PLASTICITY IN SENSORY-MOTOR SYSTEMS

An animal’s own movements change what it sees and hears. ]',,.mborat@ry
xperiments that tamper with this feedback loop show that it 1s a ‘key

to developing and mamtaming spatial orientation m advanced mammals

nyone who has worn eyeglasses is
likely to have experienced dis-
torted vision the first time he put

them on. The distortion may have been
severe enough to cause him trouble in
motor courdination, as in-reaching out
to touch something or in being sure of
where he stepped. Such a. person will
also recall, however, that in a day or
two the distortion disuppeared. Ewi-
dently his central nervous system had
mude smne adjustment .50 that the
things he saw ‘through the ghasses lookoed
normal again and he could have re-
newed confidence i his touch and step.
This process of adjustment, particu-
larly as it operates in recovery from
radieal ~ trunsformations  of vision (a5
when the world is made to appear up-
side down or greatly sHifted to one side
by special goggles), has attracted the at-
tention . of . scientists. at least since the
time of the great 19th-century investi-
gator Hermann von Helmholtz, What
has intrigued, us all’ g the finding that
correct perception of space anid accurate
visually guided action in space are in
the long run not depeudent on unigue
and permunent]y fixed optical properties
of the paths taken by light rays travel-
ing from object to eye. This finding,
however, must be ‘squared with “the
normally - high order of precision in
spatial. vision and ity stability -over a
perﬁud of time. How can the visual
vontrol of spatially coordinated action
be stable under normal circumstances
and yet sufficiently miodifiable to: allow
recovery from transformution? Recovery
tukes time and renewed coutact with the
em'ironment.‘ Adaptuticm st result
from information drawn from this con-
tact with the environment. Tf the end
product of adaptation is recovery of the
former stability of perception, then the
suformation on which that recovery is
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based must be as reliable and unvary-
ing as its end product. The investiga-
tions my eolleagues and I have under-
taken (first at Brandeis University and
more. recently at the Massachusetts In-
stitute of Technology) have been di-
rected toward discovering this seurce of
information and elucidating the mecha-
nisn of its use by the perceiving or-
ganism. A useful tool in our work has
been deliberate distortion of visual and
auditory signals, a technique we call
rearrangement.

Visual rearrangement can be pro-
duced experimentally with prisms [see
“Experiments with Goggles,” by lvo
Koliler; SCENTIFIC  ANIERICAN, May,
1962]. Similarly, the apparent direction
of-sounds can be distorted in the fabora-
tory by suitable uapparatus, We have
used sueli devices to show that in many
cases the viewer or the listener subject-
e to these distortions svon adapts to
them, provided that during the experi-
ment lie has been allowed to make vol-
untary use of his muscles in a more or
less normal way.

The proviso suggests that there 1is
miote to the mechanism “of perceptual
adaptation than a change in the way
the sensory parts.of the central nervous
systern process data from the eyes and
cars. The muscles and inotor parts of
the nervous system are evidently in-
volved in the adaptation too—a revela-
tion that has been very important it our
efforts to discover the responsible source
o informiation. The conceptof a relation
between sensory and motor activities in
the adaptive process is reinforced’ by
what happens when hamans and certain
other mummals undergo: sensory depri-
vation through proicmged isolation . in
monatorious environments, or motor dep-
rivation through pn’()longed imimobiliza-
tion. Their performance on perceptual
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and motor tasks declines.. By the same
token, the young of higher mammals .
fail to!develop normal “behavior if they :
undérgo. sensory or-motor deprivation.

Taker together, these findings by vari-
ons experimenters suggested to' us that
a single mechanism s involved. in three
processes: (1) the development of normal -
sensory-motor control in the young (2)
the maintenance of ithat control once
it has developed and (3} the adaptation.”
to. changes or apparent changes .in - the’
dita reported by the senses of sight and
hearing. & demonstration that such:a”
mechanism - exists would be of value in
understaniding  these processes. More-. 3
over, it would help to explain a phe-
nomenon: that otherwise could be ac-
counted for only by the existence of
enormous amounts of genetically coded
information.” That phénomenon is the
adjustment of ‘the: central nervous sys-
tem to the growth of the body—on the
sensory gide to the fact that the afferent,
or input;: signals must change: with the
increasing separation between the eyes
and between the ears, and on the motor
sidle to the fact that the growth of bone
and muscle must call for a gradual
modificntion of the efferent, or outpul,
sigials reguired to agcomplish & partics
ular movement.. This problem is es-’
pecially eritical for animals that grow
slowly :anel- have many jointed - bones.
The possibility that the need for geneti-
eally. coded information has heen re-
duced by some such mechanism is of
course contingent on the assumption that:
the animal’s environment is fairly sta:
ble. Fur'these reasons it is not surprising.
that ¢lear evidence for adaptation 0.
rearrangement and for dependence Of;
the young on environmental contact in;
developing coordination has been found :
oulyin primates and in cats. :

