dimensional pointing task.path allowing the arm to move from the current to the target
They observed that the discharge of individual cells variedbosture has to be selected. Although this path can theoreti-
approximately as a cosine function of movement directioncally be curved, most of the authors have associated the
This function was centered on one preferred direction thatoncept of joint space planning with the existence of a
changed from cell to cell. Strikingly, however, the gradedstraight line path in the intrinsic space (69,135,220).
signal emitted by the individual cells was found to be ratherMathematically, this straight displacement can be viewed
broad and noisy. This led Georgopoulos et al. to suggest thats a multidimensional vector whose components represent
movement direction was not encoded at the single-unit levethe difference between the starting and target angles for
but at the neuronal population level. In order to test thiseach joint. Although difficult to figure at first glance this
hypothesis the authors proposed a definition of a populatiostraight line displacement in the joint space has a simple
vector representing the vectorial sum of the activity of allfunctional meaning. It indicates that the movement is
the individual neurons. The procedure used to transform cebynchronized at each joint, or in other words that the rate
discharge into a vectorial quantity was as follows: the “cell- of angular variation is the same for all the joints involved in
preferred direction” was defined as the movement directiorthe movement (if one assumes that there is no movement
for which the cell presented the greatest activity; the “cellreversal, the movement starts, stops, and reaches its
amplitude” was defined as the difference between themaximum velocity at the same time at all the joints).
maximal firing rate of the cell and the firing rate observed If follows from the previous remark that the joint space
for a particular movement. As shown by Georgopoulos eplanning hypothesis may be supported by two different lines
al., the direction of the population vector was in good of evidence suggesting: (1) that the movement is invariant in
agreement with the direction of the upcoming movementthe joint space; and (2) that the final posture to reach is
This observation was subsequently reproduced in severalefined by the CNS before movement onset. We shall take
studies involving tri-dimensional movements (105,46). Itup these two issues next.
was also extended to a large number of cerebral areas
including the premotor cortex (45), the parietal cortex
(147,162), and the cerebellum (93). Finally, it was generalMovement path invariances in the joint spadeée first
ized to instantaneous movement variations by Schwartdirect support of the joint coding hypothesis came from a
(233,234) who showed that the neural signal of cell populaseries of psychophysical investigations carried out by
tions varied in real time with the direction and velocity of Soechting and Lacquaniti at the begining of the 1980s
the end-point effector. (244—246,166). These authors required human subjects to

When considered together, all the previous resultgperform two-joint pointing movements in a sagittal plane.
suggest the existence of a neuronal representation of thEhey observed that the angular velocities of the shoulder
extrinsic features of the movement trajectories. This widelyand elbow joints reached their maximum at the same time,
cited “population coding vector hypothesis” is, however, and that the ratio of the angular velocities of these two joints
far from being totally unequivocal and several alternativewas constant during the last part of the movement (Fig. 6).
interpretations can be proposed (145,146,171). In particulaSoechting and Lacquaniti interpreted these intrinsic
as theoretically demonstrated by Mussa-lvaldi (183), theegularities as evidence that movement was planned in the
transformation between hand path coordinates and muscjeint space. This conclusion was, however, subsequently
state variables involves a cosine function. This implies thathallenged by Hollerbach and Atkeson (135) who pointed
the single-unit activity and the total population behaviorout that the movements studied by Soechting and Lacquaniti
initialy described by Georgopoulos et al. (109) would alsowere also roughly invariant in the task space. In fact, the
be expected assuming that cortical cells encode musclesituation examined by Soechting and Lacquaniti represented
related variables (e.g. the desired rate of muscle shorteningdne of the particular cases for which invariances could be
In agreement with this possibility Caminiti et al. (46) found expected at the same time in the intrinsic and extrinsic
that the preferred direction of individual motor cortex cells spaces. In order to abolish this indetermination Lacquaniti et
changed consistently when monkeys made paralledl. (163) studied three-dimensional reaching movements
movements (same direction) from different starting pointsperformed from a given starting point toward visual
(different arm geometry). As pointed out by Georgopoulostargets located in different parts of the workspace. They
(104), however, this evidence, based on analyses performaibserved that the shape of the hand path varied as a function
at the single-unit level, could not be considered as reallyof the movement direction. While some movements were
decisive inasmuch as the population vector remained approximately straight, others exhibited appreciable
“good and unbiased” predictor of movement direction. curvature (up to 4.5 cm deviation from the straight line).
Interestingly, this objection was recently challenged byThis extrinsic variability contrasted with the relative
Scott and Kalaska (235,236) who observed significantonstantcy of the joint coactivation patterns. In particular,
differences in the direction of the cell population vectorsthe elbow and shoulder joint variations were found to be
in primary motor area (M1) when monkeys performed linearly related for any given movement. This tight coupling
reaching movements with similar hand path but differentstrongly suggested that movement was planned in joint

