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Glossary
Accommodation Change in focus of the lenses, normally
accompanied by a vergence eye movement.
Conjugate Both eyes moving with the same speed and
direction at the same time.
Extraocular Outside the eye, usually referring to the six
muscles that move the eye.
Fixation Steady gaze at an object or texture in the visual
world, maintained by compensatory eye movements.
Fovea The retina’s area of best detail and color vision, at the
fixation point.
Microsaccade A small, abrupt eye movement taking place
during fixation.

Oculomotor Referring to the muscles that move
each eye, and the neurological system that
controls them.
Pursuit Smooth, conjugate eye movements that track
objects on the fovea.
Saccade A rapid change of visual fixation from one point to
another, accompanied by a suppression of vision.
Vergence A horizontal rotation of the eyes toward or
away from one another, to track targets in the
third dimension.
Vestibular The sensory system that detects postures and
accelerations of the head, with sensors connected to
the inner ear.

Eye movements have two functions – making the eyes jump to
a new fixation point and steadying the retinal image between
jumps. The jumps are called saccadic eye movements, oculo-
motor sprints that bring the eyes to a new location as quickly as
possible, with vision inhibited during the movement. Thus all
vision occurs during steady fixation. The steady fixation peri-
ods are necessary because the retina processes visual informa-
tion relatively slowly, and the information smears out if a
visual image moves too fast across the retina.

Functions of Eye Movements

During visual fixation, the eyes are seldom at rest. They are
continually compensating for movements of the head, move-
ments of objects in the visual world, or both. A family of
reflexes holds the retinal region of sharpest vision, the fovea,
steady with respect to the visual image. The fovea is a tiny
region, about 1! of arc in size, that gives the eyes their best
acuity and their best color discrimination. It almost covers the
area of the full moon. Outside this region, acuity and color
discrimination rapidly decline, though movement discrimina-
tion hardly decreases at all if the moving objects are large
enough.

The fovea has a unique role inmovement perception as well
as in acuity and color discrimination, for despite our constant
perceptions of movement, objects hardly ever sweep across the
fovea. It is essential to stabilize the image on the fovea because
the receptors there are so tightly packed that even a slow drift
causes the contours of an image to move across the retina at
a rate of many receptors per second. At the same time, the
stabilization should not be perfect, because visual receptors
that receive a constant stimulation adapt within a few seconds
and cease responding. So the image should not move too fast
or too slowly across the retina. Usually the problem is to keep
the image from shearing too fast. A number of physiological
mechanisms cooperate to stabilize the fovea against the world.

Types of Eye Movements

Pursuit

Amechanism specialized for stabilizing the image on the fovea
is visual pursuit. As soon as a visual target begins to drift away
from the fovea, an involuntary movement (one that cannot be
willfully prevented) is generated in ancient subcortical brain
centers to move the eyes in a direction that reduces the drift.
The delay in initiating this compensatory pursuit movement
is about 0.1 s, a significant part of which is due to the time
required to transduce the visual signal from light to neural
activity in the retina. For about another 0.1 s the pursuit system
calculates the direction but not the velocity of the drift, so the
system generates a stereotyped movement in the direction of
the target, but with a constant velocity. This is called an open-
loop movement, because the control loop from retinal drift to
visual movement detection to motor compensation is broken.
Feedback control closes the loop after this interval, so that
tracking responds to the speed and direction of the motion.

The pursuit system has a speed limit, however; it can accu-
rately track image movements only up to about 30! per second
relative to the head. Because tracking is never perfect, there is
usually some remaining drift that is not compensated for.
Above this speed the pursuit system continues to generate
compensatory movements, but they fail to keep up with the
stimulus. Tracking in this mode can continue up to 80! per
second for brief periods, but only if driven by a target that is
moving substantially faster than this.

When a target begins moving relative to the eyes, the delay
in pursuit means that the eyes are already behind the target by
the time pursuit tracking begins. If the error is small, pursuit
will be a little faster than the target to catch up. Larger errors are
cancelled by a saccadic eye movement that makes the eyes
jump to the target location, where error feedback maintains
accurate position. To study pursuit movements in isolation
from the saccade, a target is first jumped by a small amount
in the direction opposite to that of its smooth motion. Smooth

160

Author's personal copy

 

Encyclopedia of Human Behavior, Second Edition (2012), vol. 2, pp. 160-166 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



target motion begins immediately after the jump. Then, when
the delay in the pursuit system is over, the fovea finds itself
fixating the moving target.