Such, in brief, s the backgrounﬂ of.




our effort to discover the operating
conditions of the suspected mechanism,
Our conclusion has been that a key to
its operation is the availability of “reaf-
ference.” This word was coined by the
~German physiologists Erich von Holst
‘and Horst Mittelstidt to describe neu-
“ral excitation following sensory stimula-
. tion that is systematically dependent on
" movements initiated by the sensing
animal; von Holst and- Mittelstiadt -also
 used the word “exafference” to describe
the result’ of stimulation that s inde-

ACTIVE AND PASSIVE MOVEMENTS of kittens were compared
n this apparatus, The active kitten walked ahout more or less
,fr‘eely; its gross moverments were transmnitted to the passive kitten
by the chain and bar. The passive kitten, carried in a gondela, re-

pendent of self-produced movement.
“Afterence” alone refers to any excitation
of afferent nerves. These concepts should
become clearer to the reader from the
remainder of this article.

Ainong the contributions von Helm-

holtz made to science were many
that were later incorporated into. psy-
chology. His experiments included work
on the displacement of visual images by
prismas. He was the first to report that
the misreaching caused by such a’ dis-
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placement is progressively reduced dui-
ing repeated efforts and that on removal
of the prism the subject who has suc-
ceeded in adapting to this displace-
ment will at first misreach in the op-
posite. direction.

Helmbholtz' findings and those of
similar - experiments. by many  other
workers have often been interpreted as
resulting from’ recognition of error and
consequent correction. ' We doubted this
interpretation because of our conviction
that o single mechdnism underlies both

ceived essentially the same visual stimulation as the active kitten
because of the unvarying pattern on the wall and on the center post.
Active kittens developed normal sensory-motor coerdination; pas-
sive kittens failed to do so until after being freed for several days.



MIRROR APPARATUS tests subject’s ability 1o guide his unseen hand to a visible target.
Subject first marks under the mirror the apparent lovation of the corners of the square
as he sees thert in the mirror. He then looks throngh w prism, as depicted in the illustration
below, after which he makes more marks. They show his adaptation to the prism effect,

VIEW THROUGH PRISM displaces a visual image. Some subjects looked at their motion-
less hand, some moved the arm back and forth in a left-right are, and some had the arm
moved passively in a similar arc. They then made marks vunder the mirror as shown in the

$llustration at the top of the page. Typical results appear in illustrations on opposite page.
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adaptation to rearrangement in the adul
and the development of the young. A
error-correcting  process  could hurdly ,
exphin the original acquisition of co.
ordination. If an infant initially has no
sense of the spatial relation between his
efforts to move his hand and thejr
visual consequences, he cannot recog.”
nize a visible ervor in reaching. Yet
infants do acquire eye-hand coordina.
tion in their earliest months. Hence we -
suspected that ervar recognition was i -

more necessary for: adaptation in the
actult-than it'was in the development of -
the infant’s coordination: To test this:
assumption we des;igned an experiment -
that prevented the subject from recog-
nizing his ertor: If he still managed to-
correct his reach to allow for a displaced
image, it would be evident that there
was more to- the matter of adaptation
than the simple fact that tlie subject’
could see his-error directly. :

\"K/'ith this objective in mind we de-
signed the apparatus shown in the
top illustration at the left. In this appa-" *
ratus the subject saw the image of a’
square target reflected by a mirror and
was asked to mark ona piece of paper
under the mirror the apparent positionf
of the corners of the square. Beciuse of
the ‘mirror, he could see neither the”
marks nor his hand. After he had marked
each point 10 tites, \\‘itlidmwing his
hand between markings so that he would
have to:position it anew cach time, the
mirror and marking sheet were removed
and @ prisin was substitited. Tooking
through the prism, the subject then
spent several miriutes moving his hand
in various ways, none of which involved .
deliberate reaching for a target. There-
after the ariginal situation was restored
and the subject made more marks under’
the miror. These marks vevealed that
each of the subjects was imaking some
correction for the displacement of image’
that had been caused by the prism.
Having thus established that at least
partial hdaptation can occur in the ab-
sence of direct recognition of error, we
used the apparatus to test the role of
motor-sensory feedback i adaptation.
Ouwr main purpose was o see what’
degree of adaptation would oceur under
the respective conditions of active and
passive movement—in other words, un
der conditions of reafference and ex:
afference in which the afterence was.
equivalent. In these experiments the
subject’s writing arm was strapped t0 8
board pivoted at his elbow to allow
leftiand right movement. He then Jooked:
at his band through a prism under three.:




conditions: (1) no movement, (2} active
movement, in which he moved the arm
back and forth himself, and (3) passive
movement, in which he kept his arm
imp and it was moved back and forth
by the experimenter. In each case he
marked the apparent location of points
wunder the mirror before and after look-
ing through the prism.

- Comparison. of these marks - showed
that a:few minutes of active movement
roduced  substantial = compensatory
shifts [sce - Hustrations - at’ right]. In-
“deed, many of the subjects showed full
“adaptation, medning exact compensa-
tion for the displacement caused by the
rism, within  half an houwr. In con-
ast, the subjeets in the condition of
passive. movement showed ‘no adapta-
tion. Even though the eye teceived the
same information from both active and
@assive conditions, the evidently crucial
“‘ronnection between motor output and
“sensory input was facking in the passive
“condition. These -experiments showed
that movement alone, in the absence of
the opportunity for récrogniticm of error,
does not suffice: to. produce! adaptation;
it must be self-produced  maovement.
From the point of view of our approach
this kind of movement, with its con-
tingent reafferent. stimulution, s the
eritical factor in compensating for dis-
‘placed visual intages.

hat about an adaptive situation in-
1 'Y volving movements of the entire
- ““body rather than just-the arm and hand?
. We explored this situation in two ways,
} ‘using an apparatus in which the sub-
‘1 ject judged the dire¢tion of a target
“nly in reference to himself and not to
“gther visible objects {see top illistration
on-next pagel. This kind of direction-
Aniding is sometimes called egocentric
2 Jocalization.
1 . The apparatus consisted initially of a
“drum that .could be. rotated by the ex-
perimenter, after which the subject, sit-
~fing in a chair that he could rotate, was
] asked to position himself so that a target
# appeared directly in front of him. Later
1 we dispensed with the drum and merely
‘put the subject ina rotatable chair in a
small.room. After the experimenter had
randomly positioned the target, which
was a dimly illuminated slit, the subject
totated himself to find thie target.

The first of the two ways in which
we tested the role of reafferent stimulda-
tion involving movement dof the whole

y was an experiment in adaptation
10 short-term exposure o pn‘ism‘ts. After
“Several trials at locating the target, the
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sabject put on prism goggles. He then
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MARKINGS made by a subject before and after looking through a prism as described in il-
luctrations on opposite page are shown. He kept band still while viewing it through prisn.
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PASSIVE MOVEMENT of subject’s hand as he viewed it through prism produced these
marks. They show no adaptation te horizontal displacement of images caused by the prism.
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ACTIVE. MOVEMENT of subject’s hand produced a clear adaptation to displacement of

images by prism. Tests showed importance of such movement in sensorimotor roordination,
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DIRECTION-FINDING by egoeentric localization, in which a subject judges the divection
of a target only in relation to himself and not 1o other visual cues, uses this apparatus. Tar-
get is randomly positioned at subject’s eye level; he then rotates himself so that the tar-
get is directly in front of him. He does this before and after wearing prism ‘goggles with
which he either walks on an outdoor path or is.pushed along the same path in a wheel-
chair. Change in direction-finding after wearivg prisms measures adaptation to the prisms.
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DURATION OF EXPOSURE

PROLONGED EXPOSURE te prisms produced varying degrees of adaptation to them

pending on whether a cubject’s movement was setive (solid lines) or passive tbroken lines).
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walked for an hour along an outdc ‘
path or sat in a wheelchair that ‘wa
pushed along the same path for th
same length of tine. Thereupon he re
moved: the goggles and went back
the target-finding apparatus “for mor
tests, Any error in target-finding aft
wearing the prism. goggles would be
measure of the adaptation”the subje
had made to. the visual displacemen
produced by the prisms. v
Again' the degree of adaptatio
achieved by the subjects who had been’
involved in -active movement was far
greater than that of the subjects whe
had been carried in  the wheelchai
This was true both when one subje
had been exposed to the-active cond
tion and another to the: passive an
when u single subject had been expos
successively 1o ‘each condition.’ Even
more striking contrusts appeared in ou
“which involved: wearin

prisms ‘ ‘ail hours at g time under
conditions of active and passive mov
ment. Ti-these cirkcaunstances several
the subjects who were able to: mov
voluntarily - achieved  full ’éldaptutian
whereas subjects  whose . movement
were - passive achieved  virtually
aduptation:

Fd

]{n this connection it will be ‘useful t
metition an experiment we conducte
o ditectionyl hearing. The sound ema
nating, from Jocalized. source reache
the listener’s nearer ear a fraction of
a-second sogner than it reaches his fa
ther ear. This small difference in the
tithe of artival of the sound: at the two
ears is the first stage in ascertaining the
direction from which the sound conies.
1f, then, a, subject’s ears could be in
effect displaced around the vertical axis
of hiszhead by a small angle, he would
err by an¢guivalent angle in his loca-
tion. of the sound. This effect can be
produced artificially by a device called
the pseudophone, in which microphones ;
substitute For the external ears. Sub- .
jects who have worn a pseudophone for -
several howrs in a normally noisy en-
vironiment show compensatory shifts in
locating ' sounds, provided that they
have been able to move voluntarily. In 1‘
addition : they “occasionally report that
they hear two sources of sound when
only- one is present. When measure-
ments aré. made of the two apparent .
directions of the source, they differ by
approximately the angle at which the
enrs: were displaced around the center
of the head during the exposure period.
I have cilled the effect diplophonia.

The reports of doubled localization

A,




following adaptation suggest that com-
nsation for rearrangement consists in
the acquisition of a new mode of coordi-
pation that is objectively accurate for
‘the condition of rearrangement but that

“habitnal. mode. If this is true, the
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" coexists along with the older and more’

gradual and progressive course of adap-
tation usually found in experiments must
be considered the result of a slow. shift
by the subject from the older direction
of localization to the newer direction.

All these experiments strongly sug-
gested the role in -adaptation of the
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close correlation between signals from
the motor ‘nervous . system, producing
active physical movement, and the con-
sequent sensory feedback. This correla-
tion results from- the fact that the feed-
back signals are causally related to
movement and that in a stable environ-
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PASSIVE TRANSPORT of a subjest wearing prism goggles while
Yiewing a random scene is depicted. Purpose of the apparatus was
%0 test the hypothesis that subjects moving acrively through such a
W@né, which looks the same with or without prisms, weuld show a

degree of adaptation to the prisms whereas subjects moved passive-
ly would not. That is what happened. Tests showed a link between
visual and motor processes in the central nervous system by alter-
ing the correlation between motor -outflow and visual feedback.
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VERIFICATION EXPERIMENT sought to show role of correlation of sensory feedback
and active physical movement hy impairing it. Means of decorrelation was the rotating-
prism apparatus shown here. It produces apparently continuous mevement of subject’s hand
in one dimension, thus breaking the link between actual movement and visual feedback.
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RESULTS OF DECORRELATION are shown in markings made by a subject before and
after looking threugh rotating prism. In one condition (left) prisms displaced images ver
tically; in another (right), horizontally. Markings after long exposure are spread out in
the direction of displacement, showing a loss of precision in visualmetor coordination.
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ment there is a unique feedback signa)
for any particular movement. The corra.
lation is reduced: by environmental 5. ‘
stability: the presence either of objecty 4
that themselves move or of passive =
movements of the body that are pro-
duced by external forces. Under these
conditions mere. than one feedback
signal may accompany any particulay
movement.

’F‘mm a theoretical point of view the
importance of body movement and | }
particularly -of self-produced movement
derives from: the fact that enly an or
ganisin - that - can take account of the
output signals to:its own musculature is
in a position to detect and factor out the
decorrelating “effects of both movin
objects ' and externally imposed body
movement, One way to verify the im-
portance of the correlation would be to
set up.an axperimenta] situation in
which the correlation was impaired or
deliberately decorrelated. If the con-
secuence was a loss of cooerdination, evi-
dence for the role of nonmally correlated
reafference In: maintaining mormal co-
ordination would be strengthened.