arm postures. coordinates. Further arguments supporting this view were
recently provided by Desmurget et al. (68,65) in the context
Joint space planning of prehension movements. Subjects were required to reach

As previously observed, movement planning in jointand grasp a cylindrical object presented at a given spatial
space presupposes the existence of two sucessive stagksation with different orientations. During the movement,



778 DESMURGET ET AL.

S 27 D 7 —
T
s e |to s ot
3 ts 2 B S
E ' S 8 i
5. ; ;- : .
€ e}
5 % % XN % E .
5 - ] & X
Q 2 [] g [
S5l = = 5 S Al S 40
60 0 20 0 200 D 60 a0° 20° 0° 20 D 60° 20° 20° 0° 20°
124 280
~ o
[¢)] [ E {
g E
3 % $ [
o =
% 1 { § % 9,5 L]
o o 3
3 £ E t 5 {
Q
w o
114 S 90
60° a0° 20° 0° 200 7607 a0° 20° 0° 20°
-4 36
) [ ) o R
g § E § [7)
=) Z [}
o " §
£ S
E % E T » s
g K}
: o, e
= 2
2 [ [ s %
0 40° 20° 0° 20 M a0° 20° 0° 20°

FIG. 7. Postural invariances during prehension movement. Subjects were required to reach and grasp a cylindrical object presented at algbatiogpatial

with different orientations. During the movement, object orientation was either kept constant (unperturbedl}r@snodified at movement onset
(perturbed trials@). All the upper-limb angles were computed at hand—object contact (upper-arm azimuth, upper-arm elevation, upper-arm rotation;
elbow flexion; forearm rotation; wrist azimuth, wrist elevation). For the unperturbed trials, statistically distinguishable posture couldfiee.idem

the perturbed trials the upper-limb final posture was identical to that obtained when the object was initially presented at the orientationtfi@lowing
perturbation. This postural stability, which was particularly remarkable considering the large set of comfortable posture allowed by joémoyeduasi
consistent with the hypothesis that upper-limb movements are initiated and controlled in the joint space via a mechanism comparing an estioregeiof the
postural state of the arm with a target value determined by converting the coordinates of the object to grasp into a set of arm, forearm, and {#ismangles
Desmurget and Prablanc (65); see additional comments in the text.]