In the real world, visual targets seldom move with constant
velocity and direction. As a target changes its motion, the
pursuit system compensates this with its closed-loop feedback
control, but always with a delay. If the movement is repeated
and predictable, however, the visual system creates an internal
model of the motion and feeds its prediction to the pursuit
system. As a result, tracking of a predictable target (such as
sinusoidally moving point) can occur without delay. The pre-
diction takes over quickly – tracking a sinusoidal oscillation
shows a phase lag initially, but within a few cycles the lag
disappears as the predictive controller takes over.

Pursuit movements result in perceived motion of the
tracked target. If a small target is tracked in darkness or against
a uniform field, the perception of motion corresponds to the
motion of the target relative to the head, not to the small and
variable errors in the positioning of the target on the fovea.
The perception corresponds to the innervation sent to the eye
muscles by nuclei in the brainstem, not to the motions on the
retina, and thus is due to an extra-retinal signal, a copy of
the oculomotor innervation (efference copy or corollary dis-
charge) that is sent to centers controlling visual perception.
Similar signals inform perception about head movements.
These signals convey a smaller amount of motion than the
true head-centric motion, however, so that target motion
seems smaller and slower than it really is.

Vergence

Oculomotor function can be seen as directing the point of
sight, the place where the lines of sight from the two eyes
converge, so that tracking takes place in three dimensions.
This requires control over convergence and divergence, collec-
tively termed vergence movements. Vergence has a separate
neurological controller from pursuit; it moves the two eyes
horizontally in opposite directions. The movements are nor-
mally accompanied by accommodation of the lens, and since
accommodation involves changing the shape of a highly vis-
cous lens, the process must take place slowly. To maintain clear
vision, then, vergence movements need not be any faster than
accommodation. They are driven by drift of a target away from
the foveas in much the same manner as pursuit, except that the
target drifts in opposite directions in the two eyes, indicating
a change in depth. Visual stimuli that are not imaged on
the fovea have little effect on vergence movements; those sti-
muli will be blurred in any case because of the poor spatial
resolution of the peripheral retina. Vergence and pursuit move-
ments can take place simultaneously while tracking a target
in three dimensions. The dynamics of vergence are shown in
Figure 1; the vergence movement to a sudden target appear-
ance is slower than a saccadic movement, and after the target
disappears the eyes gradually diverge again, maintaining the
point of sight at a ‘dark focus’ about 1–2m from the eyes.
Normally there is some ‘hunting,’ oscillations of vergence to
find the optimal eye position.

The effect of vergence movements on perception can be
isolated by projecting corresponding images into the two
eyes from separate sources, and moving the sources separately.

As the eyes converge and diverge to track these images, the
perceived size of the target changes correspondingly.

Vestibular and Optokinetic Systems

Two additional systems supplement pursuit and vergence in
maintaining clear vision on the fovea. Whenever the head turns,
the vestibular organs connected to the inner ear detect the accel-
erationof theheadand feeda signal forward to the eyemuscles to
compensate for the predicted slip of the image against the retinas.
This reflex is active even in darkness, when vision cannot control
corrective movements. It is a feedforward rather than a feedback.
In the vertical direction the compensation is called the ‘doll reflex’
because the eyes, like those of a doll, roll downward when the
head tilts back, and roll upward when it tilts forward.

Vestibular reflex compensation functions in all directions,
though. Tilt of the head forward and back is the pitch dimen-
sion, compensated vertically by the doll reflex. Yaw is rotating
the head left and right, compensated by horizontalmovements;
and roll induces torsional eye movements (the eye rotating
about its own line of sight as an axis) to compensate for tilting
the head toward one shoulder. An analogous reflex compen-
sates for linear motions of the head by exploiting signals from
the vestibular system’s gravity receptors, the utricle and saccule.
Again these movements are involuntary and cannot be inhib-
ited; most people do not know that the movements exist,
though they work almost constantly to stabilize vision. The
reflexes are ancient in evolution; they function in sharks in
almost the same way as in humans, solving the same problem.

