
25 October 1963, Volume 142, Number 3591 

Plasticity in Hum; 
Sensorimotor Contr 

Studies of disordered motor-sensory feedback ra 

questions about man's coordination in outer spa 
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Can man function effectively, let 
alone survive, in the exotic environ- 
ments to which the astronaut will be 
exposed? The answers promise to be 
of scientific interest as well as practical 
consequence. Optimistic forecasts have 
been made of man's ability to perform 
efficiently in outer space for indefinite- 
ly long periods. These predictions have 
generally been based upon observations 
of human adaptability to the many and 
diverse circumstances found above, be- 
low, and on the surface of the earth. 
Some of the conditions to be encoun- 
tered in space have been simulated by 
existing equipment on earth, and their 
consequences for human performance 
have been tested. Other conditions can- 
not be so directly tested, and informed 
speculation becomes necessary. For ex- 
ample, the effects of gravity have been 
reduced to zero for periods of less than 
1 minute in aircraft flying Keplerian 
trajectories; subgravity states of longer 
duration have been achieved only in 
space vehicles. But even in the space 
flights of long duration astronauts have 
not yet experienced prolonged periods 
of free movement at zero gravity. For 
this condition, we make a less optimistic 
forecast, based upon recent analyses of 
sensorimotor function. 

Dr. Held is professor of experimental psychol- 
ogy in the psychology section of the Massachu- 
setts Institute of Technology, Cambridge; Dr. 
Freedman is research associate and lecturer at 
the Institute for Psychological Research, Tufts 
University, Medford, Mass. 
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A rearrangement experiment with a 
human subject was first reported by 
Helmholtz, who viewed both his hand 
and other objects through a wedge 
prism (7). Because of the refraction of 
light, an object viewed through the 
prism appears displaced with respect to 
the position in which it would normally 
be seen by the naked eye. If the viewer 
reaches quickly for the object, he tends 
to miss it by an error equal to the op- 
tical displacement. However, as Helm- 
holtz demonstrated, repeated efforts at 
reaching for the object result in com- 
pensation for this error and (equally 
important) in an error of the opposite 
direction upon removal of the prism. 

To test the role of motor-sensory 
feedback in compensation for this clas- 
sic form of rearrangement of eye-hand 
coordination, a procedure has been 
used as follows (8). During the period 
in which the subject viewed his hand 
through the prism (Fig. 1, P), his arm 
was strapped to a lever that pivoted 
around a bearing at his elbow, as shown 
in Fig. 1 (right). His head was held 
fixed by a bite board (not shown in 

Fig. 1). Under one condition of view- 

ing ("active movement") he moved his 
arm back and forth through the field 
of view, to the beat of a metronome 
(30 cy/min), for several minutes. Un- 
der a second condition ("passive move- 
ment") he kept his arm limp while it 
was moved in the same manner and 
for the same period by an external 
force. Before, and again after, viewing 
his hand through the prism, the subject 
repeatedly marked the apparent loca- 
tions of the virtual images (T' in Fig. 
1). To him, these images of target 
points (T) appeared to lie on the sur- 
face under his hand when he saw them 
in the fully reflecting mirror (M). The 

mirror obscured both the subject's hand 
and his markings and consequently kept 
him from recognizing his errors. Com- 
parisons made before and after the initi- 
ation of passive movement showed that 
the subject had not shifted the mark- 
ings after periods of passive movement 

ranging up to half an hour. However, a 
few minutes of active movement pro- 
duced substantial compensatory shifts, 
and many subjects showed complete 
compensation within half an hour after 
the initiation of active movement (9). 
Although the passive-movement condi- 
tion provided the eye with the same 
optical information that the active- 
movement condition did, the crucial 
connection between motor output and 
visual feedback was lacking. 

Other techniques, similar to this pro- 
cedure for analyzing Helmholtz's ex- 
periment in terms of motor-sensory 
feedback, have been used to show the 
relevance of the movement condition 
for adaptation to many other types of 
rearrangement. To this end, Held and 
his collaborators have studied the ef- 
fects of increasing the optical distance 
between hand and eye (10); of intro- 

ducing locomotion during displacement 
of the visual field by wedge prisms (11, 
12); of rotating the visual field by 
means of right-angled prisms (13); of 
inducing intrafield distortions by means 
of flat wedge prisms (14); and of "dis- 
placing the ears" to new positions with 
respect to the head by means of elec- 
tronic pseudophones (15). In any of 
these rearrangements, the subject initi- 
ally makes an error, in either a localiz- 
ing response or a measure of spatial 
perception, that is predictable from the 
magnitude of the imposed displacement 
or distortion. However, in accord with 
our findings in the experiment de- 