object orientation was either kept constant (unperturbediealing with both pointing and prehension movements. For
trials) or modified at movement onset (perturbed trials).instance, Hore et al. (138) [see also Refs (254,180)]
Trajectory analyses showed for the unperturbed trials thabbserved for visually directed movements performed from
the external hand path curvature changed significantly as different starting locations with an outstretched arm that the
function of the object orientation. This “extrinsic” final joint configuration of the upper limb was invariant for a
variability was concomitant with solid morphological given position of the target to reach. Likewise, Helms-
regularities in the joint space. As shown by Desmurget efillery et al. (131) and Paulignan et al. (193) reported that
al. the joint path presented invariant charateristics during théhe angular configuration reached by the arm during
unperturbed trials irrespective of the object orientation. Inprehension movements was stereotyped for a given
addition, the final posture reached by the arm was highlyposition and orientation of the object to grasp (note that
stereotyped for a given final orientation of the object to bethese authors did not test the influence on the hand initial
grasped (Fig. 7). This latter observation was particularlylocation). These observations were consistent with those of
remarkable for the perturbed movements considering joinDesmurget et al. (69,65) who reported that the posture of the
redundancy. As pointed out by Desmurget and Prablanarm remained stable for a given final configuration of
(65), it strongly suggested that the final posture to reactthe object to grasp even if the orientation of this object
constituted an internal reference to which the currenwas suddenly modified after movement onset (see above
posture was continuously compared. and Fig. 7). If one assumes that the representations used by
the brain to plan and control goal-directed actions can be
Evidence supporting the existence of an early definition ofnferred from behavioral regularities (12), all the results
the final postural state to reactBecause the number of reported in this section appear to be compatible with the
degrees of freedom (df) of the upper limb exceeds thoséypothesis that the final posture to reach is one of
necessary to completely specify the position and orientatiothe primary variables defined by the CNS during
of an object in space, any configuration of the hand can benovement planning.
theoretically associated with an infinite number of joint During the last decade the “inverse mapping” problem
combinations (12). Despite this fact, invariance in the finalwas tackled by Soechting et al. who undertook a series of
posture of the arm has been reported in numerous studieperiments designed to identify the neural processes that
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convert a visual input into a set of arm and forearm anglessystematic variations of the arm configuration according
In a first study (242) these authors required human subject® the movement starting location was recently confirmed by
to point in the dark toward memorized targets. Two mainDesmurget et al. (63) in the context of a natural prehension
conditions were tested: (1) pointing with the index fingertask.

(IF); and (2) pointing with a pointer held in the right hand It appears that the task space and joint space coding
(P). In the second condition, the movement involved mainlyhypotheses are each supported by a large number of experi-
the wrist joint. Statistical analyses showed that the subjectmental arguments. However, beyond this general remark, it
were much more accurate in P than in IF. This stronglyis worth noting that a coherence can be found in the
suggested that the errors noticed in IF were not related to aexperimental observations if one distinguishes between
erroneous estimation of the target location but rather to theinconstrained and compliant movements. A careful review
existence of approximations in sensori-motor transformaof the literature indicates that a consistent methodological
tions. In order to validate this hypothesis Soechting andlifference exists between the experiments describing
Flanders (243) demonstrated that the motor behavior of th€artesian and joint invariances, i.e. the presence or absence
subjects was not random but, to a large extent, predictablaf a constraining recording system (hand-held cursor, pen,
In addition, they showed, on the basis of complex, andnanipulanda.). Whereas the experiments showing
contested [see Ref. (32)], analyses that the errors noticed invariant paths in the joint space utilize unconstrained
IF were compatible with the hypothesis that reachingmovements, the studies emphasizing the linearity of arm
movements involved a transformation from a representatiotrajectories in the Cartesian space use compliant motions.
of target location to a representation of intended armThis observation suggests that the level of constraint
orientation; and that the neural implementation of thisimposed on the movement is critical with regard to the
transformation consisted of a linear approximation ofexistence of spatial invariances in the external (or task)
the mathematically exact solution (243,86,241,132). Thespace.