We conducted such an experiment in
visual percéption’ by means’ of an ap-
paratus’ that provided a prismn effect of
continually | varying power: [see top
illustration at. left]. In such. an appa-
ratus an object sach as the hand seems
to move. constantly, and the movement
perceived: is - wholly independent of
whatever aptual ‘motion may be taking
place. The same arm - movement made
at different times will produge different
retinal feedbacks. Since the subject does
not -control the continual chzmges in his [’
visual input that are produced by the. §
prism, his nervous system has no means - 2
of tlifctinghishing these changes in the 4
input from those that are selfinitiated. 4

With this apparatus we conducted
various experiments, again including -
active and passive. arm movements of
the type described previously. We found
that thie coordination between eye and
hand was significantly degraded under
conditions of active- movement but not
under conditions of passive movement.
Similar yesults appeared :in tests made X
by Sanford Freedman - of Tufts Uni-
versity of the effect of decorrelation 00
hearing. Again the performance of sub-
jects who were allowed to move actively
during decorrelation deteriorated badly, -
whereas the performance of subjects -
whese bodily movements were restrict
did not deteriorate. Both the visual and
the auditory experiments confirmed the
importance of the correlation between




sintaining accurate coordination.

ﬁ another test of our hypothesis about
reafference we undertook to see
hat would happen when subjects
oked through prisms at a random
ne, lacking in the lines and curves
@hat provide normal visual cues. The
aight lines characteristic of normal
scenes loock curved when viewed
{hmugh a prism, When the prism is
smoved, such lines seern to curve in
the opposite direction. What it straight
&5 looked curved after a subject had
removed prism goggles thmu{,h which
 had viewed a raridem scene?
Qur hypothesis was that such an ef-

aved actively while viewing the ran-
i feld but not in those whose move-
ments were passive. 1f such a result oc-

cum'd we would have shown: that the

‘ “ean be altered by reafference. T his find-
gr would have the surprising mnphou
fon. that a motor Factor is involvediin a
fpmces'; traditionally regarded as purely

- visual. We would have! demonstrated in
another wvay the clase, one-to-one corre-

dence of 4 link “between -motor and
msua] nlE’Lh(mth in the central nervous
‘syntem.

{ pothesis consisted of a large drum that
had on its inside swface an irregular
1 amay of small spots. [see Hllustration on
1 page 911. These spots looked the same
7 W}iether viewed ‘with a prism or not.
| Each subject, before putting on prism

dirvatures by prisms appeared straight.
ggles on, the subject either walked

o a cart. He stayed in the drum for
alf an hour and then, after removing
4 the goggles, again took the test with the
{ fating of bars. Without exception the
i wctive subjects perceived uuvauue

{ Mraight, whereas the passive subjects
b Perceived little or none.
- Having established by these various

b decided to examine its role in the de-
Yelopment of visually controlled co-
Ordination in the pewborn. The contri-
b‘l!tion of experience to the development

vement and sensory feedback in |

act would be'produced in subjects who

43111{) ective geometry of the vigsual field

L lastion between movement and visual |
feedback zmd woild have further evi- |

Our apparatus for testing this, hy-

goggles and “entering . the drum, {was
tested for his perception of a vertical
line; we did this by having himn indicate
when a grating of bars given varying.

Thereafter, entering the druny with the

round in the drum or was transpor ted |

‘when looking at lines thut were actually -

¥ Means the role of reafference in adap-
L tation to clmnged seusory inputs, ‘we !

Why probe the structure
of the atomic nucleus?
Here's why

Los Alamos Scientific- Laboratory is at work on design of a linear accelerator
capable of producing 1 milliampere average current of 800 MeV protons.

With such an accelerator, a broad program of studies is possible.

For example, the proton beam could be used for studies in nucleon-nucleon
interaction and the study of nuclear structure. Meson probes could also study
what the ‘Bethe Paniel cills the most important problem in high ‘emergy
physics—the pion-pion interaction.

With a plentiful supply of mesons, we could make misic atoms in abundance,

produce meutrinos in an unsurpassed manner and provide a copious supply
of thermal neutrons—the “life-blood” of applied atomic energy programs.

Would you like to help in the planning stages for such an accelerator? We
need physicists iriterested in jon source development, slow ‘wave structure
synthesis, quadrupole magnet design, beam position and energy measure-
ment systems, beam transport calculations, beam buncher calculations and
construction.

Because of the unique nature of much of Los Alamos’ mission, employees
must be United States citizens.

Your inguiry will be held in confidence. Write Director of Personnel,
Section 65-110.