TEST EXPOSURE 

Fig. 1. Apparatus for rearranging eye-hand coordination and for testing the con- 

sequences of such rearrangement. 
456 

scribed, if he is allowed free movement 
either of his whole body, as in locomo- 
tion, or of an appropriate limb, he will 
compensate for the initially induced er- 
ror. If restrictions are placed on his 
movements or if parts of his body are 
moved by an external force in such a 
way that the variation in sensory stimu- 
lation is equivalent to that received 
with free movement, there is no com- 
parable adaptation. Some adaptation 
may be produced by factors other than 
motor-sensory feedback. But such fac- 
tors, insofar as their effects have been 
explored, seem to lead to changes that 
are limited as compared to the full and 
exact compensation that can be demon- 
strated on sufficiently long exposure to 
conditions of rearrangement accom- 
panied by free movement (9, 11-13, 
15). 

Demonstration of complete compen- 
sation is of crucial importance in 
bridging the gap between adaptation in 
the adult and original development in 
the newborn infant. When it can be 
shown that adaptation proceeds to a 
stable end state which corresponds to 
accurate orientation in the environ- 
ment, then it is conceivable that the 
same process operates in the develop- 
ment of coordination in the newborn 
infant. A recent study has in fact dem- 
onstrated the importance of motor-sen- 
sory feedback for the course of visual 
development from birth. The research 
was suggested by work of Riesen and 
his collaborators (2), who had previ- 
ously demonstrated deficits in the visu- 
ally-guided behaviors of cats and a 
chimpanzee reared from birth under 
conditions of restricted mobility when 
in the light. Following this lead, Held 
and Hein reared paired kittens under 
conditions such that, when the animals 
were in the light, only one of them was 
allowed to move about, the other being 
transported over an almost identical 

path (16). By this means the two kit- 
tens were provided with equivalent vis- 
ual stimulation. The results showed 
that the kitten which was transported 
failed, in contrast to its actively moving 
mate, to develop normal visual-spatial 
capacities, despite its exposure to the 

patterned and varied visual surround. 
From these findings we conclude that 
the information entailed in the motor- 

sensory feedback loop allows the sen- 
sorimotor system both to set (as in de- 
velopment) and to reset (as in adapta- 
tion to rearrangement) its response 
characteristics as a consequence of its 
own past actions. 
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Motor-Sensory Correlation 

The crucial role of natural move- 
ment in adaptation to rearrangement 
and in the development of the newborn 
infant hints at the importance of the 
correlation between motor output and 
sensory feedback signals. How is this 
factor implicated? For an answer, we 
must look more closely at the normal 
relation between movement and sensory 
feedback and at the effects of trans- 
forms of this relation. 

In the case of eye-hand coordina- 
tion, the geometry of movement spec- 
ifies that each distinguishably different 
movement of the hand will be accom- 
panied by a unique change in the view- 
er's image of that hand, provided that 
variations in the positions of eye and 
head are discounted. If these variations 
are not discounted, the function that 
relates movement of the arm and hand 
to its visual feedback will contain pa- 
rameters whose values specify different 
positions of the eye and head. Informa- 
tion concerning these positions-hence 
the values of the parameters-is avail- 
able to the nervous system. For any 
set of parameter values, viewing the 
hand entails a one-to-one relation be- 
tween movement and visual feedback. 
During the course of a large number 
of movements the nervous system may 
take account of the internally initiated 
efferent signals to the musculature, to- 
gether with their concurrent visual 
feedback. Within the limits of precision 
afforded by the transfer of information 
within the neuromuscular system, the 
one-to-one relation between movement 
and its sensory feedback will allow the 
system to establish and store the corre- 
lated information. When, as in the ex- 
periment described, the hand is viewed 
through a wedge prism, it is displaced 
from the normal position by a fixed 
distance. Although any particular move- 
ment is now accompanied by a different 
feedback, the one-to-one relation be- 
tween movement and sensory feedback 
is preserved. During the course of fur- 
ther movements of the arm and hand, 
the newly correlated information be- 
comes available to the nervous system. 
This invariant order is, we believe, re- 
sponsible for adaptation to the prism 
transform. 