generality of this model, which predicted the existence of a
unique correspondence between every location of the hand
in space and a set of arm and forearm angles, was, howev%
recently challenged in a study involving three-dimensional
visually directed movements. As shown by Soechting et al. As indicated in the section on Task space and joint space
(240), the posture of the arm observed for a given location ohypotheses, goal-directed movements exhibit remarkable
the target to reach did not remain invariant when theinvariant properties despite the fact that a given point in
movement starting point was modified. This suggestedgpace can be reached through an infinite number of spatial,
that the unique mapping reported in several studies betweearticular, and muscle combinations. In order to account for
the position of the hand in space and the arm posturéhis observation it is necessary to postulate the existence of a
depended mainly on the existence of specific experimentalregularizer” (202), i.e. a functional constraint, to reduce
constraints such as pointing at distant targets with arihe number of degrees of freedom available to perform the
outstretched arm (254,138). This also indicated that théask. Most of the regularizers proposed during the last
strategies used by the CNS to transform the visual inputlecade [see Ref. (114) for a review] refer to the general
into a set of arm and forearm orientations did not provide éhypothesis that the nervous system “tries” to minimize the
single correspondence between the location of the hand ignergy expended to perform the movement. Nelson (186)
space and the posture of the arm. In agreement with thifirst formulated this idea in an operative way by proposing
hypothesis several recent models have been found to He use mathematical cost functions to estimate the energy
accurate in predicting systematic modifications of the conconsumed during a movement. This approach was further
figuration of the arm according to the movement startingdeveloped by several investigators who proposed different
point. For instance, Soechting et al. (240) showed that theriteria such as, for instance, the minimum muscular energy
variations of the angular configuration of the upper limb(58,4), the minimum effort (128,168), the minimum jerk
reported in their experiment could be predicted under thg134,88), the minimum torque change (260), or the mini-
assumption that the subjects tried to expend as little energinum work (240). Because the main goal of the present
as possible to achieve the movement (minimum work)section is to assess the validity of the optimization proce-
Likewise, Rosenbaum et al. (220) noticed that consistendure as a general tool for understanding movement control,
variations of the final configuration of the arm could be we will not consider each of the cost functions in details. We
expected for a given target location assuming that the CN®/ill mainly articulate our dicussion around two models
evaluated stored postures prior to movement (Knowledge Iwhich are indisputably the most commonly evoked in the
model). According to this view, standard learned posturediterature and which have proved to be very powerful in
are supposed to be stored by the CNS. When a target appedtgscribing multi-joint movements, namely the minimum

aweight is assigned to each of these postures in the light ofj@rk and minimum torque change models.
double criterion: On the basis of the observation that goal-directed move-
1. the energetic cost necessary to reach the posture (t rinent§ tended to become smoother and smoother during
. cost varies as a function of the initial location of thehléarnmg, Flash and Hogan (88) suggested that smoothness
was the primary variable controlled by the CNS. In order to

odels based on optimization principles

hand); and : ; ;

’ . formalize this assumption they proposed that movements

2. the accuracy that would result from the selection of theWere planned to be as smoothyag p(?ssible in the task space
posture. ;