The vestibular reflexes are very quick, sending signals to the
eye muscles within 15ms of the start of a head movement; they
rely on hair-cell receptors similar to the auditory receptors. The
neural pathway is among the shortest in the brain, a three-
neuron arc. The signals adapt quickly, however, because the
immediate stimulus for activating the vestibular acceleration
receptors is motion of fluid in the three pairs of semicircular
canals. When the head starts moving, the fluid remains in
place, so that it flows through the semicircular canals and
stimulates the vestibular receptor cells. Within less than a
second, however, the fluid also begins to move, weakening
the stimulus to the hair cells. Once the fluid is moving as fast
as the head, stimulation ceases and the vestibular receptors
respond as though there were no head movement at all.
In this sense the receptors detect acceleration rather than rota-
tion of the head. There is some integration of the acceleration
signal, maintaining compensatory eye movements, but eventu-
ally the reflex fails to keep up with predicted image movements.

Fortunately another reflex takes over the job of compensat-
ing for movements of the entire visual field, the sorts of
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Figure 1 Vergence eye movements (E) in response to a near target (T).
The target remains visible for 5 s (A to B).
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movements that are generated by movement of the head and
body rather than by movement of objects in the world. This is
the optokinetic reflex, a visual feedback that works on the
movements of the entire image across the retina. This contrasts
with pursuit, that is stimulated only by movements on the
fovea. Again it is an ancient system, acting in sharks in much
the same way as it acts in humans to compensate for the retinal
slip caused by locomotion. The reflex sums up slips of the
image across the entire retina, and compensates for the average
motion. Thus it is little affected by motions on the tiny fovea,
and is dominated by the retinal periphery.

This system too has its limitations, however. Its activity
builds up gradually, so that at the start of a movement there is
no compensation. Part of the delay is due to the time required to
transduce the visual signal, conduct it to the relevant areas of the
brain, and generate the appropriate compensations.

For head rotations, the optokinetic and vestibular reflexes
work in concert to maintain compensation for the resulting
retinal slip. The rapid, feedforward vestibular reflex reaches
the eye muscles even before the motion signal leaves the retina.
As its contribution declines, the slower optokinetic reflex takes
over the job of counterrotating the eyes, resulting in a rapid but
continuous compensation.

Though these systems seem primitive, they also show coop-
eration and adaptation. One complication of compensation is
that head turns in the presence of a close target require a larger
oculomotor compensation than is needed for distant targets,
because turning the head also moves the eyes left and right.
The optokinetic system can track this required increase in gain
(output/input) because it is controlled by error feedback,
but the vestibular system cannot. After extended exposure to
a close target while turning the head, though, eye compensa-
tion increases even in darkness. This means that the higher
optokinetic gain was transferred to the vestibulo-ocular reflex,
the only compensation system that functions even in the dark.

These evolutionarily ancient systems are built deeply into
all vertebrates, working mostly from the oldest parts of the
brain. A conflict arises, however, when the newer pursuit sys-
tem, functioning only in animals such as humans that have
foveas, tracks motion across a fixed background. The pursuit
system then drives eye movements, while the optokinetic
system works to hold the eyes still. In this case pursuit dom-
inates, but to overcome the optokinetic reflex, it must generate
a stronger signal in the presence of a textured background
than it would with a uniform background. This is one of the
reasons why objects moving against a textured background
seem to be moving faster than objects moving across a uniform
field. Further, the pursuit signals are registered in perception
as object motion while the optokinetic signals are not.

Saccades

If all of these reflexes together constituted the entire oculomo-
tor control system, we would live in a peculiar world, trapped
forever by whatever happened to appear on the fovea. To jump
to another target, the newer saccadic system suppresses the
reflexes briefly to allow a rapid movement to a new fixation
point.

The saccadic system is binocular – both eyes move simulta-
neously to the same extent. During these jumps, the eyes move

so quickly that no useful visual information can be picked up.
The shearing imagemotion is so rapid that the receptors cannot
transduce a signal before the next parts of the image interfere.
To solve this problem, the visual system actively suppresses
vision during saccades. Saccadic suppression is selective –
motion is suppressed much more strongly than brightness,
because it is apparent motion that must be suppressed, and
gross features are preferentially inhibited because fine features
will be lost in any case by the rapid retinal image motion.