Thls is the second iin a ser s of ads featuring arl by
Alamos School System. This| painting is by Carolyn B, Wilder, who was
a senior at Los Alamos High School when it was painted.

An equal opportunity emplover f b
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| causes, inchuding pathological

of perceived space and of spatially ori-
ented behavior has Dbeen debated for
some centuries, During the past few
decades a number of experimental ap-
proaches to the issue have been made.
The technique most often used involves
depriving very young animals of sensory
contact with ‘the environment. It has
beeri hoped that the procedure would
decide whether or not sensory experi-
ence, as opposed: to maturation alone in
the absence of such experience. is re-
quired for the development of spatial
discrimination.

Efn certain species- of higher mammals,
including man, various forms of visual
deprivation ranging from total absence
of light to mere absence of g gross move-
ment ina normally illuminited envi-
ronment have all resulted in deficiencies
in visually guided behavior.” Unfortu-
nately these deficiencies are ot easily
interpreted. They can be attributed, at
least in part, to several alternative
changes
in the anatomy of the retina and its pro-
jections to the brain. Since our findings
im‘]ﬂicatm] 1110\'ement»pmdwcred stimu-
lation; they enabled us to test this factor
without depriving animals of normal
visual stimulation.

The experiments my colleague Alan
Hein and 1 have performed to study the
rliest development of vision originated
nn “observations . made by Austin H.
n of the University of California at
deand his collaborators. Riesen’s

wesearch demonstrated that kittens re-

ained from walking from the time of
earliest exposure to light develop
matked deficienicies in the visual control
K)e}m\ ior. compared with unrestrained
s reared normally. The deficien-
lesen’s animals miy have re-
il either from: the lack of varia-
in” visual stimulation, “which was
the explanation he: preferred, or from
the lack of visual stimulation correlated
with movement] which was our own hy-
pothesis. ‘
To decide between these altematives
we devised an apparatus in which the
gross movements of a kitten moving
more or less normally were-transmitted
to a second kitten that was carried in
a gondola: {see llustration on-page 85].
These gross movements included turns
to left and right, circular progress
arownd the center post of the apparatus
and any up-and-down motions made by
the first kitten. The second kitten was
allowed to move its head, since prior ex-
perimenters had reported - that head
movement alone was not sufficient to

produce normal behavior in kittens, ap
it could also move its legs inside tha
gondola, Both kittens received essential..
Iy the same visnal stimulation because:

the pattern on the walls and the centey -

post of the qlppamtuq was unvarying,

Eight pairs of kittens were reared i
darkness until the active member of
each pair had enough strength and co.
ordination to move the other kitten in
the apparatus; the ages at which thag
state was attained ranged from eight to
12 weeks. Two other pairs were exposed
to pattenwd ]iq,ht for three hours a day
between the ages of two and 10 weeks;
during exposure they were in a holder
that prevented locomotion. Thereafter
all 10 paivs spent three hours a day in
the apparatis under the experimental
condition; when' they were not in the
apparatus, they were kept with their
methers and littermates in unlighted.
cages.

After an average of about 30 hours
in the apparatus the active member. of
each pair showed normal behavior in
severa! visnally guided tasks: It :blinked
at-an approac nng object; it put out'its
forepaws as if to ward off collision when
gently carded downward toward a- sur-
face, and it avoided the deep side of a.,
visual - chiff—an apparatus I’ which two
depths, one shallow and the other a
sharp dvop, appear beneath i sheet -
of glass [sce “The Visual CHff, " by
Eleanor:J. - Gibson and Richard D. Walk;
ScixTiFic - AMERICAN, April,  1960].
After the same period of exposure each
of the passive kittens failed to" show
these types of ‘behavior, The :passive
kittens did, however, develop such types
of belmw(n within days after they were
allowed: to run about in a nonmal en-
vironment,

‘Hn sum, the experiments 1 have de-
- scribed have led us to conclude that -
the correlation entailed in the sensory
feedback © accompanying  movement—
reafferénce~plays a vital role/in percep-

tual admpmh(m It-helps the newbom to

develop motor coordination; it figures
in the adjustment to the changed rela-
tion: between afferent and efferent
signals resulting from growth; it oper-
ates in. the maintenance of normal co-
ordination, and it is: of major lmportance
in coping with altered visual and audi-
tory inputs. The importance of the
correlation’ in all: these functions has
been revealed by experiments that
tamper with its normal operation. In
the process these experiments have un-
covered 2 fundamental role ' of thﬁ
motor-sensory feedback loop.