which implies in mathematical terms that the cost to be
The final posture is found by taking a weighted sum of allminimized over movement duration is the first derivative of
the stored postures (220). Note that the existence othe hand acceleration. As shown by Flash and Hogan (88),
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this criterion predicts that goal-directed movements willwhen the speed of the motion was changed, or when the
exhibit straight hand paths and bell-shaped velocityhand carried a weight (9,165). It was also questioned by
profiles irrespective of their direction, amplitude, or velo- recent adaptation studies showing that artificially increasing
city. As previously reported, these predictions are stronglythe perceived curvature of the movement induced signifi-
supported by a large number of experiments dealing wittlcant modifications of the shape of the hand path in the
two-dimensional pointing movements (cf. the section onCartesian space. Concerning this latter point, Wolpert et al.
Task space planning). At the same time, however, they ar€71) required human subjects to point toward a visual
clearly challenged by most of the studies involving uncon-target located in the sagittal plane [see also Ref. (83)].
strained movements. From a theoretical point of view, it isDuring the movement the subjects could see the position of
noteworthy that the minimum jerk model does not considettheir fingertip on a semi-reflecting mirror. In a perturbed
the charateristics of the biological actuators. This probablycondition, the visual feedback was altered so as to increase
constitutes its most important limitation. the perceived curvature of the movement. The perturbation
By contrast to Flash and Hogan (88), Uno et al. (260)was null at both ends of the movement and maximal at the
suggested that movement planning must be related to armidpoint. Analyses showed that the subjects adapted to this
dynamics. In order to make this assumption operative, theperturbation so as to reduce the visually perceived curva-
proposed the minimum torque change model according teure. This result would not have been expected if the
which the objective cost function to be minimized is the summovement trajectory was only planned by minimizing
of the square of the rate of change of torque integrated ovgoint torque changes.
the entire movement. This mathematical criterion predicts In the light of the previous remark, it appears that neither
both asymmetrical bell-shaped velocity profiles, and slighthe minimum torque change nor minimum jerk model is
(but nonetheless significant) variations of the hand pathotally successful in predicting the spatio-temporal charar-
curvature as a function of the movement direction andacteristics of visually directed movements. Despite this fact,
amplitude. According to Uno et al. one of the main advan-however, they both are able to capture the kinematic
tages of the minimum torque change model lies in itsfeatures of certain categories of movements. This indispu-
parsimony. Indeed, torques are supposed to be directliably suggests that the optimal control theory (156) can
calculated from the respective positions of the hand andonstistute a powerful approach to understanding how
target. As a consequence, there is no necessity for (a) anovements are planned and controlled by the CNS.
explicit determination of the hand trajectory in the CartesianBeyond this conclusion, however, one may wonder whether
space and (b) a transformation of the externally specifiedhe various cost functions evoked in the literature really
trajectory into joint angles. Note, however, with respect toreflect the variables that the CNS represent. Let us briefly
this second point, that torque change minimization cannotonsider the minimum jerk model to illustrate this remark.
be achieved if the CNS does not know the final postural state Flash and Hogan observed that point-to-point movements
that the arm has to reach. This indicates, at least for nortended to follow a straight line path and a bell-shaped velo-
proprioceptive tasks, that an inverse transformation thatity profile irrespective of the initial and final locations of
converts the Cartesian location of the target into jointthe hand. A possible explanation for this result is that the
angles cannot be avoided by the model. In fact, from aCNS only chooses the simplest path between any two
conceptual point of view, both the minimum torque changepoints, that it begins by accelerating the hand and that it
model and the joint space coding model, face the saménally decelerates it to avoid overshooting the target. This
major question of how the final position of a visual target is“trivial” description may explain both why hand move-
transformed into a set of arm and forearm angles. ments are roughly straight and why velocity profiles are
Although very different from a conceptual point of view, approximately bell shaped. Another concurrent explanation
the minimum jerk and minimum torque change models leadnay be, however, that the CNS cares mainly about move-
generally to very similar predictions, namely roughly ment smoothness and therefore tries to minimize jerk.
straight hand paths with approximately bell-shaped velocityObviously, this explanation raises two main questions.
profiles (imperfect control may explain some variationsFirst, how is the jerk sensed by the CNS? This problem is
from the straight line-planned path in the case of the mini-not trivial at all if one considers that smooth movements of
mum jerk model; see the Task space planning section). Thithe end-point effectors in the task space can be related to
convergence is problematical inasmuch as it makes it diffi-‘jerky” movements of the different joints contributing
cult to assess the respective validity of the minimum jerkto the motion (181). Second, how can we certify that the
and minimum torque change models. In order to overcomagreement observed between the predictions of the model
this uncertainty, Uno et al. (260) studied different situationsand the experimental data is not incidental and contingent
for which the predictions of the minimum jerk and mini- on the fact that the minimization of the jerk predicts straight
mum torque change models diverged significantly. Foldine movements with bell-shaped velocity profiles? This
instance, they considered movements performed from @terrogation seems to be all the more founded that it is
point located in the fronto-parallel plane (arm outstrectchedyenerally difficult to distinguish between the predictions of
to the right) to a point located in front of the subject. Theyvery disparate cost functions underpinned by different
observed in this situation (and in all the others), that a direcassumptions (186,260,185). That is, divergent models are
comparison between the experimental data and the modeble to predict similar trajectories on the basis of totally
predictions supported the idea that hand trajectory waslifferent cost functions. Note that this absence of specificity
planned and controlled in accordance with the minimumbecomes all the more marked if one considers, as recently
torque change model. This conclusion was, however, chalproposed by several authors (57,62,220,263), that the CNS
lenged by several studies showing that neither the path natoes not optimize one single variable but does incorporate
the tangential velocity profile of the movement were alteredseveral different constraints whose importance can be



