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Closely spaced saceades. A. TERRY BAHILL,
KAREN A. BAHILL, MICHAEL R. CLARK,
AND LAWRENCE STARK.

The relationships between saccadic velocity.,
duration, and magnitude have been used to prove
the normalcy of saceades with intersaccadic in-
tervals of less than 200 ms. Pairs of normal sac-
cades with small intersaccadic intervals will have
the second saccade larger or smaller and going in
the same or the opposite direction than the first
saccade. These normal saceades may be hori-
zontal., vertical., or oblique.

Saceades are the fast, staccato eye movements
characteristically exhibited by people who are
reading or looking about a scene. These saceades
are usually spaced about 200 ms. apart; however,
Fig. 1 shows normal saceades with smaller inter-
saccadic intervals. The important and consistent
relationships between duration, maximum sac-
cadic velocity, and saccadic amplitude, called the
main sequence1 and shown in Fig. 2, are used to
prove the normalcy of contiguous saceades.

Young and Stark2 realized that most saceades
are separated by about 200 ms. so they modeled
the saccadic eye movement system as a sample
data system with a sampling interval of 200 ms.

Many experimenters have observed infrequent
saccadic pairs with smaller intersaccadic intervals.
There are reports of saceades with intersaccadic
intervals as small as 160 ms.,3 120 ms.,4 100 ms.,5
75 ms.,6 70 ms.,7 50 ms.,8 40 ms.,9 10 ms.,10 and
0 ms.11'13 To elicit closely spaced saceades, some
experimenters4' 12> 13 used pulse-step stimuli—for
example, the target could jump five degrees right,
pause for 50 ms., then jump another three degrees
right. Other experimenters recorded more natural
saceades during reading,9 fixation,8 or in response
to a step change in target position.3' 10 A variety
of other effects can evoke closely spaced saceades:
for instance, fatigue,6 flickering illumination,5
voluntary pauses,7 and abrupt decelerations of
a moving target.11 In all of these reports, the
second saccade was usually smaller, and in the
same direction as the first saccade. One reporter11

emphasized that the second saceades of his pairs
were abnormal, while the others made no mention
of normalcy. Our present findings indicate that no
refractory period is necessary in order for the
subsequent saccadic eye movement to be nor-
mal.

Methods. The infrared photodiode method of
eye position measurement1' 2 was used to record
the saceades of this report. The photodiodes were
mounted on a pair of spectacle frames worn by
the subject. The subject's head was stabilized
with a head rest and a bite bar covered with
dental impression compound. Saceades as small
as three minutes of arc have been measured with
this equipment.1 The bandwidth of the complete
system, including photodiodes, direct current,
(DC) amplifiers, computerized velocity algorithm,
computerized slow-down plotting routine, and the
X-Y plotter was in excess of 1,000 Hz. The data
of Fig. 3 are for five normal unfatigued subjects.
The saceades of Fig. 1 were made while tracking
a spot of light that jumped periodically, with a
frequency of 0.33 Hz., between various pre-
determined pairs of points. The oblique saccadic
eye movements of Fig. 4 were made while repeti-
tively saccading between two continuously observ-
able targets. We have also recorded closely spaced
saceades using electro-oculography (EOG). Cor-
neal reflection,4' 6' 8' 9 EOG,3'10'12'13 suction con-
tact lens,5 photodiode,11 and psychophysical7 tech-
niques have been used by others to record closely
spaced saceades.

Results. Fig. 1 shows naturally occurring, normal,
human saceades with successively smaller inter-
saccadic intervals (ISI). ISI is defined as the time
between saccadic eye movements; more specifical-
ly, the time between the end of the first saccade,
until the beginning of the next saccade. This
definition of ISI is illustrated in the idealized
drawing of closely spaced saceades near the
vertical axis of Fig. 3. We have recorded many
saccadic pairs with small intersaccadic intervals;
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Fig. 1. Closely spaced saccades with decreasing intersaccadic intervals. In each record the
position versus time trace is above the velocity versus time trace. Magnitude (in degrees),
peak velocity (in degrees/second), duration (in milliseconds), and intersaccadic interval (in
milliseconds) are shown for each record and are sufficient for calibration. The magnitude
scale is different for each record in order to accommodate the three-hundred-fold difference
in magnitudes; however, the time scale is the same in all records. Left, temporal is up.
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Fig. 2. Main sequence diagrams with the saccades of Fig. 1 indicated. The saccades of Fig. 1,
A are marked with an "A," those of Fig. 1, B with a "B," etc.