Saccadic targeting
A saccadic eye movement is ballistic in the sense that once
started, it cannot be stopped. Launching a saccade is like
throwing a ball; once the ball leaves your hand, its path cannot
be altered. Analogously, if you begin a saccade and then change
your mind, the movement must be completed anyway, and a
second saccade must be planned to reach the new target.
During the saccade planning process, you are committed to
making a saccade before the eyes begin to move. For example,
if you are instructed to simply track a target that jumps away
from fixation and then jumps to a new location 0.2 s later, your
eyes will remain at their original fixation point when the target
jumps, and will still be there when the target jumps again. Just
as the target makes its second jump you will execute your
saccade to the first target position, because you are already
committed to an eye movement. You will wait there for 0.2 s
while your brainstem calculates a new saccade, and then fixate
the target at its new position (Figure 2).

Since saccades are preprogrammed, they often do not reach
their targets exactly. Small saccades tend to overshoot slightly,
while saccades of more than about 6! tend to undershoot the
target (seen in the first saccade of Figure 2). If the saccade is
accurate enough to bring the target into a saccadic ‘dead zone’
less than about 1! from the target, the eyes will simply drift into
place, just as pursuit movements can ‘catch up’ to a target when
they lag behind. Larger errors are corrected with a second
saccade about 170ms later. People are never aware of this
corrective saccade, even if the primary saccade was voluntary.

When both the eyes and the head are free to move, most
large saccades are accompanied by a head movement in the

a1

a2

r

Eye

Target

Figure 2 The ballistic nature of saccadic eye movements. The eye must
jump to its originally targeted position, even though the fixation target
jumps away from the goal location just as the eye begins to move. The
target remains at position a1 for 0.2 s.
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same direction. Since the head rotates much more slowly than
the eyes, there is a quick saccade that brings the eyes to the
target just as the head movement is beginning. Then, to keep
the eyes fixating on the target, a compensatory eye drift begins
in the direction opposite to that of the head movement. As a
result the gaze position relative to the target remains stable
while the eyes and the head rotate in opposite directions at
equal speeds. As the process concludes, the eyes are again
centered near their original position in the orbit, but the
head is deviated to one side (Figure 3).

Anatomy of Eye Movement Control

As specialized, stereotyped movements, saccades have a fixed
relationship between their magnitude and their peak velocity.
The eyes are driven as fast as the physics of the oculomotor
system allows. At the start of a saccade the agonist eye muscles
(the ones pulling in the direction of the movement) receive a
pulse of innervation. The magnitude of the pulse is always
maximal, even for small saccades; the size of the intended
movement affects only the duration of the pulse. About half-
way through the movement, the innervation drops back to the
level required to hold the eyes in the new position, a pulse-step
pattern of innervation. It allows the eyes to accelerate much
faster than vergence or pursuit movements. For large saccades,
a braking pulse in the antagonist muscles slows the eyes near
the end of the movement. This helps to keep the rapidly
rotating eyes from overshooting their target.

The strategy of the saccadic system is like an automobile
driver’s strategy in entering a crowded freeway. To reach the
cruising speed as quickly as possible, the driver presses the gas
pedal to the floor. The faster he wants to go, the longer the
pedal stays on the floor. This is the pulse of the pulse-step
strategy. When the cruising speed is reached, the driver lets
back on the pedal to maintain a steady speed, corresponding
to the step of innervation.

Dual initiation of saccades
Normally only one conscious decision is possible in oculomo-
tor behavior – the initiation of a saccade. Even this is usually
automatic, without the owner of the saccadic system thinking
about its behavior or even being aware of its actions. Accord-
ingly, two separate brain systems can initiate saccades. One, the
superior colliculus, resides in the evolutionarily ancient mid-
brain. The other is located in the newest part of the brain, in the

dorsolateral frontal lobe of the cerebral cortex. The midbrain
branch initiates automatic actions such as the return jumps
that must be generated during continuous locomotion; when
the optokinetic and vestibular reflexes have moved the eyes as
far as they can comfortably go, a saccade is generated to make
the eyes jump in the direction opposite to that of the continu-
ous movement. The result is a nystagmus, a continuously
repeated pattern of eye movement. The frontal cortex system
is responsible for jumping to a new target determined by a
motivation for visual exploration. We know that these are the
only two saccade initiation areas, because removing both of
them causes permanent loss of all saccades even though all of
the nuclei containing the motor neurons for the ocular muscles
remain intact.