Full compensation for the errors in 
visual direction (egocentric localiza- 
tion) induced by a wedge prism appears 
to require gross movement of the head 
and eyes in a patterned and visible 
surround (11, 12). These movements 
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make the analysis of the relation be- 
tween motor output and sensory input 
more complicated than is the case for 
eye-hand coordination. Let us consider 
a bodily movement which transports the 
eye through an environment containing 
stationary objects. The initial position 
and subsequent displacement of the eye 
geometrically determine certain proper- 
ties of the ensuing stimulation of the 
retina of that eye-those that Gibson 
has called the "flow patterns" (17). 
When the eye rotates about an axis 
through its center (its nodal point, to 
be exact), all imaged points move 
across the retina at the velocity of ro- 
tation of the eye. When the eye trans- 
lates toward an external point that casts 
its image on the retina, all other imaged 
points move radially outward from this 
central image point originating on the 
line of translation. For every different 
direction of translation, the center of 
radial flow is different. There is, then, 
a one-to-one relation between the di- 
rections of translational movement and 
the corresponding centers of flow pat- 
terns on the retina. 

A wedge prism, fixed in its position 
with respect to the eye, shifts the center 
of flow normally characteristic of any 
given translational movement by an 
amount equal to the prism-induced dis- 
placement of the central image point. 
The one-to-one relation between direc- 
tion of translation and center of flow 
pattern is maintained. The prism trans- 
form is isomorphic with respect to this 
relation, a condition that we believe is 
consistent with the observation that 
translational movements of the eye are 
required for complete compensation of 
the errors in direction-finding induced 
in a subject by wearing a wedge prism 
(11, 12). 

The foregoing considerations apply 
to the movements of a disembodied eye. 
However, translational movements of 
the eye are naturally produced by 
movements of the head, trunk, and 
limbs. Movement of the eye is medi- 
ated through the various linkages that 
connect it to these parts of the body. 
Rotational displacements of the eye, 
however produced, can change the re- 
lation between translational movements, 
as normally produced, and their con- 
sequent visual feedback. The function 
relating translational movement to vis- 
ual feedback then contains parameters 
which have different values for each 
set of states of the various linkages re- 
sponsible for rotations of the eye. In- 
formation about the positions of these 

linked parts must be available to the 
central nervous system if the effects of 
rotation are to be factored out. 

Fixed displacements of the "ears" 
around the cephalocaudal axis of the 
head, produced by means of pseudo- 
phones, transform the relations between 
translational movements of the head 
and binaural acoustic signals in a man- 
ner analogous to the changing of the 
relations between head movements and 
visual signals by a wedge prism. Al- 
though the pairing of directions of 
translation and particular sequences of 
auditory stimulation is changed, the 
one-to-one relation between members 
of these pairs is preserved. As in visual 
direction-finding, rotational displace- 
ments of the head must be represented 
by parameters of the function relating 
translational movement and auditory 
feedback. 

Full and exact adaptation to a re- 
arrangement represents a change in 
state of the relevant sensorimotor con- 
trol system such that the input-output 
or stimulus-response relation becomes 
identical to that which existed prior to 
rearrangement. In accord with analyses 
of the type discussed earlier, we believe 
that this change in state is dependent, 
in the first instance, upon an invariance 
of relations in the functions describing 
movement with its consequent sensory 
feedback. The invariance is entailed in 
idealized geometrical and physical de- 
scriptions of the effects of rearrange- 
ment. These descriptions, together with 
several assumptions, account for the 
availability of ordered information to 
the nervous system. On the motor side, 
the system must be informed of its own 
output and of the changes in linkages 
that set the values of parameters in the 
feedback loop. The precision of trans- 
fer of information in the neural route 
between the origin of efferent signals 
and the muscular output sets limita- 
tions. Similar limitations exist on the 
sensory side. Observations of the pre- 
cision of normal sensorimotor coordi- 
nations strongly suggest that these limi- 
tations are not severe. In any event, to 
the extent that these transfer functions 
are stable in time, repetitions of specific 
efferent signals may, subject to certain 
considerations that are discussed later, 
be accompanied by characteristic sen- 
sory feedback signals [called "reafferent 
signals" by von Hoist (4)1. Over time, 
the cumulated set of paired efferent and 
reafferent signals should, then, show a 
high correlation. The correlated infor- 
mation is, we believe, necessary for the 
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TEST EXPOSURE 

Fig. 2. Apparatus for disarranging eye-hand coordination and for testing the conse- 
quences of such disarrangement. 

development and maintenance of the 
plastic coordinations under normal con- 
ditions and for their adaptability to the 
transforms produced by rearrangement. 