PLANNING GOAL-DIRECTED MOVEMENTS 781

modified as a function of the requirement of the task. Suclpath. No one, however, would take this conclusion for
an approach is indisputably very powerful in producinggranted. Indeed, hand path curvature can be explained by
realistic movement trajectories. Nevertheless, it is question“perturbing” factors such as an imperfect control or the
able from a theoretical point of view. By mixing the anisotropy of the visual field (cf. the Task space planning
constraints to be optimized it is possible to (re)produce aection). Because the effect of these factors cannot be
large range of trajectories and therefore to account, accurately quantified the exact origin of the hand path
posteriori, for almost every experimental observation. Thiscurvature cannot be firmly established. As a consequence,
absence of clear prediction makes it difficult to test theneither the models which predict a small path curvature in the
validity of “mixed models”. task space nor the models which predict that the movement

The optimal control procedures have proved to bewill be straight can be irrevocably rejected.
potentially efficient at predicting the charateristics of goal-
directed movements. Beyond this demonstration, howeveQbjective validity of a model
it is worth noting that the exact relation between mathema- As pointed out by this concept the validity of a model
tical cost functions and the variables actually represented bghould be established on the basis of objective experimental
the brain still remain unclear. An illustration of this remark observations. This assertion can appear trivial and almost
can be found in the ability of totally divergent models to provocative in the scientific field. It seems, however, that it
make similar predictions. The primary problem with is not. To illustrate this point consider the “equilibrium-
optimization procedures seems to be that individual cospoint hypothesis”. One can be struck by the discrepancy
functions are generally very sensitive to external parametersxisting between the notoriety of this hypothesis and its
[e.g. arm stiffness; see for an illustration Flash (87) versusbjective support (2,172). As shown in the section on The
Katayama and Kawato (149)]. As a consequence, bquilibrium-point hypothesis, the main predictions of equi-
meticulously adjusting these parameters, it is usually poslibrium-point models have been found to be systematically
sible to adequately fit the data. This “adaptability” is contradicted by experimental observations, at least in the
paradoxically, at the same time, the major strength butontext of multi-joint movements. Despite this fact, the
also the main weakness of the conceptual models basedfluence of this model still remains strong.
on the optimal control theory.
Testability of a model

As pointed out in this concept, a model that can be
adapted so as to be compatible with almost every experi-

In summary, different exclusive models have been promental observation is virtually impossible to validate.
posed during the last decade to account for the kinemati©ptimal control procedures are a good example of this
features of goal-directed movements. Since each of theggroblem. Because the exact biomechanical charateristics
models predicts specific levels of invariance, it should beof the arm are not known, some parameters can be adjusted
easy to estimate their respective validity. As shown in thewithin a certain range. Inasmuch as these parameters have a
previous sections, however, such is not the case. Four mastrong influence on the characteristics of the trajectories
points may, in our view, explain this fact. Let us presentpredicted by the model it is possible, by adjusting them, to

Synthesis

them briefly. improve the general agreement between the predictions of
the model and the experimental observations. Although this
Identifiability of a model procedure is not theoretically reprehensible considering that