The function of these systems can be observed by recording
from tiny electrodes that pick up discharges from single nerve
cells. For a long time it was thought that the cells in the frontal
cortex played little role in initiating saccades, for most of them
fired only after the beginning of a saccade. These recordings
were made when a monkey was casually looking about a
laboratory. But when the animal made a deliberate saccade,
for instance to obtain a reward, many cells in a part of the
lateral frontal cortex called the ‘frontal eye field’ became active
just after the change in the visual stimulus but before the eyes
began tomove. The frontal eye field would be better named the
frontal attention field.

Control of the eye muscles
Downstream from the cortical and midbrain saccade initia-
tion centers, eye movements are organized in the brainstem,
the oldest part of the vertebrate brain. The eye muscles are
innervated by three nerves, the third, fourth, and sixth cranial
nerves, with brainstem nuclei driving each of them. A common
path to saccade execution begins with ‘long-lead burst’ neu-
rons, followed by actions of a sequence of more specialized
neurons organizing the saccadic pulse and step.

Pursuit, optokinetic reflexes, vestibular reflexes, and ver-
gence each have specialized control centers in the brainstem
contributing to the final innervations. The eye muscles are
the most finely controlled in the body, with each nerve fiber
controlling fewer muscle fibers than in any other muscles. This
allows very precise control of eye posture.

Eye Movements and Attention

Scanpaths

When a human observer encounters a new visual scene, the
eyes saccade first to the area of greatest interest, where the
information density is greatest. Then they jump to another
location determined by information content, distance, and
one’s own interests. A series of such jumps generates a scan-
path, a pattern of exploratory eye movements.

The scanpath is the meeting point of oculomotor physiology
and cognitive psychology. Decisions about where to move the
eyes are made with great rapidity, up to 5 per second during
reading, and usually without awareness of the decision process,
yet they involve sophisticated use of information. Reading pre-
sents highly structured eye movement patterns achieved after
extensive practice, but other patterns are less fixed.

Eye/gaze

Head

Head freeHead fixed

(a)

15 !R

15 !L

Gaze

Eye

(b)

Head

Figure 3 Saccadic eye movements (a) with the head fixed and (b) with
the head free to rotate. Gaze is the sum of eye motion and head motion.
The small corrective saccade occurs one-sixth of a second after the end
of the main saccade.
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After the identity of a scene is established, higher-level
questions govern visual scanning patterns. Russian researcher
A. L. Yarbus showed subjects a painting, Repin’s ‘Returning
Stranger,’ while asking them questions about the people in
the painting; the scanpaths depended on the question being
asked. When estimating the material circumstances of the peo-
ple, for example, observers fixated largely on the clothing and
furniture in the painting. When asked about their ages, though,
they fixated mostly on the faces. Observers still scanned the
most information-rich regions of the painting, but the defini-
tion of what provides the most information changes with the
question being asked.

Attention Shifts

When a person shifts attention from one location to another,
the first thing that usually happens is that a saccadic eye move-
ment shifts the eyes to the new location. People seldom look in
one place while processing information in another (except in
psychologists’ laboratories). The shifts are very frequent – the
eye normally generates about three to four saccades each sec-
ond. Even when the eyes are not actively exploring, small drifts
in fixation are punctuated by ‘microsaccades,’ tiny saccadic
movements that occur during what seems to the observer to
be continuous fixation. This makes saccades, unaccompanied
by other behaviors, by far the most frequent of all human
behaviors. As such they are of central interest to psychologists
who study behavior. During a lifetime, a person generates
more saccades than heartbeats.

There are three parts to shifting attention: attention must be
disengaged, shifted to a new location, and reengaged. The
process is analogous to shifting gears in an automobile with
a manual transmission. Stepping on the clutch pedal corre-
sponds to disengaging attention, moving the shift knob is the
transfer to the new location, and releasing the clutch is
the reengaging. Each step takes time, and has a corresponding
process in oculomotor control. The disengagement is the active
inhibition of the tracking systems that automatically lock
the fixation point to the foveal image. If tracking were not
disengaged, the start of a saccade would trigger the fixation
reflex and the two systems, tracking and saccadic, would fight
against one another. The saccade itself corresponds to the
shift of attention, and reestablishing fixation occurs at the
end of the saccade. Though vision is inhibited during and
just before the saccade, it is more sensitive immediately after
the eyes come to rest. If the new fixation target is found within
a spatio-temporal window following the saccade, space con-
stancy (the perception of a stable world despite eye move-
ments) is maintained, even if there are small errors in fixation.