Decorrelated Feedback 

In asserting that reafferent stimula- 
tion is predictable from bodily move- 
ment in general, and is related in one- 
to-one fashion to certain components 
of movement, we made two presuppo- 
sitions about physical aspects of the 
interaction between organism and en- 
vironment. (i) We assumed that the 
observer moves in a world well popu- 
lated with stationary sources of stimu- 
lation. (ii) We assumed that output 
(efferent) signals in the central nervous 
system and their consequent muscular 
contractions produce the same bodily 
movements on all occasions. In other 
words, the exertion of force by mus- 
cular contraction was assumed to yield 
consistently predictable movements of 
the body and its parts. Under normal 
conditions of terrestrial life, including 
those that obtain during most rear- 
rangement experiments, both of these 
assumptions are tenable. The visible 
world, for example, is crowded with 

objects of which a great proportion are 
stationary. Bodily movements are, for 
the most part, the resultants of muscu- 
lar exertion against the counterforces 
of objects and gravity. Frictional 
forces generated by contact with ob- 
jects strongly dampen these movements 
and inhibit ballistic motion. Muscular 
exertion, then, normally does produce 
corresponding bodily movement. Taken 
together, these physical conditions en- 
tail the redundant information required 
for the establishment of the correlation 
of signals discussed earlier. An excep- 
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tion can occur when the body or any 
of its parts is prevented from making 
contact with external objects. Muscular 
contraction may then be unrelated to 
certain aspects of bodily movement. But 
such exceptions are rare. Men do not 
fly through the air, unsupported, for 
any appreciable length of time. The 
strongest impulse that can be generated 
by the human musculature is insuffici- 
ent to keep a man's body in the air and 
out of contact with objects for more 
than a fraction of a second. Even the 
trampoline artist does not remain in the 
air longer than about 11/2 seconds. 
Consequently, we can normally expect 
a high order of predictability, that is 
invariant over time, in the relation be- 
tween particular efferent and reafferent 
signals in the nervous system. However, 
either one or both of our presupposi- 
tions may become untenable in extra- 
terrestrial environments. 

Consider, for example, the astronaut 
in free flight. If he is not strapped 
down but is free to push on objects, 
the consequent displacement of his 
body will be limited only by renewed 
contact with obstructions. During this 
ballistic movement, muscular effort 
may produce movement of parts of the 
body around its center of mass but will 
not change the trajectory of this center. 
The result may be a radical change 
from the high correlation between mo- 
tor output signals and their sensory 
consequences that is experienced on 
earth. In the absence of specially im- 
posed constraints, the relation between 
motor output and accompanying sen- 
sory input may vary, over time, in a 
very complex manner. The same con- 
sequence would be produced if the nor- 
mal environment were to be replaced 
by one of continuously shifting visible 
objects, such as are seen on a "noisy" 

television screen. We have speculated 
elsewhere (6) that this condition may 
be approximated by a blank visual field 
which allows noise intrinsic to the vis- 
ual nervous system to become the dom- 
inant signal. Prolonged exposure to 
either a blank or a noisy visual field 
(sensory deprivation) alters spatial per- 
ception and coordination. But can we 
suggest an analog to the astronaut's 
condition that is less speculative-one 
that can lead to terrestrial experiments? 

A rearrangement such as is effected 
either by placing wedge prisms before 
the eyes or by using pseudophones 
transforms the relation between motor 
output and sensory feedback in an iso- 
morphic, continuous, and time-inde- 
pendent manner. Exposure in the nor- 
mal environment leads to adaptation to 
the rearranged condition, with its corol- 
lary of temporary maladaptation upon 
return to the former, nonrearranged 
state. Suppose, however, we introduce 
a time-varying factor into the external 
circuit of the feedback loop-one over 
which the central nervous system has 
no control. This is, in principle, the 
condition to which our floating astro- 
naut is exposed. The normal relation 
between certain efferent and reafferent 
signals may then become more complex 
and even unpredictable. In time, the 
cumulated pairs of signals should show 
a reduced correlation. Considera- 
tions such as those we have discussed 
led us to suspect that in time the state 
of the system might be changed so as 
to produce increased ambiguity of re- 
sponse to relevant sensory signals. For 
convenience, we have termed the im- 
posed condition "disarrangement," in 
contradistinction to rearrangement (see 
11). We have performed disarrange- 
ment experiments in both visual and 
auditory domains to learn the conse- 
quences of such time-varying trans- 
forms in the motor-sensory feedback 
loop. 