According to this concept, the parameters and structure afeal values are not known it nevertheless makes it difficult to
a model cannot always be identified unequivocally from areally test the validity of the model. Note that the same
given set of data. This critical point is clearly illustrated by uncertainty can occur when considering neural networks.
recent studies showing that the electrophysiological experiAs noticed by Gielen [(114), pp. 504-505], “the main
ments favoring the “task space coding” hypothesis can alsgroblem with models based on neural networks seems to
be interpreted in terms of muscle (183) or joint (162) be that neural networks can model almost anything. There-
planning. It is also illustrated by psychophysical studiesfore, the fact that a neural network can model inverse
demonstrating that the regularities of velocity profileskinematics for a kinematically redundant manipulator,
observed during drawing movements can be viewed as th@oes not teach us much about the biological implementation
result of movement planning processes (164), or as aof the solutions used by human beings”.
emergent phenomenon related to the biomechanical proper- It appears from the previous observations that identifying

ties of the human arm (122). the variables used by the central nervous system to plan
goal-directed movements is a difficult exercise which
Sensitivity of a model must be performed with caution. Care must be taken, in

As pointed out by this concept, which is related to theparticular, when making inferences from behavioral in-
guestion of knowing whether a statistically significant effectvariances, electrophysiological recording, or numerical
is obligatory and “meaningful”, it may be perilous to fitting. Beyond this point, however, it remains clear that
establish a strict and unequivocal link between theoreticateveral divergent models, like the joint or task space coding
predicates and behavioral observations. To illustrate thitiypotheses, are supported by a large amount of experimen-
point, consider the general problem of movement curvaturéal observations. This might suggest that the failure to
in the task space. It is well established that planar pointingprovide a unified and totally coherent theory for movement
movements present a small, but systematic, curvature (87¢ontrol is not only related to the theoretical traps previously
Strictly, this result is in contradiction with the hypothesis thatevoked but also to the fact that the search for a general
goal-directed movements are planned to follow a straight linenodel constitutes an “ill-posed” problem. The wide
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diversity of opinions on the question of motor control might,
in fact, indicate that the nervous system is able to use dif-
ferent planning strategies, depending upon the experimental

conditions. Sound experimental observations supporting 2.

this hypothesis are, in particular, reported in the Task

space and joint space hypotheses section for compliant 3-

and unconstrained movements. Of course, further compara-

tive studies to systematically test the effect of environmen- 4,

tal constraints on the movement planning processes will be

necessary to confirm and establish the degree of generalityS-

of this hypothesis.

CONCLUDING REMARKS

The purpose of this paper has been to describe the
mechanisms whereby a visual input is transformed into a
motor command. To address this question, we considered
successively three main problems. First, how is the initially

retinocentric representation of the target converted into a s.

body-centered representation? Second, does the knowledge

of the initial state of the motor apparatus constitute a pre- -

requisite for movement planning? Third, what is the validity

and the degree of generality of the different models which 1.

have been proposed during the last few decades to account
for the characteristics of visually directed movements?
Clearly, none of these questions has found a totally convin-
cing answer. As shown throughout this review, the literature
offers several divergent models to account for the human

ability to localize a target, and to generate accurate handt2.

movements. Strikingly, each of these models is supported
and contradicted by sound experimental results. This might
indicate that the approach consisting of developing indepen-
dent motor theories within specific experimental and theo-

retical contexts is not relevant, alone, to permit a real 14

understanding of the neural mechanisms involved in

movement planning. Probably, our comprehension of the g

processes whereby a visual input is transformed into a
motor command would be greatly improved by comparative

studies allowing us to contrast various experimental situa-16-

tions and different paradigms. For instance, it would be
interesting to test whether the preferential use of allocentric

or egocentric information for target localization might be 17.

related to the motor distinction between task space and joint
space coding. Likewise, it would be crucial to reconcile

motor theories based on both psychophysical and electro-
physiological approaches by trying to describe the neural
mechanisms that might underlie the sequential operations

which are supposed to occur during movement planning.1®-

Some recent studies showing the large benefit which can

arise from a critical and constructive interaction between g

different theoretical models (162,214,64) and different
fields of research (3) may support the pertinence of the

comparative approach proposed in this conclusion as e

future perspective of research.
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