The attention shift and the motor execution of the saccade
are not simultaneous – attention leads the physical action. Two
targets can be briefly flashed to the left and right of fixation, but
only the one that is the target of an immediately following
saccade can be identified, even though the targets disappear
before the eyes actually begin to move.

Reading

One of our most highly practiced oculomotor skills, reading
can be considered as a specialized and stereotyped scanpath

made on a particular kind of visual pattern (printed text).
Experienced readers normally fixate a new word on each fixa-
tion, with a saccade between fixations. Small words such as ‘of ’
or ‘but’ are frequently skipped. Occasionally a reader will look
back to a previously fixated word, especially if the text is
difficult (a ‘reverse saccade’). At the end of each line, a large
saccade returns the eyes to the beginning of the next line. This
pattern is called a staircase, since it looks like a staircase in an
eye movement record when the position of the eyes is plotted
against time.

Since they are exploratory saccades (not driven by an abrupt
event in the visual world), eye movements of reading are
limited to about 5 per second, with a fixation period of about
0.2 s between them. On average, readers normally make
about four saccades per second. With these physical limita-
tions, how can one read faster? The only way is to make larger
saccades, skipping more words. Especially if the text is easy
or redundant, the reader can often fill in the context even if
some words are not picked up by the visual system. This
requires extra effort, though. The trick of tracking a finger,
advocated by some speed-reading techniques, results in pursuit
eye movements that make it difficult to see any of the text.
Programs that advocate such methods should be avoided.

Dyslexia, a severe reading deficit in a person who is other-
wise normal intellectually, is often accompanied by abnormal
saccadic patterns during reading. One symptom is a ‘reverse
staircase,’ repeated eye movements in the wrong direction. The
input to the brain from such a sequence must be difficult to
interpret.

Evolution and Anatomy of the Eye Movement System

The Shark

The oculomotor system evolved along with the earliest verte-
brates. To understand the structure of the eye muscles and the
orbits, we can examine the basic vertebrate pattern in sharks, in
which each extraocular muscle has a simple job. The six mus-
cles are arranged in three opposing pairs; one member of each
pair pulls in one direction, while the other pulls in the opposite
direction. One pair of muscles pulls the eye up and down
(pitch), another pair turns it left and right (yaw), and a third
rotates it like a wheel with the line of sight as the axle (roll).
The eyes point in opposite directions from each side of the
head. The muscles serve to stabilize the retinal images during a
shark’s locomotion.

The Human

Humans have the same six muscles as sharks, but their arrange-
ment and functions are more subtle and flexible. Over the
course of evolution, the orbits have moved to the front of
the head to facilitate binocular vision. The muscles that
move the eyes are always activated to some extent. A lateral
set pulls the eye left and right; a vertical pair pulls up and down,
and a little inward at the same time; and an oblique set twists the
eye in a complex motion. All eye movements can be resolved
into actions of these three pairs of muscles in each eye.

The three dimensions of space are built into the human eye
movement control system. Consider the double-eye as a single
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organ, managed by a single neurological control system. The
double-eye controls the point of sight. Thus, each direction of
visual space is represented by a pair of muscles, operating
in various combinations. Rectangular coordinates were not
invented by mathematicians; they were there all along in the
oculomotor control system.

Eye Movements in Sleep

Slow-Wave Sleep

The eye movements of slow-wave sleep, sleep characterized
by large slow waves in the EEG that occurs just after going to
sleep, are simply slow drifts of the eyes and a general trend
upward. In another phase of sleep, named rapid eye movement
(REM) sleep, spectacular eye movement activity appears. REM
sleep begins about 1! h after falling asleep, and has several
signs. The body becomes paralyzed, the brain shows signs of
intense activity, thermoregulation ceases, and the eyes begin to
move vigorously.