Visual-Motor Disarrangement 

Because of its great lability, the 
system for eye-hand coordination 
lends itself to rapid testing of the con- 
sequence of introducing a time-varying 
parameter. For the purpose, a prism 
of variable power P was introduced 
between eye and hand in the course 
of the experiment, as shown schemati- 
cally in Fig. 2 (right). Actually, the 
subject had in front of each eye a 
rotary prism consisting of two wedge- 
shaped elements of equal power that 
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rotated at equal speeds but in opposite 
directions around the line of sight. The 
prisms were coupled together so that 
their powers could be maintained equal 
and no large binocular differences 
would be introduced. The device pro- 
duced a continually varying displace- 
ment of the seen location of the sub- 
ject's hand-a displacement independ- 
ent of the movements of the hand it- 
self. The displacement was cyclical, 
ranging equally to the left and right 
and back along the effective base-apex 
axis of the prism, at 1 cycle per min- 
ute. The axis could readily be changed 
so that the displacements occurred in 
the up-down direction. Measurements 
of eye-hand coordination were made 
before and after the periods of time- 
varying displacement in order to assess 
the effects of the displacement. The 
measurements were made in the ap- 
paratus shown in Fig. 2 (left). The 
test procedure was identical to that de- 
scribed in connection with Fig. 1 
(left). 

Figure 3 shows the markings made 
by one subject in two separate 64- 
minute sessions in which either up-down 
or right-left displacement was produced 
by a prism of varying power (maxi- 
mum, 40 diopters). This subject had 
been instructed to move his forearm 
and hand back and forth over a small 
arc while he viewed it through the 
prisms. The most apparent change in 
the markings after introduction of the 
rotary prism was an increase in the 
dispersion of the markings along the 
dimension of optical displacement in- 
duced by the prisms. These markings 
show significant changes neither in dis- 
persion at right angles to the induced 
displacement nor in the mean posi- 
tions (centroids) of the group of marks. 
Furthermore, observations of succes- 
sive markings revealed no tendency 
toward cyclical variation of position 
such as might be produced if the peri- 
odicity of the displacement cycle had 
somehow been learned by the subject. 

The reduction of accuracy in eye- 
hand coordination implies that the 
control system has been degraded in 
the dimension specific to the time- 
varying parameter. This specificity af- 
fords an experimental control for test- 
ing the possibility that the increase 
in the dispersion of marks might re- 
sult from fatigue alone, since such an 
effect should not be restricted to one 
dimension. The result is consistent 
with expectations derived from the 
considerations discussed, but it suggests 
the more stringent test in which re- 
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suits obtained under conditions of ac- 
tive and passive movement are con- 
trasted. The basic findings prompted us 
to perform several experiments (18), 
of which the following is a representa- 
tive sample. 

Tests were made with eight under- 
graduates, two male and six female. 
Each subject was tested under four 
different experimental conditions, the 
order of the four tests being different 
for each subject. Two base settings 
of a variable prism with maximum 
power of 301 diopters were used: the 
effective base-apex axis (equivalent to 
the direction of optical displacement) 
was set at either the right-left (R-L) 
or the up-down (U-D) position. Each 
of the two prism settings was com- 
bined with either an active or a pas- 
sive movement of the arm. To insure 
that movements of the arm and hand 
were equivalent, and hence gave equiv- 
alent visual information to the eye un- 
der all viewing conditions, the subject 
was allowed to move his arm only 
in accordance with the procedure de- 
scribed for Fig. 1. Test markings were 
made before exposure to the conditions 
of the experiment and 8, 16, 32, 48, 
and 64 minutes, respectively, after the 
beginning of such exposure. 

The averaged percentage increases in 
the standard deviations of the markings 
for all subjects under all conditions 
are shown in the semilog plots of Fig. 4. 

The standard deviations were calcu- 
lated separately for the R-L and U-D 
dimensions. From these graphs it is 
apparent that the dispersion of mark- 
ings increased along the dimension of 
variation during viewing with ac- 
tive movement but not during viewing 
with passive movement. The passive- 
movement condition yielded no signifi- 
cant increase in dispersion along the 
dimension of variation, and the increase 
that occurs along the R-L dimension 
under the condition of U-D setting and 
passive movement appears to be un- 
related to duration of exposure to the 
testing conditions. Statistical tests of 
the changes in dispersion after 64 min- 
utes of exposure showed that the two 
base settings of the prism and the ac- 
tive-movement, as opposed to the pas- 
sive-movement, condition had signifi- 
cant effects (19). 