only a few demonstrative, closely-spaced saccades
are shown in Fig. 1. Saccades in this small selec-
tion graduate from eight minutes of arc to 31
degrees. Records appear with the second saccade
being larger or smaller and in the same or in the
opposite direction than the first saccade. Saccades
are even shown through points other than primary
position; those of Fig. 1, E were recorded with the
eye gazing at a point 35 degrees temporal of pri-
mary position.

The peak velocities and durations of these sac-
cades are indicated on the main sequence dia-
grams of Fig. 2. Main sequence diagrams are
plots of peak velocity and duration versus sac-
cadic magnitude for normal unfatigued human
saccadic eye movements.1 These closely spaced
saccades all fall on the main sequence, verifying
that they are all indeed normal saccades. The
existance of these closely spaced saccades pre-
cludes absolute refractoriness in the extraocular
muscles or motoneurons (other than the neuronal
refractoriness of a few milliseconds).

Fig. 3 is a plot of ISI, the time between the
end of the first saccade and the start of the
second saccade, versus saccadic initiation interval

(SII), the time between the start of the first sac-
cade and the start of the second saccade, for
saccadic pairs falling in the closely spaced saccade
range. The closely spaced saccadic range is de-
fined as that region of Fig. 3 where SII is less
than 200 ms. and ISI is greater than zero milli-
seconds. Under normal circumstances, about 0.5
per cent of human saccadic pairs fall into this
range. This percentage can be increased, as stated
above, by using pulse-step stimuli,4' 12» 13 by
fatigue,0 and for a variety of other reasons.3' 5' 7-11

Although the data of Fig. 1 are for horizontal
saccades, closely spaced saccades also occur for
vertical and oblique saccadic eye movements. Fig.
4 shows a closely spaced saccadic pair of oblique
saccadic eye movements having an intersaccadic
interval of 69 ms. and a saccadic initiation interval
of 110 ms.*

Discussion. It is difficult to apply concepts from
engineering theory, such as sampled data control,
to such an incompletely understood neurologic

* Closely spaced saccades are often monocular. For example,
one eye may utilize a closely spaced saccadic pair to get
to the new eye position, while at the same time the other
eye may use one large smooth saccade.
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Fig. 3. Intersaccadic interval (ISI) versus sae-
cadic initiation interval (SII) for saccadic pairs
in the closely spaced saccade range.

mechanism as the control of saccadic eye move-
ments. For example, although sampling in early
radar systems occurred at the input, this is not
a fixed feature of engineering sampled data sys-
tems. Any system with digital computation in the
control loop is a sampled data or discrete system,
where the sampling clearly goes on in the control-
ler. The sampling can be uniform, random,
clocked, or signal dependent.

Closely spaced saccades, seemingly an excep-
tion to the sampled data model,2 throw light on
the nature of the sampler, by requiring that the
sampler, whatever it may be, exists in the feed-
forward pathway before the controller that pro-
duced these main sequence saccades. Thus, the
sampling cannot occur either in the output, or in
the input portions of the visual system.

The saccadic control system is a discrete sys-
tem. The sampling occurs neither at the input, nor
at the output. Sequential, closely spaced saccades
may occur with no intersaccadic interval. The
second saccade may be larger or smaller and in
the same or opposite direction as the first saccade.
Closely spaced saccades have been proved to be
normal by using the main sequence concepts.
These experimental facts must be accounted for
in future models of the saccadic eye movement
system. Closely spaced saccades should yield clues
in elucidating the neurophysiologic substrates un-
derlying the eye movement control system.
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