Paradoxical Sleep

REM sleep is also dream sleep; sleepers awakened during REM
usually report vivid dreams, while those awakened during
slow-wave sleep seldom do. Not all dreaming occurs during
REM sleep, however; it is now almost certain that some dreams
occur in other sleep stages. Toward the end of a night of sleep,
the distinction between dream reports from REM and from
slow-wave sleep begins to break down, but for most of the
night REM dreams are the most common and the most vivid.

Dreams are maddeningly subjective as objects of experimen-
tal inquiry. Some techniques have been successful in revealing
their characteristics, however. For instance, we can ask whether
the subjective impression of time in dreams matches the actual
duration of the dream. Because dreaming often starts along
with a REM episode, sleepers can be awakened after varying
durations of REM sleep and asked to relate their dreams. Later
awakening result in longer dream reports, but the effect peaks
about 15min after REM; awakenings after longer intervals lead
to about the same length of dream report. The dreams seem to
occupy about asmuch time as it would have taken to act out the
action in real life, but apparently memory for them stretches
back only about 15min.

A further step toward relating the content of dreams to the
physiology of sleep is to relate the scanpaths of dreams to their
contents. Early studies reported such a relationship, but repli-
cation has been inconsistent. Interpreting such studies is diffi-
cult: how strong must a relationship be between dream reports
and eye movements to have significance?

Another way to examine the relationship between dreams
and scanpaths considers not the scanpaths but the eye move-
ments themselves. If the eye movements of REM sleep are
exploratory movements driven by visual imagery, they should
have the characteristics of normal waking eye movements:
saccades, pursuit, and vergence movements. These movements
are driven by specialized control systems, permitting only
a few kinds of activity. Saccades have a fixed peak velocity
for each amplitude of movement. But pursuit movements
cannot exceed a velocity of about 80! per second. Convergence

and divergence are even slower. These restrictions create an
intermediate ‘forbidden zone’ for eye movements, consisting
of movements that are faster than 80! per second but slower
than saccades for the corresponding amplitude of movement.
Such movements can be neither saccades nor pursuits.

To learn whether REMs of sleep are exploratory, one can
look to the forbidden zone of large eye movements too fast to
be pursuits but too slow to be saccades. The electrical method
usually used in sleep studies cannot measure the dynamics of
movements with the necessary precision, and most other
methods require the eyes to be open. One technique, however,
fulfills all the requirements. The procedure is to sew a small
coil of fine wire into the sclera surrounding the cornea of a
monkey’s eye, leading the two ends of the wire out to a record-
ing apparatus. Using the same principle as a conventional
transformer, alternating currents are induced in this coil with
three pairs of huge induction coils surrounding the monkey.
Eye movements can be recorded quite accurately, with eyes
either closed or open, by measuring the amplitudes of the
induced alternating currents.

Sleep studies with implanted search coils show that the
fastest REMs of sleep matched the dynamics of waking sac-
cades. This is not surprising, since saccades are the fastest
possible movements that the oculomotor muscles can gener-
ate. Other movements were slow enough to be pursuits. Many
so-called REMs, though, fell into the forbidden zone, move-
ments not related to visual exploration. Cats also have REMs
inconsistent with visual exploration, for a different reason: all
of the movements are in the same plane.

The eye movements of REM sleep are not continuous, but
occur in bursts of a few minutes’ duration. A typical burst in
humans begins with slow movements, continues with more
rapid movements up to saccadic velocity, and concludes with
slow movements. All of these observations contradict the idea
that REMs are exploratory saccades.

Do dreams help to review the experiences of the day? If this
were their main function, we should expect to see less REM in
organisms with fewer experiences. REM sleep is seen even in
unborn fetuses, however. Shortly before birth, fetuses spend
most of their time in this state, perhaps to suppress a maturing
thermoregulation system that should not be activated until
after birth. If they are dreaming, it is difficult to imagine what
they are dreaming about.

If dreams review or consolidate a day’s experiences, we
should be able to manipulate the amount of eye movement
allowed during the day and find a corresponding change in
REM that night. In fact the opposite change occurs: people
induced to make smaller eye movements during the day
make larger ones at night. So the evidence does not support a
role of eye movements in dream experiences.

See also: Dyslexia; Motor Control; Psychology of Reading; Sleep,
Biological Rhythms, and Performance.
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