Auditory-Motor Disarrangement 

The separation of the two "ears" re- 
sults in detectable binaural differences 
in the time, phase, and intensity of 
the sound coming from any localized 
sound source. Although localization of 
the source is possible without move- 
ment, the listener will ordinarily move 
his head or his whole body in relation 
to the sound source for greater ac- 
curacy. We tend to turn our faces in 
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the direction of one of two telephones 
to make sure which one is ringing. We 
rotate the head until there are no 
differences in the sound as detected by 
the two ears. This "nulling" is possible 
only because the listener's movement 

produces systematic changes in the bi- 
naural differences (20). The use of this 
correlated motor-sensory information in 

auditory discrimination is analogous to 
its use in visual-spatial discrimination. 
And, as in the case of vision, the 
same information is responsible for 

adaptation to rearrangement (15). Con- 
sequently, the introduction of a time- 

varying parameter into the motor-sen- 

sory feedback loop should have an 
effect similar to that described for 
visual-motor disarrangement. 

Discrimination of dichotic time dif- 
ference (the difference in time of ar- 
rival at the two ears of corresponding 
acoustic signals) was chosen as the cri- 
terion task because of its importance 
in auditory direction-finding. Sub- 
jects were exposed to white noise, 
from separate but equivalent sources, 
which stimulated the two ears under 
various conditions of motility. This 
stimulation produces rapidly changing 
dichotic time differences whose tempo- 
ral distribution is complex 'and unre- 
lated to the actions of the subject. Dur- 
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U-D ACTIVE Jeffress and Taylor, in a recent study 
~~-'""~ . (22), demonstrated that there are no 

0-o-0 U-D essential differences, and they claim 
- 

DISPERSION that the two tasks involve identical 
_~- ~~~- ~processes. 

The principal comparison made was 
,/- rbetween results of sessions in which 

--_ o/: subjects walked up and down a busy 
/ corridor during exposure to the white 

-- t/ noise and sessions during which they 
/ lay relatively motionless on a bed. 

0-.--. * After exposure to the ambulatory con- 
/ dition, the subjects' ability to discri- 

-*-- ~.-/ * minate minute differences in the time 
... \ of arrival of the sound at the two ears 

8 16 32 64 deteriorated very significantly. The 
'OSURE mean variability of judgments (standard 

U-D PASSIVE deviations) increased 104 percent after 
1 hour, and then declined to 79 after 

- "* \ /^^ ^ "2 hours, of exposure. On the other 
*_ ^hand, the subjects' performance did 

p not deteriorate when bodily movements 
----,, -- - / were restricted; mean variability de- 

' . o---- creased 2 percent after 1 hour, and 
I \ l 5 percent after 2 hours, of exposure 

?bI-- ~ \ ----1--i(23, ). 

iged eye-hand coordination in con- Using the techniques described, 
;ht-left (R-L) and up-down (U-D) Freedman and Secunda (24) attempted 

to analyze the particular components 
of gross bodily movement which are 
responsible for the deterioration in 

i extended period of such ex- performance during exposure to this 
a variety of time differences auditory disarrangement. They found 

>ccur simultaneously with any that (i) either rotation of the whole 
liar movement made by the body or simple rotation of the head, 
t. The efferent-reafferent correla- without translation, during exposure 
lould thus be reduced, with con- to dichotic white noise led to deteriora- 
it loss of accuracy in localization. tion in discrimination not significantly 
test the importance of motility different from that produced with free 
expected degradation of the abil- ambulation; (ii) the effect occurred re- 
discriminate dichotic time differ- liably within 1 hour; (iii) full recov- 
12 male college students were ery after exposure occurred within half 

.s subjects. They were trained to a an hour. 
level of performance in the dis- These results are all consistent with 
ation task and were then exposed the effects of exposure to decorrelated 
hours to continuous stereophonic feedback. They led us to make further 
noise under different conditions experiments to compare the effects on 
vement. The subjects were tested auditory discrimination of active and 

exposure and after 1 and 2 passive movement. 
of exposure, by means of a Having isolated rotation as a con- 

lure described in detail elsewhere dition sufficient to produce the audi- 
Briefly, it was as follows. The tory effects previously measured, we 
t reported the apparent lateral have been able to make separate 
ion (left or right) of paired experiments to compare the effects of 
delivered to opposite ears with the active and passive conditions for 
but varied time differences. The either rotational or translational move- 
thresholds of discrimination of ment. In the active-rotation condition 

e in the apparent direction of the the subject turned his head back and 
provided a measure of variability. forth around a fixed cephalocaudal 
question may be raised as to axis in a timed sequence of move- 
ler localization of the apparent ments. In the passive-rotation condi- 
e of sounds coming to the ears tion he sat in a chair on a swiveled 
ay of earphones is equivalent to platform which was rotated by the ex- 
zation of an external sound source. perimenter through the same sequence. 

SCIENCE, VOL. 142 

0 
(0 

z 
0 

LLI 
a- 
(I) 
O 

z 

w 
m 

ir 

C-) z 
w 

(D 
z 
(-) 

w a- 



In the translational-movement condi- 
tion he either walked or was transported 
in a wheel chair up and down a long 
corridor. In all conditions he wore 
earphones producing white noise. As 
in the visual-motor experiments, pas- 
sive movement did not produce signifi- 
cant changes in performance during 
long exposure (1 hour); active move- 
ment was necessary for the degrading 
effect (25). After active movement, 
either rotational or translational, the 
variability (standard deviation) of 
judgments increased 41 percent; after 
passive rotational movement the varia- 
bility increased 1 percent; after passive 
translational movement it decreased 5 
percent. 

Discussion 

Prolonged exposure to conditions of 
decorrelated feedback clearly degrades 
the accuracy of response in both of 
the sensorimotor coordinations that have 
been studied. The differential effect of 
active movement as opposed to pas- 
sive movement (or to no movement) 
is striking. In the absence of active 
movement, degradation does not oc- 
cur. To the extent that an astronaut 
is exposed to decorrelated feedback, de- 
graded performance on relevant tasks 
can be expected. Such losses may be 
prevented-and perhaps have been- 
by restricting bodily movement during 
exposures that entail the physical 
changes responsible for decorrelation. 

Self-produced bodily movement, 
with its concurrent sensory feedback, 
provides an order required for organ- 
izing and reorganizing plastic sensori- 
motor systems. The experimental 
techniques of rearrangement and dis- 
arrangement have been used to per- 
turb these systems. They have revealed 
some of the conditions that determine 
the response characteristics of the sys- 
tems. These findings have a bearing 
on original development, as well as on 
the maintenance of behavioral capa- 
cities in higher mammals. We can 
understand the plasticity of these sys- 
tems by thinking of them as having 
built-in programs that will produce 
precise sensorimotor coordination pro- 
vided certain quasi-constant values 
have been set by information available 
from the motor-sensory feedback 
loop. Normal contact with the environ- 
ment provides the highly correlated in- 
formation that sets close bounds to 
the range of values of these constants. 
25 OCTOBER 1963 

Contact during rearrangement alters 
the values of the constants but does 
not change the range of their variation. 
However, any condition that tends to 
disorder and decorrelate the informa- 
tion entailed in the relation that nor- 
mally exists between motor output and 
contingent sensory input will increase 
the range of values of some constants 
and yield the degrading effect shown 
experimentally. 

Both adaptation and degradation can 
be defined in the terms discussed. 
The adaptation of the sensorimotor 
system is optimal when the con- 
stants are not significantly different 
from those currently inferable from 
the transfer of information through 
the motor-sensory loop. The adaptation 
will be less than optimal to the ex- 
tent that this condition is not met. 
Since a history of exposure sets the 
values of the program constants, adap- 
tation inevitably lags behind transforms 
in the loop. From this point of view, 
the increasingly variable responses pro- 
duced by exposure to a time-varying 
transform in the loop represent an 
adaptive trend. The increasing range of 
values of the program constants is made 
evident by degraded coordination in 
tests carried out under stable conditions, 
which, in our experiments, are repre- 
sented by the measuring conditions. 

This discussion reflects the truism 
that an organism's adaptation is re- 
lated to the regularities of its world. 
Perhaps less obvious is our conclusion 
that the stimulus transforms that ac- 
company the movement of an organ- 
ism are an important source of order 
in adaptation. This order is, in turn, 
dependent upon the quasi-constancy of 
several physical factors, among which 
is gravitation. In the absence of one 
or another of these factors, coordina- 
tions which depend upon their regu- 
larizing influence will, in time, be lost. 

Summary 

The maintenance and development 
of sensorily guided behavior depend in 
part upon bodily movement in the nor- 
mal environment. Ordered information 
entailed in the motor-sensory feed- 
back loop is responsible for the stable 
functioning of the plastic systems of 
coordination. It is found, from the 
results of experiments on vision and 
hearing, that the introduction of dis- 
order into the motor-sensory loop 
changes the state of these systems and 

makes performance imprecise. In space, 
a freely moving astronaut will be ex- 
posed to a condition analogous to that 
of the subjects of these experiments. 
Consequently, he may lose his ability 
to perform certain tasks requiring pre- 
cise sensorimotor control (26). 
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I want to take this opportunity to ex- 

press some concerns about colleges and 
universities, about the people who ad- 
minister them, and about the people 
who teach and do scholarly work in 
them. 

These concerns have their origin 
in the fact that our universities and 
the people in them are being used, in 
this period since World War II, as 
instruments of national policy at home 
and abroad. National policy requires 
that we solve the necessary problems 
to attain two major goals: (i) to 
maintain or improve our position in 
the scientific, technological, economic, 
ideological race with the Soviet Un- 
ion; (ii) to maintain our democratic 
institutions and a sound economy at 
home. 

The first of these goals appears to 
mean a number of things: (i) provid- 
ing and maintaining a military capabil- 
ity which is adequate to insure our 
defense and security and is never per- 
mitted to become obsolete; (ii) provid- 
ing financial and technical aid for im- 
proving agriculture, industry, and edu- 
cation in uncommitted but underdevel- 
oped countries; and (iii) maintaining 
a position of national prestige in such 
things as space exploration, space travel, 
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high-energy physics, and the peaceful 
uses of fission and thermonuclear en- 
ergy. 

The second goal means a number of 
things: (i) preventing a rapid rate of 
inflation; (ii) maintaining such a rate 
of economic growth as will further 
improve our standard of living and 
will provide full employment; and (iii) 
providing the educational opportunities 
desired by our expanding population 
and necessary to the attainment of our 
other national goals. 

I presume Americans are almost 
unanimous in support of the national 
goals I have mentioned. They are 
less than unanimous about the things 
which are essential to attain these goals, 
and they are far from unanimous, 
oftentimes acrimonious, when it comes 
to setting priorities or making choices 
among activities and enterprises which 
compete for dollars and for our most 
competent manpower. 

In all of this the universities have 
found themselves "in the middle" be- 
cause the various urgent demands made 
upon them and their people are often 
mutually inconsistent and often are 
of such nature that they force the uni- 

versity community to depart from its 
proper role in society, the role in which 
it is best qualified to serve society. 

At the same time that the colleges 
and universities are being required to 
provide higher education for twice as 
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At the same time that the colleges 
and universities are being required to 
provide higher education for twice as 

many young men and women, to pro- 
duce twice as many scholars and pro- 
fessional people educated to high levels 
of competence in their graduate and 
professional schools, and to undertake 
very substantial research programs for 
government departments and agencies, 
the government is calling upon the uni- 
versities to give full-time leave to a 
very large number of their best people 
so that they may serve in government 
posts at home or in the multitude of 
foreign-aid projects which we support 
in the underdeveloped countries. And 
the government is calling upon the 
universities to give a host of others 
part-time leave to serve on advisory 
committees and panels too numerous 
to mention. This has thrown the col- 
leges and universities into such stren- 
uous competition for talent that any 
university determined to maintain the 
quality of its programs finds its edu- 
cational costs rising a good bit faster 
than the price level, even when size is 
maintained constant. That the colleges 
and universities are faced with a finan- 
cial problem of great magnitude is 
obvious. Higher education now costs 
us about $4.5 billion annually. By 1972 
we are supposed to double our enroll- 
ments. Thus, costs may be expected 
to rise to about $9 billion because of 
size alone. If one includes even a 
conservative factor for inflation and the 
highly competitive market for faculty, 
the bill most certainly will be $11 or 
$12 billion by the 1970's. 

The more fundamental problem 
(and I worry about it more than the 
money problem), both for the univer- 
sities and the nation, is the competition 
that has been engendered for the very 
highly trained and creative individ- 
uals who comprise the faculties of our 
universities. How this precious talent 
is used will probably be the most im- 
portant single determinant of whether 
or not we shall achieve our national 
objectives in the long run. It is a 
question too important to be decided 
on the basis of short-term propaganda 
victories; it is a question to which the 
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